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Preface

As seen in the periodic table, there are more than 110 elements on the earth. Various
organic and polymer, inorganic, bio, and composite materials using these elements
have been developed and enriched our lives. Among them, carbon is one of the
most widely used common materials, especially new types of nanocarbons have
attracted many researchers. Carbon nanotubes (discovered by S. Iijima in 1991) and
graphene are representative examples of such nanomaterials that are expected to be
key materials of science and technology in the twenty-first century in the world of
nanoscience and technology. Carbon nanotubes (CNTs) and graphene are
p-conjugated one-dimensional (*1–3 nm in diameter, several microns in length)
and two-dimensional crystal nanostructural “macromolecules”, respectively. In this
sense, their nature is quite different from conventional carbon black which is an
amorphous carbon. Such nanocarbons are made from *100% carbon, so it is very
light. CNTs and graphene have remarkable electronic, electric, mechanical, thermal,
thermoelectric, as well as unique optical properties, i.e., their thermal conductivities
are comparable to silver and heat resistance is very high (up to 500 °C even in the
air, and in vacuum, they reach 1000 °C). We can make films like plastic polymers.
They are very stable in the air, acid, and alkaline solutions, and handling them is
easy. Thus, these nanocarbons are exactly “dream” compounds with extreme
functions.

Since oil, coal, and natural gas, as the main source of energy for long, will drain
in the near future, there is a strong social demand to find an alternative sustainable
green source of energy with a high power density. Promising alternative energy
technologies contain batteries, fuel cells, supercapacitors, as well as solar energy in
addition to natural energy such as wind power, geothermal power generation,
hydraulic power generation, etc.

This book focuses on nanocarbons (carbon nanotubes, graphene, nanoporous
carbon, and carbon black) and related materials for energy applications, and sum-
marizes their recent progress in novel electrode catalysts design and performance.
The targets contain the developments of polymer-wrapped carbon nanotube
(or carbon black) based novel electrode catalysts for (high-temperature) polymer
electrolyte fuels cells and direct methanol fuel cells with high durability and
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performance, (i) theoretical approaches for fuel cells and batteries design,
(ii) graphene (graphene foam)-based catalysts for fuel cells and water splitting,
(iii) polymer electrolyte alcohol electrosynthesis fuel cells, (iv) CO reduction for
energy conversion, (v) non-precious metal for fuel cells and batteries, (vi) polymer
electrolyte membrane design and synthesis in acid and alkaline media, (vii) carbon
nanotube-based biofuel cells, (viii) carbon nanotube-based solar cells, (ix) carbon
nanotube-based photocatalyst, (x) carbon nanotube-based up-conversion for new
energy material design, and (xi) carbon nanotube-based thermoelectric devices.
Now multi-walled carbon nanotubes are widely used in Li ion batteries for note-
book computers, mobile phones, etc., while their use in industry is rather limited
because of several reasons including cost problem.

Keywords in the chapters of this book are: carbon nanotubes, graphene, energy
conversion, fuel cells, biofuel cells, solar cells, photocatalyst, capacitor, Li ion
battery, zinc–air battery, non-precious metal catalysts, water splitting, computa-
tional design for catalysts, durable polymer electrolyte membranes, up-conversion
for new energy material, and thermoelectric conversion.

This book summarizes recent progress in the design, fabrication, and charac-
terization of nanocarbon-based energy and related areas catalyst. Many well-written
chapters were made by professors/researches of expertise fields in the world.
Notably, the authors present a new concept for such catalyst design for energy and
energy conversion as well as and state-of-the-art data in this and related fields.
Major drawbacks of catalysts for energy conversion such as fuel cells and batteries
are low durability, sluggish mechanism and high cost. This book provides hints to
solve such problem.

We believe that this book is highly useful and is of benefit for many readers in
the areas of nanocarbons, energy materials including fuel cells, batteries, and
capacitor as well as chemical/physical/polymer science, photo science, materials
design, and supramolecular science.

Fukuoka, Japan Naotoshi Nakashima
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Chapter 1
Carbon Nanotube-Based Fuel
Cell Catalysts-Comparison
with Carbon Black

Naotoshi Nakashima and Tsuyohiko Fujigaya

1.1 Introduction

1.1.1 Carbon Nanotubes

Carbon nanotubes (CNTs) discovered in 1991 by Iijima are made of rolled-up
graphene sheets with one-dimensional extended p-conjugated structures [1], which
are classified into three types, i.e., single-walled carbon nanotubes (SWNTs),
double-walled carbon nanotubes (DWNTs) and multi-walled carbon nanotubes
(MWNTs), having one, two and more than three walls, respectively (Fig. 1.1).
CNTs have been central materials in the field of nanotechnology and nanoscience
due to their remarkable physical, physicochemical, thermal, mechanical, electrical
and thermoelectrical properties. Theoretical and experimental values (vary
depending on purity) of their physical properties are summarized in Table 1.1.
Solubilization/dispersion techniques can be categorized mainly into two methods,
i.e., chemical modification and physical modification [2–9]. The authors of this
chapter presented a concept (Fig. 1.2) to solubilize CNTs based on the physical
adsorption of designed dispersant molecules [10–13].

It is a quite reasonable strategy to use conjugated polymers for the wrapping of
the conjugated surfaces of the CNTs, in which effective interactions, such as p-p
and/or CH-p are expected [2–9]. One of the advantages of the polymer wrapping is
the synergetic functionalization of CNTs by combining the functions of the poly-
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Table 1.1 Physical properties of SWNTs, MWNTs and reference materials

SWNTs MWNTs Metals

Tensile strength (GPa) *100 *60 *1.3 (steel)

Young modulus (TPa) *3.4 *1.3 *0.2 (steel)

Current density (A/cm2) *109 *109 *106 (cupper)

Carrier mobility (m2/V s) *80 *10 (amorphous silicone)

Thermal conductivity (W/mK) *3000 *3000 *375 (cupper)

Fig. 1.2 Schematic drawing of bundled/individual CNTs (top) and a concept for CNT
solubilization based on adsorption of polycyclic monomeric (a) and polymeric (b) compounds
carrying a solvophilic moiety. Reproduction from [11] with permission of John Wiley and Sons,
Inc

Fig. 1.1 Structures of SWNTs, DWNTs and MWNTs
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mers. Thus, the strategic design of polymers for wrapping is quite important. When
the wrapped polymer possesses a sufficient affinity to the surfaces of the CNTs,
such polymers should remain on the tubes even after vigorous rinsing to remove
excess polymers. As a result, the CNT surfaces are decorated by the used polymer
to provide a core-shell structure with an extremely thin polymer layer.
Polybenzimidazole (PBI) is one of such polymer; i.e., the authors of this chapter
discovered that PBI is a very good CNT solubilizer [14], and its structure was
successfully visualized by SEM based on the difference in the efficiency of the
electron scattering from polymer and CNTs, in which non-coated bare islands were
also observed [15].

CNTs are expected to be an excellent supporting material for fuel cells due to
their very high electrical conductivity [16, 17], high purity [18], and high durability
[19–23] compared to the conventional supporting materials, such as carbon black
(CB). However, due to the lack of binding sites, such as –COOH, C=O and –OH
groups, on the tubes, deposition of metal catalysts on the surfaces of pristine CNTs
are very difficult. For this reason, strong oxidation of the CNTs has been carried out
in order to introduce such hydrophilic groups [16, 18, 22–30]. However, the oxi-
dation introduces severely damages to the graphitic structure of CNTs which
decrease the excellent electrochemical stability. Thus, a novel methodology to load
the catalyst onto the non-oxidized CNTs has been demanded to utilize the intrinsic
stability of the pristine CNTs. Toward the goal, the introduction of binding sites by
polymer wrapping of the pristine CNTs is one of promising solutions. CNTs
wrapped by poly(aromatic hydrocarbons) [31, 32], chitosan [33] polyanilines [34–
36], poly(diallyldimethylammonium chloride) [37, 38], and polypyrrole [36, 39,
40] were successfully used to anchor metal nanoparticles onto the surfaces of the
pristine CNTs.

1.1.2 Carbon Support for Fuel Cells

Fuel cells (FCs) are categorized into five different types including polymer elec-
trolyte FCs (PEFC), alkaline FCs (AFC), phosphoric acid FCs (PAFC), molten
carbonate FCs (MCFC), and solid oxide FCs (SOFC) [42–44]. Among them, PEFC
has been extensively studied due to their compactness and simple fabrication
process as well as high performance, and has been commercialized as automobile
(from Toyota Motor Corp. and Honda Mortor Co. Ltd.) as well as stationary FC
power systems (EneFirm). For more global commercialization, the reduction of cost
is strongly requested from the industry side. PEFCs are electrochemical power
source with high energy conversion efficiency, high power density, and low pol-
lutant emission, and have the potential to solve major problems associated with the
production and consumption of energy, considered as promising, attractive, reliable
and clean energy generation for automotive and stationary applications. Currently,
perfluorosulphonic acid (PFSA) polymers, such as Nafion®, carbon black (CB) and
platinum (Pt) are commonly used as a polymer electrolyte, catalyst supporting

1 Carbon Nanotube-Based Fuel Cell … 3



material, and metal catalyst, respectively (Fig. 1.3), and their operation conditions
are temperature of 70–80 °C and high relative humidity (*100% RH). Under such
conditions, cost of water manegement is needed. Another type of PEFC is a
high-temperature PEFC (HT-PEFC) system, in which PEFC operations are carried
out at temperatures over 100 °C (120–180 °C) [44–46]. In such systems, there are
many benefits including (i) enhancement of reaction rates [45, 46], (ii) high CO
tolerance [47, 48] and (iii) replacement of Pt to other less-expensive metals, leading
to the reduction of the cost of PEFC systems. In addition, the PEFC operation at
higher temperatures results in high power generation efficiency. While, Nafion® is
not suitable as a electrolyte of high-temperature (HT) PEFCs since its proton
conduction is very poor at temperatures over 100 °C. For HT-PEFCs, acid-doped
polybenzimidazole derivatives (PBIs) have been used as an electrolyte membrane
since the PBIs exhibits high proton conductivity at high temperature (>100 °C)
even without humidification [49–60]. In this system, doped acid is responsible for
the proton conduction sinse proton conduction via hopping mechanism through the
hydrogen bonding network is occurred.

In HT-PEFCs, selection of carbon supporting materials is very important since
acceleration of the oxidation and corrosion of carbon supports causes the decrease
in the durability of the cells. As for the catalyst supporting material, use of carbon
nanotube (CNTs) in place of CB is promising because CNTs possess excellent
electrochemical durability due to the well-developed graphitic structures [16, 17,
20, 61].

1.2 Polymer-Coated Fuel Cell Catalyst
for High-Temperature Polymer Electrolyte Fuel Cell
(HT-PEFC)

For the enhancement of the durability of fuel cells, polymer-coated method has been
applied [41]. Here we introduced performance of PBI (or PyPBI)-wrapped MWNTs
as a carbon support in PEFCs. Chemical structures of PBI and PyPBI are shown in
Fig. 1.4. MWNTs are preferable for practical applications because (i) they are much

Fig. 1.3 Schematic
illustration of a PEFC cell.
Reproduction from [41] with
permission of John Wiley and
Sons, Inc
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cheaper than SWNTs, (ii) their contamination with metal impurity is very low and
(iii) they possess very high electrochemical and thermal resistivity.

Deposition of Pt nanoparticles (Pt-NPs) on the PBI-wrapped MWNTs is easy;
i.e., by heating the material that is being dispersed in a 60% ethylene glycol
aqueous solution at 120 °C in the presence of H2PtCl6 to provide MWNT/PBIs/Pt
(Fig. 1.5). The thickness of the PBI layer based on thermogravimetric analysis
(TGA) data is *0.5–0.8 nm. The transmission electron microscope (TEM,
Fig. 1.5) images of a typical MWNT/PBI(or PyPBI)/Pt show Pt-NPs with a
diameter of 3–4 nm [62, 63]. Notably, the Pt-NPs are homogeneously loaded, while
Pt-deposition without PBI (or PyPBI) caused aggregation of Pt on the tubes.
Homogeneous Pt loading is due to the formation of sufficient binding sites by PBIs
for anchoring the precursor metal ions or metal nanoparticles.

Such preparation method is also applicable to CB and graphene in place of
MWNTs to provide CB/PBI/Pt and graphen/PBI/Pt. Electrochemical activity of fuel
cell electrocatalysts is evaluated using cyclic voltammetry (CV). The electro-
chemically active surface area (ECSA) is calculated using the following Eq. (1.1)
[64].

ECSA ¼ QH= 210 � Pt loading on electrodeð Þ; ð1:1Þ

Fig. 1.4 Chemical structures of PBI (left) and PyPBI (right)

Fig. 1.5 Typical TEM images of (left) MWNT/PBI/Pt and (right) MWNT/PyPBI/Pt

1 Carbon Nanotube-Based Fuel Cell … 5



where QH is the charge exchanged during the electroadsorption of H on Pt (from
−0.2 to 0.1 V vs. Ag/AgCl). The ECSA values of the MWNT/PBIs/Pt are *44
m2 g−1 of Pt, which are comparable to the conventional commercially available
electrocatalyst, Pt/CB (ECSA * 50 m2 g−1). Such ECSA value clearly indicates
that the dispersed Pt-NPs are well exposed to the electrolyte solution despite the
polymer-coating.

A high resolution TEM (HRTEM) image of the MWNT/PyPBI/Pt shows a close
contact between the Pt nanoparticles and MWNT surfaces, as well as the Pt
exposure over the PBI layers. This interface structure is most likely the structure
that has been widely recognized as the ‘ideal’ triple-phase boundary structure
(TPB) that enables excellent fuel cell catalyst efficiency [65]. The formation
mechanism of such structure is the in situ surface growth of the Pt-NPs on the
surface of the PBI layers, followed by nucleation to form close contact structures
with the MWNT surfaces.

PBIs have been used for a PEFC electrolyte membrane material since the early
1990s [66] due to their high proton conductivity after acid doping [49–53].
Inorganic acids, such as HCl, H2SO4, and H3PO4 (PA) are used as a dopant,
especially PA is a typical acid dopant [67, 68]. Thus, MWNT/PyPBI/Pt was doped
with PA, and the structure of the MWNT/PyPBI/Pt after PA doping (denoted
MWNT/PA-PyPBI/Pt) was determined by IR, in which a new peak at 1,100 cm−1

that is assignable to the PO2 band in the PA-PBIs [69–71].
Membrane electrode assemblies (MEAs) were fabricated using a PA-doped PBI

membrane film and MWNT/PA-PyPBI/Pt (or MWNT/PyPBI/Pt) as an electrolyte
membrane and catalysts (for both anode and cathode), respectively. One of
advantages of the PBI-based PEFC over conventional Nafion-based PEFCs is in
their operation at high temperature (>100 °C) under a non-humidified condition
since an operation temperature below 80 °C with less than 100% relative humidity
is required in a Nafion-based PEFC system. Higher operation temperatures without
external humidification eliminate to equip a cooling and water management
instrument [72].

Typical polarization curves of single cell tests of the MEAs fabricated using the
MWNT/PA-PyPBI/Pt and MWNT/Pt performed at 120 °C under non-humidified
hydrogen and air as the anode and cathode gases, respectively is shown in Fig. 1.6
[73]. The peak power density of the PA-doped MEA was over 100 mW cm−2, while
the non-doped MEA showed only *50 mW cm−2 (Fig. 1.6b), indicating impor-
tance of proton conduction in the cell. On the other hand, for the MWNT/Pt, the
absence of an ionomer limited the delivery of the protons, which results in lower
fuel cell performance. The lower power density (*50 mW cm−2) would be due to
leaching of PA from electrolyte film as was pointed out in the literature [74].

PA is liquid and very difficult to avoid leakage from the MEA of fuel cell
systems. In order to solve the problem, a polymeric acid, poly(vinylphosphonic
acid) (PVPA) was used in place of PA [75, 76]. PVPA is an acid polymer, and
enables to form a polyion-complex with PBIs which are basic polymers.

Namely, PVPA was expected to form a thin film on a PBI-wrapped MWNTs.
PVPA-doped MWNT/PyPBI/Pt was prepared through a simple mixing of MWNT/

6 N. Nakashima and T. Fujigaya



PyPBI/Pt with PVPA in an aqueous solution followed by removing the unbound
excess PVPA by vigorous water rinsing [75, 76]. Figure 1.7 displays an illustration
for the preparation of the MWNT/PyPBI/Pt/PVPA together with the chemical
structures of PyPBI and PVPA, as well as photographs MWNT/PyPBI/Pt (left) and
MWNT/PyPBI/Pt/PVPA in water and HR-TEM image, in which good dispersion of
MWNT/PyPBI/Pt/PVPA as well as a thin PVPA layer formation are observed.
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Fig. 1.6 a Polarization- and b power density curves of the MEAs fabricated with the MWNT/
PA-PyPBI/Pt (circles) and MWNT/Pt (squares); the same modified electrodes were used as the
anode and cathode electrodes (Pt loading: 0.45 mg cm−2). The cell temperature was 120 °C, and
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Fig. 1.7 a Schematic illustration for the preparation of the MWNT/PyPBI/Pt/PVPA together with
the chemical structures of PyPBI and PVPA. b Photographs of the dispersity of the MWNT/
PyPBI/Pt (left) and MWNT/PyPBI/Pt/PVPA in water. c HR-TEM image of the MWNT/PyPBI/Pt/
PVPA. Reproduction from [75] with permission of Nature Publishing Group
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In XPS of the MWNT/PyPBI/Pt/PVPA, Pt4f doublet peaks observed at 71.1 and
74.4 eV which are attributable to Pt04f7=2 and Pt04f5=2, respectively. The ECSA value
of the catalyst was *40.2 m2/g. A single cell tests using PVPA-doped MEA and
PVPA-non-doped MEA were carried out at 120 °C without external humidification,
in which as an electrolyte membrane, a PVPA-doped PBI film was used. The
open-circuit voltages (OCV) of both MEAs were *0.9 V, while the PVPA-doped
MEA showed a higher cell voltage at all applied current densities (Fig. 1.8), i.e., the
maximum power density of the PVPA-doped MEA reached 252 mW/cm2 which is
higher than that of the PVPA-non-doped MEA.

The most interesting feature of the PVPA-doped MEA is its durability evaluated
based on the FCCJ protocol [77]. The polarization curves of the PVPA-doped MEA
(Fig. 1.8a) together with the PA-non-doped MEA (Fig. 1.8b) measured after every
40,000 cycles of the potential sweeps between 1.0 and 1.5 V indicated very high
durability of the PVPA-doped MEA (Fig. 1.8c) compare to the PA-non-doped
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MEA (black circles in Fig. 1.8c). Evidently, that PVPA-doped MEA (red circles in
Fig. 1.8c) is still alive even after 400,000 cycles although its performance
decreased. Temperature dependent power density curves of PVPA-doped MEA is
shown in Fig. 1.8d, in which, as expected, the increase in the operating temperature
increased the output power density, while even at room temperature, the MEA
worked.

In summary, PVPA can be used in place of PA, and PVPA act as a proton
conducting layer which prevent leakage to the proton source, which is important for
durability of fuel cell catalysts.

1.3 Comparison with Other Carbon Support

Here, comparison of durability/performance of the PBI-wrapped MWNT-based fuel
cell catalyst with PBI-wrapped CB-based catalyst under non-humidified and 120 °C
[76, 78–81], as well as PBI-Coated MWNT/CB composite fuel cell catalysts [79]
are summarized. Study using graphene instead of MWNTs has also been reported
[82].

Durability test of the CB/PyPBI/Pt-based MEA (MEACB; red) and CNT/PyPBI/
Pt-based MEA (MEACNT; black) measured based on the FCCJ protocol [77] are
shown in Fig. 1.9. Figure 1.9 shows the polarization curves of the MEACB

(Fig. 1.9a) and the MEACNT (Fig. 1.9b). The initial power densities of the MEACB

and MEACNT were *135 mW/cm2 and *160 mW/cm2, respectively. The Nyquist
plots (EIS) of the MEACB and MEACNT in the frequency range of 100 kHz to
0.1 Hz at the current densities of 100 and 800 mA/cm2 were analyzed using the
equivalent circuit the circuit consisted of an ohmic resistance (RX), charge transfer
resistance (Rct) and gas diffusion resistance (Rg) [83]. All the resistances (RX, Rct

and Rg) of the MEACNT were lower than those of the MEACB. Agglomerative
structure in the SEM image of MEACB was observed, while MEACNT showed a
fibrous network structure. Such morphological difference might be related to the
difference in the impedance results, and suggested that the fibrous network struc-
tures of the CNTs are important for a better proton conduction, charge transfer and
gas diffusion pathways, which are important for improved FC performance.

The cell voltages of the MEACB and the MEACNT at 200 mA/cm2 are plotted in
Fig. 1.9c. The 200 mA/cm2 region is chosen since this current density is often used
for the stationary PEFCs [84]. The data shows that after 15,000 potential cycles of
both MEAs, the cell voltage of the MEACB (red line) drastically decreased. In sharp
contrast, the MEACNT (black line) shows a gradual decrease upon cycling. Such
durability difference is due to the difference in the oxidation stability between the
CB and CNTs.

It is important to understand the role of PBI (PyPBI) on the catalysts. A TEM
image of the pristine CNTs/Pt formed large aggregates of the Pt metal because
pristine CNTs lack the binding sites of Pt. The ECSA value of the CNTs/Pt was low
as 16.6 m2/gPt due to the Pt aggregation. Thus, the MEA of the CNTs/Pt showed a

1 Carbon Nanotube-Based Fuel Cell … 9



poor fuel cell performance due to the lack of the electrocatalyst homogeneity into
the MEA, indication the importance of the PBI for the formation of homogeneous
Pt-NPs in the catalyst. CNT-based and CB-based MEAs, MEACNT and MEACB,
respectively, were delaminated during and after the durability testing, and then
analyzed them using TEM and XRD. The TEM mages of the electrocatalysts of the
cathode side of both MEAs after 12,000 potential cycles, the Pt particle sizes
increased for both catalysts compared to their initial particle sizes, and the increase
in the Pt particle size was more obvious for the CB-based catalyst where it reached
6.2 nm, which was greater than that of CNT-based one (5.6 nm), suggesting faster
corrosion process of the CB-support material; namely, for CB-based catalyst, upon
potential cycling, an accelerated fusion process of the neighboring Pt particles
occurs, leading to the formation of bigger Pt particles.

In summary, the PBI (PyPBI)-wrapped CNT-based-MEA showed a remarkable
durability compared to the CB-based MEAs. Such a high durability of the
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Fig. 1.9 Polarization curves of a MEACB and b MEACNT during durability testing. For simple
understanding of the figures, the polarization curves were displayed every 10,000 cycles. c Plots of
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10 N. Nakashima and T. Fujigaya



CNT-based MEA was due to the inherent structural stability of the pristine CNTs
and the polymer wrapping. The accelerated deterioration behavior of the MEACB

was derived from the faster corrosion of the CB, leading to the formation of the Pt
agglomeration, then resulting in the decrease in fuel cell performance.

1.4 Mechanism of Fuel Cell Durability of Carbon
Black-Based Catalyst by Polybenzimidazole Coating

Detailed mechanism of the durability improvement of carbon blacks (CBs; Vulcan
and Ketjen) by coating with PBI was reported [78]. The fabricated composites are
Vulcan/PBI and Ketjen/PBI (they do not contain Pt). Figure 1.10 displays the CVs
of (a) Vulcan, (b) Vulcan/PBI, (c) Ketjen and (d) Ketjen/PBI. The result clearly
indicated that the oxidation durability was dramatically enhanced after coating with
PBI. The N2 adsorption and desorption profiles of the 4 different materials are

(a) (b)

(c) (d)

Fig. 1.10 CVs of the a Vulcan, b Vulcan/PBI, c Ketjen and d Ketjen/PBI measured in 0.1 M
HClO4 aqueous solutions. Reproduction from [78] with permission of The American Chemical
Society
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shown in Fig. 1.11. The surface areas of the Vulcan (206 m2/g) and Ketjen
(1338 m2/g) agreed well with the reported values [85], and their values of Vulcan/
PBI and Ketjen/PBI decreased to 87 and 1126 m2/g, respectively, due to the PBI
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Fig. 1.11 a, b Absorption-desorption isotherms of N2 for a Vulcan (black) and Vulcan/PBI
(red) and b Ketjen (black) and Ketjen/PBI (red). c, d The pore diameter distribution evaluated
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(left) and Vulcan/PBI (right) and f Ketjen (left) and Ketjen/PBI (right) evaluated based on the
t-plot method. Reproduction from [78] with permission of The American Chemical Society
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coating. Based on the Horvath–Kawazoe (HK) method [86], the decrease in the
surface areas after the PBI coating was mainly due to the decrease in the micropore
areas, especially below 1.0 nm (Fig. 1.11c, d). By the quantitative analysis of the
micropore area using the t-plots method [87], the micropore areas decreased after
the PBI coating from 59 to 10 m2/g and 919 to 715 m2/g for the Vulcan and Ketjen,
respectively, while the rest of surface (=mesopore + outer surfaces) decreased after
the PBI coating from 147 to 77 m2/g and 419 to 411 m2/g for the Vulcan and
Ketjen, respectively (Fig. 1.11e, f).

The thickness of the PBI layers on the Vulcan and Ketjen were *0.23 and
*0.13 nm for the respectively, which were lower than the monolayer thickness of
the PBI and thinner than those of PBI coated on the CNTs (1.2 nm) and graphene
(1.1 nm) as previously reported [63, 82]. Based on this analysis, a schematic
drawing for the PBI-coated CBs (Vulcan and Ketjen) is presented as shown in
Fig. 1.12, in which the PBI preferentially coated the outer surfaces and the interior
of mesopore surface of the CBs, but did not coat the micropore surface. As a result,
the gate of the micropore is expected to be covered by PBI. This model explains the
significant decrease in the micropore volume. The capping of the gate of the narrow
pore has reported in the porous membrane systems [88].

The degree of defect on the surfaces of the inner micropores was reported to be
higher than that of the outer ones [89], the capping is quite effective to protect the
inner micropores from the penetration of the electrolyte and to prevent oxidation of
the CBs.

Such a result would explain the enhanced durability of the MEA having Pt-NPs
loaded on the Vulcan/PBI not only for Nafion-based MEA for low-temperature
operation, but also PA-based MEA for high-temperature operation.

Fig. 1.12 Schematic drawing
of the proposed structure of
the PBI-coated CBs (Vulcan
and Ketjen), showing a
capping of the micropore gate
by PBI coating. Reproduction
from [78] with permission of
The American Chemical
Society
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1.5 Reduction of Pt

Pt is a very expensive and rare; thus, it is highly important to reduce the amount of
Pt in fuel cell electrocatalysts in order to reduce the cost of PEFCs [90–92]. For the
goal, we need to maximize the mass activity of Pt in the catalysts. The strategy of
increasing the mass activity of Pt is to form a Pt core-shell [93–96] or a Pt alloy in
order to increase the surface area of the Pt per unit amount [97–102]. However,
under a strong acidic condition, a dissolution process of the second metal occurs,
resulting in a low fuel cell durability [103–107]. Another promising strategy is to
reduce the particle size of Pt in order to increase the surface area of the Pt
nanoparticles, leading to an increase in the Pt mass activity [108–110], and the
simplest technique for this is to reduce the amount of Pt-ions fed into the Pt
reduction process in order to regulate the growth of Pt nanoparticles. Successful
examples of the Pt size reduction for carbon black (CB) [110] and graphene oxide
[109] have already been reported.

The decrease of the feeding amount of the Pt ions to 1/2, 1/5, 1/10, and 1/20 (CNT/
PyPBI/Pt25, CNT/PyPBI/Pt10, CNT/PyPBI/Pt5 and CNT/PyPBI/Pt2.5, respectively)
provided catalysts with the Pt size of *3.6, *3.3, *2.7, and *2.3 nm for CNT/
PyPBI/Pt25, CNT/PyPBI/Pt10, CNT/PyPBI/Pt5 and CNT/PyPBI/Pt2.5, respectively
(Fig. 1.13) [15]. From the TEM images (Fig. 1.14; left images), the dispersions of the
Pt-NPs on the CNTswere highly homogeneous, and the Pt size distributions for all the
composites were very narrow (Fig. 1.14; right). Such results would be due to the rapid

60% EG aq.

H2PtCl6

CNT/PyPBI

CNT/PyPBI/Pt

PyPBI

CNT

N

N
H

N

H
N

N
n

PyPBI

Fig. 1.13 Schematic drawing describing the preparation of the CNT/PyPBI/Pt composites.
A serious of CNT/PyPBI/Pt composite was prepared by changing the feeding amount of Pt salt.
Chemical structure of PyPBI is presented in the dotted frame. Reproduction from [15] with
permission of Nature Publishing Group
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nucleation of the Pt seed on the PyPBI-wrapped CNTs through the coordination of the
Pt ions with the benzimidazole unit of the PyPBI [63].

The loading efficiency of Pt was estimated to be *100% of the fed Pt ions,
indicating an effective binding of Pt ion onto PyPBI that leads to the quantitative
and homogeneous loading of Pt onto the CNT/PyPBI. Thus, excellent Pt-deposition
controllability is realized.

The decrease in the Pt diameter resulted in a dramatic increase in the ECSA
values; namely, the highest ECSA value, 114.5 m2/gPt, was obtained for the CNT/
PyPBI/Pt2.5, which is comparable to those of Pt with a similar size on graphene
oxide [109] and CB [111]. The Pt utilization efficiency values are examined, and the
reduction of the Pt size resulted in an increase in the Pt utilization efficiency; i.e.,
the value reached as high as 94% for the smallest Pt particles in the CNT/PyPBI/
Pt2.5 catalyst. Watanabe et al. reported that, when the Pt nanoparticles are too close
to each other (roughly below 1.8 nm for oxygen gas and 2.0 nm for air), a poor
supply of oxygen is observed since not all the Pt surface areas are available for the
oxygen reduction reaction (ORR), thus not only the size of Pt, but also the Pt
inter-particle distance plays an important role for the increase in the Pt mass activity
[110]. For CNT/PyPBI/Pt catalysts, the distributions of the Pt inter-particle dis-
tances measured from the TEM images shifted to higher values (>18 nm) when the
loading amounts of Pt were decreased, and the current density per unit weight of Pt
increased with the decrease in the diameter of the Pt-NPs.

MEAs using CNT/PyPBI/Pt50, CNT/PyPBI/Pt10 or CNT/PyPBI/Pt2.5 for both
the anode and cathode (denoted MEA50, MEA10, and MEA2.5, respectively) were
fabricated and their fuel cell performance was measured under dry conditions at
120 °C. As a result, small Pt loading values of MEA10 and MEA2.5 (0.09 and
0.04 mg/cm2) were lower than those of current PEFCs, in which the Pt amounts are
0.4–1.0 mg/cm2. The I-V curves and their power density curves for the MEA50

(gray), MEA10 (blue) and MEA2.5 (green) are shown in Fig. 1.15a. The I-V curves
were re-plotted based on the total amounts of Pt in the anode and cathode to
compare the Pt mass activity of the MEAs (Fig. 1.15b). Notably, the mass activity
of MEA2.5, was around 8 times greater than that of MEA50. The result indicates that
fine control of the Pt size is important for the improvement of the mass activity
[112, 113]. While we need to notice that several reports pointed out that smaller
sized Pt-NPs (<2 nm) have a lower ORR activity, and these are not suitable for the
fuel catalysts [114–116].

Durability of the MEA10 was compared to that of the MEA50 (Fig. 1.16), and
found that the degradation rates of both MEAs were almost the same, indicating a
good stability of the low Pt loading composites.

It is concluded that a fine control of the size of PtNPs in catalysts of CNT/PyPBI/
Pt highly useful for the reduction of the Pt amount that is a strong demanded from
industry.
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1.6 Durable Carbon Nanotube-Based Polymer Electrolyte
Fuel Cell Under Humidified Condition

Fabrication of an almost “immortal” fuel cell electrocatalyst using double
layer-polymer-coated carbon nanotubes as the catalyst support was reported [63].
Here, the interesting features on this topic are summarized. The polymers being
used for the double layer-coating are PBI (or PyPBI) and Nafion®.

As described at Sect. 1.2 in this chapter, PyPBI-wrapped MWNTs/Pt-NPs that
were further coated with a proton conducting ionomer, polyvinylphosphonic acid
(PVPA) through an acid-base reaction between PyPBI and PVPA to provide
MWNT/PyPBI/Pt/PVPA as a fuel cell catalyst with a high durability under
non-humidified and 120 °C operation.

This “double polymer-coating” technique was applied to the conventional fuel
cell systems that are operated at low temperatures (*70 °C) under humidified
conditions using Nafion® (Fig. 1.17), in which a Nafion® ionomer was used to
further coat the PyPBI-coated MWNTs/Pt as the 2nd layer-polymer via an acid–
base interaction to provide MWNT/PyPBI/Pt/Nafion [117]. For the comparison of
MWNTs, an electrocatalyst using CB (CB/PyPBI/Pt/Nafion) was also synthesized.
The ECSA values of these electrocatalysts were 59.5 and 62.0 m2/gPt for the
MWNT/PyPBI/Pt/Nafion and CB/PyPBI/Pt/Nafion, respectively (Fig. 1.18a),
which are close to that (64.5 m2/gPt) of the commercial CB/Pt (Nafion-treated).

JFig. 1.14 Pt diameter and distribution analyses of the CNT/PyPBI/Pt. The TEM images (left) and
diameter histograms (right) of a CNT/PyPBI/Pt50, b CNT/PyPBI/Pt25, c CNT/PyPBI/Pt10, d CNT/
PyPBI/Pt5 and e, CNT/PyPBI/Pt2.5 revealed the diameter of Pt and density of Pt loading were
decreased by decreasing the feeding amount of Pt salt with maintaining the homogeneous
dispersion of Pt on the CNT/PyPBI. Scale bars, 50 nm. Reproduction from [15] with permission of
Nature Publishing Group

0

0.2

0.4

0.6

0.8

1

0 2000 4000 6000 8000 10000

Po
te

nt
ia

l (
IR

 fr
ee

) /
 V

Pt mass activity / mA mgPt-1

(a) (b)

0

0.2

0.4

0.6

0.8

1

0 500 1000 1500

Po
te

nt
ia

l (
IR

 fr
ee

) /
 V

Current density / mA cm-2

Fig. 1.15 a I-V curves and power density curves for MEA50 (gray), MEA10 (blue) and MEA2.5

(green) plotted as a function of the current density. b I-V curves for MEA50 (gray), MEA10 (blue)
and MEA2.5 (green) plotted as a function of Pt mass activity. Reproduction from [15] with
permission of Nature Publishing Group

1 Carbon Nanotube-Based Fuel Cell … 17



0

0.2

0.4

0.6

0.8

1

0 1000 2000 3000 4000 5000

Po
te

nt
ia

l /
 V

Mass Activity / mA mgPt -1

0
10000
20000
30000
40000
50000
60000

0

0.2

0.4

0.6

0.8

1

0 500 1000 1500

Po
te

nt
ia

l /
 V

Mass Activity / mA mgPt -1

0
10000
20000
30000
40000
50000
60000

(a) (b)

(c)

0

0.2

0.4

0.6

0.8

1

0 20000 40000 60000

Po
te

nt
ia

l /
 V

Number of Cycles

MEA10
MEA50

Fig. 1.16 a, b Polarization curves of a durability test using MEA50 (a) and MEA10 (b). The
polarization curves were measured after every 1,000 cycles. For convenience, the data were plotted
every 10,000 cycles. c Plots of the cell voltage at 200 mA mgPt−1 for the MEA50 and MEA10.
Reproduction from [15] with permission of Nature Publishing Group

Fig. 1.17 a Chemical
structure of PyPBI and
b schematic illustration for
the double
layer-polymer-coated
MWNTs. Reproduction from
[117] with permission of
Nature Publishing Group
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The fuel cell performance of the assembled MEA using the catalyst measured at
70 °C under a relative humidity of *50% was examined. Figure 1.18b shows the
polarization (dashed) and power density (solid) curves of MWNT/PyPBI/Pt/
Nafion-based MEA (purple) and CB/PyPBI/Pt/Nafion-based MEA (black), in which
the OCV of the two different MEAs were almost 1.0 V. It is evident that the MWNT/
PyPBI/Pt/Nafion-based MEA exhibited a higher performance compared to that of
CB/PyPBI/Pt/Nafion-based MEA. EIS data is shown in Fig. 1.18c, d (the Nyquist
plots of the MWNT/PyPBI/Pt/Nafion-based MEA (purple) and CB/PyPBI/Pt/
Nafion-based MEA (black)). In the equivalent circuit used to fit the obtained
impedance spectra, each spectrum shows two overlapped loops corresponding to
charge transfer resistance (Rct) and gas diffusion resistance (Rg) in the high and low
frequency regions, respectively, and the high frequency intercept at the real impe-
dance axis represents the ohmic resistance of the cell (RX) [83], in which a greater

Fig. 1.18 a CVs of MWNT/PyPBI/Pt/Nafion (purple), CB/PyPBI/Pt/Nafion (black), and CB/Pt/
Nafion-treated (gray). b Polarization (dashed) and power density (solid) curves of the MWNT/
PyPBI/Pt/Nafion-based MEA (purple), CB/PyPBI/Pt/Nafion-based MEA (black), and CB/Pt/
Nafion-treated (gray). c Nyquist plots of MWNT/PyPBI/Pt/Nafion-based MEA (purple) and CB/
PyPBI/Pt/Nafion-based MEA (black). d Equivalent circuit used to fit the obtained impedance
spectra. Reproduction from [117] with permission of Nature Publishing Group
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decrease in the total impedance of the MWNT/PyPBI/Pt/Nafion-based MEA com-
pared to that of the CB/PyPBI/Pt/Nafion-based MEA is obtained. Such result
reflected the fuel cell performance (Fig. 1.18b). The Rct of the MWNT/PyPBI/Pt/
Nafion-based MEA showed a lower value compared to that of the CB/PyPBI/Pt/
Nafion-based MEA, indicating a smoother charge transfer during the fuel cell
operation of the MWNT/PyPBI/Pt/Nafion-based MEA. A remarkable increase in the
Rg value for the CB/PyPBI/Pt/Nafion-based MEA compared to that of the MWNT/
PyPBI/Pt/Nafion-based MEA is due to the difference in the morphology of the
carbon supports that affects the gas diffusion during the fuel cell operation; i.e., the
MWNTs have a fibrous network structure, which is an advantage in such gas dif-
fusion, while CB has an agglomerative structure that might work as a slight barrier to
fuel gas access [76]. The Nafion ionomer homogeneously distributed around the
PyPBI-wrapped MWNTs is important to provide a good proton-conducting path as
well as the formation of an ideal triple phase boundary structure that is suitable for
smooth electrochemical reactions for the fuel cell operation.

Accelerated stress durability test was carried out. The polarization (A) and power
density (B) curves of the MWNT/PyPBI/Pt/Nafion-based MEA and the CB/PyPBI/
Pt/Nafion-based MEA are shown in Fig. 1.19 and Fig. 1.20, respectively. It is
evident that the FC performance of MWNT/PyPBI/Pt/Nafion-based.

Fig. 1.19 Polarization curves
(A) and power density curves
(B) during durability tests of
the CB/PyPBI/Pt/Nafion-
based MEA. For simplicity,
some representative curves
are selected for display. The
Arabic letters, a, b, c, d, e, f,
g, h, I, j and k, represent the
performance after 1,000,
50,000, 100,000, 150,000,
200,000, 250,000, 300,000,
350,000, 400,000, 450,000,
and 500,000 potential cycles,
respectively. Reproduction
from [117] with permission of
Nature Publishing Group

20 N. Nakashima and T. Fujigaya



MEA was still active even after the 500,000 cycle-durability test (*5% loss of
the initial voltage at 200 mA cm−2 was observed, and the maximum power density
(initial value 375 mW cm−2) of the MEA showed only a 20% decrease even after
such high number of potential-dynamic cycles. The CB/PyPBI/Pt/Nafion-MEA is
also durable. Such a high durability has not been recognized for the commercial
CB/Pt-based MEA, which shows a 50% loss of the initial FC voltage at 200 mA
cm−2 and 65% loss of the maximum power density after only 10,000
potential-dynamic cycles.

TEM studies indicated that for the MWNT/PyPBI/Pt/Nafion-based catalyst,
CNT nanostructures were not very different from the original one, and the CB/
PyPBI/Pt/Nafion-based catalyst also showed a similar behavior. Such behavior is
due to the polymer wrapping. For the commercial CB/Pt-based catalyst, the TEM
image after the durability test showed very few Pt-NPs with a large bare carbon
support area, indicating a severe corrosion on the CB, leading to the loss of the
Pt-NPs. Raman spectra of the MWNT/PyPBI/Pt/Nafion before and after the dura-
bility test indicated that a small change in the (ID/IG) ratio (from 0.62 before the
durability test to *0.95 after the durability test) which reflects the morphology
change of the MWNTs.

In summary, the MEA fabricated using the MWNT/PyPBI/Pt/Nafion showed a
high maximum power density of 375 mW/cm2 and a remarkably high durability

Fig. 1.20 Polarization curves
(A) and power density curves
(B) during durability tests of
the MWNT/PyPBI/Pt/Nafion-
based MEA. For simplicity,
some representative curves
are selected for display. The
Arabic letters, a, b, c, d, e, f,
g, h, I, j and k, represent the
performance after 1,000,
50,000, 100,000, 150,000,
200,000, 250,000, 300,000,
350,000, 400,000, 450,000,
and 500,000 potential cycles,
respectively. Reproduction
from [117] with permission of
Nature Publishing Group
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with only a 5% loss of the initial FC potential at 200 mA/cm2 and 20% loss of the
maximum power density after 500,000 potential cycles at 80 °C under fully
humidified condition. The replacement of the CB by MWNT is important for the
improvement of the durability of the MWNT-based MEA compared to the
CB-based MEA due to their crystalline structure of the pristine MWNT compared
to CB. In addition, use of a Nafion® ionomer as an outer layer of the MWNT/
PyPBI/Pt was crucial in the reduction of the total ohmic resistance and the charge
transfer resistance, leading to smoother electrochemical reactions, which resulted in
such a high fuel cell performance and durability.

The above study provides a promising material design for the next-generation
PEFC since such a high durability is strongly demanded from industry. The
replacement of the conventional CB-based fuel cell catalyst that has been currently
used in homes and automobiles with the presented catalyst would be an advanta-
geous step.
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Chapter 2
Carbon Nanotube-Based Direct
Methanol Fuel Cell Catalysts

Naotoshi Nakashima

2.1 Introduction

Development of high efficient, clean, low lost and renewable energy sources is a
strong social demand because we are faced with rapidly growing energy consumption
andmassive combustion offossil fuels. Direct methanol fuel cells (DMFCs) (Fig. 2.1)
have been recognized as an ideal power source for mobile applications due to the
widely available fuel (methanol), high energy density (5500 W h kg−1), and easy
storage and transportation compared to hydrogen. Thus, they have received consid-
erable attention. While, DMFC anode electrocatalysts still suffer from the following
problemswhich hinder theDMFC for wide-spread commercialization; namely, (i) the
carbon monoxide (CO) poisoning and low durability caused by the incomplete oxi-
dation of the methanol (Pt(CH3OH)ads ! Pt(CO)ads + 4H+ + 4e−), (ii) serious car-
bon corrosion (C + 2H2O ! CO2 + 4H+ + 4e−, 0.207 V vs. RHE) and (iii) the
sluggish kinetics of the methanol oxidation reaction (MOR) of the DMFC anode
electrocatalysts compared to the oxidation of the hydrogen, which degrade the fuel
cell performance during the operation.

So far, several review articles on this topic have been published [1–6], in which
the authors focused on catalyst preparation methods, catalyst carbon supports,
catalyst nanostructures, methanol crossover, methanol concentration, stability/
durability, catalyst degradation mechanism, proton conductivity, electrolyte mem-
brane, power density, water management, Pt particle size, CO oxidation, methanol
oxidation reduction reaction (MOR), CO tolerance, etc.

Catalyst design is the most important. Xing et al. summarized advances in
catalysts for DMFC [3]. Although Pt-based catalysts are most commonly used, Pt is
very expensive metal, so the reduction of Pt amount has been a strong demand from
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industry. For this line, metal alloys including Ru-decorated Pt, Pt-decorated Ru,
Pt-Ni, Pt-Co, Pt-Mo, and Pt-Sn, and Pt-based core-shell catalysts have been
intensively investigated. The developments of non-precious metal catalysts are also
highly important in this DMFC study. For such a catalyst design, Chaps. 11–13 in
this book should provide a hint.

Most widely used carbon-based catalyst in DMFC is carbon black (CB).
Besides CB, mesoporous carbon, carbon fibers, carbon nanotubes, graphene, carbon
aerogel and carbon paper have been used. Wang et al. summarized recent progress
on this topic [5]. Very recently, Thotiyl et al. [7] reported a shingle chamber DMFC
encompassing a Pt-free cathode half-cell with a freely diffusing electron acceptor
delivering *6 times higher power and current densities than conventional Pt-based
DMFC, in which they used sodium persulfate as a reducing agent, and obtained a
power density of 60 mW/cm2.

Methanol crossover is one main issue that affects the efficiency and power
density of DMFCs because methanol can easily go through a Nafion electrolyte
membrane which is often used electrolyte membrane, and be oxidized at the
cathode, poisoning the electrocatalyst, resulting in the decrease of the FC voltage
and power density, especially when a high concentration of methanol (8–15 M) is
fed to the anode side [8]. Recently, many studies have focused on the design and
fabrication of a methanol tolerant electrocatalyst. Along this line, transition metals,
such as Pd/Ag [9, 10], Ru/Se [11, 12], Pd/Co [13, 14], Ru/Mo/Se [15, 16] etc., were
tested. Such electrocatalysts showed a high methanol tolerance due to the sup-
pression of MOR. These transition metal electrocatalysts, however, are limited to
practical DMFC applications because these transition metals show very low oxygen
reduction reaction (ORR) activities compared to that of platinum (Pt), which is the
most effective metal for ORR [17, 18]. Accordingly, Pt alloys with transition
metals, such as Pt/Au [19, 20], Pt/Pd/Cu [21, 22], Pt/Cr [23, 24], Pt/Ni [25, 26], Pt/
Co [27, 28] etc., were used, while the durability of such electrocatalysts was not

O2

H2O

H+

e-

CH3OH + H2O →6H+ + CO2 + 6e-

Cathode: Oxygen Reduction

Anode: Methanol Oxidation
O2 + 4H+ + 4e-→ 2H2O

Direct methanol fuel cells (DMFCs)

Methanol

Nafion

Fig. 2.1 Schematic drawing
of direct methanol fuel cells
(DMFC)

30 N. Nakashima



high due to dissolution of the metals during real operating conditions [29–32]. Yang
et al. [33] reported a selective electrocatalyst-based DMFC operated at high con-
centrations (10–15 M) of methanol, in which they used Au@Ag2S@Pt
nanocomposites at the anode and core-shell Au@Pd nanoparticles at the cathode,
resulting in the power density of 89.7 mW/cm2.

The development of a durable and methanol tolerant electrocatalyst with a high
ORR activity is still a significant and important challenge. In this chapter, we focus
on the use of carbon nanotubes and carbon black (Vulcan and Ketjen Black) as well
as mesoporous (nanoporous) carbon for comparison as a carbon support for DMFC
[34–38]. Here, design of a new electrocatalyst with a high durability as well as high
methanol and CO tolerance is highly important.

2.2 Polymer-Coated Carbon Nanotube-Based Direct
Methanol Fuel Cells

Preparation of catalysts of polymer-coated nanocarbons is simple. As a carbon
support, MWNTs, CB (Vulcan or Ketjen Black) were used. The method is similar
to that of the PEFC catalysts as described in Chap. 1 (see Fig. 1.13), in which a
nanocarbon is wrapped with PyPBI to which Pt nanoparticles were deposited on
which PVPA is further coated to provide electrocatalysts (MWNTs (or NanoPC or
CB)/PyPBI/Pt/PVPA). For comparison, catalysts (nanocarbon/PyPBI/Pt) without
PVPA coating are used (see Sect. 2.2). Figure 2.2 shows the ORR measured in the
presence of a given concentration of methanol, in which in the absence of methanol,
the mass activities of the CB/Pt (commercial available), MWNT/PyPBI/Pt, and
MWNT/PyPBI/Pt/PVPA calculated using the Levich-Koutecky equation, 1/i = 1/
ik + 1/id (where i is the experimentally measured current, and id is the
diffusion-limited current) are 48.8, 187.0, and 157.7 mA/mgPt at 0.85 V versus
RHE, respectively [39–42]. The PVPA-coated electrocatalyst (MWNT/PyPBI/Pt/
PVPA) shows a decrease by *15.6% in the ORR activity compared to that of the
MWNT/PyPBI/Pt due to the polymer-coating of the catalysts. Meanwhile, the
diffusion-limited current density of the PVPA-coated electrocatalyst (−5.2 mA/
cm2) was almost identical to that of the MWNT/PyPBI/Pt (−5.3 mA/cm2), sug-
gesting that the PVPA coating showed a negligible effect on the O2 accessibility
[43]. For the MWNT/PyPBI/Pt, a small methanol oxidation peak is observed at
0.9 V versus RHE in the presence of methanol in the electrolyte. On the contrary,
no such peak is observed for MWNT/PyPBI/Pt/PVPA. This result suggests that the
polymer coating suppressed methanol oxidation due to methanol absorption [38,
44]. While, clear methanol oxidation peak is observed for the conventional CB/Pt
(see Fig. 2.2a) in the presence of methanol in the electrolyte solution. The methanol
oxidation reaction (MOR) peak showed a positive shift and the peak current
increased with the increased methanol concentration (Fig. 2.2a). With the increase
in the methanol concentration, the E1/2 of the three electrocatalysts decreases due to
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increased coverage of CO on the Pt nanoparticles (Pt-NPs) generated during the
MOR. In the presence of a high concentration of methanol, the E1/2 of the CB/Pt
and MWNT/PyPBI/Pt sharply decreased by 150 mV and 200 mV, respectively,
while for the MWNT/PyPBI/Pt/PVPA, the value decreased only by 80 mV. It is
evident that the coating of the catalyst with PVPA plays an important role in the
ORR activity.

Compared to the MWNT/PyPBI/Pt/PVPA (see red and green lines in Fig. 2.2c,
1.0 mA/cm2), the ORR curves of the CB/Pt (see red and green lines in Fig. 2.2a)
and MWNT/PyPBI/Pt (see red and green lines in Fig. 2.2b) show high negative
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Fig. 2.2 Electrochemical measurements of the conventional CB/Pt, MWNT/PyPBI/Pt and
MWNT/PyPBI/Pt/PVA. ORR polarization curves for the CB/Pt (a), MWNT/PyPBI/Pt (b) and
MWNT/PyPBI/Pt/PVPA (c) in O2-saturated 0.1 M HClO4 and varying concentrations of methanol
at 25 °C, rotation rate of 1600 rpm, and sweep rate of 10 mV/s. In all figures, methanol
concentrations are: 0 M (red), 0.5 M (black), 1 M (blue) and 2 M (green). d Methanol oxidation
reaction (MOR) curves were recorded in 0.1 M HClO4 and 1 M methanol at a scan rate of 50 mV/
s for the CB/Pt (black line), MWNT/PyPBI/Pt (blue line), and MWNT/PyPBI/Pt/PVPA (red line)
before durability test. Reproduction from [37] with permission of Nature Publishing Group

32 N. Nakashima



shifts (3.0 and 1.9 mA/cm2 at 0.85 V vs. RHE for the CB/Pt and MWNT/PyPBI/Pt,
respectively) when 2 M methanol was added to the electrolyte, indicating that the
CB/Pt and MWNT/PyPBI/Pt heavily suffered from methanol poisoning [45]. The
diffusion-limited current density of the MWNT/PyPBI/Pt/PVPA shows a decrease
only by 0.7 mA/cm2 (see Fig. 2.2c) after adding 2 M methanol to the electrolyte,
indicating a slight effect on O2 accessibility due to the prevention of methanol
absorption on the Pt-NPs by the PVPA coating, while the MWNT/PyPBI/Pt and
CB/Pt showed a 1.0 and 2.3 mA/cm2-loss (see Fig. 2.2a, b) in the diffusion-limited
current densities, respectively. It is reported that during the ORR, the oxygen
molecules were supplied by spherical diffusion to the individual Pt-NPs [46, 47].
Based on the forementioned results, after coating with PVPA, the methanol
absorption would be partly blocked as shown in Fig. 2.2d, in which the mass
current density of the MWNT/PyPBI/Pt/PVPA decreased by *50% compared to
that of the MWNT/PyPBI/Pt due to the coverage of the Pt-NP surfaces. Meanwhile,
PVPA shows almost no effect on the O2 diffusion due to the smaller size of the
oxygen molecule as well as their easy diffusion in the membrane. Such event is
schematically drawn in Fig. 2.3.

Although the H2O2 generation of the three forementioned electrocatalysts in the
absence of methanol is very low due to the four electrons transferred during the
ORR. However, under 2 M methanol concentration, the H2O2 generations of the
CB/Pt and MWNT/PyPBI/Pt dramatically increased to 20.5% and 7.5%, respec-
tively, which are much higher than that (0.8%) of the MWNT/PyPBI/Pt/PVPA. The
lower H2O2 generation on MWNT/PyPBI/Pt/PVPA would be due to the PVPA
polymer layer that prevents the H2O2 detaching from the electrocatalyst, which is
very important for the reduction of H2O2 to H2O on the Pt-NPs. Such higher H2O2

generations for the CB/Pt and MWNT/PyPBI/Pt should accelerate the corrosion of
the carbon supporting materials, resulting in the decreased Pt-NPs stability and low
performance.

Durability of the above three electrocatalysts were tested according to the pro-
tocol from the Fuel Cell Conference of Japan (FCCJ), in which the carbon corrosion
(C + 2H2O ! CO2 + 4H+ + 4e−, 0.207 V vs. RHE) is accelerated. The loss in
carbon supporting material leads to degradation of fuel cell performance due to the
loss of the Pt-NPs. The ECSA values of the CB/Pt lost *46% after 10,000 cycles

PtPtPtPt
PVPA

O2 CH3OH PVPAPyPBI

MWNT MWNT

Fig. 2.3 Possible mechanism showing a low methanol tolerance of the MWNT/PyPBI/Pt (left)
and high methanol tolerance (right) of the MWNT/PyPBI/Pt/PVPA. Reproduction from [37] with
permission of Nature Publishing Group
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(1.0–1.5 V vs. RHE) are due to lower carbon corrosion resistance. For MWNT/
PyPBI/Pt, ECSA loss was only *10% even after the cycling, meanwhile the
MWNT/PyPBI/Pt/PVPA shows the highest durability among the three electrocat-
alysts (*6% loss in the ECSA). Such high resistance towards carbon corrosion is
derived from the PVPA coating, which plays an important role in the reduction of
the carbon corrosion and Pt agglomeration.

The membrane electrode assemblies (MEAs) were fabricated for practical
application in DMFC system. Figure 2.4 shows the polarization curves of the
MEAs measured under 100% relative humidity (RH) at 70 °C. The maximum
power density of the MEA fabricated from MWNT/PyPBI/Pt/PVPA was 187 mW/
cm2, which was *2.3 times higher than that of the commercial CB/Pt-based MEA
(81 mW/cm2). The MEA fabricated from MWNT/PyPBI/Pt was 165 mW/cm2,
which was somewhat lower than that of the MWNT/PyPBI/Pt/PVPA, suggesting
that homogeneous PVPA coating might be important for a better proton conduction
during the fuel cell measurement.

High CO-tolerance and durability of anodic fuel cell electrocatalysts is one of the
important factors for commercialization of DMFCs. Another type of
double-polymer-coated CNT-based catalyst was tested; namely, fabricated catalyst
is MWNT/PyPBI/PVPA/Pt, in which MWNTs are coated with PyPBI and then with
PVPA on which Pt-NPs are deposited (Fig. 2.5). In this catalyst, Pt-NPs positioned
at outermost coat, which is differ from MWNT/PyPBI/Pt/PVPA, where PVPA is
outermost coat. Durability tested by cycled ECSA has revealed that MWNT/PyPBI/
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Fig. 2.4 Durability test and single cell performance of three electrocatalysts. a Plots of
normalized ECSAs of the CB/Pt (black line), MWNT/PyPBI/Pt (Blue line) and MWNT/PyPBI/Pt/
PVPA (red line) as a function of the numbers of potential cycles from 1.0 to 1.5 V versus RHE.
b Polarization I-V and power density curves of MEAs fabricated from the CB/Pt (black line),
MWNT/PyPBI/Pt (Blue line) and MWNT/PyPBI/Pt/PVPA (red line) under 70 °C with 8 M
methanol (9 mL/min) and 100%RH humidified air (200 mL/min) for anode and cathode,
respectively. Reproduction from [37] with permission of Nature Publishing Group
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PVPA/Pt and MWNT/PyPBI/Pt/PVPA shows a similar durability; namely, the
ECSA values did not change even after 1,000 cyclings [35].

During DMFC operation, the methanol is oxidized at the anodic side, while
incomplete methanol oxidation generates carbon monoxide (CO), which adsorbs
onto the Pt surfaces, and poisons the Pt-NPs, resulting in deterioration of the fuel
cell performance. Thus, the CO anti-poisoning is very important for the anodic
electrocatalysts in DMFCs. For MOR measurements, we observe two peaks, i.e.,
anodic peak (If) and reverse anodic peak (Ib), in which If peak is the oxidation of the
methanol to CO2, CO, and HCOOH and Ib peak is the oxidation of the CO and
HCOOH [48, 49]. MWNT/PyPBI/PVPA/Pt was found to be more active during the
MOR compared to the CB/Pt and MWNT/PyPBI/Pt/PVPA. The CO anti-poisoning
can be estimated from the ratio of If/Ib because the abundant by-product is CO.
Here, higher If/Ib ratio indicates less generation of by-product, which denotes a
higher CO anti-poisoning [50, 51]. The CO-tolerance of MWNT/PyPBI/PVPA/Pt
was 1.5 times higher than that of the commercial CB/Pt before and after the
durability test. Stable If/Ib ratio on MWNT/PyPBI/PVPA/Pt suggested that the
PVPA was stable during the potential cycling.

The CO stripping voltammetry is also an important method to directly prove the
CO-tolerance, in which CO was oxidized by the electrocatalyst. A sharp peak
appeared at 0.9 V versus RHE in the CO stripping voltammetry is due to the
oxidation of the absorbed CO species [35]. The peak of the MWNT/PyPBI/PVPA/
Pt shows a negative shift compared to that of the commercial CB/Pt, which indi-
cates that the CO species were more easily removed from the Pt-NP surfaces. Thus,
MWNT/PyPBI/PVPA/Pt shows a higher CO tolerance than the commercial CB/Pt.

High CO tolerance was observed when using poly(vinylpyrrolidone)
(PVP) instead of PVPA to provide MWNT/PyPBI/Pt/PVP (Fig. 2.6) [34].
PVP-coating is important for the formation of multipoint hydrogen bonding
interactions between the NH groups on PBI (or PyPBI) and C=O groups on PVP
[52]. In this catalyst (MWNT/PyPBI/Pt/PVP), ECSA loss was only*8% even after
5000-potential cycling, while MWNT/PyPBI/Pt lost *30% of the initial ECSA
[49]. The If/Ib ratios for MOR measured in N2-saturated 0.1 M HClO4 in the
presence of 4 M methanol before and after the durability test were 8.25 and 6.86,
respectively, which were much higher than those of MWNT/PyPBI/Pt. Such result

MWNTs MWNT/PyPBI MWNT/PyPBI/PVPA MWNT/PyPBI/PVPA/Pt

PyPBI PVPA Pt

Fig. 2.5 Schematic illustration for the preparation of the MWNT/PyPBI/PVPA/Pt electrocatalyst.
Reproduction from [35] with permission of Elsevier
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clearly demonstrated the importance of the PVP-coating. The maximum power
density of the MEA of MWNT/PyPBI/Pt/PVP was 166 mW/cm2, which was
comparable to that of the MWNT/PyPBI/Pt (165 mW/cm2), meanwhile, 2 times
higher than that (81 mW/cm2) of the previously reported CB/Pt [37]. This result
shows that the PVP layer of MWNT/PyPBI/Pt/PVP showed a negligible effect on
the performance of DMFC.

In summary, double-polymer-coated electrocatalysts for DMFCs including
MWNT/PyPBI/Pt/PVPA, MWNT/PyPBI/PVPA/Pt and MWNT/PyPBI/Pt/PVP are
a promising candidate for future DMFC electrocatalysts with high performance and
durability. Carbon nanotube-based polymer-coating method is simple and scalable,
thus provides a new strategy for the design a practically applicable DMFCs.

2.3 Carbon Black-Based DMFC Catalysts–Comparison
Study

Polymer-coating method for fabrication of DMFC electrocatalysts can be readily
applicable to Carbon Black (CB). In this section, three different Carbon Black,
Vulcan, Ketjen Black (KB) and nanoporous CB (NanoPC), which have different
specific surface areas are compared [53]. Specific surface area of KB is higher than
that of Vulcan, thus the amounts of PyPBI and PVPA on the carbon are higher,
suggesting enhanced DMFC performance.

The specific surface areas calculated from the Brunauer–Emmett–Teller
(BET) method for pristine KB and Vulcan are 1,232 and 235 m2 g−1, respectively.
After wrapping with the PyPBI, the obtained KB/PyPBI (805 m2 g−1) still has*4.5
times higher specific surface area than that of the Vulcan/PyPBI (176 m2 g−1). XPS
study revealed that the intensities of the N1s and P2p peaks of KB/PyPBI/Pt/PVPA
are higher than those of the Vulcan/PyPBI/Pt/PVPA, indicating greater amounts of
PyPBI and PVPA in KB/PyPBI/Pt/PVPA. By analysis of the surface elemental
ratios, the P and N in KB/PyPBI/Pt/PVPA are 2 and 3.5 times higher than those in
the Vulcan/PyPBI/Pt/PVPA, respectively, which would be due to their larger
specific surface area. Thermogravimetry analysis (TGA) measurements revealed that
the PVPA amount in KB/PyPBI/Pt/PVPA was 2 times higher than that in Vulcan/

MWNTs MWNT/PyPBI MWNT/PyPBI/Pt MWNT/PyPBI/Pt/PVP

Pt
N O

n

N N

HNN

N
H n

Fig. 2.6 Schematic illustration of the preparation of MWNT/PyPBI/Pt/PVP as well as chemical
structures of PyPBI and PVP. Reproduction from [34] with permission of Wiley and Sons, Inc
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PyPBI/Pt/PVPA, which agreed with the XPS data. The obtained ESCA values of
KB/PyPBI/Pt/PVPA and Vulcan/PyPBI/Pt/PVPA were 60.0 and 41.6 m2 g−1,
respectively.

Durability of these catalysts was different; namely, KB/PyPBI/Pt/PVPA lost
only by 7% of the initial ECSA after 10,000 cycles, while the VC/PyPBI/Pt/PVPA
showed 20%-loss. It is evident that KB/PyPBI/Pt/PVPA has a higher durability
compared to Vulcan/PyPBI/Pt/PVPA. Pt-NPs directly supported on KB were
reported to be more durable than those on the Vulcan because the Vulcan has a
higher density of the surface defects, such as edges and corners of basal planes,
leading to carbon corrosion [54]. The average particle size of Pt-NPs in KB/PyPBI/
Pt/PVPA was still *2.8 nm even after the durability test, which was still smaller
than that in Vulcan/PyPBI/Pt/PVPA (*4.2 nm), which agreed with higher dura-
bility in KB/PyPBI/Pt/PVPA (Table 2.1).

Methanol concentration effect on the catalysts was examined [54]. MOR data
measured before and after durability test by continuously adding the methanol up to
8 M to the electrolyte is shown in Fig. 2.7 [53], in which, as predicted, the current
densities of both If and Ib increased with the increase in methanol concentrations,
and before the durability test, the If/Ib ratios decreased by 19% and 31% with the
increase in the methanol concentrations (from 0.5 to 8 M) for the KB/PyPBI/Pt/
PVPA and Vulcan/PyPBI/Pt/PVPA, respectively. Such results indicate that the
methanol concentration strongly affects the CO tolerance of the Vulcan/PyPBI/Pt/
PVPA compared to that of the KB/PyPBI/Pt/PVPA. Under 8 M methanol con-
centration, which is close to the practical application of the DMFCs, the If/Ib ratio of
the KB/PyPBI/Pt/PVPA was almost 2 times higher than those of the Vulcan/PyPBI/
Pt/PVPA.

Such obtained higher CO tolerance would be derived from the higher PVPA
amount in KB/PyPBI/Pt/PVPA, which facilitating the water adsorption on the
Pt-NP surfaces to accelerate the formation of Pt(OH)ads, which consumes the Pt
(CO)ads and promoted the removal of the CO species from the catalyst. Such

Table 2.1 Comparisons of the KB/PyPBI/Pt/PVPA and Vulcan/PyPBI/Pt/PVPA regarding CO
tolerance before and after durability test. Reproduction from [53] with permission of American
Chemical Society

Electrocatalyst 0.5 M methanol 1 M methanol 2 M methanol 4 M
methanol

8 M
methanol

KB/PyPBI/Pt/PVPA
(before durability)

2.45 2.11 2.08 2.02 2.00

KB/PyPBI/Pt/PVPA
(after durability)

2.39 1.96 1.69 1.67 1.63

Vulcan/PyPBI/Pt/
PVPA
(before durability)

1.56 1.31 1.25 1.19 1.02

Vulcan/PyPBI/Pt/
PVPA
(after durability)

1.38 1.21 1.2 1.03 0.87
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process was confirmed by the CO stripping voltammograms. As shown in Fig. 2.8,
the CO oxidation peak of KB/PyPBI/Pt/PVPA exhibits a negative shift compared to
that of the Vulcan/PyPBI/Pt/PVPA. After the durability test, the If/Ib ratios for KB/
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PyPBI/Pt/PVPA and Vulcan/PyPBI/Pt/PVPA decreased by 32% and 37%,
respectively, with the increase in the methanol concentration from 0.5 to 8 M, and
after the durability test, the If/Ib ratios of the KB/PyPBI/Pt/PVPA were also higher
than those of the Vulcan/PyPBI/Pt/PVPA, especially under 8 M methanol con-
centration, in which the value was still 2 times higher than that of Vulcan/PyPBI/Pt/
PVPA. Such a high CO tolerance both before and after durability test indicated that
KB/PyPBI/Pt/PVPA would be practically utilized in the DMFC anode side, in
which high methanol concentration is fed. It is important to address that KB/PyPBI/
Pt/PVPA showed almost no loss in the Pt mass activity even after durability test,
while for Vulcan/PyPBI/Pt/PVPA, lost was *10% of the initial mass activity.

The size of Pt-NPs is important for the performance of DMFC. Pt-size control of
the CB(Vulcan)/PyPBI/Pt/PVPA was carried out by changing the weight ratios
between the Pt feeding and polymer (PyPBI)-wrapped carbon support to give four
catalysts (CB/PyPBI/Pt1/PVPA, CB/PyPBI/Pt0.5/PVPA, CB/PyPBI/Pt0.2/PVPA,
and CB/PyPBI/Pt0.1/PVPA), in which the Pt-loading was 44.1 wt%, 27.5 wt%, 10.3
wt%, and 7.2 wt%, respectively [36]. All the electrocatalysts showed narrowed
Pt-NPs distributions (*10% deviation; 3.2 ± 0.2, 3.0 ± 0.3, 2.6 ± 0.1, and
2.4 ± 0.2 nm for CB/PyPBI/Pt1/PVPA, CB/PyPBI/Pt0.5/PVPA, CB/PyPBI/Pt0.2/
PVPA, and CB/PyPBI/Pt0.1/PVPA, respectively). Notably, CB/PyPBI/Pt0.1/PVPA
having the smallest particle size presented the highest ECSA (120.8 ± 12.0 m2/
gPt). The ECSA of other three electrocatalysts, CB/PyPBI/Pt1/PVPA, CB/PyPBI/
Pt0.5/PVPA, and CB/PyPBI/Pt0.2/PVPA were 48.0 ± 3.2, 56.8±2.8, and
95.3 ± 7.7 m2/gPt, respectively. The high ECSA value was due to the high

JFig. 2.7 MOR curves measured in an N2-saturated 0.1 M HClO4 and specified methanol
concentration of the KB/PyPBI/Pt/PVPA (a, c) and Vulcan/PyPBI/Pt/PVPA (b, d) before and after
durability test. Mass activities of the KB/PyPBI/Pt/PVPA (red column) and Vulcan/PyPBI/Pt/
PVPA (black column) as a function of methanol concentration before (e) and after (f) durability
test. Reproduction from [53] with permission of American Chemical Society
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Fig. 2.8 First cycle of the
CO stripping voltammograms
of the Vulcan/PyPBI/Pt/
PVPA (black line) and KB/
PyPBI/Pt/PVPA (red line) at
the scan rate of 50 mV s−1 at
25 °C. Zoom of CO stripping
profile in 0.7–1.0 V versus
RHE is shown as the inset.
Reproduction from [53] with
permission of American
Chemical Society
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utilization efficiency of the Pt-NPs synthesized based on our preparation method by
which almost all the surfaces of the Pt-NPs were exposed to the electrolyte. It is
reported that high ECSA values for lower weight ratios was derived from the high
utilization efficiency of the Pt-NPs [55].

Durability test based on the Fuel Cell Commercialization Conference of Japan
(FCCJ) was carried out, and normalized ECSA values after every 10,000 potential
cycles were 50%, 58%, 60%, and 62% of the initial ECSA values remained for the
CB/PyPBI/Pt1/PVPA, CB/PyPBI/Pt0.5/PVPA, CB/PyPBI/Pt0.2/PVPA, and CB/
PyPBI/Pt0.1/PVPA, respectively. Compared to carbon nanotube-based catalysts
described in Sect. 2.1, CB-based durability was weak. In contrast, CB/PyPBI/Pt0.1/
PVPA electrocatalyst exhibited *10 times higher durability compared to the
commercially available CB/Pt [44]. The CO tolerance estimated from the If/Ib
values of the four electrocatalysts measured in a methanol solution [56, 57] before
and after the durability test were 1.31, 1.36, 1.38, and 2.69, and 0.95, 1.04, 1.22,
and 1.84, respectively. Such data indicate that the CO anti-poisoning of the CB/
PyPBI/Pt0.1/PVPA is higher than those of the other three electrocatalysts.

All results indicate that the PVPA-coated electrocatalysts are attractive materials
to fabricate a state-of-the-art DMFC electrocatalyst with high CO and methanol
tolerance.

2.4 Concluding Remarks

In this chapter, we summarized the preparation of polymer-coated carbon nanotube
(carbon black)-based catalysts for DMFCs. Similar to the H2-based PEFC systems
described in Chap. 1, polymer-coating method was powerful to enhance the
durability of DMFCs. The polybenzimidazole-wrapped carbon nanotube (or carbon
black)/Pt catalysts shown here exhibit high methanol tolerance, high CO-tolerance
in methanol oxidation reaction, suggesting that the catalysts are important for an
anode material for use in DMFCs. Such a polymer-coating method would be
applicable to direct ethanol fuel cell systems (DEFCs). However, compared to
DMFCs, DEFCs have many drawbacks including incomplete oxidation, slow
kinetics, ethanol tolerance, low durability, etc., thus further studies in both opera-
tions in acidic and alkaline media are suggested to conquer such drawbacks.
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Chapter 3
High-Temperature Polymer Electrolyte
Membrane Fuel Cells

Jens Oluf Jensen, David Aili, Yang Hu, Lars N. Cleemann
and Qingfeng Li

3.1 The Concept of Higher Working Temperature

Polymer electrolyte membrane fuel cells or proton exchange membrane fuel cells
(both names abbreviated PEMFC) is the kind of fuel cells that have reached the
largest degree of prevalence. Among the attractive features is the low working
temperature from sub-zero to slightly below 100 °C. The low working temperature
makes startup fast and allows for the use of a wide range of materials including
fluorinated materials for tailoring surface properties and elastomers for sealing.
Adding the general experience that chemical degradation processes become more
severe at higher temperature, it may alltogether seem not to serve a purpose to try to
increase the working temperature of a PEMFC. However, as shall be explained
shortly, there are still a number of good reasons to aim for a higher working
temperature in relation to certain applications and high-temperature PEMFC
(HT-PEMFC) has been an active field of research and development for more than
two decades.

In this context, high temperature refers to the temperature range from 100 to 200 °C
and is meant relative to the working temperature of usual PEMFC, in this context
labeled low-temperature PEMFC (LT-PEMFC). On a broader fuel cell perspective both
cells belong to the low-temperature family of fuel cell (up to 200 °C) in contrast to the
(real) high-temperature fuel cells, the molten carbonate fuel cell (MCFC) and the solid
oxide fuel cell (SOFC), working at 650 °C and above.

In terms of materials and cell components, the HT-PEMFC is not much different
from the LT-PEMFC. The main difference is the electrolyte membrane, which has
to be a proton conductor at temperatures where the usual sulfonic acid-based
membrane is not functioning well due to the drying effect.
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Nanocarbons, which is the common theme of this book, are used very much the
same way in HT-PEMFC as in LT-PEMFC and some degree of redundancy with
other chapters is inevitable.

3.1.1 Why Complicating Things with a Higher Working
Temperature?

Along with all the advantages, there are also a number of shortcomings of the
traditional PEMFC, the LT-PEMFC. These are in brief that (1) the platinum catalyst
is very sensitive to fuel impurities, (2) a strict humidity control (water management)
is crucial, (3) cooling the cells can be challenging due to the limited temperature
difference to that of the surroundings, (4) the utilization of the waste heat is limited
due to the low temperature and finally, (5) the search for a more abundant and
cost-efficient catalyst material than platinum or platinum group metals (PGM) has
not yet proven successful. With a significantly higher working temperature, the four
first shortcomings are much less pronounced and there is a chance that the elevated
temperature can be the parameter that makes alternative catalyst materials active
enough to replace the PGMs. Let us elaborate on the five points.

3.1.1.1 Poisoning of the Platinum Catalyst

The platinum catalyst is very sensitive to traces of carbon monoxide (CO) and
sulfur-containing species. LT-PEMFC are normally operated on very pure hydro-
gen, but due to the poorly developed hydrogen infrastructure and the bulky storage
of gaseous hydrogen, it is in many cases desirable to power the fuel cell by
hydrogen produced locally from common carbonaceous fuels by reforming.
Reforming is a chemical process where hydrogen is extracted from the carbona-
ceous fuel (normally hydrocarbons or alcohols) by a thermal process. Water, and in
some cases air, is added to provide enough oxygen for producing carbon dioxide,
the final oxidation product of the carbon atoms. Unfortunately, the chemical
equilibria dictate that CO is formed along with carbon dioxide as a byproduct and
the content can be from several hundred ppm to a few percents on a molar basis.
Such a high content of CO is lethal for the platinum catalyst of the LT-PEMFC. CO
adsorbs strongly to platinum rendering the catalytic sites unavailable to the
hydrogen fuel. Already at concentrations of 20–50 ppm CO, the poisoning effect is
severe. If a reformer system is to be used with an LT-PEMFC, an advanced CO
removal unit must be inserted, but this adds dramatically to the system complexity,
volume, weight, and cost. In large stationary hydrogen producing plant, this is not a
big problem and even though by far the most hydrogen is produced by natural gas
reforming, CO poisoning from commercial technical quality hydrogen is not an
issue.
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The CO adsorption on platinum is temperature dependent and at temperatures of
150–200 °C, it has been proven with HT-PEMFC that the CO tolerance is increased
by about three orders of magnitude. At 160 °C, the most common operational
temperature of HT-PEMFC, even one percent of CO is in most cases not a problem
at all [1]. The tolerance to sulfur compounds, especially hydrogen sulfide, is also
increased markedly as the temperature is raised, but this has less practical relevance
since sulfur must be removed upstream of the reforming system to protect the
reformer catalyst.

3.1.1.2 Humidity Control

An LT-PEMFC uses a perfluorosulfonic acid (PFSA) membrane as electrolyte. It
requires a high water content to maintain a high proton conductivity, and a careful
water management is mandatory. It is carried out by humidification of especially the
cathode air that would otherwise dry out the membrane. A fuel cell with a PFSA
membrane cannot easily be operated above 80–90 °C because of the difficulty
keeping the membrane humid. Another related complication of the water man-
agement of the LT-PEMFC is that excessive water addition results in condensation
and flooding of the electrodes and gas channels.

An HT-PEMFC will have to rely on a membrane conduction mechanism
depending less on high humidity and water management will be less critical or even
unnecessary.

3.1.1.3 Cooling of PEMFC

Cooling of PEMFC is important for the maintenance of the correct temperature. With
50–60% electrical efficiency (lower heating value), 40–50% of the fuel energy is
released as heat. If part of the water formed is condensed in the cell, additional heat is
formed. Cell cooling can be performed by air or a liquid, but in both cases, the cooling
fluid will ultimately transfer the heat elsewhere, typically to the surroundings. The
driving force of heat transfer is the temperature difference and with an LT-EPMFC
and with the ambient air as surroundings, this temperature difference can be as low as
40 °C (fuel cell at 80 °C and surroundings at 40 °C). In case of a closed cooling
system, this difference has moreover to be split between the two interfaces, fuel cell/
coolant, and coolant/air. It was realized by the car manufacturers that a fuel cell
vehicle may need a larger cooling radiator than a combustion engine vehicle does
despite the higher efficiency or less heat release from the fuel cell vehicle. This is
because the engine block temperature and thus the temperature of the cooling water
are higher than that of a fuel cell. Besides, a large fraction of the heat from a com-
bustion engine is emitted via the exhaust and will not be a burden to the cooler.
A higher working temperature of the fuel cell wouldmake for amore compact cooling
system in fuel cell vehicles. Nevertheless, it appears that the cooling problem has
found a solution in modern fuel cell vehicles without the use of HT-PEMFC.
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3.1.1.4 Waste Heat Quality

When about half of the energy of the fuel converted in a fuel cell is released as heat,
it is a noble wish to make this heat useful. The amount of heat produced at a given
cell voltage is the same regardless of the working temperature, but the quality is not.
Heat at about 70 °C can be used for domestic heating in a house or cabin heating in
a vehicle, but apart from that, applications are very limited. A fuel cell working at
160 °C may deliver heat at say 140–150 °C and then it is possible to make steam
and evaporate alcoholic fuels for a reformer [2, 3]. The ultimate quality of a heat
flow can be expressed as the exergy content, i.e., the maximum work it can produce
in the ideal case. The exergy, _Ex, of a heat flow, _Q, is calculated from the tem-
perature, Th, and the temperature of the surroundings, Ts, (both are absolute tem-
peratures) as

_Ex ¼ _Q
Th � Ts

Th
ð3:1Þ

For the heat flow at 70 °C, and with the temperature of the surrounding set to 25 °C,
the exergy flow is 13% of the thermal energy, while for a 150 °C flow it is 30%. Note
that this is purely a thermodynamic consideration and that in both cases the work
extracted in real systems will be much less. Actually, both temperatures are so low, that
it is questionable whether it is worthwhile to extract work.

3.1.1.5 The Search for Platinum-Free Catalysts

The strong dependence on platinum or PGM as the active catalyst material for both
the hydrogen and the oxygen electrode has not really been a decisive cost driver yet.
This is because other components have been expensive too, especially the bipolar
plates and the PFSA membrane, but the cost of these is continuously reduced and
with a larger production volume, the cost is expected to reduce further. The cost of
the platinum catalyst has been reduced too due to better utilization and therefore
lower loading used, but this will reach its limit and increased production volume
will not reduce materials cost but instead increase it as a direct result of the growing
demand. The annual production and the known resources of platinum are limited
and not only the cost but also availability should be taken into account. The global
annual production of platinum is around 200 tons [4]. Assuming (optimistically) a
use of 0.2 g of platinum per kWelectrical for the automotive fuel cell stacks, a total
replacement of the annually produced 70 million new combustion engine vehicles,
at average rated at 50 kW, would require an annual platinum supply of 700 tons. It
is apparent that a very high recycling rate of platinum is needed to make such a
technology sustainable. In brief, it is highly desirable to find a less expensive
catalyst that can be manufactured from abundant elements.

What has that to do with the working temperature if both systems use platinum?
Actually, the HT-PEMFC typically uses more platinum per electrode area and per
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unit power, so the temperature alone is not the key to a solution. The advantage of
the higher temperature is still more speculative. There are two main criteria for new
catalysts besides cost; they must be active and durable like platinum in an acidic
environment. All new candidates have so far failed to reach either. It can be
expected that the increased temperature will increase the electrocatalytic activity,
anything else unchanged. A very rough rule of thumb states that for every 10 °C the
temperature is increased, the reaction rate of a chemical reaction is doubled.
Naturally, this rule cannot be used quantitatively without a risk of seriously mis-
leading predictions, but it illustrates the power of thermal activation of processes. It
is possible that the increased temperature can promote an alternative catalyst in the
competition with platinum. The activity of platinum is of course also increased, but
perhaps not to the same extent. Catalysts are often ranked in a volcano plot by
means of Sabatier’s principle. This principle says that the reactants shall adsorb on
the catalytic site with a bond strong enough to secure a sufficiently large coverage
and that the reactants remain bonded until the reaction has taken place. The
products, on the other hand, must be bonded loosely enough to desorb fast and
leave the site for new reactant molecules. If reactants and products are assumed
comparable with respect to binding energy, an optimum bond strength must exist
for an optimum balance between adsorption of reactants and desorption of products.
This optimum bond strength will depend on temperature since desorption is ther-
mally activated. A species that bonds slightly too strongly at one temperature may
move closer to the optimum at a higher temperature. Experiments suggest, as an
example, that tungsten carbide (WC) increase the hydrogen evolution activity faster
with temperature than platinum [5].

Another effect on platinum in the HT-PEMFC, as we know it today, is related to
the presence of phosphoric acid in the catalyst layer of the cell (we shall discuss the
role of this acid later). Phosphoric acid adsorbs on the platinum catalyst and reduces
its activity significantly. An alternative catalyst that is not inhibited by phosphoric
acid will have a strong competing edge in phosphoric acid containing cells.

3.1.2 How to Increase the Working Temperature

The component that limits the working temperature of a PEMFC to below 100 °C is
the proton conducting membrane. Proton conductivity is brought about by immo-
bilized acids in the polymeric material. These acid moieties are sulfonic acids,
which possess very high acid strength, i.e., they have a proton that is easily lib-
erated. Mobile protons is naturally a prerequisite for proton conduction. The sul-
fonic acid groups are fixed to side chains of the polymer backbone, but even though
they are close, the distance is still too long for direct proton transfer between the
acid groups. Moreover, in order to receive a proton, an adjacent acidic moiety must
let go of the proton that is already filling its basic site. For both these reasons,
another proton acceptor must be present in the membrane, and this is water. Water
absorbed in the membrane accepts the protons from the highly acidic side chains
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and forms domains with high concentrations of hydronium ions, H3O
+, which are

the real proton conducting species. The aqueous domains percolate into proton
conducting pathways across the membrane while the polymer backbone forms a
structural element. Conduction of the protons is a mix of vehicular transport where
mobile hydronium ions carry the charge by migration in the electrical field within
the membrane, and structural diffusion in which protons are transferred between
hydronium ions and water molecules as a chain reaction facilitated by hydrogen
bonding between the species (the Grotthuss mechanism).

Regardless of the detailed conduction mechanism, a high water content in the
membrane is mandatory for high proton conductivity. The higher the temperature,
the higher the volatility of the water in the membrane and even though the cathodic
air is humidified to mitigate the drying effect (water management), there is a
practical upper limit to the working temperature, which is 80–90 °C depending on
the operating pressure and the membrane material used. An increase of the oper-
ating pressure can make room for a higher water partial pressure in the cathode air
and provide more efficient humidification, but the effect is limited because the vapor
pressure of the water increases exponentially with temperature. Significantly higher
working temperatures thus require a conduction mechanism that is much less
dependent on water.

Development of solid-state proton conductors based on mixed metal oxides [6]
and solid phosphates [7] is ongoing, but the most successful idea so far has been to
introduce a less volatile proton carrier, phosphoric acid, to a polymer material with
high thermal stability. Phosphoric acid is used with success in phosphoric acid fuel
cells (PAFC) for the same reason and it has the best combination of high protonic
conductivity, thermal stability and low vapor pressure at temperatures up to 200 °C.

The polymer most often used for membranes with phosphoric acid is polyben-
zimidazole (PBI). Membranes of PBI are thermally and chemically stable for
operation at 160 °C, and moreover they are capable of imbedding a large amount of
phosphoric acid. The proton conductivity at 160 °C is comparable to that of
common sulfonic acid-based membranes at 80 °C.

The membrane-acid system is referred to as an ion solvating membrane because
the acid, water, and ions of both formed by acid–base interaction are dissolved in
the membrane phase. The proton conductivity of the membrane–acid system is
basically due to the phosphoric acid, but the prevailing understanding is that there is
no local phase separation in the PBI-phosphoric acid system. This is in contrast to
the sulfonic acid based membranes where hydrophilic and hydrophobic domains
exist. The main differences and similarities between the three types of fuel cells
discussed are listed in Table 3.1.

3.1.3 The Legacy of the Phosphoric Acid Fuel Cell

Since the proton conductivity of the PBI-phosphoric acid membrane is due to the
phosphoric acid absorbed in the membrane, it is sometimes claimed that a fuel cells
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based on this membrane is not a PEMFC, but a PAFC. The most correct inter-
pretation is probably that it is a hybrid between the two [8]. PEMFC in the sense
proton exchange membrane fuel cell is not a proper match, since PBI, although it
can be protonated and deprotonated, is not really a proton exchange material.

The electrolyte of a PAFC is a pure phase of phosphoric acid (with varying water
content) contained in a porous inert matrix of silicon carbide. The phosphoric acid in
the cell, we discuss here, is not pure phosphoric acid, but a gel-like blend or solution
of the acid and the polymer even though the acid content can be as high as 80–95 wt
%. The prevailing understanding is that there is no local phase separation like in the
PFSA membrane with hydrophilic and hydrophobic domains. Under this view, it is
probably more correct that the phosphoric acid-doped PBI membrane is another
material, neither a proton exchange membrane nor a phosphoric acid electrolyte.
PEMFC in the sense polymer electrolyte membrane fuel cell is a better fit, since the
material is polymeric, containing what in another context would be seen as a plas-
ticizer. Polymeric materials are still polymeric even if they contain plasticizers. From
a practical or a manufacturing point of view, the electrolyte membrane is by all means
a polymeric material, soft, flexible, gastight, and easily handled. A strong advantage
is that it can be manufactured and handled free-standing in thicknesses of 20–50 lm,

Table 3.1 Typical key operational parameters and construction materials of mainstream fuel cells
of the three related types

LT-PEMFC HT-PEMFC PAFC

Operating
temperature
(°C)

60–80 160 200

Water
management

Crucial Little importance Little importance

CO tolerance
(%)

*0.002 *1 1–2

Electrolyte Perfluorosulfonic
acid membrane
(humidified)

Ion solvating polymer
membrane doped with
phosphoric acid

Phosphoric acid in
inorganic porous
matrix

Anode catalyst
(hydrogen)

Platinum on carbon Platinum on carbon Platinum on
carbon

Cathode
catalyst
(oxygen)

Platinum on carbon Platinum on carbon Platinum on
carbon

Electrode
structure

Porous carbon Porous carbon Porous carbon

Ion conducting
phase in
electrodes

Ionomer, like the
membrane

Phosphoric acid (optional
ionomer)

Phosphoric acid
(optional ionomer)

Bipolar plates Carbon composite
or coated steel

Carbon composite Carbon composite

Coolant Air or water Air or glycol Air or glycol
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in contrast, the more brittle acid containing silicon carbide matrix of 100–200 lm of
the PAFC, an electrolyte which, moreover, has to be prepared and supported by one
of the electrodes.

Thus, the PBI-phosphoric acid-based fuel cell as a hybrid between the traditional
PEMFC and the PAFC. In the following, the different materials and components
used in it will be treated in more detail, and it will become apparent that the
development of this fuel cell has drawn a great deal on the experience with PAFC.

3.2 Membranes for Elevated Temperature

The concept of combining an ion solvating polymer membrane with an acid for use
in HT-PEMFC at temperatures above 100 °C depends on a compatible set of a
polymer and an acid with the right properties.

3.2.1 The Acid

The acid must be thermally stable and besides high proton conductivity have an
extremely low vapor pressure to minimize evaporation. Phosphoric acid is a very
good choice. It has very high conductivity and the vapor pressure of the acid itself
(not water) is so low at temperatures below 200 °C that it has only been estimated
by extrapolation [9] from values at higher temperatures [10]. The estimated acid
vapor pressure at 160 °C is 0.71 lbar [9]. Unfortunately, phosphoric acid brings
along two serious drawbacks as well. Phosphate ions adsorb strongly to platinum
[11] and this makes the catalytic sites on the platinum surface much less available to
oxygen and the oxygen overpotential is much larger in HT-PEMFC than in
LT-PEMFC for that reason. Additionally, the oxygen solubility in phosphoric acid
is very low, and if the catalyst is covered by a phosphoric acid film, the penetration
of oxygen is set back. Both effects are well-known from PAFC and this cell as well
as in the HT-PEMFC the full benefit of the higher temperature, as compared with
the LT-PEMFC with the same catalyst and a comparable electrolyte resistance is far
from realized. Actually, on pure hydrogen, the LT-PEMFC has somewhat higher
power density despite the low temperature.

It should be mentioned too that phosphoric acid has a complicated chemistry.
Ortho-phosphoric acid (H3PO4) can condense to form pyro-phosphoric acid
(H4P2O7) by liberation of a water molecule. This happens under dry conditions at
the working temperature of the HT-PEMFC and the process may continue to tri-
mers (H5P3O10 or H3P3O9) and higher oligomers/polymers [12]. All the conden-
sation processes are governed by equilibria in which the water activity is decisive.
As long as the fuel cell produces a current, the water produced shifts in the equi-
librium in favor of the ortho-phosphoric acid, but when left idling with a cathodic
airflow through, the acid will eventually start condensing and consequently, the
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conductivity decreases due to the less mobile species. When the cell starts pro-
ducing a current and consequently also water, the polymerization process is
reversed and the acid is hydrolyzed. Humidification of the cathode airflow has the
same effect. Other acids to consider for HT-PEMFC are inorganic solid acids such
as phosphotungstic acid (H3PW12O40) [13] and phosphosilicates [14] or protic
organic salts [15]. Sulfuric acid is tempting, but it is much more volatile and at high
concentration it is in equilibrium with water and sulfur trioxide, both of which are
vapors at temperature of relevance. Dehydration will thus form a very volatile
residue, which escapes easily and the process cannot be reversed by addition of
water. Practically, phosphoric acid is exclusively used in HT-PEMFC.

3.2.2 The Polymer Membrane

Many polymeric materials can in principle be used in HT-PEMFC, but the pre-
vailing choice has been heterocyclic mostly aromatic polymers, especially poly-
benzimidazoles (PBI). This combination was first reported in 1995 by Wainright
et al. [16]. The group started by doping a PFSA membrane with phosphoric acid to
impart high-temperature conductivity [17], but they were not very successful and
later, the poor fuel cell performance with a phosphoric acid doped PFSA membrane
was studied further [18]. When an acidic membrane is doped with more acid, water
is needed for deprotonation and formation of ions that can support ion conductivity.
Phosphoric acid can act as a proton acceptor, but a rather weak one and it is not a
strong acid either. Consequently, its self-protolysis is limited and without water,
ions are mostly formed by protonation by the strong sulfonic acid of the PFSA
polymer, which is limited in number. When applied in a fuel cell, H4PO4

+ ions
carry the current in the absence of water. Water that might be present in the first
place will be dragged away from the anode and since water is formed at the cathode
only, the anodic side of the electrolyte loses conductivity. The phosphoric
acid-doped PFSA membrane has also been applied in electrolyzer cells where water
vapor is constantly added, and then the proton conductivity is not lost [19].

The result with acid-doped PBI was a real breakthrough and the way was paved
for a new branch of fuel cells, the HT-PEMFC.

3.2.3 Polybenzimidazoles

Polybenzimidazoles constitute a large family of polymers containing the benzimi-
dazole groups as a part of the polymer repeat unit. Poly(2,2′-(m-phenylene)-5,5′-
bibenzimidazole) (m-PBI, Fig. 3.1) is commercially available and has been exten-
sively used for HT-PEMFC. In order to improve chemical stability, mechanical
robustness, and ultimately fuel cell durability, a large number of polybenzimidazole
structure derivatives have been developed over the years. The more common
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examples are p-PBI and AB-PBI as shown in Fig. 3.1. The only difference between
m-PBI and p-PBI is that the benzene ring is meta and para coordinated. This looks
like a minor difference, but it actually has a strong impact on solubility and stiffness
of the polymer. p-PBI is less soluble in the solvents uses (DMAc, NMP and formic
acid) and the material is stiffer. Numerous other moieties like ether links, sulfones,
and fluorinated groups have been included in the polymer to modify the properties.
Examples are reviewed in the literature [20, 21].

The un-protonated nitrogen atoms are basic and accept easily a proton each from
phosphoric acid. This gives the polymer a high affinity to phosphoric acid and it can be
doped to a very high level. The two first phosphoric acid molecules protonate the
polymer backbone and when additional acid is introduced, the proton conductivity
increases significantly. Acid doping levels (ADL), defined as the number of phos-
phoric acid molecules per polymer repeat unit, of 6–12 are common in post-doped
membranes and by the direct casting technique, ADL as high as 30–40 is possible.
Acid doping is explained in Sect. 3.2.4. When the imidazole unit is protonated, it
forms a cation, which is balanced charge wise by the formed phosphate ion (H2PO4

−).
When PBI has proven so successful, it is partly because of the good match with

phosphoric acid, and partly because it due to the aromatic structure is very stable,
chemically as well as thermally. The common m-PBI has superior thermome-
chanical properties with a glass transition temperature of 420 °C and is therefore
used for many high-temperature applications, like heat-resistant clothing for fire-
men and race drivers [22]. Chemical stability is naturally important too for a
material to be applied with hot concentrated phosphoric acid.

PBI possesses both proton donor and proton acceptor sites (the protonated and
the un-protonated nitrogen sites) and is, therefore, amphoteric with pKa around 5 in
the fully protonated form and pKa around 13 in the pristine form [23, 24].
Consequently, PBI can also be doped with potassium hydroxide and form a
hydroxide ion conductor. Then, the benzimidazole units are fully deprotonated
instead, forming an anion balanced by the potassium ion. Development of alkaline
cells on this basis is ongoing [25–27], but beyond the scope of the present treatise.

It is also possible to improve the mechanical stability of the membrane by
crosslinking it with different bridges ending in halogens [28–30] or carbon–carbon
double bonds [31]. In all these examples, the electrophilic crosslinking agents react
with the PBI backbone and attach covalently to the nitrogen sites. The polymer
becomes insoluble, swelling is reduced and acid doping may require higher tem-
perature or longer time. Another way of crosslinking PBI is by thermal curing as
discovered in the 60s [32, 33]. The technique was later used for fuel cell membranes

Fig. 3.1 Polymer repeat unit structures of m-PBI, p-PBI and AB-PBI
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where the curing was carried out at 350 °C in inert atmosphere [34]. The exact
chemical effect of the curing is not clear, but the cured polymer exhibits properties
similar to the covalently crosslinked membranes, namely insolubility and improved
mechanical strength. Thermally cured membranes are, therefore, referred to as
thermally crosslinked membranes. In addition, crosslinked membranes including
the cured membranes tend to appear less sensitive to the Fenton peroxide test. The
Fenton test is considered a very tough test for the assessment of oxidative stability
and PBI, like many other polymers, is severely affected when subjected.
Crosslinked PBI loses mass much slower and remains in one piece for a longer
period than its non-linked analog despite the same backbone structure [28–31, 34].
Moreover, thermal crosslinking seems to improve the acid retention. The lowest
voltage decay rate over thousands of hours of operation at 200 mA cm−2 and
160 °C was 0.5 lV h−1 and this was reported recently for a cell with a thermally
crosslinked membrane [35].

A related way to improve mechanical strength is ionic crosslinking. Polymer
blends of PBI with acidic polymers like polysulfones undergo acid-base interac-
tions forming ionic “polysalts”, which improve the strength of blend membranes
[20, 36, 37].

3.2.4 Acid Introduction

There are basically two ways to introduce phosphoric acid to the PBI membrane. In
the post-doping process, the PBI membrane is immersed in concentrated phos-
phoric acid and left to equilibrate [38]. With 85% phosphoric acid the ADL is
typically 10–11 in case of m-PBI. With lower acid concentrations, lower doping
levels can be realized. Besides providing conductivity, the acid acts as a plasticizer
and the desired ADL is a trade-off between conductivity and mechanical robustness.
One of the benefits of crosslinking is that a higher ADL can be reached leading to
higher conductivity without compromising mechanical strength. Doping can also be
achieved at elevated temperatures, but eventually, the polymer dissolves in the acid
if it is not crosslinked.

It is possible to obtain extremely high ADLs by the direct casting process or the
PPA process [39]. The membranes are cast directly from the crude polyphosphoric
acid solution used for the polymer synthesis. The polyphosphoric acid is slowly
hydrolyzed to ortho-phosphoric acid and the polymer phases out. This is a sol-gel
process and the gel structure obtained is crucial for the integrity of the membrane
material. Doping levels of 30–40 mol phosphoric acid per polymer repeat unit have
been achieved with p-PBI [40]. If a similar ADL was aimed for by post-doping the
membrane would dissolve completely. An added value of high doping levels is that
the membrane contains more acid and that it can afford to lose more acid during
long-term operation. This is somehow counterbalanced by the fact that the acid is
easier lost from the membrane and the electrodes have to be optimized differently to
those for a post-doped membrane to avoid flooding.
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3.2.5 Polybenzimidazole Composite Membranes

A large number of PBI-based composites have been developed throughout the
years, ultimately aiming at improving fuel cell performance and durability by
improving the mechanical stability, acid retention, and conductivity of the mem-
brane or reduce fuel/oxidant crossover. The properties of the composite materials
depend on the loading of the inorganic component, and particularly on the particle
size and dispersion of the secondary phase. For an overview of PBI composites,
refer to Linares et al. [41]. For an older and more general review of inorganic–
organic fuel cell membranes, refer to Jones and Rozière [42].

3.2.5.1 Oxide and Phosphate Composites

Composite materials of PBI and various oxides can be readily prepared by addition
of nanoparticles to the membrane casting solution. Using this methodology, PBI
composites containing 2 wt% TiO2 have been prepared and extensively studied
with respect to fundamental properties and long-term performance in a fuel cell
stack [43, 44]. The improved durability observed on the stack level was traced back
to the improved acid retention characteristics of the composite membrane.

However, co-casting of composite membranes from a dispersion tend to produce
membranes with larger agglomerates of the inorganic phase. This is often unde-
sired, as it results in a poorly defined material. One way to circumvent agglomer-
ation during casting is to work with surface modification strategies that improve the
compatibility between the components by introducing new functionalities. For
example, composites with a well-dispersed phase of SiO2 in a PBI matrix have been
obtained from nanoparticles that had been surface functionalized with imidazole or
sulfonated vinylbenzene groups [45–47]. Another good way to disperse the inor-
ganic component as nanoparticles is to synthesize it in situ. For example, SiO2 can
be formed from the silica precursor tetraethoxysilane (TEOS) [48].

Well-dispersed clay nanocomposites were obtained after extensive optimization
by screening an array of organic surface modifiers [49]. Other examples of PBI-clay
composites are with montmorillonite and reduced plasticizing effect of the phos-
phoric acid and of methanol crossover is reported [50, 51].

Zirconium phosphate (Zr(HPO4)2 � nH2O, ZrP) is another material with a lay-
ered structure in common with the clays. It is of special interest for composites due
to its intrinsic proton conductivity. Composites of ZrP and PBI or PBI blends led to
slightly increased conductivity [52]. Yamazaki et al. [53, 54] prepared composite
membranes of the variant zirconium tricarboxybutylphosphonate (Zr(O3PC
(CH2)3(COOH)3)2) using PBI as the binder. Membranes of doped tin phosphate
have also been manufactured with PBI as binder [55].

A special class of solid materials are the heteropolyacids (HPA). This is a special
family of acids constituting a metal, a nonmetal, oxygen, and hydrogen. A common
structure is the Keggin structure, which contains the Keggin ion (AM12O40)

n−.
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Here A is a nonmetal (e.g. P or Si) and M is a metal (e.g. Mo or W). The ion is
balanced by protons, hence the acidity. Examples of HPAs used for PBI composites
are phosphomolybdic acid (H3PMo12O40, PMA) [56, 57], phosphotungstic acid
(H3PW12O40, PWA) [58–60], and silicotungstic acid (H4SiW12O40, SWA) [60–65].
The HPAs interact with the basic sites of PBI. Functionalization of mesoporous
silica by PWA showed high proton conductivity and improved stability at tem-
peratures up to 200 °C [66]. The PBI composite membranes with this inorganic
filler showed a significant stabilizing effect on the doping phosphoric acid at
temperatures up to 200 °C [67]. As revealed, this exceptional durability was due to
the formation of a highly conductive and thermally stable phosphosilicate phase in
the composite membranes [68].

3.2.5.2 Carbon Composites

Carbon structures in the form of nanotubes and graphene are of particular interest for
structural reasons. The extremely high strength make them obvious for composites
with a view to improve the mechanical strength and durability. Naturally, care should
be taken not to form short circuits with these wide and highly electron conductive
materials. Besides strength, graphene layers in the membrane might even reduce gas
crossover without limiting the proton transport as much as other barrier layers, since
it is claimed that protons can pass through the hexagons of graphene [69].

The aromatic structure of PBI can be expected to ensure good compatibility with
sp2 carbon, i.e., nanotubes and graphene, but suspension in a casting solvent can be
difficult and casting might, therefore, be carried out with functionalized carbon
materials, i.e., with a partly oxidized surface containing oxygen, hydroxides, car-
boxylic acids, etc. The editor of this book has published extensively on PBI coated
aromatic carbon materials as catalyst supports. See Sect. 3.3.2.

Composites with carbon nanotubes (CNT), in most cases multiwalled carbon
nanotubes (MWCNT), have been studied by several groups. Membrane fabrication
is challenging and surface modification strategies are needed to get a well-dispersed
phase. Coleman et al. [70] reviewed in 2006 strengthening of polymers with CNT,
but without addressing PBI or fuel cells. Suryani et al. [71] reported significantly
improved mechanical strength and also higher ionic conductivity for a composite of
PBI and MWCNT as compared to pure PBI. When functionalized, the compatibility
with PBI was increased. A marginal fuel cell performance improvement at 150 °C
was seen. Composites of PBI and MWNCT has also been used for an alkaline direct
methanol fuel cell with improved performance [72]. A slight decrease of methanol
crossover was reported too, surprisingly accompanied by increased methanol
uptake as the content of nanotubes was increased. As an example of a
non-membrane application, Lu et al. [73] functionalized carbon nanofibers (not
nanotubes) and synthesized PBI directly on the fibers. Subsequently, the fibers were
hot-press sintered to obtain structural materials with high flexural strength for
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aerospace applications. Improved strength and somewhat improved fuel cell per-
formance can also be achieved by incorporation of phosphonated MWCNT [74].

Increased ionic conductivity as a result of CNT in the membrane structure is not
very intuitive, but several groups report that and hence better fuel cell performance.
A recurring suggested explanation is that the membrane material is structured as a
result of the introduction CNTs leading to formation of domains [74, 75].

Like CNT, graphene and graphene oxide (GO) have been used for composites
with PBI. To achieve good dispersion, GO has been functionalized through
nucleophilic reactions between the epoxy group of GO and amine groups in e.g.
3-mercaptopropyl trimethoxysilane [76], 1-aminopropyl-3-methyl-imidazole [77],
p-aminobenzene sulfonic acid [78] and polydopamine [79].

Graphene in its oxide form, GO, contains hydroxyl, epoxy and carboxyl groups,
which may form hydrogen bond channels for proton conduction. The proton con-
ductivity of GO is up to 10−2 S cm−1 due to the presence of the hydrophilic
oxygen-containing groups such as carboxylic acid and epoxy oxygen, that facilitate
“hopping” of protons through hydrogen-bonding networks in association with water
molecules [80]. Attempt to assemble a fuel cell using a GO-based electrolyte has been
made [81]. Chen et al. [82] made in 2010 a comprehensive review of graphene-based
materials in electrochemistry. Composites membranes for fuel cells or for ionic
conductivity was not treated, but the literature in this field is also more recent.

PBI/GO composites have been reported without fuel cell experiments, but with
varying conductivities [83]. PBI has also been synthesized around GO with
improved mechanical and thermal properties even with small amounts of graphene
[84]. PBI-GO composites have been used for HT-PEMFC, at times with moderate
improvement of performance [85]. The primary benefit is probably on the
mechanical properties. Yang et al. [86] prepared a composite membrane of triazole
functionalized GO and PBI. The tensile strength and elongation at break were
improved significantly and fuel cell performance slightly. The triazole functional-
ized GO dispersed well in the solvent used. Composites of PBI and GO func-
tionalized with ionic liquids has been explored recently by different groups for use
in both acidic [87] and alkaline [88] fuel cells. Functionalized GO has also been
used for crosslinking quaternized poly(ether ether ketone) membranes [89].

Membranes of a composite of PBI and GO sulfonated by radiation grafting were
reported [90]. The sulfonation led to significantly increased strength in the acid
doped as well as the un-doped state, compared to an un-sulfonated composite.
A somewhat increased proton conductivity was measured too. Superior conduc-
tivity of composites of sulfonated GO was previously reported [91].

Instead of reinforcing PBI with graphene, PBI can improve the strength of
Nacre-like graphene paper with graphene as a glue [92]. As an alternative to a
composite, Deng et al. [93] made a three-layer membrane of polybenzimidazole/
graphite oxide/polybenzimidazole and the mechanical strength of the membrane
was more than doubled.
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3.2.6 Pyridine Containing Aromatic Polyethers

In parallel to the development of PBI membranes, a similar membrane family has
been developed at University of Patras and Foundation of Research and
Technology-Hellas in Patras. Instead of benzimidazole, pyridine units provide the
aromatic nitrogen functionality that makes the membrane work in HT-PEMFC [94,
95]. The behavior of the membrane in a HT-PEMFC is similar to that of the PBIs,
but fuel cell tests are often performed at higher temperatures than with PBI.
Especially crosslinked membranes are operated at 180–220 °C [96, 97].

Cell development and testing have to some extent been done at the company
Advent, which was established based on this pyridine based technology. This can
be the reason why studies on durability at the high temperatures are scarce in the
literature. However, stable performance for 350 h at temperatures varied between
200 and 220 °C without clear visible degradation [76] and later operation for 500 h
at 210 °C with a degradation rate of only 3 µV h−1 [74] were reported by the Greek
groups. At this temperature, more severe degradation can be expected with
PBI-based cells, even at such a short time. A 2011 prospect from Advent shows a
degradation of 9 µV h−1 over 4000 h at 180 °C. Today Advent deals with both the
pyridine membranes, called TPS, and PBI membranes based on technology
from BASF. In their latest MEA prospect, they state operational temperatures of
120–180 °C for PBI MEAs and 120–200 °C for TPS MEAs, but without indication
of durability for TPS MEAs. Examples of polymers with both benzimidazole and
pyridine can be found in the literature too [98, 99].

When it comes to fuel cell long-term stability, the crux of the matter is whether
acid retention and resistance to condensation are higher in the pyridine system than
in the PBI system. If not, acid loss rates or phosphate condensation will most likely
be high at temperatures above 200 °C.

3.3 Catalysts

The state-of-art catalyst in HT-PEMFC is platinum or platinum alloys for both
anode and cathode and this represents no difference to LT-PEMFC. For both types
of cells, increased activity for oxygen reduction is seen when platinum is alloyed
with certain other transition metals, like nickel or cobalt, and on the anode side,
platinum is alloyed with ruthenium for use in cells converting methanol [100–104]
or dimethyl ether [105]. Despite the higher temperature and the presence of
phosphoric acid, the catalyst is thus the same and for LT-PEMFC and HT-PEMFC.

The complementing key component of the catalyst is the catalyst support, i.e. the
material on which the platinum particles are fixed. Electrocatalysts used in the early
years of PAFC were platinum black only. Later, high surface-area carbon supports
were introduced in the 1970s as an approach to a higher degree of metal dispersion
to reduce the loading and cost of the noble metal. Requirements for the carbon
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support materials include high electronic conductivity, chemical, and electro-
chemical stability, sufficiently high surface area as well as suitable pore-size dis-
tribution. So far, carbon blacks seems to have the best combination as well as
commercial availability and low cost.

However, cost and availability of PGM is a challenge and both the
platinum-based catalyst and the carbon-based support do degrade during long-term
operation of the HT-PEMFC. On this background, it is desired to develop new
catalytic materials as well as catalyst support materials with improved durability
and lower cost. This is yet another common trend for LT-EPMFC and HT-PEMFC.
In the following paragraphs, the use of alternative carbon-based materials for
support as well as for PMG-free catalysts will be treated briefly. Carbon-free cat-
alyst substrates is another active field of research, but so far almost exclusively
tested in LT-PEMFC. The major challenges are to obtain sufficient specific surface
area, electronic conductivity and chemical stability of such ceramic materials
(oxides, nitrides, carbides). Refer to the review by Wang et al. [106].

3.3.1 Carbon Black Supported Noble Metal Catalysts

The high surface area of carbon black is advantageous for a fine dispersion of the 3–
5 nm platinum particles, but at the same time, it makes the material more vulnerable
to corrosion than materials with a more graphitic structure and a smaller specific
surface area. Common carbon black products are Vulcan XC-72 (Cabot
Corporation) with a specific surface areas of about 250 m2 g−1, Black Pearls 2000
(Cabot Corporation) with 1100–1400 m2 g−1 and Ketjenblack EC-600JD (Akzo
Nobel) with 1200–1400 m2 g−1.

The catalyst nanoparticles can be applied either by direct synthesis on the carbon
surface by impregnation and subsequent reduction or they can be synthesized
separately and kept suspended before application on the support. With the
impregnation method, carbon black is first impregnated with a solution containing a
salt or an acid of the catalyst metal (e.g., H2PtCl6) by the capillary action with or
without surfactants. The metal is then reduced into nanoparticles either in the
solution using a reducing agent such as formic acid, formaldehyde, or sodium
borohydride, or by gaseous hydrogen or formaldehyde after evaporation of the
solvent. Alternatively, the platinum particles are synthesized elsewhere by other
methods like the polyol method in glycol or the oil-in-water method in which the
particle size is controlled by micelles formed in an oil-water emulsion. Many other
techniques are known, and alloy synthesis requires special measures due to different
reduction potentials of the precursors.

The higher operational temperatures of HT-PEMFC as well as the presence of
phosphoric acid aggravates both carbon corrosion and platinum dissolution. Early
studies on dissolution of platinum in concentrated phosphoric acid showed a potential
dependence on the process, particularly at cathode potential close to open circuit
voltage [107–109]. At even higher potentials, the passivation by platinum oxides may
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play a role in limiting themetal solubility [110], which showed a peak at around 1.1 V
in one study [111]. At a temperature of 160 °C and a cathode potential of 0.7 V, the
platinum dissolution rate was estimated to 2 � 10−9 mg Pt cm−2 h−1, increasing to
2 � 10−2 mg Pt cm−2 h−1 at a cathode potential of 1.0 V [112].

Carbon blacks are susceptible to corrosive conditions such as high cathode
potentials and low pH in combination with oxygen and water vapor as in
HT-PEMFC. Electrochemical corrosion of carbon according to Eq. (3.2) is ther-
modynamically favored at potentials higher than 0.207 V versus SHE [113]

C þ 2H2O ! CO2 þ 4Hþ þ 4e� E0 ¼ 0:207 V versus SHE ð3:2Þ

The process is proposed to proceed by formation of carbon surface oxide
intermediates followed by hydrolysis of the oxides to carbon dioxide [114]. In
practice, sluggish kinetics of carbon corrosion makes carbon a feasible candidate as
catalyst support, but the corrosion kinetics is promoted by elevated temperature.

Oh et al. [115] quantitatively related the first 30 min of carbon corrosion in a
HT-PEMFC to that in a LT-PEMFC at potentials between 1.0 and 1.4 V. The
LT-PEMFC was tested at 70 °C with fully humidified oxygen whereas the
HT-PEMFC was tested at 150 °C using non-humidified oxygen. The results showed
little difference in the carbon corrosion rate for potentials up to 1.1 V. At potentials
higher than 1.1 V, however, the carbon corrosion rate for the HT-PEMFC increased
dramatically in comparison to that of the LT-PEMFC. This indicates that elevated
temperatures have higher influence on the carbon corrosion than what can be offset
by a decrease in humidity. For carbon supports with various platinum loadings,
Stevens et al. [116] showed significantly enhanced carbon corrosion when tem-
perature increased from 125 to 195 °C. The low water partial pressure often realized
in HT-PEMFC was accredited as a moderating effect, but still, at potentials higher
than 1.1 V, the carbon corrosion rate was found to be high due to the elevated
temperature. Oono et al. [117] investigated the temperature effect on HT-PEMFC
degradation in a temperature range from 150 to 190 °C. They attributed the initial
performance loss, which was severely intensified with the temperature, to carbon
corrosion and platinum particle agglomeration. After prolonged testing, visible
thinning of the catalyst layers as well as growth of the platinum catalyst particles
was observed [118].

Schmidt et al. [119] focused on the corrosion stability of supported catalysts in
PBI-based cells by purging the fuel stream alternately with hydrogen and air. This
operation was found to drive the cathode potential cycling between 0.95 and 0.2 V.
During the cycling, carbon dioxide was found to correlate well with the catalyst
support loss, which resulted in a fuel cell performance drop, particularly seen as an
increased mass transport overpotential. For evaluation of catalyst and support,
potentials higher than the OCV are typically applied as an accelerated degradation
stressor, either by cycling or by potential hold. In doing so, atmospheric humidi-
fication seems to be necessary, though it is not a common practice of the fuel cell
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operation [120]. And the corrosion of carbon supports and sintering of noble metal
catalysts are intensified under dynamic tests with thermal, load and
shutdown-startup cycling [121].

Several reports of around 18,000 h of operation of HT-PEMFC single cells at
200 mA cm−2 with degradation rates of only 5–10 lV h−1 can be found in the
literature [122, 123]. Recently, a degradation rate of as low as 0.5 µV h−1 within a
testing period of 9000 h was reported [124]. However operational parameters
including stoichiometries of gas flows should be carefully controlled [125].

A suitable strategy to minimize the carbon corrosion is to use carbon materials,
which have higher graphite contents and therefore fewer structural defects at which
the oxidation initiates [126]. Heat-treatment of carbon blacks at very high temper-
ature is known to impart the graphitic character to the carbon black, though at the
expense of a significant decrease in the specific surface area. Cleemann et al. [127]
showed that graphitization at 2800 °C of carbon black (before applying the platinum
catalyst) improved the stability in a potential cycling test. Note that catalysts on
multiwalled carbon nanotubes proved even more stable in the same study. Mader
et al. [121] investigated the stability of eight types of carbon for PBI-based fuel cells
at a temperature of 180 °C and a potential of 1.0 V versus RHE. A clear correlation
of the carbon corrosion rate was observed with the increase of the BET surface area
of the materials. At the same time, good dispersion of the noble metal catalysts was
somewhat hampered when using synthetic graphite as support.

3.3.2 Carbon Nanotubes and Graphene as Catalyst Support

The stable sp2 structure of graphite is also present in CNT and graphene. The
fibrous shape of carbon nanotubes should be ideal for mechanical stabilization and
electronic conduction and at the same time ensures high porosity. Combined with
the high thermal and chemical stability of this form of carbon, CNT could be the
ideal catalyst support, also for HT-PEMFC. The challenge is that the stable surface
is not an easy substrate for a good dispersion of the platinum particles. The usual
way to make the CNT more collaborative is to functionalize them by a moderate
oxidation. The functional surface groups formed (O, OH, COOH etc.) make the
surface less hydrophobic and more receptive. The growth and dispersion of plat-
inum nanoparticles are believed to benefit from these surface functionalities, which
serve as effective binding sites for the platinum ions where homogeneous nucle-
ation occurs and well-dispersed nanoparticles are achieved [127]. Platinum clusters
synthesized beforehand will also disperse better on the functionalized surface.

The penalty is that functionalization also affects the otherwise superior stability
that was the reason for selecting CNT for support. To minimize the degradation of
the support material triggered by these surface defects, a unique approach for the
growth of platinum nanoparticles on non-oxidized graphitic carbon has been
developed by Nakashima and coworkers [128, 129]. By attaching a nanolayer of
PBI on the surface of carbon, platinum ions or catalyst clusters are coordinated via
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the functionalities of the polymers. In this way, homogeneous growth and disper-
sion of platinum nanoparticles can be realized, with a narrow diameter distribution
[130]. The PBI material is selected as it can efficiently be dispersed on CNT
through the p–p interaction and provide binding sites for coordination of platinum
ions. At the same time, when assembled in fuel cells, the polymer can be protonated
by phosphoric acid from the membrane and become proton conductive. The
obtained platinum nanoparticles are therefore in good contact with the electroni-
cally conducting carbon support and the ionically conducting PBI phase [130]. An
eight times higher mass activity [131] and a four times higher durability [132] have
been reported.

Even with carbon blacks, impregnation with PBI before platinum loading was
found to facilitate the immobilization of the proton conducting path onto the surface
of the electrocatalyst when further doped with poly(vinylphosphonic acid) (PVPA)
instead of phosphoric acid [133].

PBI-wrapped carbon materials have been applied to other systems than
HT-PEMFC. Both PBI-wrapped CNT and carbon blacks were also combined with
Nafion, where the acid–base interaction provides high affinity between Nafion and
PBI [134, 135]. Increased CO tolerance at room temperature due to the OH groups
at OH-PBI was claimed [136]. Moreover, the first case of use for PEM electrolysis
at 80 °C was reported in 2017 [137], and finally, the PBI wrapping was used for
oxidation of ethanol in alkaline solution without fuel cell tests [138] and for alkaline
fuel cell tests with a Tokoyama A201 alkaline membrane [139]. In 2013, Fujigaya
and Nakashima [130] published a review about the PBI wrapping technique. In that,
numerous kinds of PBI used are listed.

Similar work with graphene materials is not as extensive and was initiated later.
Fujigaya et al. [140] expanded the wrapping to graphene. Graphite was exfoliated in
a PBI solution. Subsequently, platinum was deposited as 2.7 nm nanoparticles with
excellent dispersion. In a potential cycling test, the electrochemical surface area was
degraded to a lesser degree than the commercial Pt-carbon black catalyst compared
with. The work was continued by Li et al. [141] via a graphene oxide route where
PBI was synthesized on isophalic acid-functionalized graphene and platinum
nanoparticles were deposited. Improved stability with respect to potential cycling
was seen as compared to a commercial carbon black base catalyst. Later the group
introduced sulfonic acid-functionalized carbon black as a graphene spacer and made
fuel cell tests at 80 °C with a Nafion membrane [142, 143]. PBI decorated reduced
graphene oxide was used as a support material for a palladium catalyst in an
alkaline fuel cell at 90 °C [144]. A study of single-wall carbon nanohorns without
PBI wrapping as support for a HT-PEMFC was reported by Boaventura et al. [145].

3.3.3 Non-platinum Group Metal Catalysts

Driven by the vast perspective in replacement of the PGM based catalysts for PEM
fuel cells (and the equivalent electrolyzers, although it is probably even more
challenging), tremendous effort is made to find active, stable, and inexpensive
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alternatives. The dominating trend is to study materials containing iron, nitrogen,
and carbon (Fe-N-C). The molecular structure of such materials is generally
complicated compared to a metallic surface of one or a few elements.

The development began in the 1960s when Jasinski [146] inspired by functional
structures in nature discovered that cobalt phthalocyanine was an active oxygen
reduction catalyst in alkaline medium. In phthalocyanine, four heterocyclic nitrogen
atoms embedded in a carbon structure hold a single metal ion. A similar structure is
found in the heme molecule that binds oxygen in our blood, in chlorophyll and in
cytochrome c in our respiratory chain. Over the recent years, numerous materials
have been synthesized by various heat treatments of precursors containing metal
ions (mostly iron), nitrogen and carbon, and high oxygen reduction activities have
been demonstrated in acidic environment relevant to PEMFC, as thoroughly
reviewed [4, 147–149], with a focus on degradation [150], and treated in more
detail elsewhere in this book. It is much more difficult to identify the catalytic site(s)
in such materials than in traditional catalysts. However, the general understanding
[151] is that the site is associated with a metal ion coordinated by four hetrocyclic
nitrogen embedded in carbon, like in phthalocyanine, but that the heterocycles can
be pyrrolic (a 5-membered ring) or pyridinic (a 6-membered ring). The low surface
density of the sites make it particularly difficult to characterize them but recently
Chung et al. [152] showed rather convincing STEM images of a possible site.

The state-of-the-art PEMFC performance based on Fe-N-C catalysts matches
that of Pt/C at low current densities, though the needed catalyst layer is around an
order of magnitude thicker. This is the reason why good performance is mostly
achieved with pure oxygen as oxidant [153, 154]. Pure kinetic current-voltage
characteristics, i.e., without negative contributions from internal resistance and
mass transport, describes the catalytic activity of the electrode. When plotted log-
arithmic in current, a linear curve is obtained (a Tafel plot). When this is done for
electrodes with Fe-N-C catalysts, mass transport limitations, caused by the thick
catalyst layer, kick in at rather low current densities and the curve bends. At times,
extrapolation to higher current densities is made to illustrate the potential perfor-
mance provided that the transport and resistive properties are improved. By
extrapolation, this way, the performance of Fe-N-C catalysts reached a volumetric
current density of 99 A cm−3 at 0.8 V in 2009 and 230 A cm−3 in 2011 [155, 156].
A recent breakthrough was with a MOF-based catalyst, with the current density
extrapolated to 450 A cm−3 at 0.8 V. This exceeded the newly updated DOE target
of 300 A cm−3 [153].

3.3.4 Non-platinum Group Metal Catalysts
for High-Temperature PEMFC

The new PGM-free catalyst can be of particular interest for the further development
of HT-PEMFC. It is well-known from the PAFC development as well as from later
studies that phosphate ions adsorb strongly on platinum [157–159]. Studies of this
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with particular relevance to the HT-PEMFC are also available [160–164]. This
adsorption is the reason why the oxygen reduction overvoltage in HT-PEMFC (and
PAFC) is more severe than in LT-PEMFC. Additionally, the solubility of oxygen is
small in phosphoric acid and if the catalyst is covered with an acid film, reduced
performance is a consequence of this condition too. Consequently, the improved
performance that one might reasonably expect at the higher temperature is not
realized. On the contrary, the voltage at any given current density is generally
somewhat higher for a LT-PEMFC when operated on pure hydrogen.

This impediment of the kinetics on platinum gives an advantage to other catalyst
materials without a strong affinity for phosphate. They don’t have to be as active as
platinum in general, only as active as platinum inhibited by phosphate.

It is not easily justified to state that all Fe-N-C catalysts have similar properties
with respect to anion adsorption, but with that reservation in mind, it is worth
noting that phosphate tolerance of two different Fe-N-C catalysts was demonstrated
independently by rotating disk electrode experiments [165, 166]. In both studies, a
shift of the limiting current was seen for a platinum catalyst as well as for an
in-house made Fe-N-C catalysts following increasing additions of phosphoric acid
to the perchloric acid electrolyte. This is the expected effect of the lowering of the
oxygen solubility in phosphoric acid. However, the kinetic currents were in both
studies shifted significantly for the platinum catalyst but not at all for the Fe-N-C
catalyst. A complete tolerance to methanol was also observed for the Fe-N-C
catalyst in contrast to the platinum catalyst which was severely affected [166]. Other
studies confirm that Fe-N-C catalysts are indifferent to carbon monoxide in contrast
to platinum [167]. Several other anions, like CN− [168], SCN− [167, 169] and Cl−

[167] are known to poison Fe-N-C catalysts.
Recent rotating disk electrode measurements by the authors group show that

phosphate even has a positive effect on the oxygen reduction kinetics on a Fe-N-C
catalyst when compared to perchloric acid, which is considered the standard
electrolyte for rotating disk electrode measurements. In Fig. 3.2 it is shown how the
current density differs in perchloric and phosphoric acid for platinum and Fe-N-C,
respectively. A better performance of the Fe-N-C catalyst is achieved in phosphoric
acid than in perchloric acid, i.e., the opposite of what is seen with platinum. This is
a big advantage for the application such non-PGM catalysts in high-temperature
PEMFC with concentrated phosphoric acid as the electrolyte.

3.4 Electrodes and Cells

The electrodes in an HT-PEMFC are made of several carbon materials with different
properties. In that respect they are very similar to electrodes for LT-PEMFC. The
structural part that provides the mechanical stability is made from carbon fibers,
which are either woven or non-woven. This layer typically occupy around 90% of
the volume. See Fig. 3.3. On the inner side of the fibrous layer is the microporous
layer (MPL), which provides a smooth interface to the catalyst layer between that
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and the membrane. The MPL is made from carbon nanoparticles similar to the
carbon support of the platinum catalysts. Some nanocarbons used in MPLs are
carbon blacks with high porosities and high specific surface areas, others are
graphitized to improve chemical stability, which lead to a loss of porosity and
surface area. The fibrous layer and the microporous layer constitute together the gas
diffusion layer (GDL), which is normally a commercial product for which the
detailed information about the materials and the manufacturing technique used is
proprietary information. Suppliers of GDL materials are Freudenberg and SGL in
Germany and Toray Industries and Mitsubishi Chemical in Japan. The carbon layers
are typically wet proofed by treatment with polytetrafluoroethylene (PTFE) to avoid
flooding by water in LT-PEMFC and by phosphoric acid in PAFC and HT-PEMFC.
Since both carbon and PTFE tolerate temperatures above 200 °C most material can
probably be used for both LT-PEMFC and HT-PEMFC when it comes to thermal
stability. However, stability is one thing; a good balance between hydrophobicity
and gas transport properties as well as the right pore size distribution are other
decisive parameters. Freudenberg and SGL specifically recommend certain products
for HT-PEMFC. Carbon-based GDL materials were originally developed for PAFC
so the adaptation to phosphoric acid containing cells is not new.

The hydrophobic properties of the GDL of an HT-PEMFC are not only neces-
sary to mitigate flooding by acid. Sufficient hydrophobicity is also important to
limit acid leaching from the catalyst layer and ultimately from the membrane. Acid
loss is a serious cause of cell degradation, especially during long-term operation.
This is a degradation mechanism the HT-PEMFC shares only with the PAFC. The
reason why hydrophobicity can influence the acid leaching is that wetting of the
structures of the GDL is a first step for surface diffusion out of the cell. Besides,
when distributed over the large surface area of the porous GDL, evaporation can

Fig. 3.2 Mass-specific current densities for oxygen reduction on a Pt/C and b Fe-N-C catalysts in
perchloric acidic (HClO4) and phosphoric acid W (H3PO4) electrolytes. Conditions: a 20 wt%
platinum on carbon with a catalyst loading of 100 µg Pt cm−2; b Fe-N-C catalysts with a catalyst
loading of 600 µg cm−2. Rotation rate: 1600 rpm; Scan rate: 10 mV s−1 (Submitted for
publication in Applied Catalysis B: Environmental by the author’s group)
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take place from more sites and the gas phase saturates faster with phosphoric acid
which consequently escapes faster by gas phase diffusion and subsequently by
convection when it reaches the gas flow in the channel. Kannan et al. [170] have
shown how the choice of GDL can affect the acid loss rate and the performance
decay rate. Several cells with different combinations of GDLs for the anode and the
cathode respectively, were operated at constant current density for ca. 3500 h. The
temperature was 180 °C instead of the usual 160 °C to accelerate acid evaporation.
During the course of the experiments, the cell voltages were measured continuously
and acid was collected form the exits and quantified at intervals. The linear voltage
decay rate varied from 11 to 53 lV h−1 depending on the GDLs. The acid col-
lection rates were linear too and generally followed the same trend, although it was
concluded that the amount of acid collected was only a small fraction of the acid in
the system, and thus not a quantitative measure of the real acid loss from the MEA.

The catalyst layer (CL) can be applied on either the GDL or on the membrane
before the whole cell is assembled, typically by hot-pressing. The acid doped
membrane can be difficult to coat and it is common to apply the catalyst layer on the
GDL. It can be carried out by all the same techniques as for LT-EPMFC, i.e. by
screen printing, tape casting, and different spraying techniques. A difference to the
traditional LT-PEMFC is that it is not necessary to integrate an ionomer for proton
conduction in the CL. In LT-PEMFC, an ionomer in the form of a perfluorosulfonic
acid, like that constituting the membrane, is used. When humidified, it becomes
proton conducting. In the HT-PEMFC, PBI is often added for the same reason, but
phosphoric acid will wet the pores of the CL anyway and it can be questioned if
PBI makes a difference to the proton conductivity in the CL at all. Another function
of PBI in the CL is to bind the catalyst covered carbon particles and form a
mechanically robust structure. However, even this is not a prerequisite. After
reducing the amount of binder in the electrodes, Martin et al. [171] took the daring
step of making the electrodes completely without a binder. The result was a series

Fig. 3.3 Cross section of an MEA of a HT-PEMFC. The central layer is the polymer membrane.
Then follows (left and right) the lighter catalyst layers, the microporous gas diffusion layers and
finally the thick fibrous gas diffusion layers. The thickest catalyst layer to the right is for the
cathode since oxygen process needs the most catalyst (Image: L. Seerup, DTU Energy)
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of well-performing cells that could be easily handled after hot-pressing. The catalyst
used was supported on carbon black of ca. 50 nm (Johnson Matthey) and the
agglomerative forces, likely with the aid of phosphoric acid squeezed out of the
membrane, were apparently strong enough to secure coherent CLs with thicknesses
ranging from 2 to 34 lm. Binderless electrodes were later used for a study targeting
reduced platinum loading in HT-PEMFC [172].

The difference between GDLs for HT-PEMFC and LT-PEMFC is limited.
Basically, the same requirements are given. Transport of reactants, products,
electrons and heat is equivalent and sufficient hydrophobicity is important although
it serves to exclude water and phosphoric acid respectively in the two cases.
Properties that can make certain materials suited only to LT-PEMFC are chemical
and thermal stability in phosphoric acid at the temperature of the HT-PEMFC.

3.5 Utilization of High-Temperature PEMFC

The previous parts on HT-PEMFC have dealt with the cell components and related
materials issues only. Similar parts could be added on stacking and system com-
ponents, the applications and a status for commercialization. These areas are cer-
tainly important parts for the understanding of the HT-PEMFC narrative, but in line
with the scope of this volume, they will only be touched briefly.

3.5.1 Stacking the Cells

For any application, the cells must be stacked between bipolar plates that distribute
the gasses and conduct current and heat through the series of cells. The bipolar plates
for PEMFC and PAFC are traditionally made from machined graphite, but for cost
reasons and for improvement of toughness, they are now manufactured from carbon
composites. Injection or compression molding makes the most sense for large vol-
ume production, but until the market and thus the production volumes get larger, the
business case might be to machine the bipolar plates from cast composites and obtain
the toughness without the expense for the ultimate machinery.

The carbon used is graphite or synthetic graphite since there is no desire for a
high surface area. Instead, conductivity and corrosion resistance are key parameters.
CNT can be added for increased strength. The statements so far hold for both
LT-PEMFC and HT-PEMFC, but when it comes to the binder, the elevated tem-
perature of HT-PEMFC must be considered. Some binders used for LT-PEMFC
plates might be soft at the elevated temperature. The binder can be a thermosetting
or a thermoplastic polymer. The thermosetting polymer is thermally crosslinked and
cannot be re-melted, while the thermoplastic polymer is shaped by melting and
solidification only. The thermoplastic polymer is well suited for injection molding.
Suitable thermoplastic binders for HT-PEMFC are polyphenylene sulfide (PPS),
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polyetheretherketone (PEEK) and polyphenylsulfone (PSO). For sealing, fluori-
nated elastomers like FKM, and Viton are used to cope with the hot phosphoric
acid. PTFE is stable, but less adaptive and tends to creep. Kundler and Hickmann
[173] provide a review on bipolar plates and gaskets.

Metallic plates were the game changer for thin and tough bipolar plated for
automotive LT-PEMFC stacks exceeding 3 kW per liter stack. Their success
depended on a suitable coating to prevent a high contact resistance. A similar
solution has not been found for the harsh environment of the HT-PEMFC.

3.5.2 System and Applications

The system around the stack, the balance of plant (BoP), resembles that of
LT-PEMFC when building for pure hydrogen as fuel. One difference is that the
coolant of a liquid cooled stack must have a higher boiling point than water if
pressurization shall be avoided. Glycols or heat transfer oils are used. Another
difference is that the water management components are omitted. The thermal
management is less critical since there is no risk of water condensation during
normal operation. Nevertheless, care shall be taken to avoid condensation of water
during startup and shut down. Special means for heating the stack during cold-start
is mandatory since it cannot operate and self-heat at room temperature.

The most obvious advantage system wise is realized when the HT-PEMFC is
integrated with a fuel reformer. Then the reforming system can be simplified
because no carbon monoxide removal is necessary downstream of the water gas
shift process. The waste heat of the stack can even be utilized for evaporation of
water for a steam reformer as well as many liquid fuels [2]. The simplicity is most
clearly seen for a methanol-powered system. Methanol can be reformed at tem-
peratures as low and 250–300 °C and no separate water gas shift reactor is needed
when reforming is carried out this low temperature. The company Serenergy pro-
duces integrated methanol powered systems where the whole BoP including the
reformer occupies less space than the fuel cell sack.

The suitability of the HT-PEMFC technology for integration with a reformer
makes it a candidate for domestic combined heat and power production. The
company Elcore has developed such a unit powered by natural gas. Nevertheless,
the most significant market introduction is probably in the telecom industry in Asia
where Serenergy provides backup and continuous solutions based on their methanol
powered systems.

In the automotive field, HT-PEMFC is mostly absent. Daimler developed a
methanol technology for fuel cell vehicles and demonstrated successfully their
NECAR 5, which drove across the United States in 2001. The fuel cell was an
LT-PEMFC. Later, the automotive companies decided to pursue pure hydrogen
solutions instead. Volkswagen developed a HT-PEMFC technology, but gave it
up. The very high power density of more than 3 kW per liter stack (pure hydrogen)
is impossible to match for HT-PEMFC without metallic bipolar plates and with the
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somewhat higher oxygen reduction overpotential. Moreover, with the 700 bar
hydrogen storage tanks, which is standard today, the driving range for personal
vehicles is around 600 km and for need for more compact fuel storage in personal
vehicles is not obvious. A remaining argument for methanol is the lack of the
hydrogen infrastructure.

HT-PEMFC is not completely absent in mobility. Serenergy has developed a
range extender for battery electric vehicles. A Fiat e500 and a Nissan e-NV200 van
each had their driving range extended to 800 km by means of a methanol-powered
HT-PEMFC range extender. HT-PEMFC stacks were also installed in the German
fuel cell powered airplane Antares DLR-H2 and recently the tour boat MS Innogy
at Lake Baldeneysee in Germany, which was equipped with 35 kW of
methanol-powered HT-PEMFC from Serenergy.

The dominating cell (MEA) manufacturer used to be BASF Fuel cell (formerly
PEMEAS). Their technology was based on direct cast membranes. In 2013 the
company ceased the cell manufacturing and kept only a minor activity. Present cell
manufacturers are Danish Power Systems (post-doped membranes and cells),
Advent (pyridine based post-doped membranes and direct cast membranes - BASF
technology), Elcore (cells based on post-doped membranes), Dongjin Semichem
(cells based on post-doped membranes) and Fumatech (membranes).

The dominating stack and system manufacturer is Serenergy with their
HT-PEMFC systems based on methanol. Other players are Elcore with heat and
power units powered by natural gas and Siqens with direct methanol systems.

3.6 Conclusions

High-temperature polymer electrolyte membrane fuel cells (HT-PEMFC) is a
well-established fuel cells technology. It can be seen as a hybrid between the
conventional low-temperature polymer fuel cell and the phosphoric acid fuel cell. It
has most components in common with one or both of the other two types of fuel
cells. The HT-PEMFC is operated at temperatures around 160 °C and the benefits
of this are increased tolerance to fuel impurities like carbon monoxide, less need for
water management, efficient cooling and higher value of the waste heat.

The key to the elevated temperature operation is to apply a thermally stable ion
solvating polymer membrane, typically of polybenzimidazole, and dope it with
phosphoric acid to obtain proton conductivity.

Nanocarbons play important roles in the development of both improved mem-
branes and as catalyst supports. Moreover, the trend in the search for new oxygen
reduction catalysts to replace platinum is to study carbonaceous nanostructures
containing iron–nitrogen creview papers are publishedomplexes. Candidates must
be made from abundant inexpensive materials and prove sufficient activity and
stability in the acidic environment of a polymer fuel cell. Platinum is partly poi-
soned by phosphoric acid, but new catalysts under development are not. This gives
them an advantage over platinum in HT-PEMFC. The primary use of HT-PEMFC
is in combination with a fuel reformer that converts carbonaceous fuels to hydrogen
leaving the system independent of a hydrogen infrastructure.
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3.7 Further Reading

HT-PEMFC are treated along with other fuel cells in the scientific literature and at
conferences. Besides, a number of specific references and sources for further
information have emerged over the years. Specific HT-PEMFC related review
papers are published by different groups [121, 174–182]. The edited volume of
+500 pages “High-temperature Polymer Electrolyte Membrane Fuel Cells” was
published by Springer late 2016 [183]. HT-PEMFC is a main topic of the
International CARISMA Conference series held biannually since 2008 when it was
initiated in France by the European Coordination Action for Research on
Intermediate and high-temperature Specialized Membrane electrode Assemblies
(CARISMA).
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Chapter 4
The Role of Carbon Blacks as Catalyst
Supports and Structural Elements
in Polymer Electrolyte Fuel Cells

Masahiro Watanabe and Donald A. Tryk

4.1 Introduction

In polymer electrolyte fuel cells (PEFCs) based on proton exchange membranes
(PEM), carbon blacks have been used as supports for platinum and its alloys since
the 1970s [1]. In fact, the transition from the use of Pt black to carbon-supported Pt
was one of the most significant events in the history of PEFCs. The 1979 patent of
Jalan and Bushnell is still used today for the deposition of Pt on carbon blacks [2].
In this review, we intend to examine some of the past and present research trends in
carbon-supported catalysts in PEFCs, focusing on work carried out at the
University of Yamanashi over a period of around 30 years, from the mid-1980s to
the present.

One of the overarching themes in the fuel cell area is that of the microscopic
region that has been variously called the “triple-phase boundary”, “triple contact”,
or “three-phase region”, which is still not very precisely defined but essentially
involves the approximate location where the solid, electronically conducting phase,
usually including some form of carbon, the liquid or solid ionically conducting
phase, and the gaseous phase, in which reactants such as hydrogen and oxygen and
product water are transported (Fig. 4.1). Thus, there are three interfaces: solid–
liquid, solid–gas, and liquid–gas. As pointed out by Appleby and Foulkes, the
inventor of the fuel, Sir William Grove, recognized the existence of this region,
calling it a “notable surface of action” [3].

It was pointed out by Bockris and Cahan that the current flow depends greatly
upon the thickness of the electrolyte film through which the gaseous reactants
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(H2 or O2) must pass prior to reaching the surface of the electrode [4]. They studied
a macroscopic system in which there is a meniscus of liquid electrolyte, with the top
edge being extremely thin and supporting the major fraction of the current. This
concept is useful not only for the phosphoric acid fuel cell (PAFC) but also the
PEFC and other types of fuel cells. In contrast, the solid oxide fuel cell (SOFC)
literature makes frequent use of the quantitative length of the triple-phase boundary,
since the gases do not diffuse appreciably through the solid oxide ionic conductor.

Each phase has its own function: the electrode provides either a source or sink
for electrons, as well as catalytic sites. The ionic phase provides a source or sink for
protons, and the gas phase provides a source or sink for reactant and product gases.
Thus, for each, the function dictates a particular set of desirable properties, e.g.,
electronic conductivity of the support, the activity of the catalyst, and so on. For
each phase, both the intrinsic function and the durability must be considered.

Fig. 4.1 Schematic diagram of the three-phase region. The three-phase region is shown, which
does not have distinct boundaries but is the region close to the gas phase, in which most of the
current flows, due to the effective mass transport of gas. The flow of electrons, ions, and gas is
normal to the surface of the page, while the transport of gas from pores through electrolyte to
catalyst is within the plane of the page

Fig. 4.2 Schematic diagram
of the proposed structure for
the high-performance gas
diffusion electrode. Reprinted
from [5] with permission from
Elsevier
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We will start in Sect. 4.2 with an overview of the whole system, in order to
create perspective and reinforce the three-phase concept. In Sect. 4.3, we focus on
the relationship between the Pt catalyst and the support in terms of the performance,
and Sect. 4.4, we will discuss the durability of both Pt and support.

4.2 Electrode Structure

Recognizing in the early 1980s, the importance of optimized transport of electrons,
ions and gases in the PAFC, the University of Yamanashi (UY) group set about to
fabricate gas diffusion electrode (GDE) structures inwhich there were well-connected
networks of gas transport, electron transport, and ion transport. Gas transport channels
were provided by the larger, secondary pores, with the aid of PTFE particles that were
sintered together during the hot-pressing step (Fig. 4.2) [5]. The ionic transport was
provided by the phosphoric acid contained in smaller, primary pores, in which the
actual ORR took place.

In Fig. 4.3, we can see the effect of having the proper weight percentage of
PTFE on the I-E curves. For low-PTFE percentages, the Tafel slopes were high due
to the poor gas mass transport, since the hydrophobic gas channels were not all
connected into a continuous network. For high PTFE percentages, the Tafel slopes
were also high, due to the lack of continuity of the hydrophilic channels and poor
wetting of the Pt catalyst particles. Around 30% PTFE, the Tafel slope was at a
minimum and was linear over a wide range of current density, due to the continuity
of both hydrophobic and hydrophilic networks. This is an example of the
“Goldilocks effect”, from the children’s story, meaning “not too little, not too much,
but just right”.

Fig. 4.3 Polarization curves
of the electrodes having
various PTFE contents for O2

reduction at 190 °C in 100%
H3PO4. Platinum was loaded
by a colloidal method. The
numbers on the curves
represent the PTFE content.
Reprinted from [5] with
permission from Elsevier
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At 30% PTFE, 36% of the secondary pores were filled with gas, while only 16%
of the primary pores were filled with gas (Fig. 4.4). In contrast, 84% of the primary
pores were filled with electrolyte, resulting in high utilization of Pt. It was proposed
that the electrodes achieved high performance due to the continuous networks of
both electrolyte and gas. This was accomplished by proper dispersion of both the
catalyzed carbon black and the PTFE particles, the latter then being sintered
together with an optimized hot-pressing step.

This work had employed a single type of catalyst powder. As such, some of the
Pt catalyst particles were unavoidably trapped in the hydrophobic regions, so that
they were not wetted with phosphoric acid, and thus the utilization of Pt (UPt)
defined by SCV/Sd, was a maximum of 75%. The mean surface area of
electrolyte-contacted (wetted) Pt particles SCV was determined by applying the
electric charge of 210 µC cm−2 (Pt) for hydrogen adsorption/reduction in a con-
ventional cyclic voltammogram, whereas the mean surface area without regard for
wetting was determined by either of two conventional methods, i.e., with X-ray
diffraction (XRD) or transmission electron microscopy (TEM). The work was
further refined by preparing two different powders, a hydrophilic catalyst powder
and a hydrophobic catalyst-free powder [6]. These two powders were mixed in
various proportions, and for lower fractions of the hydrophobic powder, UPt

increased to 100%. The performance was also enhanced greatly as the hydrophobic/
hydrophilic powder ratio increased and exhibited a maximum at a ratio of ca. 0.6.
The overall optimization process can be described as follows (Fig. 4.5); by usage of
hydrophilic catalyst powder, with high UPt, the current density at high potential i1 is
increased to i2. However, gas mass transport is lacking, as evidenced by the increase
in Tafel slope. The usage of the hydrophobic powder, with the creation of a gas
channel network, allows gas to reach all of the wetted catalyst particles. Thus, the
Tafel slope decreases to the ideal value, i.e., 90 mV decade−1 indicating that all of

Fig. 4.4 Effect of PFFE content on the degree of occupation of each pore by the electrolyte and
gas in the reaction layer of a high-performance gas diffusion electrode. Filled triangles primary
pore volumes, filled circles secondary pore volumes filled by electrolyte. Open triangles primary
pores, open circles secondary pores, filled by gas. Reprinted from [5] with permission from
Elsevier
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the Pt particles are being utilized without O2 diffusion limitation. Beyond the
optimum addition of the hydrophobic powder, the performance decreases due to the
lowered UPt.

This approach was continued with the use of an improved type of gas-supply
powder, in which a new type of gas-supply powder was prepared by coating the
carbon black particles with polyethylene and then subjecting them to fluorination
(FPE) [7]. This work was further carried out in more detail [8].

These same concepts were then used and further improved in the PEFC system,
with a three-layer electrode concept being developed (Fig. 4.6) [8]. This type of
structure is still very much used today. The hydrophobic GDL was found to be
effective in enhancing the O2 diffusivity and the catalyst utilization. Due to high O2

diffusivity, high performance was observed for an electrode with a carbon paper
backing layer (CBL) with no FEP treatment at low air utilization. The FEP treat-
ment was found to be suitable for co-generation type fuel cells, which operate at
high potential (0.8 V) and high utilization of air (40%).

One of the important differences between the PAFC and PEFC is that, in the
former, the hot acid is effective in wetting the catalyst particles mostly located in
primary pores, whereas, in the latter, it is more difficult for the ionomer to do so.
Song et al. were able to address this problem by preparing a catalyst powder via
autoclaving, so that Nafion was able to enter the small, primary pores to better
contact the Pt particles residing in these pores (Fig. 4.7) [9]. Thus, significantly
higher UPt values were reached, as high as 90%.

The effect of the autoclave treatment was demonstrated directly via the com-
puted electron tomography (CET) technique (Fig. 4.8) [10]. Silver-stained Nafion
was used in order for visualization to be possible in the transmission electron
microscope. It became clear that, after the autoclaving treatment, Nafion was able to
penetrate the primary pores, due either to a reduction of the effective micelle size of
the ionomer or to an increase in the molecular flexibility at high temperature.

Fig. 4.5 Schematic explanation of the improvement of electrode performance with improving the
reaction layer structure (1) on the electrolyte network, and (2) the gas supplying network.
Reprinted from [6] with permission from Elsevier
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During the assessment of the performance of PEFCs, it was found in our lab-
oratory that there were certain deficiencies in the use of UPt as an indicator. For
example, at higher temperatures, the hydrogen adsorption charge, which is used to
measure the actual Pt area in contact with the electrolyte, is less than expected, due
to the fact that H adsorption strength decreases with temperature. Also, for Pt alloy
catalysts, the H adsorption charge is decreased to an unknown extent due to the
weakened H adsorption. Furthermore, even though the ion-conductive network
might be able to access all of the catalyst particles at the low current densities used
in the cyclic voltammogram (CV), the ionomer film might be too thin for high
current density operation.

Thus, it was decided to make use of the Pt effectiveness factor, which is
essentially the actual current in a measurement of a porous electrode, with mass
transport losses, divided by the current expected with no mass transport losses [11].

The effectiveness factor was originally devised by Thiele in 1939 for use in
heterogeneous gas-phase catalysis [12]. Thiele called it the “relative rate of reac-
tion”. Thereafter, its use was taken up in electrochemistry by various workers.
Giner and Hunter used the concept in their treatment of the flooded agglomerate
model for fuel cells [13], and Mund and Sturm also used it [14].

To measure the intrinsic current density without mass transport is not straight-
forward. It could be done with a smooth bulk electrode, in principle, but there
would be major differences in the surface characteristics. We have found that the
channel flow double electrode (CFDE) technique is useful for this purpose, because

Fig. 4.6 Schematic diagram of the three-layer electrode structure, with catalyst layer (CL),
hydrophobic gas diffusion layer (GDL) containing acetylene black and PTFE, and carbon backing
layer (CBL), containing carbon paper and hydrophobic FEP. Reprinted from [8] with permission
from the Electrochemical Society of Japan
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it is possible to use a real fuel cell catalyst and to operate in the same temperature
range as that in the fuel cell (e.g., 80 °C), and the catalyst wetting should be nearly
complete (Fig. 4.9). The well-defined geometry of the experiment enables one to
determine the catalyst activity with little effect of mass transport, by use of the same
type of approach used with the rotating disk technique, i.e., the Koutecky–Levich
relationship:

Fig. 4.7 Schematic representation of a catalyst layer structure with a low Pt utilization b and high
Pt utilization. Reprinted with permission from [9]. Copyright 2006 American Chemical Society
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Fig. 4.8 3D reconstructed images of Ag+-stained Nafion-Pt/CB (N/C = 0.7) A with and B without
autoclave treatment. Images of slices obtained along the y-axis at locations of arrows a–f are
shown in panels a–f. Reprinted with permission from [10]. Copyright 2006 American Chemical
Society

Fig. 4.9 Schematic diagram of the multichannel flow double electrode (CFDE) cell. Reprinted
from [11] with permission from Elsevier
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I�1 ¼ I�1
k þ I�1

d ð4:1Þ

where I is the measured current, Ik is the intrinsic kinetically controlled current, and
Id is the diffusion-controlled current. The Id is a function of a flow-rate (Um) of the
electrolyte, in which a reactant R is dissolved with a saturated concentration [R] at
the reaction temperature, being proportional to Um

1/3 and [R]. An intercept value in
the extrapolation of the plots of I −1 versus Um

−1/3 to the infinite Um value for each
[R] or reaction temperature gives the corresponding Ik

−1 [15].
There are still issues to address, including possible differences in the ORR

kinetics comparing (a) liquid acid electrolyte versus ionomer and (b) liquid versus
gas phase. Thus, there might still be some uncertainty in the EfPt values. Also, there
are still some mass transport losses that cannot be fully accounted for, so, at present,
the EfPt values are reported at a potential sufficiently high to avoid severe mass
transport effects (0.85 V).

Fig. 4.10 Variations of catalyst utilization and effectiveness as a function of N/C in the CL: a Pt
utilization (UPt) determined by CV in humidified N2 (100% RH) at Tcell = 40 °C obtained at a
potential scan rate of 20 mV s−1; b EfPt determined by MA in the MEA and MAmax in the CFDE
at 0.85 V. The oxidant gases used were O2 (solid circles) and air (open circles). Reprinted from
[11] with permission from Elsevier
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There are some interesting results from these measurements. A series of
experiments were carried out with membrane-electrode assemblies (MEAs) with
various ratios of Nafion to carbon (N/C). In Fig. 4.10, it can be seen that the UPt

values increased and reached a plateau with increasing N/C. However, the effec-
tiveness factors kept on increasing for O2 feed but reached a peak and then
decreased for air feed. However, even at the highest N/C value (1.5), the EfPt value
under O2 was only 15%, compared with a UPt value of 60%. Thus, it appears that
there is still much work to do to improve the effectiveness.

Some of the possible problems with low EfPt can be traced to the thickness of the
Nafion layer, as depicted in Fig. 4.11. The thicker layers can severely impede gas
mass transport, while the thinner layers can easily be interrupted, with consequent
isolation of catalyst particles.

Further work was carried out with the measurement of EfPt values, in which the
effects of (a) CL thickness and (b) Pt alloy [16]. The use of thin CLs was found to
be useful, with high EfPt values of 26.5% for O2 and 17.4% for air for a CL of ca.
2.5 lm. The use of a Pt-Co alloy also increases the performance. However, it must
be noted that the yardstick in that case should also be the same Pt-Co alloy. It was
found for the Pt catalysts that the intrinsic ORR catalytic activity extrapolated to
0.9 V versus RHE, 2.26 � 10−4 A cm−2, was in agreement with the aggregate value
of 2.0 � 10−4 A cm−2 reported by Gasteiger et al. [17] for temperatures between 60
and 80 °C, based on comparisons of values reported by various laboratories for very
similar TKK electrocatalysts. However, in our measurements, in which we applied
slower potential sweep rates of 0.5 to 5 mV s−1, seeking to achieve a steady-state
ORR condition, the value at 80 °C (1.501 � 10−4 A cm−2 Pt) was somewhat lower,
due to a higher Pt coverage of inert surface oxides, but the value should be quite
realistic, corresponding to typical practical operating conditions.

More recently, the UY group has made further progress in optimizing the CL
structure, with the overall vision being depicted in Fig. 4.12 for the ideal structure
and various strategies for achieving it [18]. These include optimization of the

Fig. 4.11 Schematic depiction of the variation of Nafion film thickness with depth within the
catalyst layer. Reprinted from [11] with permission from Elsevier
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Fig. 4.12 Scenario for the development of catalyst layers (CL) with a high effectiveness of Pt
(EfPt) in MEAs. Inset (a) is a schematic depiction of functions at the three-phase boundary
consisting of Pt/CB, the ionomer and the gas diffusion path for ORR in the CL. Reproduced from
Ref. [18] with permission from the PCCP Owner Societies

Fig. 4.13 STEM images of the c-Pt/CB cathode catalyst from two observation angles: SEM
images at a 0° and b 180°; TEM images at c 0° and d 180°. Reproduced from Ref. [18] with
permission from the PCCP Owner Societies
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support materials, elimination of nanopores, and optimization of ionomer distri-
bution. In this work, a new microscopic technique was developed to characterize
the distribution of Pt nanoparticles in the interior of support nanopores versus those
on the outer surface of support particles. This technique involves the use of a
transmission electron microscope in both the transmission mode and the scanning
(STEM) mode (Figs. 4.13 and 4.14) [18]. In the STEM mode, only the particles
residing on the outer surface are visible, while, in the TEM mode, all of the particles
are visible. In this way, the Pt particles in nanopores can be distinguished. When the
sample is rotated 180°, the particles on the outer surface on the back of the particle
can be seen. Thus, a new parameter has been proposed, which is the “effective
surface area”, S(e)Pt, which is essentially the cumulative area of the Pt particles that
reside on the outer surfaces of the support nanoparticles. The method to calculate
this value involves the particle size distribution histograms of the type shown in
Fig. 4.15. This area can then be compared with the total Pt surface area SPt. The
remainder is the interior Pt area S(i)Pt.

Under various conditions, such as the CFDE method, RDE, and MEA, there
were different degrees of Pt wetting for the c-Pt/CB catalyst, which contains a
significant percentage of internal surface area, 51% (Fig. 4.16). Under CFDE

Fig. 4.14 STEM images of n-Pt/GCB cathode catalysts: SEM images at a 0° and b 180°; TEM
images at c 0° and d 180°. Reproduced from Ref. [18] with permission from the PCCP Owner
Societies
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conditions, all of the Pt surface area can be accessed, but only about 70% can be
accessed under MEA conditions. Thus, it is desirable to make use of support
materials, such as GCB, with a near absence of nanopores, so that most of the Pt
particles are on the exterior surfaces.

In the most recent work, a new method of CL preparation was examined, the
electrospray (ES) method [19]. The experimental setup is shown in Fig. 4.17. The
advantages of this method are that it can produce an extremely uniform layer, with
excellent porosity and essentially no waste of material (Fig. 4.18), in comparison to
those prepared by the conventional pulse-swirl-spray method (PSS). The mass
activities were found to be higher than those for the PSS method, with more than
twice the activity at high humidity, due to the increased porosity and the higher degree
of Pt coverage with a uniform ionomer film, resulting in improved EfPt (Fig. 4.19).

Fig. 4.15 Pt particle size distributions at both the interior and exterior surfaces at different
catalysts: a c-Pt/CB, b c-Pt/GCB, c c-Pt/GCB-HT and d n-Pt/GCB. Reproduced from Ref. [18]
with permission from the PCCP Owner Societies
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Fig. 4.16 Relationships between Pt utilization and Pt location on CB (c-Pt/CB), evaluated using
cyclic voltammograms from the CFDE and RDE in N2-saturated 0.1 M HClO4 at Tcell = 25 °C
with sweep rate = 100 mV s−1 (CFDE, RDE), or by MEA in a humidified N2 (100% RH)
atmosphere at Tcell = 40 °C with sweep rate = 20 mV s−1. Pt surface area, indicating (A) 38% in
the CB interior and (B) 62% on the exterior CB surface. Reproduced from Ref. [18] with per-
mission from the PCCP Owner Societies

Fig. 4.17 a Schematic drawing of electrospray (ES) process. b Steps of microparticle and
nanoparticle production by ES [19] (CC BY, http://creativecommons.org/licenses/by/4.0/)
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Fig. 4.19 Humidity
dependence of mass activity
on PSS (●) and ES ( )
cathodes at 0.85 V (IR-free),
80 °C, air/H2, ambient
pressure [19] (CC BY, http://
creativecommons.org/
licenses/by/4.0/)

Fig. 4.18 SEM cross-sectional images of cathode CLs prepared by a PSS method and b ES
method, magnified images of the cathode CLs prepared by c PSS and d ES [19] (CC BY, http://
creativecommons.org/licenses/by/4.0/)
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4.3 Catalyst–Support Relationship

An interesting line of investigation was begun in 1988 with the collaboration of
Stonehart [20]. The essential concept is that the activity of a catalyst is independent
of the particle size, contrary to results of other groups, so that small particles, down
to 1.4 nm, can be used in order to increase the mass activity. In order for the activity
to be realized, however, it is necessary for the particles to be dispersed adequately
on the support surface, at least 15–20 nm between particles, so that radial diffusive
mass transport can operate (Fig. 4.20) [20].

For a number of years, it had been considered that the intrinsic catalytic activity
for the ORR on Pt nanoparticles decreased for very small particles, for various
reasons [21, 22]. Thus, there was thought to be an upper limit on MAPt. However,
the work at UY with Stonehart showed that, in fact, MAPt could be much higher
than hitherto observed, as long as the Pt particles were dispersed on a high area
carbon support [23]. The “territory” concept (Fig. 4.21) illustrates the proposed
overlap of radial diffusion fields for closely spaced particles. When particles are
dispersed adequately, the MAPt values are shown to increase linearly with Pt sur-
face area (Fig. 4.22).

This concept is important in considering activity and performance but will also
be shown to be important in considering durability, as discussed later.

Fig. 4.20 Specific activity of dispersed Pt crystallites for ORR at 60 °C in 1.5 M H2SO4 solution
as a function of intercrystallite distance of Pt on a series of carbon supports (10 wt% loading) and
also at a series of Pt loadings on a CB with specific surface area (SCB: 584 m2 g−1). The numbers
represent the Pt loading (wt%) on CB and the specific Pt surface area (SPt: m

2 gPt
−1). Reprinted from

[20] with permission from the Chemical Society of Japan
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4.4 Catalyst Durability

It is well known that carbon is thermodynamically unstable at the usual operating
potentials of the oxygen cathode, even from 0.4 to 0.9 V, particularly during the
occasional excursions above 1.0 V versus RHE that can occur under conditions of
local starvation of H2 in the anode at high fuel utilization or startup/shutdown
operation, e.g., due to the reaction at the CB support of portions of the cathode that
face the fuel-starved portion of the anode:

Fig. 4.21 “Territory” concept to explain the possibility of overlap of radial diffusion fields of
supported catalyst particles relating to the “lost activity” for small particles, often attributed to a
size effect. Reprinted from [23] with permission from Elsevier

Fig. 4.22 Variation of MAPt with SPt for ORR at 0.9 V (in O2) and 0.85 V (in air) at 190 °C and
100% H3PO4. Label A indicates the data for Pt catalysts supported on CB with low SCB (<100 m2

g−1) and label B indicates those for catalysts with high Pt loading (>30 wt%), which deviate from
the proposed functional relationship due to the small interparticle distances [23]. Dashed line
reproduced from Ross’s work, showing the so-called size effect. Reprinted from [22] with per-
mission from Elsevier
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C þ 2H2O ! CO2 þ 4Hþ þ 4e� ð4:2Þ

which has a standard potential of +0.207 V versus standard hydrogen electrode
(SHE) at 25 °C [24]. Around 2007, we began a series of studies examining the
degradation of Pt/C catalysts under various conditions, particularly those of prac-
tical importance for fuel cell-powered electric vehicles (FCEVs) and residential
systems [25]. For such systems, which usually undergo daily startup/shutdown
cycles, the potentials at the cathode can often exceed 1.5 V versus RHE due to the
“reverse current” effect, which proceeds whenever H2 is present on one part of the
fuel anode and air on another part [26]. Essentially, this occurs due to the HOR
forcing the potential of the anode to be low, which in turn leads to the ORR
occurring on the air-containing part of the electrode, which then forces an anodic
reaction to occur at the cathode, in order to supply protons for the cathodic reaction
occurring at the anode. The two candidate reactions are the oxygen evolution
reaction and carbon oxidation, the easier one being the latter.

In an initial study, the effect of 0.9 V was examined for operation at 90 °C, with
the surface area of Pt decreasing dramatically. There are several possible processes
involved, including (a) carbon corrosion, with detachment and agglomeration of Pt,
(b) Pt corrosion and redeposition on other Pt particles (Ostwald ripening), and (c) Pt
corrosion and redeposition in the membrane to form a Pt “band” (Fig. 4.23). In this
work, a method was devised to distinguish between carbon corrosion and Pt cor-
rosion. The former was obtained by means of CV in both presence and absence of
CO, to measure the double layer charging current, while the latter was obtained
from the H adsorption charge in the CV.

The carbon corrosion rate can be decreased via the use of graphitized carbon
black, as reported in the 1970s [27]. The reason that graphitized carbon is more
corrosion resistant is that the graphene layers are more chemically inert within the
layers than at the edges. Graphitized carbon blacks can often form continuous
sheets of graphene layers, without any edges, as shown later.

However, one problem with GCB is that the deposition of Pt particles can result
in their accumulation at defects on the surface. At UY, a deposition method that had
been developed by IBM researchers [28] was modified for use with carbon blacks;
the modified method was termed the “nanocapsule” method, since it employed a
reverse micelle approach. This method has turned out to be particularly suitable for
Pt deposition on GCB, since it results in an excellent dispersion on the surface, as
well as in a highly uniform particle size.

These two aspects, i.e., high dispersion and uniform particle size, were found to
be instrumental in providing superior corrosion resistance for Pt/GCB catalysts.
The reasons for this effect are related to the “territories” concept already discussed
above (Fig. 4.21). Although not fully explained, we propose that the dispersion
allows the actual current density on each particle to be as low as possible, which
then leads to a minimal rate of hydrogen peroxide production. The reason that
higher current densities and/or lower potentials lead to higher peroxide production
rates is that, at low potentials, hydrogen adsorbs atomically at (111) surfaces and
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blocks the adsorption of oxygen, which is necessary for its dissociation [29].
Hydrogen peroxide is thought to be highly damaging to not only carbon supports
but to the membrane. It can react directly or indirectly, after being converted to
hydroxyl radicals via the Fenton reaction.

The uniform particle size is also important in impeding the Ostwald ripening
process, in which smaller particles, tend to dissolve at a higher rate than larger ones.

Fig. 4.23 STEM images of the cross section of the electrolyte membrane: a Tcell = 80 °C, E =
0.75 V for 460 h; b Tcell = 90 °C, E = 0.75 V for 480 h; c Tcell = 80 °C, E = 0.90 V for 450 h;
d Tcell = 90 °C, E = 0.90 V for 400 h. Distance from the cathode interface is shown. The right
panel is high-magnification image of the white square part in the left panel. Reprinted from [25]
with permission from Elsevier
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This process accelerates, because, as the particle size decreases, the tendency to
dissolve increases rapidly. The reason that smaller particles are more vulnerable to
dissolution is said to be that they have higher surface energy, but this is a very
generic concept, which is also used for water droplets. A more physically appro-
priate model for Pt particles is that each of the surface atoms has a certain coor-
dination number (CN), which would be 9 for a perfect (111) surface on an fcc bulk
solid. If there are defects, however, these atoms will have CN < 9 and will thus be
easier to remove [30]. The end result of Ostwald ripening is also the severe loss of
surface area, with higher ORR current densities at each particle and lower poten-
tials, resulting in increased peroxide production rates.

A Pt/GCB catalysts prepared via the nanocapsule method (n-Pt/GCB) was
found to degrade much more slowly with potential cycling than commercial Pt/CB
(c-Pt/CB) and Pt/GCB (c-Pt/GCB), the latter having a much less uniform dispersion
(Figs. 4.24 and 4.25) [31].

An additional factor involved in the degradation process is that the carbon
corrosion process tends to produce quinone groups on the surface, which, when
reduced, can react efficiently with oxygen to produce hydrogen peroxide [32]. The
presence of quinone groups can be seen as a broad CV peak centered around 0.6 V
versus RHE, which was particularly evident for the non-graphitized CB catalyst
(Fig. 4.26c). This process also tends to accelerate, with peroxide attacking the
surface, leading to changes that enhance peroxide production.

The startup/shutdown, processes have a deleterious effect, particularly during the
shutdown, when air flows through the anode gas distribution system, replacing
hydrogen. With the use of a novel visualization system for oxygen partial pressure
devised at UY, it was shown that this process was much slower than expected based
on simple replacement (Fig. 4.27) [33]. This is due to the fact that the oxygen is
being consumed via reduction as it flows through the channel. After a gas-exchange
cycling accelerated degradation test involving 500 cycles, the replacement process
was faster, due to the fact that less oxygen was consumed, but this difference was
not large, because the anode does not undergo such significant degradation in
comparison with the cathode.

Subsequent work has been carried out, as discussed later. Also, the UY group is
now working on the direct visualization of the carbon corrosion process via mea-
surement of pCO2.

The benefits of the nanocapsule preparation were also examined further by Lee
et al. using a standard potential cycling protocol involving potential steps between
0.9 and 1.3 V with single cell tests at 65 °C [34]. Again, it was found that the n-Pt/
GCB catalyst was far more stable than c-Pt/CB or c-Pt/GCB.

The startup/shutdown processes and their effects on carbon-supported Pt cata-
lysts were further studied with a combination of TEM and Raman spectroscopy
[35]. The samples were tested by means of a standard potential step protocol (0.9 V
$ 1.3 V vs. RHE), holding 30 s at each potential and taking 1 min for one cycle,
3000 potential cycles for commercial Pt/CB and 10,000 cycles for commercial
Pt/GCB, Pt/GCB-HT (heat treated for 30 min at 900 °C under a reducing atmo-
sphere (H2-N2), and nanocapsule Pt/GCB) in membrane-electrode assemblies at
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Fig. 4.25 Plots of MA0.8V at Nafion-coated (open triangles) n-Pt/GC, (solid triangles) c-Pt/GC,
and (solid circles) c-Pt/CB electrodes at 0.80 V as a function of log [N]. Reproduced from Ref.
[31] with permission from the PCCP Owner Societies

Fig. 4.24 Plots of MA at Nafion-coated (open triangles) n-Pt/GC, (solid triangles) c-Pt/GC, and
(solid circles) c-Pt/CB electrodes as a function of N. The potential of the working electrode was
a 0.70 V, b 0.76 V, c 0.80 V, and d 0.85 V versus RHE. Reproduced from Ref. [31] with
permission from the PCCP Owner Societies
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65 °C with 100% RH H2 (anode) and N2 (cathode). Pt/CB was found to undergo
rapid degradation, as measured by the decrease of electrochemically active surface
area (ECA) and ORR performance, as well as TEM observation (Figs. 4.28 and
4.29). Raman spectra exhibited clear changes before versus after testing, and a
highly detailed analysis was carried out based on a curve-fitting analysis involving
five distinct peaks (Fig. 4.30). Interestingly, only small changes were found before
vs. after testing for Pt/GC, due to the fact that the outer material was simply
converted to Raman-inactive species, including CO2. The degree of degradation of
the graphitized carbon black support was evaluated from changes in the band area
ratio of the G band (ca. 1575 cm−1) to the D1 band (ca. 1325 cm−1). The changes in

Fig. 4.26 Cyclic voltammograms to determine the ECSA at Nafion-coated a n-Pt/GC, b c-Pt/GC,
and c c-Pt/CB electrodes in 0.1 M HClO4 solution deaerated with N2 at 25 °C. d Plots of△I0.6V at
these electrodes as a function of N for the durability test. Reproduced from Ref. [31] with
permission from the PCCP Owner Societies
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Fig. 4.27 pO2 at the inlet and the outlet of the flow channel during the gas exchange from H2 to air,
analyzed from the data in the visualization. Reprinted from [33] with permission from Elsevier

Fig. 4.28 TEM images of uncycled catalysts a c-Pt/CB, b c-Pt/GCB, c Pt/GCB-HT, and d n-Pt/
GCB. Reprinted from [35] with permission from Elsevier
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the Raman spectra tended to support the earlier findings that the dispersion of Pt on
the GCB surface is important in decreasing degradation. For the n-Pt/GCB catalyst,
it was found that, in contrast to c-Pt/GCB, the Pt particles were dispersed on the
basal plane as well as at defects, which led to decreased attack. The heat treatment
of the Pt/GCB-HT sample stabilized the graphitic shell, even though there were
changes in Pt particle size. Figure 4.31 shows a schematic diagram of the various
types of degradation for each type of support.

These results were further supported by long-term endurance testing with step
cycles between 0.9 and 1.3 V [36]. High-resolution TEM images show the large
differences in durability (Fig. 4.32). The number of cycles at which the ORR mass
activity at 0.8 V MA0.8V decreased to 1/2 of the initial value, N1/2, was 19 times
longer for n-Pt/ GCB than that for c-Pt/GCB and 156 times longer than that for
c-Pt/CB.

Further examination of the durability of non-graphitized Pt/CB catalysts with
two different test protocols [37]: (1) the previously mentioned square-wave cycling
(2007 FCCJ protocol, potential E = 0.9–1.3 V vs. RHE, holding 30 s at each E
value, 1 min per cycle) and a newer, triangular wave cycling (2011 FCCJ protocol,
E = 1.0–1.5 V vs. RHE, at a scan rate of 0.5 V s−1, 2 s per cycle). The triangular

Fig. 4.29 TEM images of durability-test cycled catalysts: a c-Pt/CB, b c-Pt/GCB, c Pt/GCB-HT,
and d n-Pt/GCB. Reprinted from [35] with permission from Elsevier
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wave protocol is designed to more closely mimic the potential changes that occur
during gas-exchange cycles during startup and shutdown.

It is somewhat problematic to directly compare the effects of these two protocols,
given the great difference in timescale. In Fig. 4.33, we can compare the effect of
MA of the two protocols in terms of cycle number, in which case, the square-wave
protocol is more destructive, or in terms of time, in which case the triangular wave
protocol is more destructive. The main factor involved with this difference is the
dynamic nature of the triangular sweep, which does not allow a stable, protective
oxide layer to build up [30].

The effect of sweep rate was also examined and found not to be strong
(Fig. 4.34). Even at slower sweep rates, the degradation was not affected greatly.
On the other hand, the effect of the lower potential used in the square-wave protocol
was found to be quite important. When the lower potential was raised from its
standard value of 0.9–1.0 V, the degradation rate was lessened significantly, so that
it was only slightly worse than that for the triangular wave protocol. When it was
decreased to 0.8 V, the degradation was increased significantly. The reasons for this
have not been fully elucidated but could include the following: (a) the carbon

Fig. 4.30 Curve fits based on component bands for Raman spectra of a c-Pt/CB and b c-Pt/GCB
catalysts obtained before potential cycle testing. Reprinted from [35] with permission from
Elsevier
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corrosion is enhanced by the presence of fully reduced Pt, and/or (b) during the
reduction of PtO2, Pt

2+ is formed according to the reaction:

PtO2 þ 4Hþ þ 2e� ��[ Pt2þ þ 2H2O E0 ¼ 0:837 V vs: SHE ð4:3Þ

which can attack the carbon surface as a rather strong oxidant, according to the
reaction [38]:

Pt2þ þ 2e���[ Pt E0 ¼ 1:188 V vs: SHE ð4:4Þ

From the previous results, it is clear that two factors are important in causing
degradation of Pt/C catalysts: (a) a wide potential range and (b) potential sweep,
although the latter was seen as less important. Thus, the very low potential limit
used in CV measurements of ECSA would be expected to be quite a severe con-
dition. Nevertheless, such CV measurements are routinely made during accelerated
degradation testing (ADT). The question naturally arises: what is the effect of CV
during the course of an ADT? Park et al. addressed this question and found that

Fig. 4.31 Schematic illustration of the degradation and corrosion mechanism models of the
carbon supports on c-Pt/CB, c-Pt/GCB, n-Pt/GCB, and Pt/GCB-HT during the start–stop potential
cycle test. Reprinted from [35] with permission from Elsevier
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indeed there is a significant effect (Figs. 4.35 and 4.36) [39]. If the CV is only
measured at the end of the ADT, the loss in ECSA is much less than if CVs are run
periodically during the ADT. Thus, it is likely that there are many ADT results that
overestimate the degradation.

The procedures were as follows. Initial tests of the I-E (current–potential) curve
and CV were first conducted. Then, the corrosion testing of carbon support was
conducted by triangular wave cycling, in which the cell potentials were swept
between 1.0 and 1.5 V at a scan rate of 0.5 V s−1. After the potential cycle tests, the
changes of electrochemically active surface area (ECSA) at the cathode were
examined by CV tests in the third step. In this study, (1) the consecutive cycling
mode included interim CV measurements after a certain number of triangular wave
cycles (N = 100, 200, 300, 500, 1000, 3000, 5000, 7000, and 10,000 cycles).

Fig. 4.32 TEM images a1, b1, and c1: pristine powders, a2, b2, and c2: after durability testing (N
= 3000), and a3, b3, and c3: high-magnification images after the durability test) of a n-Pt/GCB,
b c-Pt/GCB, and c c-Pt/CB. Reprinted from [36] with permission from Elsevier
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In (2) the individual cycling mode, CV was measured only one time at the end of
each potential cycling test (N = 500, 1000, 3000, 5000, 7000, and 10,000 cycles)
using six individual MEAs, one for each number of cycles. N denotes the number of
the potential cycles (1 cycle = 1.0 V $ 1.5 V). In the last step, the degradation of
the MEA performance was evaluated by comparing the initial and final I-E curves.

Fig. 4.33 Changes of mass activity during the durability test as a function of the number of
square-wave or triangular-wave cycles, and as a function of time, shown as an inset in (a). The
operating conditions were: anode gas—H2 (70% utilization), cathode gas—O2 (40% utilization),
operation temperature—80 °C, humidity—100% RH. Reprinted from [37] with permission from
Elsevier
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Fig. 4.34 Effect of scan rate (0.50, 0.10, and 0.05 V s−1) for the triangular wave cycling and
lower potential limit (0.8, 0.9, and 1.0 V) for the square-wave cycling. Reprinted from [37] with
permission from Elsevier
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The idea that CV can be destructive has been known in the fuel cell industry for
a long time but has not been well documented. After these effects become more
widely known, it is likely that its use will become more limited.

The potential cycling method for ADT is convenient, but it is necessary to check
the extent of degradation under actual gas-exchange conditions, since there can
possibly be important differences. With actual gas exchange, it was found that
degradation occurred not only in the outlet region but also in the inlet region of the
cathode [40]. Two reference electrodes were used, one each in the inlet and outlet
regions. That in the outlet region showed the expected rise in potential due to the
reverse current effect (Fig. 4.37). That in the inlet region showed a momentary
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Fig. 4.35 Changes of CVs of Pt/CB catalysts by the two types of cycling tests: a consecutive
cycling for various cycle numbers, b individual cycling for various cycle numbers and
c consecutive cycling compared with individual cycling after 10,000 cycles; CV sweep rate,
20 mV s−1. Reprinted from [39] with permission from Elsevier
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increase in potential and then a quick decrease. The increase is most likely due to
the reverse current effect, since the presence of H2 quickly causes the potential to
decrease and ORR to commence, but then the effect of the H2 pressure reaching
1.0 atm at the inlet would let the cell reestablish its normal potential, even as the
outlet region would still contain a significant O2 pressure.

This study made use of several characterization techniques to assess the
degradation at the two locations, including TEM, Raman, and the glancing inci-
dence X-ray diffraction (GIXD) technique. The latter was used for the first time here
to examine the degree and location of Pt particle growth in a PEFC. The advantages
of this technique are that it is nondestructive, and it is rapid.

Fig. 4.36 Changes of ECSA values of Pt/CB catalyst resulting from the consecutive cycling and
individual cycling. Reprinted from [39] with permission from Elsevier

Fig. 4.37 a Schematic of the anode separator with RHE at the inlet region, RHEinlet and outlet
region, RHEoutlet and b changes of the cell and cathode potential during the gas-exchange cycling
[40] (CC BY, http://creativecommons.org/licenses/by/4.0/)
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Further work was carried out on the effects of various types of operating con-
ditions on the degradation process, focusing on the dissolution and reprecipitation
of Pt nanoparticles [41]. Several different load cycling protocols were tested, with
varying time periods of an open circuit, load, and humidity. As expected from
previous studies, the Pt degradation is aggravated by long periods at high potential
(open circuit) coupled with low potential, so that large amounts of Pt oxides are
reduced. Such conditions are made even worse if the humidity is high, because the
excess water helps to transport Pt cations out of the CL and into the membrane.
Three different scenarios are shown in Fig. 4.38. Panel (a) depicts the effect of long
open circuit conditions, (b) depicts the effect of low current density, with Pt particle
coarsening but no Pt band formation, and (c) low humidity, with depressed
degradation.

Clearly, there are trade-offs with low humidity operation. Even though the Pt
degradation rate is decreased, as seen above, there can be adverse effects. For
example, if aromatic hydrocarbon ionomers are used as the CL binder, these can
adsorb on the Pt surface, decreasing the ORR activity and/or increasing the pro-
duction of hydrogen peroxide.

Fig. 4.38 Schematic of Pt (black) degradation on the GCB (gray) support in the cathode for
a load cycles with a longer open circuit voltage (OCV) holding time (A3, ca. 0.63 V @ 0.5 A
cm−2 for 3 s; OCV for 60 s, 100% RH), b that with a low current density range (A5, ca. 0.73 V @
0.1 A cm−2 for 3 s; OCV for 60 s, 100% RH), c that at low RH (A6, ca. 0.63 V @ 0.2 A cm−2 for
3 s; OCV for 60 s, 50% RH) [41] (CC BY, http://creativecommons.org/licenses/by/4.0/)
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As previously mentioned, the ORR activity of smaller Pt particles per unit
surface area was found to be nearly the same as that of larger ones, so the MA is
proportionately larger. Then, a natural question to ask is, what is particle size effect
on durability? This question was addressed recently, making use of the advantages
of the nanocapsule method in producing samples with very narrow particle size
distribution and high dispersion [42, 43]. These characteristics turned out to be
quite important in achieving high durability, most likely because the degradative
effects of the Pt on the carbon are decreased and spread out. Those effects can
include the catalytic effect on carbon corrosion due to metallic Pt, that due to Pt2+,
and the production of hydrogen peroxide. It will be necessary to elucidate these
possible pathways in more detail in the future.

In order to alleviate the degradation associated with startup and shutdown,
Miyata and Wake devised the “hydrogen passivation” process, in which, just at
shutdown, the air chamber is isolated by closing it off with valves, and hydrogen
from the anode is allowed to permeate through the cell and consume the remaining

Fig. 4.39 a Changes of the Ecell and CO2 concentration and b ratio of the oxidized CB to the total
CB in the CL during both the air-startup/shutdown (SU/SD) and H2-SU/SD processes [45] (CC
BY, http://creativecommons.org/licenses/by/4.0/)
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Fig. 4.40 Oxidation mechanisms of the carbon support due to local cells during step 2 (H2

permeating to the cathode from the anode) both with (i) a single Pt particle and (ii) two or more Pt
particles, and (iii) during step 3 (artificial air resupplied) during the H2-SU/SD process, with
respect to the operation shown in Fig. 4.39 [45] (CC BY, http://creativecommons.org/licenses/by/
4.0/)
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air [44]. This procedure was found to decrease the degradation significantly, but
some carbon corrosion was still experienced (Fig. 4.39) [45]. This remaining
amount was still considered to be detrimental for the longevity of the cell, so the
mechanisms were investigated via a series of experiments. It was found that the
reduction of Pt oxides in the cathode that occurred during the permeation of
hydrogen from the anode in the shutdown process led to increased carbon corro-
sion. An effective strategy was devised to counteract the Pt reduction, which was to
potentiostatically hold the cathode potential at values up to 1.0 V, at which the
corrosion was largely suppressed. Several different mechanisms were proposed
based on local electrochemical cells (Fig. 4.40): due to hydrogen permeation during
the shutdown step, (i) and (ii), and during the air reintroduction (startup) step (iii).
Generally, whenever inhomogeneities exist, local cells can also exist. For example,
the thickness of the ionomer layer can vary and generate such cells (Fig. 4.40a, b).
It is also possible that the previously discussed mechanisms for Pt-catalyzed carbon
corrosion can operate during the hydrogen permeation (shutdown) step, either due
to the presence of reduced (metallic) Pt surfaces or to Pt2+. Overall, this work
contains a number of important insights that can improve the hydrogen passivation
strategy and help to alleviate degradation during startup and shutdown.

4.5 Conclusions

The main lessons that have been learned regarding the use of carbon materials in
PEFCs include the following:

1. It is necessary for the functions of electronic conduction, proton conduction and
gas transport be carefully delineated so that there are effective networks for
each.

2. At the primary carbon particle level (20–100 nm), it is necessary to have
excellent wetting, i.e., contact with the ionomer, so that all of the Pt particles
are electrochemically active.

3. In secondary pores (>0.1 lm), it is necessary to have hydrophobic character-
istics for effective gas transport.

4. Graphitized carbon blacks are attractive as supports due to their lack of
nanopores, in which Pt particles would otherwise be trapped and isolated from
contact with the ionomer.

5. The electrospray technique might be an effective means of improving the
structure and uniformity of CLs.

6. It is necessary for Pt particles to be separated from each other by at least 15 nm
so that O2 will be able to access particle effectively.

7. The nanocapsule method is well suited for the production of catalysts with such
a high state of dispersion even on low surface area graphitized carbon supports.
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8. The major conditions that lead to degradation of both the support carbon and Pt
catalyst particles include long periods of time at high potentials (>1.0 V)
coupled with periods at potentials sufficiently low (< ca. 0.6 V) to reduce the Pt
oxide.

9. Potential cycling (ramping) is more damaging than potential steps (constant
potential).

10. Pt degradation is also aggravated by operation at high humidity due to the
washing out of Pt cations with generated water.

11. Interim CV can be very damaging to both carbon and platinum, and thus its
unnecessary use should be limited.

12. Startup and shutdown-induced degradation can be greatly decreased by use of
the hydrogen passivation strategy, but further improvements can also be made,
e.g., potential holding of the cathode to avoid Pt oxide reduction.

13. Nonhomogeneous ionomer layers on Pt/CB should be avoided in order to avoid
the occurrence of local cells.

14. Other strategies should also be investigated to avoid the simultaneous presence
of hydrogen and oxygen at the anode.

15. The further optimization of carbon materials for use in PEFCs is necessary in
order to maximize both performance and durability.

16. Although not discussed here, alternatives to carbon are also needed and are
being pursued in our laboratory.
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Chapter 5
Understanding the Stability of Nanoscale
Catalysts in PEM Fuel Cells by Identical
Location TEM

Somaye Rasouli and Paulo J. Ferreira

5.1 Introduction

A thorough knowledge of the atomic structure and composition of electrocatalyst
nanoparticles is paramount to the development of advanced materials for proton
exchange membrane fuel cells (PEMFC), one of the most promising energy con-
version devices for automotive and stationary applications. The efficiency of the
fuel cells is largely restricted by two main challenges: (1) the slow oxygen
reduction reaction (ORR) kinetics catalyzed by platinum (Pt) based nanocatalysts in
the cathode and (2) the instability of nanocatalyst particles during fuel cell opera-
tion. Pt nanoparticles (NP) are currently used as the catalyst to promote the kinetics
of hydrogen oxidation and ORR in the anode and cathode of the fuel cell,
respectively. However, Pt-based alloys have being investigated to replace Pt on the
cathode as a way to improve the efficiency of the fuel cell and reduce cost [1–5].
Although the enhancement in the ORR activity of Pt-alloys is well established, the
durability of the catalysts remains the main issue for their commercialization.

Due to their large surface area-to-volume ratio, Pt and Pt-alloy NPs have a strong
tendency to grow in size over short time scales, which can lead to significant
changes in their desirable properties with subsequent changes in the behavior and
performance of PEMFC. In particular, the growth of the Pt-based NPs catalysts is
responsible for a reduction in their electrochemically active surface area, which
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leads to an undesired catalyst deactivation and subsequent reduction in cell per-
formance after several cycles [6–8]. Thus, it is critical to understand the funda-
mentals behind catalyst instability, to be able to develop more fruitful strategies
towards preventing catalyst activity loss.

Ferreira et al. proposed four mechanisms describing the loss of electrochemical
active surface area of Pt NPs in the cathode of the PEMFC during cycling operation,
namely (1) dissolution and re-deposition of Pt on large particles on the nanometer
scale or Ostwald ripening, (2) particle migration on the carbon support and coales-
cence, (3) particle detachment from carbon support, and (4) particle dissolution and
re-precipitation on the ionomer phase or/and membrane by chemical reduction of
soluble Pt with permeated hydrogen from the anode side [7]. Many studies, including
post mortem transmission electron microscopy (TEM) studies have been performed
to address the mechanisms of catalyst degradation [6, 7, 9–14]. In these studies, a
batch of randomly selected NPs were characterized before cycling and then
compared to another batch of randomly selected NPs in the cathode of the membrane
electrode assembly (MEA) after voltage cycling.

Although several issues have been addressed in the aforementioned studies, it is
still unclear what the dominant degradation mechanism is, particularly because direct
evidence of eachmechanism is not available and thus a fundamental understanding of
particle behavior in real time, at different stages offuel cell cycling, is still challenging.
Furthermore, when using Pt-alloy NPs, such as Pt-Ni or Pt-Co, we expect that new
factors, such as heterogeneous dissolution of the elements during voltage cycling and
enthalpy of mixing of the elements, might affect the mechanisms of loss of specific
activity and the active surface area of the nanoparticles during fuel cell operation.

As a consequence, various key questions remain unanswered, namely: (1) Is
modified Ostwald ripening or coalescence the main mechanism for particle growth
within the cathode? (2) How does voltage cycling affect particle movement on the
carbon support and consequently the coalescence of particles? (3) How does carbon
degradation during voltage cycling affect the coalescence of particles? (4) How
does alloying influence the degradation mechanism?

In order to assess the degradation of fuel cell components including the catalyst
NPs, several accelerated stress test (AST) protocols have been previously devel-
oped [14–17]. These ASTs can be performed either in situ in PEMFCs (single cell)
or ex situ in a classical three-electrode electrochemical cell using liquid electrolytes
(half-cell) [13, 15–18]. Although the durability test in PEMFCs provides an
invaluable insight into the degradation of the fuel cells, it is difficult to separate the
contribution of other components such as membrane and gas diffusion layer. ASTs
in three-electrode electrochemical cells have the advantage of being less expensive
and allow the ability to provide controlled information on the degradation of the
catalytic layer excluding any contribution from other parts of the PEMFC. In fact,
several studies have shown a good agreement between the ECA loss mechanisms
and half-cell durability tests [9, 19, 20].

To understand the details about each degradation mechanism, and analyze the
behavior of Pt and Pt alloy NPs at different stages of fuel cell cycling, the best way
would be performing in situ voltage cycling of the MEAs inside the TEM.
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However, operating a fuel cell inside the microscope is extremely challenging,
considering the simultaneous presence of hydrogen and oxygen (or nitrogen) on the
anode and cathode side of the MEA inside the microscope. Thus, the closest way is
to perform potential cycling in a half-cell in the presence of liquid electrolyte,
instead of a single cell with solid electrolyte. Identical location S/TEM (IL S/TEM)
and electrochemical in situ liquid cell TEM are the two approaches which provide
direct evidence for the catalysts degradation mechanisms.

5.2 Identical Location TEM

Identical location TEM is an affordable and useful approach to study morphological
and structural changes of electron microscopy compatible samples [21–23].
Although IL TEM does not provide true in situ information and suffers from
time-consuming sample transfer, the approach has the advantage that several
locations of the samples can be analyzed before and after the electrochemical
cycling. Thus, this method gives a thorough information of the phenomena that
occur; during which both electrochemical analysis and electron microscopy can be
used without constraints.

This method is based on the ex situ electrocatalyst accelerated stress test in a
classical three-electrode electrochemical cell using liquid electrolytes (half-cell).
For this method, the TEM grid itself is used as a working electrode for the
accelerated stress tests to replicate on a TEM grid the effect of potential cycling on
the cathode side of the fuel cell outside of the microscope. In order to find the same
location before and after the stress test, specific features on the grid and a series of
TEM images at different magnification are utilized to provide the map of the area of
interest. TEM grid is usually made of gold, because it has to be stable in the
electrolyte at the voltage range during potential cycling. The identical location TEM
procedure is schematically shown in Fig. 5.1. It consists of the following steps:
(1) Deposition of the catalyst on the TEM grid, (2) Preliminary TEM observation to
find the area of interest (R.O.I) on the TEM grid, (3) Potential cycling of the TEM
grid in the electrochemical cell and (4) Re-characterize the R.O.I.

5.3 Capabilities of IL TEM

Compared to ex situ TEM studies, where a batch of randomly selected NPs are
characterized before cycling and then compared to another batch of randomly
selected NPs after voltage cycling, the identical location approach opens up new
opportunities for the visualization of degradation processes of fuel cell nanocata-
lysts on the atomic/nanoscale. This method provides the possibility of tracking the
behavior of a single nanoparticle during different stages of potential cycling. The
progress that has been made in understanding the instability mechanisms of fuel cell
catalysts by developing IL TEM is reviewed below.
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5.3.1 Pt NPs Supported on Carbon Nanotubes

The degradation mechanisms of Pt NPs supported on carbon nanotubes (CNT) was
demonstrated at different stages of potential cycling by Rasouli et al., through
IL TEM [24]. They showed that, in the first 1000 cycles, the main mechanism
responsible for the loss of electrochemical active surface area of Pt/CNT electro-
catalysts is particle motion, followed by coalescence. This is clearly shown in
Fig. 5.2a where two well-separated NPs on the surface of a CNT (yellow square 1),
move until they contact each other and finally coalesce (Fig. 5.2b). Changes in
orientation of individual NPs were also observed after voltage cycling. Figures 5.2a
and 5.2b (yellow square 2) depict this process where an individual particle goes
through rotation (FFTs show in insets) after cycling.

Severe structural deformation of the carbon nanotubes during voltage cycling is
another source of degradation (yellow square 3 in Figs. 5.2a and 5.2b). The
wave-like structure of the carbon formed after voltage cycling is the result of the

Fig. 5.1 Schematic of identical location procedure
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appearance of the defect sites on the carbon nanotubes, which convert the flat
hexagon structure into heptagon and pentagon carbon rings [25].

In order to understand if there is any correlation between carbon degradation and
particle movement on the carbon support, carbon degradation was accelerated under
the electron beam, while the behavior of the nanoparticles was observed. It was
shown that the particles start to move as soon as carbon atoms at the interface of the
carbon/particle interface are removed. During voltage cycling, carbon corrosion
occurs through a series of reactions at the carbon/ionomer, ionomer/particle, and
carbon/particle interfaces [26]. These reactions result in the formation of carbon
dioxide and removal of carbon atoms at the particle/carbon interface. When carbon
atoms at the carbon/particle interface are removed from the surface of carbon,
leaving a carbon defect site, the particle tends to make new bonds with the next
carbon atoms to possibly decrease its free surface energy (Fig. 5.3). Upon particle
migration, the NPs are likely to contact each other and subsequently coalesce into a
single particle, driven by a reduction in surface energy. Rasouli et al. showed the
process of coalescence in real time through phase contrast TEM images of two
adjacent particles. According to their observation, atoms move towards the neck
between the two adjacent particles through surface diffusion. As diffusion towards
the neck continues, the dihedral angle is reduced leaving a dislocation at the grain
boundary. Finally, the dislocation is eliminated during the late stages of coalescence
leading to a defect-free single particle [24].

In the postmortem TEM study of Pt alloy NPs on the MEA of a fuel cell [27],
cluster bridging was proposed as a new mechanism for surface area loss of particles

Fig. 5.2 Aberration corrected TEM images of the Pt nanoparticles on carbon nanotubes, a before,
and b after 1000 potential cycles
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during voltage cycling. IL TEM, was able to confirm this mechanism through direct
observations. Figure 5.4 shows that many single atoms and clusters appear on the
surface of the CNT after 2000 cycles, which plays an important role in the surface
area loss of the nanoparticles through re-deposition of single atoms and/or cluster
bridging.

5.3.2 Pt NPs Supported on Amorphous Carbon

Similarly to Pt NPs on carbon nanotubes, particle migration and coalescence and
particle dissolution are shown to be responsible for the degradation of Pt NPs sup-
ported on amorphous carbon (CB). As it is shown in the 3-D image of Pt/CB,

Fig. 5.3 Schematic of the proposed particle movement mechanism on the surface of carbon

Fig. 5.4 Aberration-corrected TEM images of Pt clusters and single atoms on the surface of CNT
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reconstructed from a total of 60 TEM images over a tilt range of −60 to +60 degrees,
with a 2° tilting (Fig. 5.5), the carbon substrate is not flat and has a convoluted 3D
structure. As the nanoparticles are actually within the 3-D carbon network, the
movement of NPs in the direction perpendicular to the 2D images cannot be iden-
tified. TEM images of 3.2 nm Pt nanocatalysts supported on CB before and after
potential cycling shows similar behavior to the NPs on carbon nanotubes. These
particles are mobile on the surface of amorphous carbon. Almost all of the particles
change their relative position after potential cycling. They either move toward or drift
apart from each other. In some cases, the particles move toward each other until they
make contact and coalesce. On the other hand some particles seem to de-sinter after
potential cycling. This type of behavior has been shown previously to occur in MgO
particles [28]. However, we should point out that these nanoparticles are sitting on a
carbon substrate that is not completely flat, as seen from the 3-D reconstructed image.
Thus, it is possible that the nanoparticles that seem to de-sinter or move apart may
actually not be in contact, but instead may be in different planes.

In contrast to the NPs on carbon nanotubes, the appearance of atomic clusters is
very difficult to observe on the surface of amorphous carbon. The reason why no
atomic clusters appear on the surface of amorphous carbon, in contrast to carbon
nanotubes, can be due to the lack of ionomer phase on the surface of amorphous
carbon. The CNTs in the previous experiment (Fig. 5.4) were wrapped in ionomer
during synthesis, while no ionomer was used in the synthesis of the Pt NPs on
amorphous carbon. The ionomer phase serves as a medium for the atomic clusters
to move on the surface of carbon. Thus, the lack of ionomer on amorphous carbon

Fig. 5.5 3D reconstructed image of Pt NPs supported on amorphous carbon
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results in the release of Pt ions in the liquid electrolyte. This is likely why no atomic
clusters can be observed on the surface of amorphous carbon, and no significant
particle growth due to Ostwald ripening can be seen.

Another important observation is the fact that particles seem to be more mobile on
the surface of CNTs than amorphous carbon. This can be due to the difference in
morphology between CNT and CB. Amorphous carbon exhibits a convoluted 3D
structure (Fig 5.6), in contrast to carbon nanotubes with a flat surface. As a result, the
particles on the surface of carbon black are likely to have larger fraction of surface
area in contact with carbon than particles supported on CNTs. Thus, more vacancies
are needed at the carbon/particle interface for particles to start their motion.

5.3.3 Pt-Alloys Supported on Amorphous Carbon

The behavior of Pt-alloy nanocatalysts such as Pt-Ni and Pt-Co supported on
amorphous carbon has also been investigated during the various stages of fuel cell
potential cycling, using identical location aberration-corrected STEM [22, 24]. In a
study on Pt-Ni NPs [24], the characterization of the initial powder showed that most
of the particles exhibit a disordered structure where Pt and Ni form a face centered
cubic solid solution. This structure shows a heterogeneous composition distribution,
where Pt-rich and Ni-rich regions are observed within the nanoparticles. It was also
shown that Pt seems to segregate to the surface of the nanoparticles. The Pt con-
centration and the thickness of the Pt-rich shell are higher in smaller particles
compared to larger ones. The reason for this behavior starts with the leaching process
of Ni, the less noble element, which occurs preferentially at the outermost layers of
the NP, leading to the formation of a Pt-rich surface. In smaller NPs, the fraction of
surface atoms with respect to bulk atoms increases, and thus smaller NPs are more

Fig. 5.6 Schematic of a particle in contact with a carbon nanotube, and b amorphous carbon
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prone to Ni leaching due to the higher density of low coordination surface sites, such
as steps and kinks. This results in the formation of a thicker Pt-rich layer and higher
Pt/Ni ratio in these particles [10, 29–31].

During the initial voltage cycling, carbon corrosion occurs, which leads to
particle motion; however, no particle coalescence could be observed. After 2000
cycles, single atoms and atomic clusters appear on the carbon support (Fig. 5.7).

The experiments done by Rasouli et al. also showed that the atomic re-deposition
consists of Pt and not Ni. We expect steps and kinks to be more prone to dissolution,
in contrast to low energy surfaces [32]. Due to the low Ni/Ni2+ redox potential, the
re-deposition of Ni on particles is not thermodynamically favorable [33]. As dis-
cussed before, smaller particles have lower amounts of Ni and thicker Pt-rich surface
layers. This Pt-rich shell can act as a heterogeneous nucleation site for the
re-deposition of Pt. In fact, it has been shown in the literature that the presence of a
Pt-rich shell induces a lattice strain on the surface layer, which leads to a downshift
in the d-band center of Pt as a result of the ligand effect from the transition metal in
the core [34, 35]. According to Schlapka et al., this ligand effect would considerably
be reduced if the Pt-rich shell thickness is beyond four Pt monolayers (approxi-
mately 1 nm) [36]. In this case, the ligand effect and consequently the compressive
strain on the surface can be neglected, assuming that the presence of the transition
metal four monolayers beneath the surface has a negligible impact on the electronic
structure. In this regard, we can assume that smaller particles, poor in Ni and
exhibiting thicker Pt-rich shells, have surfaces similar to that of pure Pt, particularly
with the same lattice parameter. Therefore, the re-deposition of Pt on the surface of
these smaller particles will cause minimal lattice mismatch between the newly
deposited material and the original particle. On the other hand, due to the shift in the
d-band center of Pt in particles with thin Pt-rich shells, these particles have lower

Fig. 5.7 Appearance of single atoms and atomic clusters on the carbon support after voltage
cycling
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binding energy for Pt single atoms, compared to pure Pt particles or those with thick
Pt shells. As a result, dissolved Pt atoms present on the carbon support are more
prone to re-deposit on smaller particles with higher amount of Pt and thicker Pt-rich
surface layers. In summary, it seems that the re-deposition of single atoms on these
particles is thermodynamically preferred due to the lower lattice mismatch and
higher Pt-Pt binding energy on the surface.

Particle migration and particle dissolution are also observed for Pt3Co NPs
supported on amorphous carbon during potential cycling. As shown in Fig. 5.8,
particle dissolution and particle movement happens simultaneously during potential
cycling. Almost all of the particles change their location on the surface of carbon

Fig. 5.8 HAADF STEM images of the Pt3Co NPs a after 2000 cycles, and b after 5000 cycles,
c and d high magnification dark field and bright field images of the particles labeled as 5–10
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support. For instance, particle 1 located at the edge of the carbon support in
Fig. 5.8a, moves away from the edge in Fig. 5.8b. Similarly, particles 2 and 3
change their relative position. As it was shown in the previous sections, this can be
due to a change in the shape of carbon support due voltage, in addition to the
particle movement on the surface of carbon as a result of carbon corrosion. Since
carbon has a 3D convoluted shape, the details of the changes in the carbon support
are not clear from the 2-D projected STEM images. However, the fact that some of
the particles are in focus and some are out of focus reveals that the particle are
located at different heights relative to the eccentric height.

Modification in the composition distribution is another source of degradation for
Pt alloy nanocatalysts. Figure 5.9 shows HAADF STEM images along with EDS
mapping of the nanoparticles inside the red boxes labeled 1 and 2 before and after
potential cycling. In these images Pt and Co are illustrated in red and green,
respectively. Co leaching outside of the particles happen for all of the particles.
However, it occurs more severely for smaller particles than the larger ones. The
small particles shown in Figs. 5.9c and 5.9d are almost depleted in Co while larger
particles only reduce their Co content. In smaller NPs, the fraction of surface atoms
with respect to bulk atoms increases, and thus smaller NPs are more prone to Co
leaching due to the higher density of low coordination surface sites.

5.3.4 Experimental Requirement and Challenges
for IL TEM

In order for IL TEM investigations to be reliable and successful, it is required to
ensure that nothing will affect the investigated material between the electrochemical
cycling and the electron microscopy. This can be confirmed by comparing the
images of the catalyst before and after the transfer to an electrochemical cell with
either no potential cycling or cycling in a potential window where no significant
catalyst degradation is expected. Additionally, the TEM grid used for the experi-
ment should be chemically stable in the environment and condition of the accel-
erated stress test (AST) as it is a corrosive environment. Typically, gold finder TEM
grids are used for IL TEM to avoid interfering effects from its degradation in acidic
environment. Standard gold finder grids have been shown to be stable in AST
conditions with potential cycles up to 1.4 VRHE at room temperature [37]. Another
important consideration is the stability of the carbon coating of the TEM grid.
Schlogl et al. showed that the maximum potential for the experiment is limited at
temperature higher than room temperature. For example, at 75 °C, upper potential
limit should be lower than 1.3 V as no increased carbon coating rupture was
observed in the TEM grids, although some signs of degradation of the coating
might already be seen [37]. By increasing the potential and temperature gold dis-
solution might occur, leaving artifacts on the investigated catalyst materials.
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Fig. 5.9 HAADF STEM images of Pt3Co NPs a before and b after 2000 cycles, c and d EDS
Mapping of the NPs in box 2, e and f EDS mapping of the NPs in box 1
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Thus, the stability window of the grid need to be considered for performing reliable
IL TEM measurements.

Another important consideration is effect of electron high-energy electrons on
the investigated material that might interfere with the electrochemical degradation.
In general, there are two main types of primary damage that occur in samples
following exposure to high-energy electrons: radiolysis and knock-on damage [38].
Both knock-on damage and radiolysis are examples of inelastic scattering in which
a portion of the incident energy of an imaging electron is lost due to a collision
event. Knock-on damage occurs when an incident electron directly interacts with
the nucleus and transfers enough energy to eject the atom from the specimen. Thus,
knock-on damage is manifested as the displacement of atoms within a sample and
results in the formation of point defects in a periodic lattice. Radiolysis damage
arises due to sample ionization by incident electrons interacting with valence
electrons and breaking chemical bonds [39]. In order to avoid the effect of electrons
on the materials investigated through IL TEM, the electron dose in the TEM should
be controlled. The comparison between the images before and after exposure to
electron beam can be used to confirm the minimal interference of the electrons in
the degradation of the catalysts.

5.4 Conclusions

To understand the mechanisms of catalysts nanoparticles in PEM fuel cells, it is
required to determine the behavior of the nanoparticles during different stages of
fuel cell cycling. The first challenge is to find a way to ensure that the exact same
nanoparticles during the various stages of cycling are observed and analyzed.

To accomplish this, an experimental setup that replicates on a TEM grid the effect
of voltage cycling on the cathode of an MEA is required. Using this approach, which
is called identical location TEM, it is possible to track the behavior of a single
nanoparticle at different stages of voltage cycling on the nano-atomic scale. Through
these direct observations, it is demonstrated that due to carbon corrosion, single
point defects appear at the carbon/nanoparticle interface, which in turn result in
particle migration and consequently coalescence. In addition, the commonly held
view of the mechanism of particle dissolution and deposition has been also revisited
by IL TEM. Thus, during the later stages of cycling, when the concentration of
dissoluble Pt reaches a critical amount, single atoms and atomic clusters appear on
the carbon support, which consequently move toward other particles and re-deposit
on their surface. This dissolution happens preferentially at the corners and steps of
the nanoparticle, while re-deposition occurs on low energy planes. It has also been
revealed that re-deposition is not necessarily an isotropic process as atomic clusters
can deposit between two or more particles, possibly bridging them.

Furthermore, the atomic surface evolution and phase segregation of alloyed
nanoparticles under the effect of voltage has been investigated through IL TEM
using advanced spectroscopy techniques. While it is generally accepted in the
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literature that larger particles grow at the expense of smaller ones, it has been shown
that in case of alloys, deposition of Pt occurs on the surface of smaller particles
rather than larger ones. This is due to the thicker Pt-rich surfaces on the smaller
particles, since the Pt-rich surface act as nucleation sites for re-precipitation of Pt.
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Chapter 6
Synthesis of Nanoporous Carbon
and Their Application to Fuel Cell
and Capacitor

Koki Urita, Isamu Moriguchi and Naotoshi Nakashima

6.1 Synthesis and Structure of Nanoporous Carbon

6.1.1 Introduction

Porous carbons are important materials for adsorbent, catalysts, electrode materials,
and so on. Activated carbons (ACs), which commonly possess broad pore size
distributions (PSDs) from micropore (<2 nm) to mesopore (2–50 nm) or macropore
(>50 nm) ranges, were widely used so far for their applications, and the porosity
and PSD of ACs were controlled by activation processes using alkaline, water,
or CO2 at high temperature to some extent. Recently, precise pore size control of
nanoporous carbons has been actively studied so as to meet the requirements of
electrodes for fuel cells, capacitors, and Li-ion batteries from the viewpoints of not
only increasing surface area (reaction interface) but also the formation of effective
mass transport paths and utilization of specific nanospace effect. Some effective
synthetic processes of nanoporous carbons are introduced according to the
classification of pore size range.
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6.1.2 Synthesis of Microporous Carbons

Microporous carbons were successfully synthesized by a high-temperature chlori-
nation of carbides such as SiC and TiC, whereby metal and metalloids are removed
as chlorides. The carbide-derived carbons (CDCs) have a narrow PSD with a mean
value that is tunable with better than 0.05 nm accuracy in the range of *0.5 to
*3 nm [1] and a specific surface area up to 2000 m2 g−1 [2]. The ease and
accuracy of pore tunability in CDC allowed experimental determination of the
optimal pore size for hydrogen storage [3] and electric double-layer capacitor [4].
However, the chlorination process is not always convenient because it needs safety
equipment. As an easier process, an ordered microporous carbon with a Y-type
zeolite-replicated structure was synthesized by an infiltration of carbon source such
as furfuryl alcohol into the micropores of zeolite and then a carbonization and a
removal of the template zeolite by HF etching [5]. Microporous carbon materials
with narrow PSDs and high specific surface areas were also synthesized from an
organic–inorganic hybrid polymer with covalently bonded phenolic oligomer and
siloxane moieties, which play a role of carbon and SiO2 sources, respectively
(Fig. 6.1). The hybrid polymer was converted into a SiO2/carbon nanocomposite by
sol–gel reaction under acidic or basic condition and a heating up to 800–1000 °C in
an Ar atmosphere, and then microporous carbons were obtained by removal of the
residual SiO2 part by HF etching [6]. Continuous micropore channels and micro-
pores below 1 nm were successfully formed in the carbons as shown in Fig. 6.2.

6.1.3 Synthesis of Mesoporous and Macroporous Carbons

A lot of studies have focused on template processes for the synthesis of mesoporous
and macroporous carbons, which can be classified into the following categories:
(1) carbonization of polymer blends with silica gel [7, 8], (2) the use of inorganic
porous materials as templates, in which a carbon source is infiltrated into pores and
is carbonized, then the porous template is removed by dissolution [9–14], and
(3) colloidal crystal-assisted template synthesis [15–18]. Disordered mesoporous
carbons with the high surface area are obtained for (1). In contrast, ordered
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Fig. 6.1 Chemical structure
of organic–inorganic hybrid
polymer

136 K. Urita et al.



microporous, mesoporous, and macroporuos carbons with narrow PSDs can be
synthesized by (2) and (3) methodologies. A mesoporous carbon with a narrow pore
size distribution and an ordered porous structure (CMK-1) was successfully syn-
thesized by a repeating infiltration of sucrose in pores of MCM-48 mesopous silica,
followed by treatments with H2SO4, carbonization by heating in inert gas, and then
removal of silica by HF etching [9]. A colloidal crystal template process was
successfully applied to the synthesis of ordered porous carbons with narrow PSDs
in the pore size range from mesopore to macropore [15, 16]. A carbon source such
as a mixture solution of phenol and formaldehyde was infiltrated into the interstitial
space of a silica colloidal crystal, and then was in situ polymerized and carbonized.
Ordered porous carbons could be obtained finally by dissolving the silica template
with aq. HF or aq. NaOH. Formation of skeletal carbon frameworks consisting of
spherical void arrays, the void size of which is comparable to the diameter of
template silica particles, can be observed as shown in Fig. 6.3. It was also con-
firmed by N2 adsorption–desorption isotherm measurements that the colloidal
crystal-derived porous carbons possessed mesopores or macropores originating
from silica template and micropores in the mesopore or macropore wall, which
were inherently produced for hard carbon sources (Fig. 6.4). The mesopore and/or
macropore surface area of colloidal crystal-templated porous carbons increases with
decreasing the silica particle size. For example, porous carbons obtained at 1000 °C
heating from a phenol–formaldehyde carbon source by using 120 and 45 nm silica
particles had total surface areas of 662 and 1162 m2 g−1 and macropore or meso-
pore surface areas of 262 and 797 m2 g−1 while keeping the almost same micropore
surface area around 400 m2 g−1.
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dV
/ d
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Pore diameter / nm
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Fig. 6.2 a TEM image and b micropore size distributions of microporous carbons obtained from
the organic–inorganic hybrid polymer
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6.2 Application to Fuel Cell Catalyst

6.2.1 Introduction

As described above, the colloidal crystal-derived nanoporous carbon (NanoPC) has
a porous structure with a high surface area (*1,000 m2 g−1) [6, 15, 16]. Such
nanocarbons have a high potential to be a supporting carbon of polymer electrolyte
fuel cells (PEFCs) [19–21]; such structure facilitates the mass transport of reactants
to the active sites and products of the fuel cell reaction, and thus it is expected to

100 nm100 nm

(a) (b)

Fig. 6.3 TEM images of colloidal crystal-derived nanoporous carbons obtained by using the
average SiO2-particle size of a 45 nm, and b 120 nm
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avoid diffusion limitations, which is important to improve the fuel cell performance
[22–25]. Arenz et al. reported that Pt loaded on Ketjen black (KB) showed higher
durability than that of Pt loaded on Vulcan, namely the KB shows *3 times higher
specific surface area than that of Vulcan [26, 27]. Pt-NPs loaded on a porous carbon
are reported to be more stable than those deposited on carbon black (CB) [28], and
the Pt-NPs deposited on a polymer-wrapped NanoPC are durable against carbon
corrosion [29, 30]. While such electrocatalysts use Nafion ionomers, thus use of the
material in high-temperature PFECs is limited due to the lack of proton conduction
in the catalyst layer at temperatures over 100 °C [31–33].

As describe in Chap. 1 of this book, polybenzimidazole (PBI) and pyridine-based
PBI (PyPBI) (for chemical structures, see Fig. 1.4) provide the anchor sites for the
Pt-NPs, and enhanced the durability of fuel cell catalysts fabricated using
PBI-Wrapped CNTs as a carbon support. Such method was applied to NanoPC.
Schematic drawing of a PBI-wrapped NanoPC before Pt loading to provide NanoPC/
PyPBI/Pt electrocatalyst is presented in Fig. 6.5 [34]. The Pt-NPs were well dis-
persed on the PyPBI-wrapped NanoPC with the diameter range of 2.2 ± 0.2 nm.

6.2.2 PEFC Performance

The PEFC performance was tested [34]. The electrochemical surface area (ECSA)
value of NanoPC/PyPBI/Pt was 63.7 m2 g−1 of Pt (Fig. 6.6a), which was close of
higher than those of CB/Pt (60.6 m2 g−1 of Pt) and CB/PyPBI/Pt (46.8 m2 g−1 of
Pt). The durability test of the catalyst was carried out based on the protocol of the

PyPBI Pt

NanoPC NanoPC/PyPBI/PtNanoPC/PyPBI

PyPBI Pt

CB CB/PyPBI/PtCB/PyPBI

Fig. 6.5 Schematic images of CB/PyPBI/Pt and NanoPC/PyPBI/Pt electrocatalysts. Reproduction
from [34] with permission of The American Chemical Society
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Fuel Cell Commercialization Conference of Japan (FCCJ) (potential cycling from 1
to 1.5 V vs. RHE) (Fig. 6.6b) [35], which reflects carbon corrosion
(C + 2H2O ! CO2 + 4H+ + 4e−, 0.207 V vs. RHE) [36–38]. The hydroquinone–
quinone (HQ/Q) redox peaks are observed for the electrocatalyst at 0.5 V versus
RHE, implying carbon corrosion [39]. With increasing potential cyclings, the
current of the hydrogen absorption/desorption and Pt oxidation/reduction peaks
decreased due to the detachment of the Pt-NPs from the bare CB and CB/PyPBI
leading to 46% and 32% loss in the ECSA, respectively. It is evident that after
wrapping with PyPBI, the polymer protected the CB from serious corrosion. Thus,
the CB/PyPBI/Pt showed a higher durability than that of the conventional CB/Pt.
Notably, for the NanoPC/PyPBI/Pt (Fig. 6.6c, d), the ECSA remained the initial
value even after 10,000 cyclings, indicating that the NanoPc/PyPBI/Pt possesses
very high durability.
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Fig. 6.6 CV curves of the CB/Pt (a), CB/PyPBI/Pt (b), and NanoPC/PyPBI/Pt (c) after 2000,
4000, 6000, 8000, and 10,000 potential cycles test. d Normalized ECSAs of CB/Pt (black line),
CB/PyPBI/Pt (blue line), and NanoPC/PyPBI/Pt (red line) as a function of the number of potential
cycles in the range of 1.0–1.5 V versus RHE. Reproduction from [34] with permission of The
American Chemical Society
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What is a mechanism for such high durability? The morphologies of the three
electrocatalysts after durability test observed by TEM, in which the formation of
Pt-NP aggregates with a diameter of *5.0 nm was observed for CB/Pt and PyPBI/
Pt catalysts due to carbon corrosion, which causes the ECSA loss [40, 41]. After the
durability test, the diameter of the Pt-NPs in the NanoPC/PyPBI/Pt also increased to
*3.1 nm, while as shown in Fig. 6.7a, b, and some smaller Pt-NPs with a diameter
of *1.8 nm were observed. Such smaller Pt-NPs are important to maintain the
ECSA even after the durability test, while the micropores became larger owing to
the carbon corrosion. Such behavior is schematically drawn in Fig. 6.7c. Noto et al.
reported that the H2O2 pretreatment removed the micropores of the support and
made the deeply buried electrocatalyst available after the pretreatment [42, 43].

The gas diffusion electrodes (GDEs) of three different electrocatalysts were
fabricated according to our previous reports [44–48], and their fuel cell perfor-
mances were examined. Figure 6.8 shows the polarization curves of the electro-
catalysts operated at 120 °C using dry hydrogen and air under atmospheric pressure
for the anode and cathode. Before applying the current to the single cell, the
open-circuit voltages (OCV) were 0.90, 0.92, and 0.91 V for the CB/Pt, CB/PyPBI/
Pt, and NanoPC/PyPBI/Pt, respectively. The potential of the CB/PyPBI/Pt gradu-
ally decreased with the increasing the loaded current compared to that of the CB/Pt.
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Fig. 6.7 TEM images of the NanoPC/PyPBI/Pt after durability test: a Larger Pt-NPs area,
b Smaller Pt-NPs area. Inset: Histograms of particle size distribution for 100 particles in the TEM
images. c Schematic illustration of the NanoPC/PyPBI/Pt after the durability test. Reproduction
from [34] with permission of The American Chemical Society
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Compared to the power density of the conventional CB/Pt (115 mW cm−2), for CB/
PyPBI/Pt, it was improved to 183 mW cm−2, which is due to higher Pt utilization
efficiency. Notably, the power density of NanoPC/PyPBI/Pt showed the power
density of 342 mW cm−2, which was almost 2 times higher than that of the CB/
PyPBI/Pt. Such high performance would be derived from the nanoporous structure
of the NanoPC that protects aggregation of Pt-NPs and facilitates the diffusion of
the reactant.

6.2.3 CO Tolerance

The fuel cells, especially the direct methanol fuel cells (DMFCs), have received
much attention due to their higher energy density (5.04 kWh L−1), simple storage,
and transportation compared to the hydrogen fuel cells (0.53 kWh L−1) [49–56].
The direct conversion of methanol has a voltage similar (CH3OH + 3/
2O2 ! CO2 + 2H2O + 3e−, E = 1.19 V) to that of hydrogen (E = 1.23 V). The
DMFCs, however, still suffer from three problems on the anode side, namely, (i) the
carbon monoxide (CO) poisoning of the platinum nanoparticles (Pt-NPs), which is
generated from the uncompleted methanol oxidation reaction (MOR) [57–62];
(ii) the sluggish MOR compared to the hydrogen oxidation reaction (HOR) [63–
65]; and (iii) the low durability of the electrocatalyst in terms of Pt stability and
carbon corrosion, which degrades the fuel cell performance [66, 67].

The development of a new method to address the CO poisoning problem in the
DMFCs is important. Recently, Nakashima et al. reported that poly(vinylphos-
phonic acid) (PVPA) plays an important role in enhanced CO tolerance of the
electrocatalyst due to the formation of the Pt(OH)ads that consumes the Pt(CO)ads
[68, 69], and the durability was improved because of the polymer wrapping which
protected the electrocatalyst from carbon corrosion that stabilized the Pt-NPs.

We here summarize the MOR and durability of an electrocatalyst composed of
PyPBI-wrapped NanoPC, PVPA (denoted as NanoPC/PyPBI/Pt/PVPA, Fig. 6.9)
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Fig. 6.8 I-V and power
density polarization curves of
different MEAs based on CB/
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atmosphere. Reproduction
from [34] with permission of
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[70] evaluated at 60 °C under high methanol concentrations (4 M and 8 M), which
is important for practical operations of DMFCs.

The amounts of the PVPA evaluated from the TGA analysis of the NanoPC/
PyPBI/Pt and NanoPC/PyPBI/Pt/PVPA were 49.9 wt% and 42.8 wt%, respectively,
in which the higher PVPA in the composite was attributed to the higher specific
surface area [69]. The diameter of the Pt-NP calculated from the TEM image was
2.3 ± 0.2 nm which was almost comparable to the Pt size of the NanoPC/PyPBI/Pt
[68, 69].

Figure 6.10a, b shows CO stripping voltammograms, in which a sharp peak due
to the oxidation of the CO species absorbed on the Pt surfaces is observed at
*0.9 V versus RHE. The CO oxidation peak of the electrocatalyst (NanoPC/
PyPBI/Pt/PVPA) appears at 877 mV, indicating a negative shift compared to that of
the commercial CB/Pt (950 mV). This onset potential of the CO oxidation on the
electrocatalyst was lower than that of the commercial CB/Pt [71], suggesting that
the NanoPC/PyPBI/Pt/PVPA has a higher CO tolerance. This result would be due
to the PVPA layer on the electrocatalyst that would weaken the binding energy
between the Pt-NPs and CO species, which accelerates the formation of the Pt
(OH)ads that consumed the Pt(CO)ads [68].

PyPBI Pt PVPA

NanoPC NanoPC/PyPBI NanoPC/PyPBI/Pt NanoPC/PyPBI/Pt/PVPA

Fig. 6.9 Schematic drawing for the fabrication of NanoPC/PyPBI/Pt/PVPA. Reproduction from
[70] with permission of The American Chemical Society
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Fig. 6.10 CO stripping voltammograms of the NanoPC/PyPBI/Pt/PVPA (a) and CB/Pt (b) before
durability test at the scan rate of 50 mV/s at 60 °C. c Magnification of the CO stripping profile in
the range of 0.7–1.1 V versus RHE. Reproduction from [70] with permission of The American
Chemical Society
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The long-term durability was evaluated in an N2-saturated 0.1 M HClO4 elec-
trolyte at 60 °C by potential cycling in the range of 1.0–1.5 V versus RHE in order
to accelerate the carbon corrosion whose protocol was proposed by FCCJ [35].

MOR is the anodic reaction in DMFCs and the CO species generated during the
MOR poison the Pt-NP, which leads to the covered Pt-NPs becoming inactive.
Thus, the CO poisoning is still a serious problem in DMFCs. The CO tolerance can
be evaluated from the ratios of the If and Ib in the MOR curves [72, 73], where If
and Ib are the anodic and reverse anodic peaks, respectively, as used in the fol-
lowing equation [74–76].

Anodic peak (If) [77]:

PtðCH3OHÞads þ H2O ! CO2 þ 6H2O þ 6e� ð6:1Þ

PtðCH3OHÞads ! Pt COð Þads þ 4Hþ þ 4e� ð6:2Þ

Pt þ H2O ! Pt OHð Þads þ Hþ þ e� ð6:3Þ

Reverse anodic peak (Ib):

Pt OHð Þads þ Pt COð Þads! Pt þ CO2 þ Hþ þ e� ð6:4Þ

Higher If/Ib ratios imply a higher CO tolerance. Figure 6.11a, b shows the MOR
of the two electrocatalysts of NanoPC/PyPBI/Pt/PVPA and Pt/CB measured in the
presence of 4 M and 8 M methanol before and after the durability test at 60 °C, in
which highly concentrated methanol (4 M or 8 M) was fed to the anode to address
the sluggish MOR [78]. The If/Ib ratio is summarized in Table 6.1 [70].

From the table, it is evident that the durability of NanoPC/PyPBI/Pt/PVPA in
4 M and 8 M methanol exhibited an *3 times higher CO tolerance than that of the
commercial CB/Pt. Such a high CO tolerance would be derived from the PVPA
coating which accelerated the water adsorption to form the Pt(OH)ads according to
Eq. (6.3), and weakened the binding energy between the Pt-NPs and CO species.
The If/Ib values of the NanoPC/PyPBI/Pt/PVPA decreased by 37.6% and 32.6% for
the 4 M methanol and 8 M methanol after the durability test, respectively. The CO
tolerance of the NanoPC/PyPBI/Pt/PVPA was still *3 times higher than that of the
CB/Pt even after the durability test. Also, the PVPA layer on the NanoPC/PyPBI/Pt/
PVPA was stable for long because of the strong multipoint base–acid interaction
between the PyPBI and PVPA. After the durability test, the mass activities of both
NanoPC/PyPBI/Pt/PVPA and CB/Pt decreased by *35%, while the mass activity
of NanoPC/PyPBI/Pt/PVPA was still *2 times higher than that of CB/Pt.

Figure 6.12 shows the I-V curve and power density of NanoPC/PyPBI/Pt/PVPA
measured under 70 °C with 100%RH. The maximum power density of 132 mW/
cm2 was *1.6 times higher than that of the previously reported commercial CB/Pt
(81 mW/cm2) [62], indicating that NanoPC/PyPBI/Pt/PVPA is an efficient DMFC
catalyst.
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Fig. 6.11 MOR curves measured in an N2-saturated 0.1M HClO4 with 4 M (red line) and 8 M
(black line) methanol at 60 °C of the NanoPC/PyPBI/Pt/PVPA (a) and CB/Pt (b) before (solid
line) and after (dotted line) the durability test. Magnified MOR curves in the range of 0.27–0.6 V
versus RHE for the NanoPC/PyPBI/Pt/PVPA (c) and CB/Pt (d). Mass activities of the NanoPC/
PyPBI/Pt/PVPA (e), and CB/Pt (f) as a function of the methanol concentration before (red column)
and after (black column) the durability test. Reproduction from [70] with permission of The
American Chemical Society
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In conclusion, NanoPC/PyPBI/Pt/PVA is a high CO tolerant, high MOR, dur-
able, and efficient DMFC catalyst that works under high methanol concentration
(4 M, 8 M) and high temperature (60 °C) that simulates operating conditions from
industry. Development of such catalyst is of importance for the design and fabri-
cation of a DMFC anodic electrocatalyst with a high performance for use in real
world.

6.3 Application to Capacitor

6.3.1 Introduction

Electric double-layer capacitors (EDLCs) have much higher power density, lower
internal resistance, applicable in wider temperature range, and longer cycle life than
other energy storage devices such as Li-ion batteries. When a voltage is applied to
electrodes and thus electrolyte ions are placed in an electric field between the
electrodes, the ions move on the electrodes with opposite charges. The ion transfer
is a trigger for large current between the electrodes. The transferred ions afterward
form concentrated charge layer on electrodes, calling electric double-layer

Table 6.1 Comparisons of
the NanoPC/PyPBI/Pt/PVPA
and CB/Pt for CO tolerance
(If/Ib ratio) before and after
the durability test.
Reproduction from [70] with
permission of The American
Chemical Society

NanoPC/PyPBI/Pt/
PVPA
(If /Ib ratio)

CB/Pt
(If /Ib ratio)

4 M (before
durability)

2.86 0.91

8 M (before
durability)

2.52 0.87

4 M (after durability) 1.78 0.69

8 M (after durability) 1.72 0.60
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Fig. 6.12 Polarization I-V
and power density curve of
the MEA fabricated from
NanoPC/PyPBI/Pt/PVPA
under 70 °C with 8 M
methanol (9 mL/min) and
100%RH humidified air
(200 mL/min) for the anode
and cathode, respectively.
Reproduction from [70] with
permission of The American
Chemical Society
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(EDL) [79]. Accordingly, the energy storage in EDLCs is based on the forming
EDL of electrolyte ions on electrode surfaces (Fig. 6.13). The EDL capacitance
(C) is theoretically expressed by the following equation:

C ¼ e0er
S
d

where e0, er, S, and d are the permittivity of vacuum, relative permittivity of
dielectric material (electrolyte, e.g., acetonitrile: 37.5, propylene carbonate: 64.9 at
293 K), the surface area of electrode and the thickness of EDL at the electrode/
electrolyte interface, respectively: the EDL capacitance is proportional to the
electrode surface area as well as to the reciprocal of thickness of the EDL. The
nanoporous carbons with a high surface area are therefore desired materials as an
electrode for EDLCs and have been extensively studied [80–93]. Such strenuous
studies on various types of porous carbon materials have recently made progress on
the improvement of EDLC performance and decreasing cost of EDLCs [94].

6.3.2 EDLC Property of Mesoporous Carbons

Until around the beginning of the 2000s, mesoporous carbons with average pore
size from 2 to 50 nm have vigorously studied as EDLC electrodes due to relatively
high EDLC properties [15, 16, 82, 83, 95–97]. Since mesopore size is large enough
for electrolyte ions to access into the pores, the pore walls in mesoporous carbons
effectively contribute to form EDL and provide high EDL capacitance. Figure 6.14
shows the relationship between a surface area and a gravimetric/area-specific

Fig. 6.13 Schematic image of energy storage in EDLCs

6 Synthesis of Nanoporous Carbon and Their … 147



capacitance on porous carbons in an aqueous H2SO4 electrolyte. The numeral in
brackets is the templated-SiO2 particle size corresponding to an average pore size of
the porous carbons. The pore size of porous carbons is easily tuned up by a
colloidal crystal template process as described in Sect. 6.1 [15, 16]. The nonporous
carbon is synthesized from phenol/formaldehyde resin without the SiO2 particles.
Since the carbons are synthesized by same procedure using SiO2 with different
particle sizes and phenol/formaldehyde resin as a carbon source, the EDL capaci-
tances, here, strongly attribute the pore size. Both of gravimetric- and area-specific
capacitances increase with increasing the specific surface area of carbon electrodes.
The EDL capacitances of mesoporous carbons are additionally higher than that of
nonporous and macroporous carbons. The result suggests that mesoporous carbons
are more useful as EDLC electrodes than macroporous carbons. Figure 6.15 shows
a rate performance of mesoporous carbons. The capacitive property at high rate is
also important to yield high power density. The high capacity above 100 F g−1 is
maintained for the mesoporous carbon with average pore size of 16 nm (C[16])
even up to the high rate of 100 mV s−1 in an aqueous electrolyte. By contrast, for
one with smaller average pore size of 2.6 nm (C[2.6]) [98], the capacitance is
steeply decreased with increasing the scan rate. Although C[2.6] has larger BET
surface area of 1540 m2 g−1 than that of C [16], which is 1402 m2 g−1, the EDL
capacitance is low: the porous structure constructed only by relatively small
mesopores should not be suitable for the effective access of electrolyte ions.
Furthermore, in different porous structure types of carbons, a linear relationship
between the BET surface area and the gravimetric capacitance is not found. For
designing mesoporous carbon, electrodes need to consider not only for the total
surface area but also the porous structures (e.g., pore size distribution, pore shape)
based on the ion transport in electrodes.

Fig. 6.14 Gravimetric (open
circle) and area-specific
(closed circle) capacitances in
an aqueous H2SO4 against the
BET surface area of
nonporous, mesoporous, and
macroporous carbon
electrodes. The numeral in
brackets indicates average
pore size
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6.3.3 EDLC Property of Microporous Carbons

Microporous carbons with higher specific surface area have been considered not to
provide higher EDL capacitance than mesoporous carbons due to the smaller pore
size than solvated electrolyte ions [99]. Since electrolyte ions form solvated state in
organic solutions, they hardly access into micropores and thus will not significantly
contribute to the EDL capacitance. In 2006, an advanced study suggested that
micropores should work effectively to improve a specific capacitance in an organic
electrolyte solution (tetraethylammonium tetrafluoroborate (TEA-TFB) in acetoni-
trile (ACN)) [4]. They initially implied that partial desolvation of electrolyte ions
are occurred in micropores and the EDL capacitance is improved by decreasing
EDL thickness and effective use of micropore surfaces. Although the TEA+-7ACN
solvate ion size is 1.3 nm [100], the carbide-derived carbons (CDCs) with average
pore size of *0.75 nm provide quite high EDL capacitances (*140 F g−1 and
*11 lF cm−2). From viewpoint of ion size, due to the bare TEA ion size of
0.68 nm, the desolvated TEA ions access into such the narrow pores and can form
EDL. Comparable results on desolvation in micropores were also demonstrated by
theoretical studies and in situ measurements [101–109]. Remarking that such
desolvation has been also occurred even on Li-ions in propylene carbonate
(PC) solution whose theoretical desolvation energy is 218 kJ/mol [110] and the
interaction of Li-PC is stronger than TEA-PC [111]. The solvation number of
Li-ions in micropores, mesopores, and macropores and/or on external surface of
porous carbons can be determined from Raman spectra and 7Li NMR spectra.
Raman spectroscopy is a useful technique to determine average solvation number in

Fig. 6.15 Gravimetric
capacitance in an aqueous
H2SO4 against scan rate of the
nonporous carbon (open
triangle) and mesoporous
carbons with pore size of
2.6 nm (open circle) and
16 nm (closed circle) size
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low concentration (<2 M) of electrolyte solutions [112–114]. When the result of 7Li
NMR spectra is combined with the solvation number determined from Raman
spectra, we can see solvation numbers from the chemical shifts in NMR spectra.
The results indicated that the solvation number is dramatically decreased in
micropores [6]. Figure 6.16 points out that micro/mesoporous carbons occurring
desolvation show high area-specific capacitances [6]. On the microporous carbon
with mainly ultramicropores (<0.5 nm) showing low capacitance, desolvation is not
occurred due to a quite small pore that even solvent molecules cannot enter the
pores: EDL does not form on the ultramicropores and such pore wall cannot effi-
ciently contribute to provide EDL capacitance. A microporous carbon also shows
lower EDL capacitance than the mesoporous carbons although the desolvation
occurs in the micropores. The result implies that all of microporous carbons are not
applicable to EDLC electrode which provides high EDL capacitance. Figure 6.17a–
d shows representative pore shapes of porous carbons. The pore shape is classified
roughly into two groups, a slit-shaped pore and a worm-like (WL)-shape pore
which is here constructed by connected pores of each cage-shaped pore. The
gravimetric capacitance against total specific surface area of microporous and
micro/mesoporous carbons are shown in Fig. 6.17e. The specific surface area is
determined by applying the grand canonical Monte Carlo (GCMC) method [115] to
N2 adsorption isotherms at 77 K. From the viewpoint of using molecular simulated
adsorption isotherm to determine the porosities of samples, when we know pore
shapes (e.g., slit, cylinder, and cage), the GCMC method provides more accurate
information on porous structures (e.g., specific surface area, pore volume, and pore
size distribution) . The BET method is commonly used to determine the surface area
of electrodes, but the method based on multilayer adsorption does not accurately

Fig. 6.16 Area-specific
capacitance against average
solvation number in
micropores of porous carbons
(closed circle: micro/
mesoporous carbons, open
circle: microporous carbon,
short-dashed line:
mesoporous carbon with a
pore size of 17 nm,
long-dashed line:
microporous carbon mainly
with ultramicropores)
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represent the specific surface area of microporous carbons [116]. Figure 6.17e
clearly indicates that the gravimetric capacitance of WL-shaped carbons is generally
higher than that of slit-shaped carbons. However, in each pore shape, higher surface
area is not entirely to provide higher EDL capacitance as mentioned in mesoporous
carbons. We know here that EDL capacitance depends on the pore shape but not
only on the surface area. Another important factor in designing porous carbon
electrodes to provide high EDL capacitances is the ratio of surface area of the pores
with the solvated ion size against the desolvated ion size [117]. Figure 6.18 shows
gravimetric capacitance against the ratio of the value of specific surface area (R).
Both of the gravimetric capacitance in slit-shaped and WL-shaped carbons increase
with increasing the surface ratio until R * 0.5, and then the capacitance of
WL-shaped lowers down to the value of slit-shaped carbon. Such low gravimetric
capacitance at the low R implies that most of the spaces where desolvated ions can
access do not contribute to the EDL formation regardless of the pore shape. The
availability of spaces for desolvated ions must depend strongly on amount of the
spaces, where solvated ions can access, connecting the pores for desolvated ions.
The desolvation should be accelerated by the strong confinement effect from
slightly larger spaces than solvate ion size, and the desolvated ions smoothly form
EDL on the smaller pores. The results presented in this section indicate that a pore
size distribution considering solvated and desolvated ion sizes of electrolytes is
quite important as well as the pore shape and the surface area for an optimization of
electrode structures.

Fig. 6.17 TEM image (a, b) and schematic image (c, d) of slit-shaped (a, c) and WL-shaped (b,
d) porous carbons. In TEM images, carbon walls constructing pores are partially highlighted in
black. e Gravimetric capacitance against total surface area determined by GCMC method of
slit-shaped (open circle) and WL-shaped (closed circle) carbons
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Chapter 7
Theoretical Approach
for Nanocarbon-Based Energy Catalyst
Design

Gergely Juhasz and Aleksandar Staykov

7.1 Electronic and Optical Properties of Covalent
Modification of Single-Wall Carbon Nanotubes

7.1.1 Introduction

The structure of a single-wall carbon nanotube (SWNT) can be conveniently
described as a graphene sheet rolled up into a cylinder with a diameter typically
0.5–50 nm and often over several lm in length. The unit cell of the tube can be
defined using a chirality vector, C: this vector connects to two carbon atoms on the
original graphene lattice, which becomes equivalent when the tube is rolled
up. C can be expressed with a pair of integers (n, m) to represent all the possible
nanotube structures: C = na1 + ma2, where a1 and a2 are the unit cell base vectors
of the original graphene sheet and defined as n � m. The nanotubes with
n = m and m = 0 are called armchair and zigzag tubes, respectively, referring to
geometry of edges on the two end of the tubes. The tubes with n 6¼ m and m > 0 are
chiral.

Chirality (n, m) is a convenient way to indicate the geometry (unit cell, radius)
and properties of a nanotube. Tubes with mod(n − m, 3) = 0 are metallic con-
ductors, while mod(n − m) = 1 or 2 are semiconductors with the exception of very
small diameter tubes with strong curvature effects. While the unit cell of armchair
and zigzag carbon SWNTs is of reasonable size, chiral tubes can have large unit
cells even when the diameter of the tube is small. This makes the simulations of
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carbon nanotubes potentially costly, moreover, chemical modifications of the tube
wall further increase the computational costs.

There are numerous sophisticated methods evolved in the past century to sim-
ulate the electronic structure of molecules and materials based on Schrödinger
equation. In practice, the success of these calculations largely relies on the fine
balance between the accuracy of the method and the cost of the calculation. As we
have seen above, this cost can be large for carbon nanotubes, which permits the use
of only few methods.

7.1.2 Calculation Methods for Simulation of Carbon
Nanotube

Recently, DFT emerged as one of the most widely used methods for atomistic
simulations. DFT has its root in the seminal work of Hohenberg, Kohn, and Sham
[1, 2], and has huge impact on chemistry and materials science [3–6]. It is based on
the approximation of the total energy of the ground state from the electron density
(q). It is generally solved using the Kohn–Sham (KS) equation

� 1
2
r2 þ vðrÞþ

Z
qðrÞ
r � r0j j dr

0 þ vXCðrÞ
� �

uiðrÞ ¼ eiuiðrÞ; ð7:1Þ

where the terms in the parenthesis correspond to the kinetic energy of the nonin-
teracting KS system, the external potential of the nuclei–electron attraction, the
Coulomb potential at r due to the electronic charge, and the exchange potential. The
ith KS orbital is ui and ei is the corresponding KS orbital energy.

The KS equation is itself exact, however, we have to choose between several
different approximations for the exchange potential, as its exact form is not known.
One common choice for exchange-correlation is using the Generalized Gradient
Approximation (GGA) (e.g., PBE or BLYP). Hybrid functionals (e.g., B3LYP),
which includes a mixture of Hartree–Fock exchange with DFT
exchange-correlation, are also very popular. A more recent development is the
application of range separated density functionals, such as CAM-B3LYP to elim-
inate the long-range self-repulsion.

The KS equation can be solved on localized or periodic basis set. For nonpe-
riodic structures a natural choice is the Slater-type orbitals (STOs), centered around
the nuclei. These basis sets are inspired by the exact orbitals for hydrogen atom. On
the other hand, it is much more computationally efficient and more common to use
Gaussian-type orbitals (GTOs).

Uz;n;l;mðr;H;/Þ ¼ NYl;mðH;/Þr2n�2�l expð�Zr2Þ ð7:2Þ
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To compensate for the different shape of GTOs, generally, the linear combina-
tion of a number of GTOs are used to describe better the behavior of the electron in
different regions. These localized basis sets are convenient for performing calcu-
lations on nonperiodic systems, for example, in Chemistry. Systems with periodic
boundary conditions, it is much more convenient to use plane wave basis sets

/kð~rÞ ¼ e�i~k~r

~k~r ¼ 2pn
ð7:3Þ

for n being any integer, and r, k is restricted to the first Brillouin zone. The
accuracy of the method is controlled by the highest possible value of n. One
advantage of plane wave methods is that the accuracy is controlled by this single
parameter while creating balanced STO or GTO basis sets or scaling their accuracy
is a much more challenging task.

In spite of the success of DFT, it is still an expensive method when systems with
thousands of atoms should be simulated. One problem is that every step requires the
evaluation of a large number of integrals to evaluate the matrix elements. This can
be solved with a drastic simplification of the KS equation, and turn to
semi-empirical methods, where matrix elements are not calculated as integrals
every time but approximated from well parametrized simple algebraic formulas.

Density Functional Tight-Binding (DFTB) is a low-order Taylor-expansion of
the KS equation. The energy of the system is expressed as the sum of one-electron
energies (e) and a repulsion potential (m) which depends only on interatomic
distances

EDFTB ¼
XN
i

ei þ 1
2

XM
j 6¼k

vj;kð Rj � Rk

�� ��Þ ð7:4Þ

Both the atomic terms and pair-potentials are interpolated from tabulated values
(Slater–Koster files), and have a cut off distance. The speed of the method comes
from the fact that no integrals are calculated, the matrix elements are all calculated
with simple interpolation and the resultant matrix is sparse due to the cutoff. The
most common forms of DFTB are the first-order (DFTB1, nonSC-DFTB) [7, 8],
second-order (DFTB2 or SC-DFTB) [9], and third-order (DFTB3) expansions [10].
In simple systems of, e.g., pure elements nonSC-DFTB can be sufficiently accurate,
however, systems with charges and polarization effect SC-DFTB improves the total
energies and forces. The third-order expansion, DFTB3, substantially improves the
description of charged systems and the accuracy of proton affinity calculations.

The accuracy and transferability of the method are also determined by the
parametrization. There is no unique choice for parameters used for the repulsion:
universal transferability cannot be expected. While DFTB is generally called
semi-empirical, strictly speaking, no empirical parameter is needed for the calcu-
lations. On the other hand, including a wider range of experimental and theoretical
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results to the parametrization generally improves the transferability of the parameter
set.

To test the accuracy of DFTB in reproducing electronic properties of CNTs, we
chose spectroelectrochemical properties of semiconducting SWNTs as a reference
for comparison. We were interested in if we can reproduce the correct trends as well
as quantitative reproduction of the redox potentials.

There are several reports on the band gap of semiconducting SWNTs experi-
mentally determined using scanning tunneling spectroscopy [11, 12], and spec-
troelectrochemistry [13, 14]. Semiconducting nanotubes have well-defined E11

peaks/E22 peaks in the near-IR region, characteristic to their chirality (n,m). While
these energies overlap on regular absorption or emission spectra, a two-dimensional
simultaneous scan of these energies provides a well-resolved map, where each peak
represents a E11/E22 pair, which belongs to a given (m,n) chirality that allows us to
monitor the electrochemistry of mixture of nanotubes, as only neutral SWNTs show
photoluminescent signals.

Spectroelectrochemical measurements monitor the intensity of the E11 lumi-
nescence peak versus the electrode potential and provide the redox potentials of a
wide range of tubes with a diameter in the d = 0.6–1.1 nm. Tubes with d > 1.5 nm
diameter are difficult to dissolve in suitable polymer matrix, therefore, such
experimental data is always limited to relatively smaller tubes.

The calculations were performed using DFTB as implemented in DFTB+ [15]
on periodic models of SWNTs with regular convergence criteria and mio SK set.
The size of the unit cell was optimized in z direction, and the size of x and y were
chosen so at least 10 nm separation between the individual nanotubes to avoid any
interaction. The k-points for the integration of the Brillouin zone were chosen using
Monkhorst–Pack sampling (1 � 1 � 4) [16].

The measured reduction and oxidation potentials follow an approximately linear
trend when plotted as a function of inverse diameter (1/d) of the nanotubes (see in
Fig. 7.1) [17]. The reduction potentials are also showing a clear chirality family
behavior. These characteristic trends have been well reproduced by the DFTB
calculations. To compare experimental data with the calculations, we used the
correspondence between the reduction potential of the tube with the lower edge of
conduction band and that of the oxidation potential with the top edge of valence
band. The DFTB calculations reproduced both the linear trend as well as chirality
family behavior, however, with different accuracy. The linear trends of the band
edges have an error, up to approx. 0.2 eV and the slope of the linear trend is also
clearly off. One possible source of inaccuracy is that all the simulations were all
carried out in vacuum, while is there is a potential shift induced solvent/polymer
matrix effects. On the other hand, the calculations well reproduced that the family
behavior for both the oxidation potential (Eox) values and the more pronounced
family in the reduction potentials (Ered), too.

DFTB can give an estimation for the band structure and the electrochemical
band gap, however, excitonic effects cannot be described at tight-binding level,
therefore, such electrochemical values are more appropriate to test the accuracy of
the method than optical transition energies. Let us emphasize that these calculations
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were carried out with the rather generic mio SK parameter set. As we previously
mentioned, there is no unique “best” parameter set for DFTB and it can be freely
parametrized for the problem. Also, experimental data like electrochemical prop-
erties can be included in the parametrization process, therefore it is possible to
create specialized parameter sets for a given problem.

7.1.3 Simulation of Excitonic States Using TD-DFT Method

Electronic and optical properties of semiconducting single-walled carbon nanotubes
are largely influenced by their one-dimensional nature and the confinements of
electrons around their circumference. The small dielectric constant of SWNTs leads
to large electron-hole binding energies and the formation of strongly bound
excitons.

Due to the cylindrical symmetry of the tubes, both optically active (bright) and
optically forbidden (dark) excitons can be found around the band gap. The relative
position of dark and bright excitons strongly affect the optical properties of the
SWNTs, however, the calculation of these energies are challenging. Calculations
based on the time-dependent density functional theory (TD-DFT) are maybe the
most promising technique that is able to tube models with several hundreds of
atoms. However, excitonic effects can only be simulated with hybrid functionals
containing significant Hartree–Fock (HF) exchange [18]. In Fig. 7.2, from Ref
transition density matrices of a (9,1), tube with the lowest excitonic transition are

Fig. 7.1 Comparison of the experimental reduction and oxidation potential values (left axis, red
marks) of the SWNTs and the computed lowest conduction band energies and the highest valence
band energies (right axis, blue marks)
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compared. For the TD-DFT calculations different funtionals have been used: PBE,
B3LYP (20% HF contribution) and the costume made BHandHLYP, which is
similar to B3LYP, but with 50% HF exchange. The diagonal direction shows the
excitonic wavefunction along the tube. Off-diagonal direction is characteristic to the
coherence size of the excitons. Pure functionals like PBE cannot properly reproduce

Fig. 7.2 Excitonic transition density matrices of a (9,1) tube calculated using TD-DFT (B3LYP,
BHandHLYP with 50% HF exchange and PBE). The first eight excitons are presented by
two-dimensional contour plots as a function of the electron (vertical axis, nanometers) and hole
(horizontal axis, nanometers) coordinates along the tube axis. The amplitudes scale from red (0) to
violet (1) through the natural rainbow color sequence. Excitons are labeled according to their order
number with respect to the ground state (the right corner of each plot). The transition energy (in
eV) and the oscillator strength (in parenthesis) are also shown for each excitonic state. Reproduced
from Ref. [18] with permission from the PCCP Owner Societies
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excitonic effects, so all the excitations are delocalized. Hybrid functionals with
increasing HF contribution show more and more localized excitons, with smaller
coherence size.

When we compare the calculated transition energies to the experimental ones
(Fig. 7.3, [18]), we can see that the calculation errors can be significant. One source
of the error is the small basis set that was applied. Since the nanotube models were
finite size (about 10 nm), errors coming from confinement effects may affect the
results.

In pristine tubes, the low energy dark states lying below the lowest bright states
are significantly limiting the fluorescence quantum yield (QY) of the SWNTS. By
breaking the symmetry of the tube with chemical doping, and introducing emissive

Fig. 7.3 Calculated bright and dark excitonic energies compared to the experimental (bright)
values. Circles and dashed lines correspond to energies of the first dark excitons and stars and solid
lines correspond to energies of the first bright excitons in different tubes calculated using
TD-BHandHLYP, TD-B3LYP, and TD-HF-AM1 methods. Reproduced from Ref. [18] with
permission from the PCCP Owner Societies
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states below the dark states, this QY can be drastically improved. Recently, there
are several examples that were reported when low-concentration oxygen dopant
[19, 20] or diazonium sp3 dopant [21] result in the appearance of new, intense
fluorescence peaks.

More detailed studies on the oxygen-doped systems using spectroelectrochem-
ical measurements [22] and photoluminescence measurements on individual tubes
[23] revealed that there are several different doping positions with different strength
to bind excitons and different fluorescence peak. Successful simulation of the
doping sites and their emission frequencies [23] demonstrates that computational
tools can be essential in interpreting and designing optical properties of doped
nanotubes.

7.2 Surface Curvature of Single-Wall Carbon Nanotubes
and Its Relation to Metal Nanoparticle Immobilization
on the Nanotube Surfaces

Single-wall carbon nanotubes (SWCNTs) are seen as one-dimensional polymers of
single layer sp2-hybridized carbon atoms having graphene-like wrapped structure.
Since the original discovery by Iijima [24], SWCNTs are expected to become key
materials in the fields of nanoelectronics [25], nanomechanics [26], and
energy-related chemistry. Recently, they have major application in the polymer
electrolyte fuel cells (PEFC) where they successfully replace other carbon product
like amorphous carbon and carbon black as electron transporting polymers and
active surfaces for metal nanoparticle catalyst deposition [27, 28]. The p-conjugates
delocalized electron system of SWCNTs provides high electrical conductivity with
metallic or semiconducting properties. The electronic properties are linked to the
SWCNT structure. The SWCNT can be imaginary built be wrapping a
two-dimensional graphene sheet in tubular shape. The wrapping depends on the
tube vectors (n,m). In case of n = m, the resulting tube has armchair periphery, e.g.,
na imaginary cut perpendicular to the tube and unwrapping would result in gra-
phene nanoribbon with armchair edge, and the tube is characterized with metallic
electronic properties. In case of m = 0, the tube has zigzag periphery and the tube is
characterized with semiconducting properties. The tubes with n 6¼ m 6¼ 0 the tube
has chiral periphery and metallic electronic properties, if n − m is multiple of 3 and
semiconducting properties in all other cases.

One of the obstacles for use of SWCNTs in nanoelectronics is that usually they
are synthesized as a mixture of armchair, zigzag, and chiral tubes with heteroge-
neous electronic properties. Separation of the tubes is challenging due to their
identical mass, solubility, and reactivity. Recently, Papadimitrakopoulos and
coauthors have proposed an efficient method for separation of chiral nanotubes
using derivatives of the flavin molecule [29]. Other studies have proposed sepa-
ration of metallic nanotubes using porphyrin derivatives [30]. Recently,
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experimental and theoretical efforts have been employed in the understanding the
separation mechanism. It is based on the difference of surface adsorption strength of
given molecule on tubes with different chirality. The separation using flavin
derivatives is based on its supermolecular helical structure which can align with
chiral tubes while porphyrin derivatives selectively chemisorb on non-chiral tubes’
surfaces.

Beside organic molecules, metal nanoparticle immobilization on SWCNTs’
surfaces is actively researched in the field of PEFC and precious metal catalysis.
In PEFC, platinum nanoparticles are deposited on SWCNTs. Due to the high cost, it
is crucial to prevent the platinum nanoparticles from aggregation, and thus prevent
the high surface area of the catalyst. Additionally, platinum nanoparticles smaller
than 5 nm show supreme catalytic activity compared to larger particles [31]. To
avoid aggregation the SWCNTs’ surfaces are wrapped with conducting polymers
characterized with strong affinity to bind to the platinum surface. In addition, single
platinum atom deposition on the SWCNT surfaces has been achieved by deposition
on the surfaces SWCNTs [32].

In a recent work related to aerobic oxidation of alkanes on gold nanoparticles,
Tsukuda and coauthors have used (6,0) SWCNT with diameter of approximately
0.5 nm [33]. In that work, they have shown that it is possible to deposit atomically
controlled gold clusters consisting of 25 gold atoms. They have shown that the
effect of SWCNT support was similar to the hydroxyapatite support. This report had
two important consequences for the mechanism of the aerobic oxidation reaction:
the supporting surface did not participate in the catalytic process; and similar to
hydroxyapatite (6,0) SWCNT could delay the merging of gold nanoparticles [34].
This result suggests for stronger gold nanoparticle–SWCNT interaction compared
to the interaction with graphene surface. While the main difference between gra-
phene and SWCNT is in the electronic properties, zero-band semiconductor for
graphene and metallic or semiconductor for SWCNT, surface curvature may also
play role in the binding interaction between SWCNT and metal nanoparticles.

While SWCNT are often considered to be one-dimensional structures, in reality,
they are two-dimensional graphene surfaces wrapped in the three-dimensional
space. Their three-dimensional structure is negligible compared to the length of the
tube, however, it might be crucial for their interaction with metal nanoparticles. To
understand better the relation between surface curvature and binding properties we
will look at the structure of flat graphene and curved graphene. Pristine graphene is
infinite two-dimensional plane of hexagons consisting of sp2 hybridized carbon
atoms. The three sp2 hybrid orbitals build the r-skeleton of the hexagons while the
remaining 2pz AOs overlap to create the delocalized p-conjugated bond, which is
responsible for many of the remarkable properties of graphene. To study the
electronic properties of graphene, it is often sufficient to take into account only the
2pz AOs, as they are responsible for the bands below and above the Fermi level.
That is why, the tight-binding approximation (Hückel molecular orbital theory)
showed remarkable accurate prediction results for graphene and graphene
nanoribbons [35]. However, its applications to SWCNTs yield in less impressive
results. The reason behind is in the surface curvature.
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When graphene sheet is curved, the spatial distortion between carbon atoms
leads to reduced overlapping between the 2pz AOs as it is shown in Scheme 7.1.
Stronger curvature would significantly reduce the p-overlap and eventually lead to
dangling bonds on the SWCNTs surfaces. Thus, the strongly curved carbon surface
can be considered as a superposition between the three-dimensional sp2 hybridized
carbon atom and the three-dimensional sp3 hybridized carbon atom. Tubes with
smaller diameter would show more sp3 like character, while tubes with larger
diameter would show more sp2 like character. While sp2 hybridized carbon atom
builds three r-bonds, the sp3 hybridized carbon builds four r-bonds. Thus, tubes
with smaller diameter would show bigger tendency to bind metal nanoparticles
compared to tubes with larger diameter [36].

In order to properly investigate the binding interaction between SWCNTs and
metal nanoparticles one have to estimate properly the degree of sp2/sp3 hybridization
of the carbon atoms. Thus, accurate estimation of the electronic properties is required
and usually the applied methods should be selected carefully. In this work, periodic,
plane wave density functional theory calculations were performed using Vienna Ab
initio Software Package (VASP) [37, 38] Perdew–Burke–Ernzerhof parametrization
of the generalized gradient approximation (GGA-PBE) was employed using pro-
jector augmented wave (PAW) pseudopotentials [39]. The results were verified with
the optB86b-vdW functional, which includes the long-range van der Waals inter-
actions. Both functionals showed similar trends for optimized geometries and
binding energies. An electron cutoff energy of 400 eV was employed for all
geometry optimizations and density of states (DOS) calculations. An electron cutoff
energy of 300 eV was employed for the first-principle molecular dynamics simu-
lations. Owing to the relatively large supercells, 1 � 1 � 1 gamma k-point sam-
pling was used. Density of states and site-projected density of states analysis for the
CNTs were performed with 1 � 1 � 10 k-point sampling. Spin polarization was

Scheme 7.1 Orbital hybridization of carbon

168 G. Juhasz and A. Staykov



not employed during the calculations. Absolute values of the Fermi energies were
determined as relative to the vacuum potential. Throughout this study, the graphical
visualization package VESTA was used to analyze and visualize the computed DFT
electron density distribution [40].

Binding energies of the metal nanoparticles to the SWCNTs surfaces were
estimated with the following relation:

Ebind ¼ Eall�Ent�Enp; ð7:5Þ

where Ebind denotes the binding energy, Eall is the energy of the nanoparticle–
nanotube complex, Enp is the energy of the nanoparticle, and Ent the energy of the
nanotube. In addition to the electron density distribution, electron density differ-
ences were compared, which were obtained with the following relation:

pbind ¼ pall� pnt� pnp ð7:6Þ

Here, pdiff represents the electron density difference, pall denotes the electron
density of the nanoparticle–nanotube complex, pnp is the electron density of the
nanoparticle, and pnt is the electron density of the nanotube. Bader population
analysis was performed to allocate electron density to the ions. First-principle
molecular dynamics calculations were performed for particles adsorbed on flat
graphene surface and on curved SWCNT surfaces. The dynamics simulations were
performed for 1000 steps of 0.5 fs and 500 °C.

We have calculated the density of states of CNT(6,0); CNT(9,0); CNT(12,0),
and CNT(18,0) with diameters of 0.47, 0.71, 0.94, and 1.41 nm, respectively.
The DOS plots and PDOS plots are shown in Fig. 7.4. The DOS of the large
diameter CNT(18,0) resembles closely the DOS of graphene. However, with
decrease in diameter, i.e., increase of curvature, a peak emerges below the Fermi
level. The peak is denoted with an arrow shown in Fig. 7.4. The intensity of the
peak increases for CNT(9,0) and becomes dominant for CNT(6,0). To elucidate the
nature of the peak, we look at the PDOS plots. In case of CNT(18,0), the peaks
above and below the Fermi level are resulting from the 2pz AOs on the carbon
atoms. This result clearly indicates sp2 hybridization. However, with the increase of
surface curvature peaks of 2px AOs and 2py AOs contribute to the peak below the
Fermi level which is clear indication for partial sp3 character. Thus, the curvature
indeed controls the electronic properties of the carbon atoms, however, the effect is
significant only for small diameter SWCNTs and disappears for tubes with diameter
above 1 nm.

Calculations were performed for 13 atoms palladium nanoparticle, Pd13
adsorbed on the tube surfaces. The particle was characterized with cuboctahedra
symmetry. Binding energy between the particle and the tube was estimated using
Eq. 7.5. For comparison, the binding energy with the flat graphene surface was also
calculated. The binding energy of Pd13 to CNT(6,0) is −2.84 eV which points to
significant chemisorption. With an increase in the tube’s diameter, for example,
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Fig. 7.4 Density of states and site-projected density of states spectra of zigzag CNTs with
metallic properties. The spectra are plotted as a function of the electron energy in the interval −5 to
5 eV. The energies are relative to the Fermi energy (EF = 0). The coordinates’ directions are
defined locally. a DOS spectra; b PDOS spectra. Reproduced from Ref. [36] with permission
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CNT(9,0), the binding energy is reduced to −2.24 eV. A further increase in the
tube’s diameter results in binding energies of −1.71 eV and −1.59 eV for CNT
(12,0) and CNT(18,0), respectively. The binding energy of Pd13 to the flat gra-
phene surface is −0.85 eV. The results are presented in Fig. 7.5. The dependence
between the binding energy and the tube diameter, e.g., the tube curvature, is
plotted in Fig. 7.5. The plot indicates that the curvature effect is strong only for
tubes with diameter below 1 nm. Larger tubes will show small dependence of
particle-tube binding energies on the tube diameter. Thus, the curvature effect might
remain unnoticed by experimentalists as often mixture of tubes is used. To
understand the nature of the tube–nanoparticle interaction we have performed
electron density difference analysis. The results indicate that electron density from
the dz

2 AOs of the Pd atoms has been transferred to the region between the tube
surface and the particle. Such interaction resembles weak covalent type bonding.
With the decrease of the tube surface curvature the electron transfer is reduced.

Finally, we have performed first-principle molecular dynamics to elucidate the
probability for nanoparticle aggregation on curved and flat surfaces. In the com-
putational setup, two Pd13 nanoparticles were placed at 0.5 nm distance on the
CNT(12,0) surface. Computational annealing was performed to 500 °C for 0.5 ps.
As a result, the particles remained at their original positions. Similar computational
annealing was performed for two Pd13 nanoparticles placed at distance of 0.5 nm
on the flat graphene surface. As a result of the annealing on the flat surface both
particles merge for less than 0.5 ps. The reason for the high mobility of the particles
on the flat surface is due to the weak binding interaction between carbon and
palladium. In case of the curved carbon surface, the curvature increasing the

Fig. 7.5 Pd13 adsorbed on CNT (6,0); CNT (6,0); CNT (6,0); CNT (6,0) and graphene. Binding
energy values calculated with Eq. 7.5 are given and are plotted versus tube diameter. Electron
density difference calculated with Eq. 7.6. Blue color denotes positive density, yellow color denotes
negative density
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binding interaction and as a result the particles are immobile. The results of the
first-principle molecular dynamics calculations are summarized in Fig. 7.6.

In conclusion, with an increase in surface curvature in sp2 hybridized 2D carbon
materials, the electronic properties of carbon atoms are changing. As a result, the
carbon atoms show some sp3 hybridized character with an increase in the curvature.
The superposition between sp2/sp3 hybridized character strongly depends on the
curvature, thus in case of SWCNTs it depends on the nanotube diameter. Usually,
effects resulting from the tube surface curvature are noticeable for tubes below
1 nm of diameter. The sp2 hybridized builds three covalent bonds while the sp3

hybridized carbon tends to build four covalent bonds. Thus, with the increase in
surface curvature one increases the affinity of the tube surface to bind substrates. In
particular, this is noticeable with metal nanoparticles. We have shown successfully
that palladium nanoparticles can be immobilized on curved SWCNT surface with
diameter below 1 nm. In this case, upon high-temperature annealing the articles
remain immobile and prevent their fine size. In case of flat surface, the particles
possess significant mobility and in short time aggregated to form larger particles.
That result might be crucial for catalysis where sized dependent catalytic activity is
often important for the catalyst performance.
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Chapter 8
Doped and Decorated Carbon Foams
for Energy Applications

Stephen M. Lyth

8.1 Carbon in Fuel Cells

Carbon is a unique element existing in a wide range of different forms, each with an
array of differing properties. Elemental carbon is a major constituent in common
gasses such as methane and carbon dioxide; in hydrocarbons such as alcohols and
fossil fuels; and in polymers/plastics. Carbon also exists in purer solid forms as
graphite, diamond, carbon fibre, activated carbons, graphene, fullerenes, charcoal
and soot. As such, carbon permeates our everyday life.

Carbon is also a key material for a wide range of energy-related applications, and
it plays a particularly important role in electrochemistry. For example, in polymer
electrolyte membrane fuel cells (PEMFCs), carbon is a crucial element in almost
every component. Graphite is used for the bipolar plates due to its high conductivity,
resistance to corrosion and malleability [1]. The electrolyte membrane is a sul-
fonated fluoropolymer, with a carbon backbone [2]. Carbon fibre is used as the gas
diffusion layer (GDL) due to high strength, electrical conductivity and high porosity
[3]. A layer of carbon black is used as the microporous layer (MPL), due to high
electrical conductivity and porosity [4]. Finally, in the electrochemical heart of the
PEMFC, carbon black is used as a platinum nanoparticle support in the anode and
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cathode electrocatalyst layers. At this location, the fundamental processes of elec-
trochemical conversion of hydrogen and oxygen to electricity and water take place.

Carbon black currently dominates the field as a catalyst support material for
electrochemistry and PEMFCs. It is generally composed of aggregates of carbon
nanoparticles*50–100 nm in diameter. Despite the expensive and energy-intensive
synthesis process, carbon black is relatively cheap due to the huge scale of production,
for use in a variety of industrial applications. Some of the most common applications
include polymer or rubber reinforcement (e.g., for tyres), inks/black dyes and light-
weight composite materials, especially for the automobile and aerospace industries.
Carbon black is also favoured as a catalyst support in electrochemistry due to its low
cost (<150 USD/tonne) [5], large surface area (e.g., *300 m2/g), suitable porosity,
good electronic conductivity (e.g., 558 S/m) [6] and electrochemical stability.
Therefore, any new material designed to compete with carbon black must have
similarly large surface area, porosity, conductivity and low cost.

Carbon black is generally produced by spray pyrolysis of heavy petroleum
products such as coal tar. As such, it is primarily produced from fossil fuels, and
thus cannot be considered as a sustainable material. Indeed, the carbon black
industry is already facing shortages as more stringent environmental protection
regulations are rolled out across the globe [7]. In particular, there is pressure on
carbon black producers to limit sulphur oxide and nitrogen oxide emissions.
Therefore, alternative sustainable carbon materials should be found.

One candidate is carbon nanotubes (CNTs), which are becoming increasingly
popular as an catalyst support in electrochemical devices [8–10]. CNTs have
extremely high conductivity and can form a strong, porous network [11]. They are
already being used in some industrial PEMFC applications, and have real potential
for the future, as outlined in some of the other chapters of this book. However,
CNTs are much more expensive than carbon black at present and are not produced
at anywhere near the same scale. An additional problem is the weak interaction
between metal nanoparticles and the CNT surface, leading to detachment and thus
reduced durability under PEMFC operating conditions [12]. Graphene has also
been explored extensively as an alternative electrocatalyst support material, with
promising results [13–15]. In particular, the conductivity of graphene is very high,
due to the highly graphitic structure. However, restacking of the individual gra-
phene layers can lead to much lower surface area than required for catalytic
applications. In addition, the cost of graphene powders is also still relatively high.
Thus, there is a potential gap in the market for alternative nanostructured carbon
materials in catalysis and electrochemical applications.

8.2 Carbon Foams in General

Carbon foams offer a possible alternative to carbon blacks and other carbon
nanomaterials for use in energy-related applications. A foam is a material in which
pockets of gas are trapped in a liquid or solid matrix. Foams can be classed into two
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broad types: closed-cell (in which the gas is isolated in discreet pockets) and
open-cell (in which the voids are interconnected). For example, soap bubbles are a
closed-cell foam system where the gas is trapped, while sponges are an open-cell
foam system in which water can percolate through the entire structure. The ter-
minology employed in the discussion of carbon foams is given in Fig. 8.1. In
electrochemistry, open-cell carbon foams have the potential to be hugely useful.
They have a large surface area available where chemical reactions can occur.
Reactants and products can easily diffuse through the open pore network. They
have a continuous electronic pathway over large length scales. They can also be
produced fairly cheaply, by several different methods.

A common method to produce low-cost carbon foams is to use in situ foaming
during precursor decomposition to create porosity in a single step. This is known as
‘self-blowing’ or ‘gas templating’. For example, coal, coal tar pitch and petroleum
pitch are commonly used as a precursor to create carbon foams using this method
[17], while alternatives such as cyanate ester [18] or tannin–formaldehyde poly-
condensates can be used [19]. One method involves simply heating the precursor,
and volatiles evolved during heating serve as bubble agents to create hollow cells in
the viscous precursor material, followed by curing and carbonization at high tem-
perature. Another similar method involves controlled heating of the precursors to
above their melting point in an inert atmosphere, under high pressure, followed by a
fast release of pressure. The decrease in pressure results in the formation of
gas-filled cells, and curing/carbonization steps follow. The viscosity and volume
increases of the precursors affect the ultimate foam cell structure. These types of
carbon foams are extremely cheap and easy to make. However, there is limited
control of the chemical structure and microporosity of the final product, and they
are generally derived from fossil fuels.

Fig. 8.1 Terminology
employed to characterize
carbon foams. Reproduced
with permission from Elsevier
[16]
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Another method to prepare carbon foams is simply by pyrolysis of polymer
foams. In this case, a polymer foam (such as a polyurethane foam [20] or a
phenolic-based foam [21]) is simply carbonized at high temperature in an inert
atmosphere. This results in a carbonized foam that retains most of the
microstructure of the precursor. This has the advantage of being cheap and
straightforward. However, control of the final microstructure structure and chemical
structure is difficult and relies mainly on the properties of the precursor polymer,
and the heating conditions applied.

Carbon ‘foams’ (or more strictly, mesoporous carbons) can also be formed via
soft templating [22, 23]. For example, self-assembly of resorcinol and formalde-
hyde with Pluronic F127 surfactant, followed by carbonization, results in a
mesoporous carbon material. In this case, the pore size can be tuned by changing
the molar ratios of the precursors and the polymerization time [24]. This is a very
simple and controllable method to produce porous carbon ‘foams’. However, the
very small pore size in these mesoporous carbons can lead to problems with mass
diffusion for electrochemical applications.

One more method to form carbons foams with an open-porous structure is to
utilize a sacrificial metal oxide template (e.g., silica, or alumina) [25, 26]. For
example, a polymer precursor is mixed with metal oxide particles, and this mixture
is pyrolysed to convert the polymer into graphitic carbon. Subsequently, the metal
oxide template is removed by washing the powder in concentrated acid or alkaline
solution to dissolve the inorganic materials. This leaves behind pores in the carbon
that have the same size and shape as the original template, which can be selected
depending on the desired microstructure of the final product. This method gives a
large degree of control over the pore size and distribution, since templates of
arbitrary size and shape can be selected. Indeed, this sacrificial templating method
has been used with great success to synthesize Pt-free Fe-N-C electrocatalysts [26].
However, the use of sacrificial templates adds several processing steps compared
with the simple spray pyrolysis technique of carbon black. In addition, the sacri-
ficial template is usually literally sacrificed, which could be seen as wasteful. As
such, alternative methods to create porous carbon foams with fewer processing
steps are desirable.

8.3 Carbon Foams Derived from Sodium Alkoxides

Herein, we describe a class of unique graphene-like carbon foams produced by
foaming, or self-blowing of different sodium alkoxide precursors. The nanostruc-
tured carbons formed using this process are presented as a possible alternative to
carbon black and related nanomaterials for different energy-related applications.
Using alkoxides as precursors lends an extra degree of control to the carbon foam
product, as the chemical structure of the precursor can be straightforwardly mod-
ified. For example, the chain length or molecular weight can be varied to modify the
viscosity, or heteroatoms (such as nitrogen, sulphur or fluorine) can be routinely
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introduced to dope the final product. The sodium oxides produced during decom-
position produce a ‘self-activating’ effect, resulting in a high degree of microp-
orosity and large surface area. In addition, alkoxides can be produced from
bioethanol, and therefore the use of fossil fuels can be avoided.

In 2009, Choucair et al. published a key paper entitled ‘Gram-scale production
of graphene based on solvothermal synthesis and sonication’ in Nature
Nanotechnology [27]. In this work, sodium metal and ethanol were reacted at
220 °C for 72 h in a polytetrafluoroethylene (PTFE) reactor. The intermediate solid
powder formed by this process was speculated to have a clathrate-like structure,
with solid sodium ethoxide encapsulating ethanol-filled cells. This intermediate
material was then flash pyrolysed, decomposing to form a foam-like carbonaceous
powdery product, which they referred to as graphene (Fig. 8.2). The porous
foam-like structure was speculatively attributed to the clathrate-like cells. However,
since sodium ethoxide is soluble in ethanol, it seems unlikely that this type of
clathrate structure would be mechanically stable. For the clathrate-like structure
survive, the flash pyrolysis step to form carbon foam with such well-defined cells
also seems unlikely.

Whilst this ‘graphene’ had almost atomically thin carbon walls, as measured by
atomic force microscopy (AFM), there were indicators suggesting that this material
should not strictly be referred to as graphene. First of all, elemental analysis
revealed an oxygen content of >13 wt%. This is a similar oxygen content to that
observed in graphene oxide rather than graphene [28]. Second, no characteristic 2D
peak (a common indicator of graphene-like crystal structure) was observed in
Raman spectroscopy (Fig. 8.2). This suggests that there is little or no long-range
crystallinity in this carbon foam material, and that the structure is closer to that of an
amorphous carbon. Third, the conductivity of pellets made from this carbon foam
was just 0.05 S/m, which is many orders of magnitude lower than that of graphene
or conventional graphite powders [29]. Despite the speculative formation mecha-
nism and semantics issues, the graphene-like material presented in this work was
extremely interesting and new. The surface area was large at >600 m2/g, as mea-
sured via nitrogen adsorption using Brunauer–Emmett–Teller (BET) theory. In
addition, this carbon foam was produced using very few steps, at gram scale. As
such, it was an ideal material to further develop in various energy-related
applications.

In 2010, the same group investigated the superconducting properties of mag-
nesium diboride (MgB2) decorated onto their carbon foams [30]. These composite
materials were prepared by ball milling carbon foam with crystalline boron powder
in toluene, followed by vacuum drying and pressing into pellets. The pellets were
then placed in an iron tube with magnesium powder, and heated to 850 °C for 10 h,
under flowing argon gas to form MgB2. By supporting the MgB2 on the carbon
foam, they obtained an enhancement in the critical current density (Jc) by an order
of magnitude at 5 K, under a magnetic field of 8 T. This work shows promise for
large-scale MgB2 superconducting wire applications.

In 2012, the same group investigated how the preparation method affected the
microstructure of these carbon foams, via nitrogen adsorption [31]. Here, as well as
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using ethanol as a carbon feedstock as in their original paper, they also tried
methanol. A 1:1 molar ratio of alcohol and sodium metal was reacted in a
PTFE-lined reactor, at 220 °C for 72 h (presumably forming sodium methoxide
from methanol). This intermediate product was flash pyrolysed in air, and then
washed/purified using several different protocols. The different effects of stirring,

Fig. 8.2 Characterization of the carbon foam produced by Choucair et al. a, b Transmission
electron microscopy (TEM) images reveal the porous foam-like nature of the material. c Raman
spectroscopy shows the highly amorphous nature of the carbon foam, similar to that of charcoal.
Reproduced with permission from Nature Publishing Group [27]
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sonication and solvent-type (i.e. deionized water or acidified ethanol) were inves-
tigated. The substitution of ethanol with methanol resulted in slightly different
microstructures, with ethanol in this case forming a more open sheet-like structure,
and methanol forming a foam with pores * 500 nm in diameter (Fig. 8.3).
The BET surface areas achieved were relatively low, ranging from 11.3 m2/g for
the ethanol-derived carbon to 484 m2/g for the methanol-derived carbon. The
thickness of the cell walls of the methanol-derived carbon foams was measured to
be around 1 nm by AFM.

In 2014, the same group replaced ethanol with propanol as the carbon feedstock,
reacting it with sodium in the same way as previously described [32]. In this case,
TEM revealed that the carbon powder formed comprises graphene-like platelets
rather than a foam-like structure. This may be attributed to the use of a propanol
precursor in place of ethanol or methanol, affecting the viscosity of the melting
alkoxide, or due to the sonication step used in washing, destroying the foam-like

Fig. 8.3 TEM images of a ethanol-derived, and b methanol-derived carbon foams. c AFM image
and d line profiles of the methanol-derived carbon foam sample. Reproduced with permission from
Elsevier [31]
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microstructure. They measured the spin lifetimes of electrons in this carbon powder
to be as long as 65 ns, which is in the range required for spintronics applications. In
addition, this group investigated their ethoxide-derived carbon foam using muon
spectroscopy to probe muon–hydrogen nuclear dipolar interactions [33].

In 2015, a different group, Speyer et al., produced a detailed study on the same
class of material, again produced by solvothermal reaction between ethanol and
sodium [34]. Here, they clarified that the ‘intermediate material’ was simply sodium
ethoxide, and investigated the effect of pyrolysis temperature, heating rate and time
on the properties of the final ‘graphenic powder’. In this work, some regions of
more crystalline multilayer graphitic carbon were observed by TEM, X-ray
diffraction (XRD) and Raman spectroscopy, especially after pyrolysis at 850 °C.
They observed very large BET surface area, almost 2500 m2/g, which slightly
decreased with increasing pyrolysis temperature, and with increasing pyrolysis
time. They also discussed the formation of sodium carbonate as a contaminant
phase. One possible issue with the more crystalline graphitic materials produced in
this work is the Inconel crucibles used for pyrolysis (a nickel–chromium–iron
alloy). In general, much higher temperatures are required for extensive graphiti-
zation of carbon (e.g. >2600 °C), unless a catalyst is used [35]. Ni, Cr and Fe are all
well known to have a catalytic effect for the formation of crystalline carbon at high
temperature (e.g. in the growth of carbon nanotubes) [36]. For example, graphiti-
zation of the carbon in steel generally occurs at much lower temperatures [37]. As
such, contamination from the pyrolysis vessel must be taken into account in this
case, and this graphitization can probably not be attributed as an intrinsic property
resulting from the pyrolysis of sodium ethoxide alone at 850 °C.

In 2017, the same group also investigated the influence of the type of alcohol
feedstock on the properties of the final carbon foam [38]. They reacted methanol,
ethanol or butan-1-ol with sodium, followed by pyrolysis at 850 °C under flowing
nitrogen for 4 h, with a final washing step. They confirmed the presence of sodium
hydroxide and sodium carbonate as solid by-products which are mostly removed by
washing (although some encapsulated contaminants remain). All the materials
displayed some crystallinity in XRD and Raman spectroscopy, and the thickness of
the carbon layers was determined to be 10, 11 and 12 for methanol, ethanol and
butan-1-ol precursors, respectively. This points towards the formation of ‘few-layer
graphene’. Some influence of the carbon precursor chain length on the crystallinity
of the final product was also found, with methanol resulting in carbon foam with the
lowest degree of disorder (Fig. 8.4). However, again, this crystallinity may result
from the catalytic action of the Inconel crucibles used during pyrolysis rather than
being a fundamental property of the combustion product of sodium alkoxides.
Meanwhile, the BET surface area increased as the chain length increased from
1430, to 2316, to 2372 m2/g. For methanol-derived carbon foams, the microp-
orosity was less developed and hysteresis in the nitrogen adsorption isotherms was
large, whereas for butan-1-ol, the hysteresis was minimal, indicating fewer meso-
pores and more micropores.

Summarizing the above fundamental works, Choucair et al. produced carbon
foams by reacting alcohol with sodium at elevated temperature in a sealed PTFE
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reaction vessel. They utilized methanol, ethanol and propanol as different carbon
feedstocks, sometimes resulting in a foam-like structure, and sometimes in a flatter,
platelet-type structure. They observed surface areas of up to *600 m2/g (BET) and
showed that this material could be applied in spintronics, or superconductivity
applications. Speyer et al. focussed more on the formation mechanisms of carbon
foams, utilizing methanol, ethanol and butan-1-ol as different carbon feedstocks,
and investigated the effect of pyrolysis temperature on the final carbon foam
product. They obtained higher surface areas of up to *2500 m2/g. The above
studies explore some of the more fundamental aspects of carbon foams derived
from sodium alkoxides. Herein, we look at some of the potential applications of this
new and interesting graphene-like carbon foam.

8.4 Carbon Foams for Hydrogen Storage

In 2014, Lyth et al. reported the hydrogen uptake properties of carbon foams [39].
In this case, sodium ethoxide was produced by the reaction between sodium and
ethanol at 220 °C in a sealed PTFE reactor. The resulting powder was then burned
in air to form the carbonaceous product. This product was then pyrolysed at
1000 °C under nitrogen gas flow, in aluminium oxide boats. Although the
micron-scale cells had almost atomically thin walls, these were confirmed to be
largely amorphous by Raman spectroscopy. The BET surface area was measured to
be 1270 m2/g (Fig. 8.5), and the pore size distribution revealed a high proportion of

Fig. 8.4 Normalized Raman spectra (k = 632.8 nm) of carbon foam samples derived from
methanol, ethanol and butan-1-ol precursors. Reproduced with permission from Elsevier [38]
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pores in the 3–4 nm range. Due to the large surface area, the carbon foam was
explored as a hydrogen storage material. The hydrogen uptake was measured at
77 K and 1 MPa to be 2.1 wt%. This was significantly higher than commercially
available graphene powders, mainly due simply to the larger surface area.

In 2015, Choucair et al. published similar results on the hydrogen uptake of their
original carbon foam materials, at 77 K (Fig. 8.6) [40]. As well as looking at the
pure material, they also composited their carbon foams with magnetite, silver,
titania, nickel and silicon, by solid-state mechanical mixing. In this case, the carbon
foam supports had slightly low surface areas of <500 m2/g. The maximum pressure
used to measure hydrogen uptake was 1 atm (0.1 MPa), which is lower than
generally utilized in the hydrogen storage literature, making it difficult to make
direct comparisons. However, the maximum hydrogen uptake of the pure carbon
foam measured here was 0.5 wt% at 77 K and 0.1 MPa. This is lower than the

Fig. 8.5 a SEM image and b hydrogen uptake (at 77 K) of sodium ethoxide-derived carbon
foams. Reproduced with permission from Elsevier [39]

Fig. 8.6 a SEM image and b hydrogen uptake (at 77 K) of sodium ethoxide-derived carbon
foams. Reproduced with permission from Elsevier [40]
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values of around 1.5 wt% obtained in [39] at the same pressure (Fig. 8.5). This
lower hydrogen uptake is directly attributable simply to the lower surface area.
Compositing their carbon foam with the various coatings resulted in a significant
decrease in surface area and hydrogen uptake in all cases, partly due to the addition
of materials with higher molecular weight, and partly due to added processing steps,
which can destroy the porosity in such materials.

8.5 Carbon Foam Supercapacitors

In 2015, Cui et al. studied the formation mechanism of carbon foams (called
graphene frameworks in this case) derived from pyrolysis of sodium alkoxides [41].
Here, they attributed the relatively high crystallinity of their materials to the cat-
alytic action of sodium metal on the carbon formation. However, this group also
performed the solvothermal reaction in a sealed stainless steel reactor at 200 °C. As
previously discussed, this makes it highly likely that iron contamination from the
reaction vessel contributes to the catalytic graphitization of the carbon foam at
relatively low temperature (1000 °C in this case). This group obtained carbon foams
using both propanol and acetic acid as carbon feedstocks, adding to the list of
precursor materials previously employed. The surface areas were measured to be
around 750, 540 and 180 m2/g for methanol-, ethanol- and n-propanol-derived
carbon foams, respectively. This group measured the electrochemical supercapac-
itor properties of their carbon foams, obtaining a specific capacitance of 310.7 F/g
at a current density of 0.2 A/g (Fig. 8.7). The excellent performance as a super-
capacitor was attributed to the large specific surface area; the presence of some
oxygen-containing functional groups, enhancing the wettability between the carbon
and electrolyte; and the three-dimensional structure, reducing the diffusion length of
electrons and ions.

8.6 Sulphur-Decorated Carbon Foams for Lithium-Ion
Batteries

In 2010, Choucair et al. used their carbon foam for electrochemical applications by
simply mixing sulphur nanoparticles with their carbon foam, and studying the
performance in lithium-ion batteries [42]. In 2011, they improved on this work by
mixing their carbon foam with elemental sulphur, heating this mixture first to
200 °C to infiltrate melted sulphur into the carbon, and then heating at 300 °C to
coat the carbon foam with vaporized sulphur (Fig. 8.8) [43]. Thermogravimetric
analysis showed that the loading of sulphur was around 22 wt%. The
sulphur-decorated carbon foam was then mixed with carbon black and
polyvinylidene fluoride (PVDF), pasted on onto aluminium foil substrates, dried
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and pressed. This composite electrode was then incorporated into a rechargeable
lithium battery cell, in which sulphur is converted first to lithium polysulfide and
then lithium sulphide. They found that the capacity was improved to
1611 mA h g−1, compared with 1100 mA h g−1 for the reference electrode. The
cycling stability of the sulphur-decorated carbon foam was also improved compared
to a carbon black/sulphur electrode without carbon foam inclusion. This was first
attributed to enhanced conductivity of the electrode due to the inclusion of the
carbon foam, and then to enhanced reaction kinetics, as evidenced by electro-
chemical impedance spectroscopy measurements (EIS). This work effectively
showed that this carbon foam material is highly suited to energy applications, and
especially to electrochemistry.

Fig. 8.7 Capacitive performance of carbon foam electrodes in 6 M KOH aqueous solution: a CV
curves (30 mV/s); b Galvanostatic charge /discharge curves at 0.2 A/g; c capacitance of a
methanol-derived carbon foam electrode; d cycling stability of the methanol-derived carbon foam
electrode at 2 A/g. Reproduced with permission from ACS Publications [41]
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8.7 Functionalized Carbon Foams as Electrochemical
Sensors

Carbon foam was recently used as an electrochemical sensor by Choucair et al., in
2017. Carbon foam derived from ethanol was functionalized with carboxylic acid
groups in order to facilitate the adsorption and crosslinking of enzyme cytochrome
C [44]. They confirmed direct electrical communication between the redox centre of
the cytochrome C and the functionalized carbon foam, and utilized this composite
electrode as a hydrogen peroxide (H2O2) biosensor in aqueous phosphate buffer.
A rapid amperometric response (5 s) was recorded upon exposure to hydrogen

Fig. 8.8 SEM images of a carbon foam, and b sulphur-decorated carbon foam (S-GNS).
c Capacity versus cycle number for the composite electrodes. Reproduced with permission from
Elsevier [43]

Fig. 8.9 a Dependence of the current response of the enzyme-decorated carbon foam biosensor at
different applied potentials. b Effect of pH on the catalytic current of the biosensor at −0.4 V.
Reproduced with permission from Springer-Verlag Berlin Heidelberg [44]
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peroxide. The linear range of response to concentration ranged from 5 � 10−7 to
2 � 10−4 M, with a detection limit of 2 � 10−7 M (Fig. 8.9). This work displayed
yet further evidence of the suitability of this class of carbon foam as a material for
electrochemistry.

8.8 Platinum-Decorated Carbon Foams for PEMFCs

In 2014, Liu et al. decorated carbon foams with platinum nanoparticles to inves-
tigate their application as catalyst supports in PEMFCs [45]. Carbon foam was
synthesized simply by burning commercially available sodium ethoxide in air,
followed by pyrolysis in flowing nitrogen at 800 or 1000 °C. This showed that the
solvothermal reaction between sodium and ethanol is not a required step—any
sodium ethoxide is a suitable precursor. The surface area was >1500 m2/g, and the
structure was confirmed by Raman spectroscopy to be highly amorphous. These
carbon foams were decorated with platinum nanoparticles, by thermal decompo-
sition of platinum bis(acetylacetonate)platinum(II). The resulting nanoparticles
were more uniformly distributed and smaller (2.3 nm) than those decorated on
carbon black or graphene powders supports (Fig. 8.10). This was attributed to the
large number of defects in this amorphous material, providing ample sites for
nanoparticle nucleation.

In cyclic voltammograms, the electrochemical surface area (ECSA) of the
Pt-decorated carbon foam was *100 m2/g, compared with *70 m2/g for the
carbon black support. In linear sweep voltammetry (LSV) measurements, the mass
activity for the oxygen reduction reaction (ORR) was higher (176 A/g) than that of

Fig. 8.10 SEM images of a Pt-decorated carbon black, and b Pt-decorated carbon foam. c Cyclic
voltammograms of Pt-decorated carbon black, graphene, and carbon foam pyrolysed at 800 or
1000 °C [45]
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Pt-decorated carbon black (138 A/g) or graphene powder (169 A/g). These
improvements were attributed to the improved platinum nanoparticle size and
distribution. The stability of the Pt nanoparticles during potential cycling was also
much improved, with little change in average particle size even after 60,000
potential cycles, due to strong binding between Pt and defects in the carbon foam
support.

8.9 Silver-Decorated Carbon Foams for Electrochemical
CO2 Conversion

Conversion of CO2 to useful fuels or plastics is a potentially a way to reduce CO2

emissions. For example, silver is a common catalyst for the electrochemical con-
version of CO2 to carbon monoxide. In 2017, Ma et al. decorated sodium
ethoxide-derived carbon foams with silver nanoparticles, via the citrate-protecting
method [46]. This carbon foam had a large surface area of *900 m2/g (much
higher than the graphene or carbon black reference samples). Raman spectroscopy
revealed little or no crystallinity in the carbon foam, with a signal similar to that of
carbon black. The Ag nanoparticle distribution was much improved on the carbon
foam supports compared with graphene or carbon black (Fig. 8.11). In addition, the

Fig. 8.11 SEM images of silver-decorated a carbon foam (CF), b graphene (CG) and c carbon
black (CB). d Partial electrochemical current density for CO formation, and e Faradaic efficiency of
electrochemical CO2 conversion cells. Reproduced with permission from John Wiley and Sons [46]
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Ag nanoparticle size on carbon foam was around 5 nm, compared with >20 nm on
both graphene and carbon black. This is similar to the case of platinum-decorated
carbon foam [45] and is again attributed to the amorphous nature of the material,
providing defects in the carbon lattice for facile nanoparticle nucleation.

The Ag-decorated carbon foams were incorporated into an electrochemical CO2

conversion flow cell, showing by far the highest current density for the formation of
CO (120 mA/cm2), compared to graphene (58 mA/cm2) or carbon black (30 mA/
cm2). The maximum Faradaic efficiency for the carbon foam support was 84% (at
−1.82 V vs. Ag/AgCl), which was also significantly higher than for graphene or
carbon black (around 65% in both cases). This improved performance was attrib-
uted simply to the enhanced nanoparticle distribution in the case of the carbon foam
support.

8.10 Nitrogen-Doped Carbon Foams as Metal-Free
Electrocatalysts for PEMFCs

In the above studies, relatively pure carbon foams are produced by the thermal
decomposition of sodium ethoxide. However, by switching to alternative alkoxide
materials, it is possible to dope the carbon with different heteroatoms. In 2012, Lyth
et al. reacted sodium with ethanolamine to form a nitrogen-containing metal
alkoxide (probably sodium 2-aminoethoxide) [47]. This was then flash pyrolysed in
air at 600 °C, washed in water and then pyrolysed under flowing nitrogen at various
temperatures. The same macroporous foam-like structure was obtained as in the
above works, although here the pore size was slightly smaller at just *200 nm
(Fig. 8.12). The thickness of the walls was measured by AFM to be around 1.7 nm.

Fig. 8.12 a TEM image of nitrogen-doped carbon foam derived from ethanolamine. b Linear
sweep voltammograms (LSVs) of this nitrogen-doped carbon foam pyrolysed at different
temperatures. Reproduced with permission from the Surface Science Society of Japan [47]
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The surface area was rather low (between 60 and 170 m2/g), and the nitrogen
content varied from 15.1, to 8.8, to 4.8 wt% after pyrolysis at 600, 800 and
1000 °C, respectively. This showed that high nitrogen content can be achieved
using this technique, putting it in the range of an amorphous carbon nitride. X-ray
photoelectron spectroscopy (XPS) revealed that the nitrogen was largely in pyri-
dinic and tertiary (graphite-like) atomic configurations.

These materials were tested as ‘metal-free’ electrocatalysts for the oxygen
reduction reaction (ORR). Non-platinum-group metal (non-PGM) catalysts for fuel
cells are a major area of research in the quest to decrease the cost of
hydrogen-related technologies. The most successful materials for this application to
date are generally Fe-N-C catalysts—carbon-based powders doped with nitrogen
and iron. These catalysts are now starting to meet US DOE targets for automotive
applications [48–50]. However, there is an ongoing debate about the nature of the
active site for the ORR in such materials [51]. The three main candidates for the
active sites are (1) atomically dispersed Fe in porphyrin-like configuration [52];
(2) Fe nanoparticles encapsulated in graphitic carbon [53] or (3) metal-free
nitrogen-doped carbon [54]. One particular problem with the third theory is that
iron (or other transition metal) contamination is often found in carbon black [55] or
carbon nanotube-supported ‘metal-free’ catalysts [56]. Since the nitrogen-doped
carbon foams produced from sodium alkoxides are potentially free from iron
contamination and have very large surface area, they are ideal to test the activity of
truly ‘metal-free’ electrocatalysts. The maximum onset potential for the ORR in
these nitrogen-doped carbon foams was 0.87 V vs RHE, and the maximum current
density was −2.3 mA/cm2 (at 0 V vs. RHE and 1600 rpm). The highest electron
transfer number recorded was n = 2.9, reflecting a mix of 2- and 4-electron transfer.
These were relatively good results for a ‘metal-free’ electrocatalyst at the time.
However, due to the stainless steel reaction vessels used in this work, metal con-
tamination could not be ruled out.

In 2016, the same group followed up on this work. Here, Liu et al. reacted
sodium with a mixture of anhydrous ethanol and diethanolamine to form the
alkoxide precursor [57, 58]. Significant steps were taken to ensure that iron con-
tamination was not present, including the use of a PTFE reaction vessel, alumina
boats and even avoiding the use of stainless steel spatulas. The precursor was
ignited and burned in air, washed, dried and pyrolysed at 1000 °C under nitrogen,
then at 800 °C under hydrogen gas flow (to reduce the oxygen content). A second
sample was then also graphitized at 1400 °C to improve the conductivity. The same
micron-scale cells were observed by SEM (Fig. 8.13), and the surface area in both
cases was *700 m2/g. Inductively coupled plasma-atomic emission spectrometry
(ICP-AES) was used as a more sensitive technique than XPS to confirm that the
material was metal-free, to below the detection limit if the machine.

The catalyst heat-treated at 1000 °C had an onset potential for the ORR of 0.8 V
vs RHE, a mass activity 0.46 A/g (at 0.6 V vs. RHE) and a maximum current
density of 2.9 mA/cm2 (at 1600 rpm and 0.2 V vs. RHE). Graphitization at
1400 °C resulted in an increase in onset potential to 0.85 V vs RHE, a mass activity
of 2.79 A/g (at 0.6 V vs. RHE) and a maximum current density of 3.5 mA/cm2
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(at 1600 rpm). This indicated that the increase in conductivity associated with
graphitization was important to increase electrochemical activity. Despite the
serious efforts to remove possible sources of iron contamination, the activity of
these catalysts was much improved compared with their previous work [47].

In the above studies, the ORR activity was eventually attributed to tertiary
nitrogen sites in the carbon matrix, and the reasonable current density was achieved
by increasing the conductivity by pyrolysis at higher temperature. However, it is
clear that the activity of these ‘metal-free’ electrocatalysts is lower than that of most
Fe-N-C electrocatalysts. Therefore, it was essentially concluded that whilst some
4-electron transfer is probably possible in the absence of iron, most of the active
sites in Fe-N-C electrocatalysts probably much faster Fe-containing moieties.

The same samples were also measured in alkaline solution (0.1 M KOH) [57]. It
is well known that metal-free electrocatalysts perform better in alkaline conditions
compared to acidic conditions, and that the reaction mechanisms are probably quite
different. In this case, the ORR activity of the nitrogen-doped carbon foam was
much higher, with an onset potential of 0.95 V vs RHE, a half-wave potential of
0.8 V vs RHE and a maximum current density of −4 mA/cm2 (Fig. 8.14).
However, again, these materials could not compete with Fe-containing electrocat-
alysts. Despite the slightly lower activity compared with Fe-N-C electrocatalysts,
the durability was extraordinary. After subjecting the samples to 60,000 potential
cycles, almost no change in the cyclic voltammograms was observed, and only
slight changes were seen in the mass diffusion limited current of LSVs. In com-
parison, Pt/C underwent large changes under the same conditions, and the Fe-N-C

Fig. 8.13 a TEM images of nitrogen-doped carbon foams derived from diethanolamine. LSVs
(with ring current, top) in acid solution of these catalysts pyrolysed at b 1000 °C and c 1400 °C
[58]
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reference sample also displayed some variation in activity. It was concluded even in
alkaline conditions, Fe-containing active sites are required for the ORR to proceed
efficiently, although some slower metal-free active sites may exist.

8.11 Fe-N-C Carbon Foams for PEMFCs

Whilst the study of ‘metal-free’ nitrogen-doped carbon ORR electrocatalysts is
academically interesting, their activity is not sufficient for applications. Fe-N-C
catalysts that include iron, nitrogen and carbon generally have much higher activity.
Therefore, Mufundirwa et al. fabricated sodium alkoxide-derived nitrogen-doped
carbon foams and then decorated these with iron [59]. In this case, a new method
for the synthesis of the alkoxide precursor was used, in order to avoid the traditional
solvothermal method. This significantly improved the safety of the reaction, by
avoiding the use of high pressure and high temperature, and slowing down the
reaction between sodium metal and the alcohol. Triethanolamine and anhydrous
ethanol were diluted in tetrahydrofuran (THF) in sealed glassware, under flowing
nitrogen gas. This solution was cooled in an ice bath and magnetically stirred, and
then sodium lumps were added. After 48 h, the reaction was complete, the THF was
evaporated under reduced pressure, and the solid product pyrolysed at 600 °C under
flowing nitrogen. After washing, a second pyrolysis step was performed at 1000 °C
under nitrogen. The resulting sample was dispersed in water, mixed with iron
acetate (FeAc), and dried. Finally, the second pyrolysis step was performed at
900 °C in a mixed gas stream of ammonia and nitrogen to decompose the FeAc.
These iron-decorated nitrogen-doped carbon (Fe-N-C) foams had a surface area in
the region of 1600 m2/g and were decorated with many carbon-encapsulated iron

Fig. 8.14 Electrochemical performance in alkaline solution. a Linear sweep voltammograms
(LSVs) comparing metal-free nitrogen-doped carbon foams (CFN, red), with platinum (black), and
a commercially available Fe-N-C catalyst (PP, blue). b Cyclic voltammograms of CFN showing no
change in response over 60,000 potential cycles [57]
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nanoparticles, as observed by TEM (Fig. 8.15). The nitrogen content was 2.2 wt%
and the iron content was *3 wt%.

The ORR activity of these Fe-N-C carbon foam electrocatalysts far outperformed
the previous metal-free incarnations. In acid solution, the onset potential was
0.88 V vs RHE, the half-wave potential was 0.68 V vs RHE and the mass activity
(at 0.8 V vs. RHE) was 6.32 A/g. The activity was slightly better than that of
commercially available Fe-N-C electrocatalysts—in particular, the mass diffusion
limited current density was −5.56 mA/cm2 for the Fe-N-C foam, compared with
−5.11 mA/cm2 for the commercially available Pt-free catalyst.

In alkaline solution, these Fe-N-C foams outperformed not only the commer-
cially available Pt-free catalysts but also platinum. In KOH, Fe-N-C had an onset
potential of *1.0 V vs RHE, an impressive half-wave potential of 0.89 V
vs RHE, a high mass diffusion limited current density of −5.7 mA cm−2 and a mass
activity of 9 A/g. The cycling durability was measured, and the initial activity
was very high for the first 10,000 potential cycles. However, after this, the per-
formance degraded more quickly than the commercially available Fe-N-C catalyst.

Fig. 8.15 a TEM image of Fe nanoparticles in Fe-N-C foams. LSVs in b acid solution and
c alkaline solution. d Cycling durability in 0.1 M KOH. Reproduced with permission from
Elsevier [59]
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As such, Fe-N-C foam is a highly promising material with the potential to compete
with the best non-precious electrocatalysts in the literature and in industry.
However, the stability should be improved for long-term applications.

In summary, the performance of metal-free and Fe-N-C foam electrocatalysts
derived from nitrogen-doped carbon foams has steadily improved over the past
5 years (Table 8.1). This has been due to improved synthesis and processing
techniques that have resulted in higher surface area, optimized porosity, improved
conductivity and a larger number of active sites for the ORR. These carbon foam
catalysts can now compete with other world-class Fe-N-C catalysts produced by
other methods. This is all due to the unique controllable nature of sodium
alkoxide-based carbon foams.

8.12 Pt-Decorated Nitrogen-Doped Carbon Foams
for PEMFCs

Earlier, we saw how Liu et al. utilized carbon foam as a Pt support in PEMFC
electrocatalysts. They followed up this work in 2014, decorating platinum on
nitrogen-doped carbon foam [60]. Diethanolamine and ethanol were reacted with
sodium. The alkoxide product was burned in air, crushed, sonicated, washed and
dried. The samples were pyrolysed at 800 °C under nitrogen, washed and finally
pyrolysed in hydrogen at 800 °C. The BET surface area was 705 m2/g, and the
nitrogen content was *3–6%. Pt decoration (20 wt%) was via thermal decompo-
sition of bis(acetylacetonate)platinum(II). The Pt nanoparticle distribution and
homogeneity were improved in the nitrogen-doped carbon foam, attributed to the
enhanced nucleation of nanoparticles at nitrogen sites (Fig. 8.16). The initial elec-
trochemical performance was slightly worse than un-doped carbon foams, due to the
lower surface area and reduced electronic conductivity. However, the durability was
significantly enhanced, with improved ECSA retention during potential cycling,
attributed to increased binding energy between Pt and nitrogen-doped carbon.

In similar work by a different group, in 2017, Oh et al. utilized carbon foam as a
support material for mesoporous nitrogen-doped carbon (essentially carbon nitride)
and platinum [61]. Carbon foam was produced by rapid decomposition of sodium
ethoxide at 800 °C for 1 min, followed by crushing, washing and drying. Carbon
nitride was coated onto the carbon foam by impregnation with 1-ethyl-3-
methylimidazolium dicyanamide, followed by a second pyrolysis at 600 °C for
1 min under ambient atmosphere. In this work, the high surface area and microp-
orosity of alkoxide-derived carbon foams was attributed to self-activation of the
carbon by the NaOH, Na2O and Na2O2 formed during pyrolysis. The macroporous
structure is clearly attributed to H2O, CO and CO2 gas evolution (i.e. foaming). The
thickness of the carbon foam walls was 11.4 nm, and the coating thickness
was 4–6 nm. The final surface area was 833 m2 g−1, and Raman spectroscopy
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revealed a highly defective material. Electrochemical impedance spectroscopy
(EIS) revealed that carbon nitride coating resulted in increased electronic conduc-
tivity. However, the mechanism for this increase is unclear, since the conductivity
of carbon nitride is much lower than that of pure carbon [10]. EIS is probably not an
ideal technique to measure the conductivity of electrocatalyst powders.

This carbon nitride-coated carbon foam was decorated with Pt nanoparticles via
electrochemical reduction of hexachloroplatinic acid. Uncoated, Pt-decorated car-
bon foam had reasonable initial ECSA of 60 m2/g, which quickly decreased to
<5 m2/g after just 1500 potential cycles. In contrast, the coated composite carbon
foam support displayed very low initial ECSA of <5 m2/g, which increased to
50 m2/g after 1000 potential cycles (Fig. 8.17). This ‘activation’ mechanism was
attributed to differences in wetting and diffusion in the coated sample. However,
such changes in the ECSA of electrocatalysts are commonly observed in the first
few 1000 potential cycles, and therefore rigorous cycling tests are generally con-
ducted over 10,000 s of cycles to draw meaningful conclusions [62]. Fuel cell
membrane electrode assemblies (MEAs) were fabricated with impressive perfor-
mance. The polarization curves revealed significantly enhanced mass diffusion in

Fig. 8.16 TEM images of a Pt-decorated carbon foam, and b Pt-decorated nitrogen-doped carbon
foam. c LSVs comparing the ORR activities. d Change in ECSA with potential cycling.
Reproduced with permission from John Wiley and Sons [60]
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the coated carbon foam samples, compared with carbon black, graphene or carbon
nanotube supports. The power density was not reported but is estimated here to be
*600 mW/cm2.

8.13 Fluorinated Carbon Foams

Finally (for now), carbon foams derived from sodium alkoxide have been doped
with fluorine. In 2015, Lyth et al. reacted sodium metal with a long-chain fluori-
nated alcohol (C6F13CH2CH2OH) in a sealed PTFE pressure reactor, to form a
fluorinated sodium alkoxide [63]. Decomposition of this resulted in the production
of a fluorinated carbon foam. The microstructure was significantly different from
that of the carbon foams or nitrogen-doped carbon foams mentioned above. In this
case, instead of an open-cell carbon foam with micron-scale voids, clusters of
closed-cell hollow nanoparticles were formed (Fig. 8.18). This difference in
microstructure was attributed to the higher viscosity of the fluorinated alkoxide as it
melted and foamed. Several crystalline graphitic phases were formed in the mate-
rial, as observed by X-ray diffraction (XRD). The fluorine content was quite high at
17 at.%, and mainly covalently bonded to carbon. The fluorinated carbon powder
was printed onto various substrates, and the water contact angle was measured to be
168°. This indicated that the material was superhydrophobic. These nanostructured,
superhydrophobic carbon foams could have important applications in water man-
agement in electrochemical devices such as fuel cells and electrolysers.

Fig. 8.17 a Electrochemical surface area (ECSA) of Pt-decorated carbon foam (red) and
Pt-decorated carbon nitride-coated carbon foam. b Polarization curves of MEAs using
Pt-decorated carbon nitride-coated carbon foams (blue), and others. Reproduced with permis-
sion from Elsevier [61]
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8.14 Summary and Conclusions

Carbon foams derived from the decomposition of sodium alkoxides are interesting,
low cost and highly versatile nanomaterials whose chemical structure can be
straightforwardly tailored. The surface areas of these carbon foams have reached up
to 2500 m2/g, due to the very thin graphene-like carbon walls, and high degree of
microporosity achieved through ‘self-activation’. As well as being interesting from a
purely materials science point-of-view, these novel materials have found use in a
wide variety of potential energy-related applications. Pure carbon foams have been
used for hydrogen storage and supercapacitors due to their large surface area.
Sulphur-decorated carbon foams have been used as electrode materials in lithium-ion
batteries. Functionalized carbon foams have been utilized as electrochemical sensors.
Decorating carbon foams with platinum nanoparticles results in electrocatalysts with
enhanced mass activity for the oxygen reduction reaction (ORR). Decorating carbon
foams with silver nanoparticles results in enhanced activity for the carbon dioxide
reduction reaction to carbon monoxide. Nitrogen-doped carbon foams have been
used as metal-free electrocatalysts for the ORR, with reasonable activity and high
durability, especially in alkaline solution. Adding iron to nitrogen-doped carbon
foams results in highly active Fe-N-C foam electrocatalysts for the ORR that out-
perform other state-of-the-art Pt-free electrocatalysts in both acid and alkaline
solutions. Fluorinated carbon foams are superhydrophobic, and have potential uses in
water management in electrochemical energy conversion devices. With further
improvements in materials design and new applications in the pipeline, these highly
versatile carbon foams have the potential to improve the efficiency and viability of
many energy-based applications, at a lower cost.

Acknowledgements The author gratefully acknowledges the support of the Kyushu University
Platform of Inter/Transdisciplinary Energy Research (Q-PIT); and the International Institute for
Carbon Neutral Energy Research (WPI-I2CNER), Kyushu University, Japan.

Fig. 8.18 a TEM image of fluorinated carbon foam. b Water contact angle measurements (168°).
Reproduced with permission from The Royal Society of Chemistry [63]
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Chapter 9
Hydrogen-Evolving CNT-Photocatalysts
for Effective Use of Solar Energy

Yutaka Takaguchi, Tomoyuki Tajima and Hideaki Miyake

9.1 Introduction

Overall water splitting using photocatalysts has attracted considerable interest due
to its potential for CO2-free production of hydrogen from water by utilizing
abundant solar light energy [1–7]. To improve the productivity of hydrogen of the
overall water splitting, expanding active wavelengths of the photocatalyst from UV
light to visible or near-IR (NIR) lights is required, because maximum solar light
conversion efficiencies depend on the active wavelength region in the solar spec-
trum, e.g., ca. 2% (300 nm < k < 400 nm), 16% (300 nm < k < 600 nm), and
32% (300 nm < k < 800 nm) [8]. In this context, Z-scheme photocatalysis sys-
tems, i.e., two-step photoexcitation processes using an O2-evolving photocatalyst
and a H2-evolving photocatalyst combined with a redox shuttle have been devel-
oped [9–12]. However, the active wavelengths of the photocatalytic water splitting
are not at satisfactory level. For instance, Kudo and coworkers described an efficient
Z-scheme photocatalytic system based on BiVO4 as an O2-evolving photocatalyst,
Ru/SrTiO3:Rh as a H2-evolving photocatalyst, and [Co(bpy)3]

2+/3+ as a redox
couple exhibited overall water-splitting activity under the illumination by the light
with wavelength less than 520 nm [13]. In this chapter, a novel category of H2-
evolving photocatalysts based on semiconducting SWCNTs (s-SWCNTs) for the
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photocatalytic overall water splitting is described. These CNT-photocatalysts shows
H2-evolving activity under visible and even NIR illumination since s-SWCNTs act
as light absorbers. Although several examples of H2-evolution reaction
(HER) using a photocatalytic system containing SWCNTs as a conducting material
have been reported [14–16], HER triggered by the photoexcitation of s-SWCNTs
has never been proved until our report in 2017 [17–19].

s-SWCNTs have very unique properties that span organic and inorganic semi-
conducting materials [20–29]. Importantly, s-SWCNTs are quite efficient light
absorbers from the viewpoint of solar energy harvesting. Because the absorption
bands of s-SWCNTs are depending on their chiral indices (n,m) [30, 31], a
hypothetical 150 nm thick film comprised of ten different particular s-SWCNT
species would absorb 86% of solar spectrum below 1.1 eV [32]. Tune and Shapter
reported the potential power conversion efficiency of a hypothetical tandem device
fabricated from the combination of four single-species, (6,4), (9,1), (7,3), and
(7,5)tubes, could be estimated to as high as 28% [33]. These calculations highlight
the potential of solar energy harvesting through the highly absorptive s-SWCNT
excitonic transitions. In this context, Blackburn reviewed various photovoltaic
systems, except for photocatalysts, based on s-SWCNT for the effective use of solar
energy [34–36].

H2-evolving CNT-photocatalysts based on s-SWCNTs as a solar light absorber
are quite rare due to several obstacles: (1) Large exciton dissociation energy of
s-SWCNT, (2) Bundle formation and energy migration between s-SWCNTs,
(3) Single helicity is necessary for high performance, and (4) Low dispersibility in
water. To solve these problems, we propose using a coaxial heterojunction nano-
wire structure based on s-SWCNTs as a core and fullerodendron as a shell material
(Fig. 9.1). From the viewpoint of photovoltaic (PV) device application of
s-SWCNTs, s-SWCNT/C60 heterojunctions are necessary for the high internal
quantum efficiencies (IQEs) of the solar cells [37–40], because the exciton disso-
ciation at the donor–acceptor (SWCNT-C60) interface, which occurs due to the
band offset energy between the conduction band of SWCNT and the LUMO of C60,
derives the generation of the mobile carriers, holes and electrons, despite the large
binding energy (>100 meV) of the excitons produced by the optical absorption of

s-SWCNT core
C60 layer

PAMAM dendron shell

Fig. 9.1 The structure of a typical CNT-photocatalyst having a coaxial SWCNT/C60

heterojunction
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the s-SWCNTs [41–43]. Therefore, s-SWCNT/C60 heterojunction of the coaxial
nanowire could generate the electron that be consumed by HER at the co-catalyst.
Furthermore, the coaxial nanowire structure serves the isolation of the individual
s-SWCNTs very stable. Hence, energy migration and/or carrier trapping because of
the interaction between s-SWCNTs with different helicities will never occur. In
other words, time-consuming purification processes of s-SWCNTs to obtain a
highly pure single helicity of SWCNT is unnecessary. The shell of the coaxial
nanowire acts as not only a protecting layer of the SWCNT/C60 heterojunction but
also a dispersant layer in water.

9.2 Coaxial Heterojunction Nanowires:
CNT-Photocatalysts

The coaxial SWCNT/C60 heterojunction with s-SWCNT-core was fabricated by a
physical modification of s-SWCNTs using an amphiphilic fullerodendron [44].
Schematic illustration of the formation of SWCNT/fullerodendron supramolecular
nanocomposites via self-organization of the fullerodendron on the lateral surface of
the SWCNT is shown in Fig. 9.2. In a typical experiment, SWCNTs (1.0 mg) was
added to a water solution (10 mL) of fullerodendron (25.5 mg, 0.01 lmol), which
was then sonicated in a bath-type ultrasonicator at 17–25 °C for 3 h. After the
suspension was centrifuged (3000 g, 30 min), the black supernatant dispersion
containing SWCNT/fullerodendron was collected and purified by dialysis for
3 days to remove any excess of fullerodendron molecules. AFM and TEM obser-
vations of SWCNT/fullerodendron nanocomposites reveal nanofibers with diame-
ters of 2–5 nm consisting with their coaxial nanowire structures [45]. The isolation

(a) (b)

Fig. 9.2 a Schematic illustration of the formation of a SWCNT/fullerodendron supramolecular
nanocomposite that was used for a CNT-photocatalyst. b The structure of fullerodendron

9 Hydrogen-Evolving CNT-Photocatalysts for Effective … 207



of the individual s-SWCNT is evidenced by 2D photoluminescence spectra of
SWCNT/fullerodendron nanocomposites in D2O [46].

Photophysical properties of a coaxial heterojunction made by a physical modi-
fication of SWCNTs were first reported by Nakashima and colleagues [47]. They
observed the fluorescence quenching of pyrene derivatives that adsorbed on the
SWCNTs [48]. Photoinduced electron transfer (PET) process of a physically
modified SWCNT with a coaxial SWCNT/anthracene heterojunction was then
investigated by means of a fluorescence decay profile of the anthracene moiety and
nanosecond transient absorption spectra (Fig. 9.3a) [49]. Upon 355-nm laser light
irradiation, the PET from an amphiphilic anthryl dendron to the SWCNT-core
afforded the radical ion pair (SWCNT•−/anthracene•+), of which lifetime (s) was
calculated to be 1000 ns. This result indicated that the s-SWCNT-core might
hamper the charge recombination due to its high charge carrier mobility
(>100 000 cm2/Vs) [50]. Furthermore, PET of a coaxial heterojunction between
SWCNT and C60 has been reported by the use of SWCNT/fullerodendron
supramolecular nanocomposites (Fig. 9.3b) [51, 52]. On addition of methylviolo-
gene dication (MV2+) as an electron pooling reagent, the radical cation MV•+ was
accumulated by visible light illumination of the SWCNT/fullerodendron
supramolecular nanocomposites. Nanosecond transient absorption spectra shows
the increase of MV•+ (620 nm) was observed as the decrease of C60

•– (1020 nm)
(Fig. 9.3c). The fluorescence lifetimes of the fullerene moiety and efficient accu-
mulation of MV•+ suggest that the photosensitized charge separation occurs
between C60 and SWCNTs, followed by electron-mediating and hole-shifting

(a)

(b)

(c)

Fig. 9.3 a PET from anthryl dendron to SWCNT leading to the generation of anthracene cation
radical. b PET from SWCNT-C60 heterojunction to MV2+. c Nanosecond transient absorption
spectra of SWCNT/C60 in D2O observed by 532-nm laser irradiation. Inset: Absorption time
profile
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processes, resulting in the persistent MV•+. This result indicated that SWCNT/C60

coaxial heterojunctions could act as photosensitizers of photoredox reaction, such
as HER from water.

9.3 Shell Modification of the CNT-Photocatalysts

Since the accumulation of MV•+ can be used for HER from water in the presence of
Pt nanoparticles [53], we explored the HER using the SWCNT/fullerodendron
nanocomposites as photosensitizers (Fig. 9.4). Upon photoirradiation
(k > 422 ± 5 nm), continuous and steady HER (5.3 lmol/h) was observed using a
water solution (150 mL) of SWCNT/fullerodendron nanocomposites (SWCNT
content was 0.48 mg), MV2+ (2.4 mM), benzyldihydronicotinamide (BNAH;
1.2 mM), and PVA-Pt (740 lM). The apparent quantum yield (AQY) of this
photosensitized H2 evolution was estimated to be 0.28 under 450-nm light illu-
mination. Furthermore, the AQY of HER can be improved by shell modification of
the coaxial heterojunction nanowire. Since there are many functional groups on the
surface of SWCNT/fullerodendron nanocomposites, such as carboxy and amine
groups of the poly(amidoamine) (PAMAM) dendron moieties, a chemical modifi-
cation of the coaxial nanowire is quite easy. After introduction of the SiO2 shell into
the SWCNT/fullerodendron by sol-gel processing using tetraethoxy silane (Si
(OEt)4), the AQY of HER improved to 0.31 from 0.28 (AQY of SWCNT/
fullerodendron) [54]. Moreover, the electron extracting TiOx layer, which is
incorporated into the shell of SWCNT/fullerodendron using a sol-gel condensation
of Ti(OiPr)4, is quite effective to boost the HER from water, of which AQY is
estimated to be 0.47 under 450-nm light illumination [55]. It is notable that the
thicknesses of metal oxide layers of SWCNT/fullerodendron/SiO2 and SWCNT/
fullerodendron/TiOx are easily controlled to thin (10–30 nm) owing to the scaffold

Fig. 9.4 AQYs of HER using CNT-photocatalysts, SWCNT/fullerodendron, SWCNT/fullero-
dendron/SiO2, and SWCNT/fullerodenron/TiOx
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effect of the dendrimer moieties of the coaxial nanowires. As the result, the light
absorption of the SWCNT-core, that is important for HER activity, is not inter-
rupted by the scattering of the metal oxide shell.

9.4 Co-catalyst Loading on the CNT-Photocatalysts

The PAMAM dendron moieties of CNT-photocatalysts can be used for the coor-
dination site of the metals as well as the scaffold of the sol-gel processing [56–59].
Since Crooks and colleagues reported the fabrication and electrocatalytic activity of
versatile metal nanoparticles stabilized by PAMAM dendrimers via the formation of
a metal complex with PAMAM dendrimer [60, 61], the same strategy could employ
for the construction of an interconnecting system, where the photosensitizer
(SWCNT/fullerodendron) and co-catalyst (metal complex or metal nanoparticle) are
directly connected through the dendron moiety without the help of an electron relay
molecule, such as MV2+. In contrast to the three-component system consisting of the
photosensitizer, the electron relay molecule, and the co-catalyst, the interconnecting
system can be used for the H2-evolving photocatalyst as a component of a Z-scheme
photocatalytic system that is two-step photoexcitation process based on a H2-evol-
ving photocatalyst and O2-evolving photocatalyst combined with a redox shuttle.

Figure 9.5 shows the schematic illustration of the fabrication of the intercon-
necting system, i.e., CNT-photocatalysts having Pt(II) complex on the shell.
Complexation between K2PtCl4 and SWCNT/fullerodendron supramolecular

Fig. 9.5 Complexation of the shell of the fullerodendron with Pt(II) to afford the interconnecting
system, SWCNT/fullerodendron/Pt(II)
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nanocomposites afforded SWCNT/fullerodendron/Pt(II) coaxial nanowires
exhibiting H2 evolving activity, of which AQY was 0.16 upon irradiation of
monochromatic light at 450 nm [62]. Although this AQY (0.16) of the SWCNT/
fullerodendron/Pt(II) is a bit lower than the AQY of the SWCNT/fullerodendron
(0.28) because of the absorption of Pt(II) complexes at the dendron moieties of the
CNT-photocatalyst, the H2-evoluving rate of the SWCNT/fullerodendron/Pt(II)
(8.6 lmol/h) is higher than that of SWCNT/fullerodendron (5.3 lmol/h). This
result indicates that the direct incorporation of a co-catalyst into the shell of
CNT-photocatalyst is useful to construct the interconnecting system for HER that
could be applied for the overall water splitting. The high-hole mobility on SWCNTs
might contribute the interruption of the charge recombination between the
co-catalyst and SWCNT-core.

9.5 Controlling Active Wavelengths by Changing
the SWCNT-Core

From the viewpoint of the overall water splitting using a Z-scheme photocatalytic
system (two-step photoexcitation system), the wavelength of 1000 nm might be a
challenging target of the active wavelength of photocatalytic HER. Because the
wavelength of 1000 nm, which equals to 1.23 eV, is the minimal energy to fulfill
the redox potentials of the H+/H2 and O2/H2O pairs. In other words, in order to use
the wavelength longer than 1000 nm for HER, the construction of a Z-scheme
photocatalytic system is requisite. In this context, the CNT-photocatalyst having
(8,3)tube at the core is of interest, since the absorption bands of (8,3)tube are at
680 nm and 1000 nm (Fig. 9.6a). (8,3)SWCNT/fullerodendron and (8,3)SWCNT/
fullerodendron/Pt(II) complex were fabricated by the use of commercially available
(6,5)-enriched SWCNTs, which contain (6,5), (7,5), and (8,3)tubes [17]. The AQYs

Fig. 9.6 a DOS of (8,3)tube at the core of the SWCNT/fullerodendron nanocomposite.
b Schematic illustration of HER using an interconnecting system, (8,3)tube/fullerodendron/Pt(II)
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of HER using (8,3)SWCNT/fullerodendron were estimated to be 0.17 and 0.073
under 680-nm and 1000-nm light illumination, respectively. Importantly, this is the
first example of HER triggered by the photoexcitation of SWCNTs, since
absorption of the light by C60 moieties of the CNT-photocatalyst could occur in
previous cases [54, 55, 62].

Compared to good AQYs of HER using (8,3)SWCNT/fullerodendron, (8,3)
SWCNT/fullerodendron/Pt(II) showed a relatively low AQY, which was 0.015
(kirr = 680 nm) (Fig. 9.6b). Since efficient PET from SWCNT-core to Pt(II) com-
plexes was evidenced by photoluminescence spectra exhibiting the quenching of
the E11 emission of (8,3)SWCNT after the Pt(II) loading on the shell of the (8,3)
SWCNT/fullerodendron nanocomposite, one-tenth efficiency of (8,3)SWCNT/
fullerodendron/Pt(II) compared to (8,3)SWCNT/fullerodendron might attributed to
the difference of co-catalyst activity between Pt(II) complexes and Pt(0) nanopar-
ticles. It is notable that these AQYs under NIR-light illuminations are quite high
even by using (8,3)SWCNT/fullerodendron/Pt(II), so CNT-photocatalysts are
potentially useful for the photocatalytic overall water-splitting system by the use of
the solar energy (Fig. 9.7). But, unfortunately, the photocatalytic activity of the
(8,3)SWCNT/fullerodendron/Pt(II) coaxial nanowire is not sufficient to construct a
Z-scheme photocatalytic system. Recently, the author’s group has found a highly
efficient metal co-catalyst for CNT-photocatalysts that is capable to act as a H2-
evolving photocatalyst in the Z-scheme photocatalytic system:
(CNT-photocatalysts)-(BiVO4)-([Co(bpy)4]

2+/3+).

Fig. 9.7 Possible Z-scheme water splitting system based on the CNT-photocatalyst and an O2-
evolving photocatalyst

212 Y. Takaguchi et al.



9.6 Stepping over the Flavel’s Limitation
of the SWCNT-Core

Although CNT-photocatalysts show high HER activities upon photoirradiation by
visible and NIR lights, they cannot use all areas of the solar spectrum because of the
diameter limit set by Flavel and colleagues [63]. They reported that the diameter
limit for SWCNTs in SWCNT/C60 solar cells is 0.95 nm ((8,6)tube) in terms of the
s-SWCNTs’ ability to generate mobile charge carriers upon photoirradiation of the
s-SWCNT/C60 heterojunction. In order to overstep the Flavel’s limitation, a novel
heterojunction generating mobile carriers to produce H2 is required. In this context,
the authors proposed two strategies by the use of (1) spontaneous exciton disso-
ciation in water-dispersible CNT-photocatalysts, (2) three-component heterojunc-
tion based on dye-encapsulated s-SWCNTs and C60, wherein the s-SWCNT acts as
an intermediate layer.

At this point, CNT-photocatalysts exhibit HER activity upon the photoexcitation
of SWCNT-core via the PET process from s-SWCNT to C60 after the exciton
dissociation and the mobile carrier generation at the s-SWCNT/C60 coaxial
heterojunction. However, it remains unclear whether the C60 layer is necessary for
the dissociation of excitons. As the exciton binding energy strongly depends on the
surrounding dielectric constant (e) of the environment [41–43], the exciton disso-
ciation could be facilitated in aqueous (eH2O = 80) dispersion systems, relative to
the case of photovoltaic film devices, wherein s-SWCNTs are surrounded by the
acceptor C60 (eC60 = 4.4) [63, 64]. To obtain a water-dispersible SWCNT/
dendrimer nanocomposite that does not contain the s-SWCNT/C60 heterojunction,
the poly(amidoamine) dendrimer having a 1,10-bis(decyloxy)decane core and
carboxylate (COO¯) terminals was used for the construction a new
CNT-photocatalyst (Fig. 9.8) [18]. Surprisingly, 3.7 lmol/h of H2 was generated
upon photoirradiation (k > 422 nm) using SWCNT/dendrimer nanocomposites as
photosensitizers, BNAH, MV2+, and Pt-PVP. For a comparison between pristine
SWCNT and the SWCNT/C60 heterojunctions, we evaluated the AQYs of HERs by
using SWCNT/dendrimer and SWCNT/fullerodendron supramolecular

Fig. 9.8 a Molecular structure of the dendritic dispersant. b HER via spontaneous exciton
dissociation using SWCNT/dendrimer supramolecular nanocomposite
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nanocomposites. Under exposure to light of 650 nm wavelength, the SWCNT/C60

heterojunctions exhibited a AQY of 0.11 (SWCNT/fullerodendron), which is, as
expected, higher than that of SWCNT/dendrimer (0.03). However, it is important
that SWCNT/C60 heterojunctions are not essential for the photosensitizing property
of s-SWCNT for HER.

Another approach for stepping over the Flavel’s limit was encapsulation of dye
molecules into the SWCNT-core of CNT-photocatalyst to absorb the light that
cannot use by the SWCNT/C60 coaxial heterojunctions. In order to prove this
concept, organic dye 1 [65], which is expected to act as an absorber of visible light
and as a donor for C60, was encapsulated within s-SWCNTs to produce the novel
dye-encapsulated s-SWCNT (1@SWCNT), whose diameter (*1.4 nm) exceeds
the limit set by Flavel’s rule [63]. Then CNT-photocatalyst consisting of
1@SWCNT was fabricated by physical modification of 1@SWCNT with a
fullerodendron (Fig. 9.9) [66]. Owing to the three-component heterojunction, dye
1/SWCNT/C60, the photoinduced electron transfer from dye 1 to C60 proceeded
smoothly, resulting in the photosensitized evolution of H2 from H2O in the presence
of BNAH, MV2+ and PVP-Pt, which was confirmed by the action spectra. AQYs of
this HER were 0.075 and 0.013 under 550-nm and 650-nm light illumination,
respectively.

9.7 Conclusion

Table 9.1 describes the AQYs of photocatalytic HERs using CNT-photocatalysts.
Importantly, CNT-photocatalysts shows high efficiency of HER from water even
under NIR-light illumination. The active wavelengths of the CNT-photocatalysts
are controllable by changing the helicity of s-SWCNTs or encapsulated dye
molecules. In marked contrast to CNT solar cells, strict purification of s-SWCNTs
to obtain single (n,m) species is not necessary, because each CNT-photocatalysts
have an individual s-SWCNT at the isolated core. From the viewpoint of the

Fig. 9.9 Fabrication of the 1@SWCNT/fullerodendron nanocomposite as H2-evolving
CNT-photocatalyst
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avoidance of time consuming purification process of s-SWCNT to fabricate the
CNT solar cells, solar energy conversion using CNT-photocatalyst has the big
advantage. Moreover, CNT-photocatalysts are quite promising for the H2-evolving
photocatalyst of Z-scheme photocatalytic systems, because they could combine
with an O2-evolving photocatalyst (e.g., BiVO4) and a redox couple (e.g., [Co
(bpy)3]

2+/3+). In order to improve the solar energy conversion efficiency, further
investigation on the PET process on the CNT-photocatalyst to discover the best
combination of heterojunction materials, co-catalysts, redox couples, and O2

evolving photocatalysts, is now undergoing.
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Chapter 10
Carbon-Based Electrodes and Catalysts
for the Electroreduction of Carbon
Dioxide (CO2) to Value-Added
Chemicals

Sumit Verma, Uzoma O. Nwabara and Paul J. A. Kenis

10.1 Introduction

Starting with the industrial revolution in the mid-eighteenth century, primarily
naturally occurring fossil fuel resources (coal, oil, and natural gas) have been used
to meet the energy demands of the growing global population. While fossil fuels
offer an incredibly dense source of raw energy, its consumption (burning) results in
large-scale anthropogenic carbon dioxide (CO2) emissions. As a result, the atmo-
spheric CO2 levels have risen from *320 ppm in 1960 to more than 400 ppm in
2016 [1]. CO2 being a greenhouse gas has been shown to negatively affect the
energy balance on earth, thereby correlating to deleterious climate change effects
such as increased temperature anomalies (global warming), rising sea levels, and
ocean acidification [2, 3]. Thus, developing technological solutions that can miti-
gate, reduce, or utilize excess anthropogenic CO2 emissions while maintaining and/
or improving the standard of living for the growing world population, remains one
of the grand challenges of the twenty-first century [4].

In the early 2000s, Socolow et al. proposed the stabilization wedges approach to
help design a framework for stabilizing and eventually reducing the excess
anthropogenic CO2 emissions [5]. The strategy suggested that owing to the enor-
mous scale of excess CO2 emissions (on the order of 4 GtC year−1) [6], a variety of
solutions (referred to as stabilization wedges) need to be implemented together. The
solutions include carbon intensity reduction methods such as increasing the energy
efficiency of vehicles, buildings, and fossil fuel powered power plants, increasing
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the penetration of low carbon or renewable energy sources such as wind, solar,
nuclear, and/or biofuels into the electricity grid and the transportation sector, as well
as environmental conservation techniques such as reduced deforestation, refor-
estation, afforestation, and conservation tillage. Another emerging area of research
is the utilization of CO2 as a renewable resource to produce value-added products
such as plastics, fire extinguishers, fire suppressants, refrigerants, carbon chemicals,
etc., or utilize excess CO2 to drive industrial scale processes such as enhanced fuel
recovery (Fig. 10.1) [7, 8]. Of the different CO2 utilization approaches, of particular
interest is the electroreduction of CO2 to value-added carbon chemical feedstocks
such as formate/formic acid (HCOO–/HCOOH), carbon monoxide (CO), methanol
(CH3OH), ethylene (C2H4), ethanol (C2H5OH), etc. (Fig. 10.2) [9–13]. When
driven by intermittent renewable wind or solar electricity, CO2 electroreduction has
the potential to be utilized as a platform process to store excess electricity (when
supply exceeds demand) or to manufacture industrially relevant carbon chemicals
that are currently manufactured on the large scale using fossil fuel-based feedstocks
and/or require fossil fuel based energy to drive the process.

In this chapter, we focus on the electroreduction of CO2 to carbon chemicals
such as HCOO–/HCOOH, CO, CH3OH, C2H4, and C2H5OH. We begin by pro-
viding an overview of the thermodynamics and reaction pathways for the elec-
troreduction of CO2 followed by a description of the figure of merits used to
characterize electrochemical performance and a concise review of recent progress
made in the field with regards to the study and design of improved electrochemical
reactors, electrodes, catalysts, and electrolytes. Next, we turn our attention to an
emerging class of CO2 electroreduction electrodes and catalysts based on carbon
materials, forming the core of this chapter. Carbon materials have been receiving

Fig. 10.1 An overview of the many ways in which excess anthropogenic CO2 can be utilized.
Adapted from Ref. [8] with permission from the U.S. Department of Energy’s National Energy
Technology Laboratory
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significant research attention in the past decade due to their ability to replace the
conventionally used transition metal catalysts without sacrificing performance [14,
15]. This review concludes with a summary of the remaining challenges in the field
and a proposal for strategies that can be utilized moving forward.

10.2 Electroreduction of CO2 to Value Added Carbon
Chemicals

10.2.1 Thermodynamics and Reaction Mechanism

A typical CO2 electrolysis process consists of a CO2 electroreduction reaction
taking place at the cathode (negative) side of an electrolyzer coupled to an oxygen
(O2) evolution reaction taking place at the anode (positive) side of an electrolyzer.
Depending on the catalyst, electrolyte, or reaction condition being used, the elec-
troreduction of CO2 can produce more than 16 different carbon products [16–18].
Table 10.1 provides a list of select CO2 electroreduction products along with the
standard reduction potentials (E0), standard cell potentials (E0

cell), and number of
electrons required (z) [19]. A quick analysis of the E0 and E0

cell values for different
CO2 electroreduction products suggests that the energy requirements are very
similar to that required for the electrolysis of water (H2O) to hydrogen (H2). Hence,
a common concern with many CO2 electrolysis processes (especially when utilizing
aqueous electrolytes) is the parasitic H2 evolution reaction that tends to compete
with the electroreduction of CO2 for catalytic sites. Thus, the design of catalysts,
electrolytes, and electrochemical reactors that can suppress the H2 evolution reac-
tion and as a result enhance the CO2 electroreduction reaction remains an active
area of research [20–23].

Fig. 10.2 a Schematic representation of the renewable electricity driven electroreduction of CO2.
Reproduced with permission from Ref. [13]. Copyright 2014, American Chemical Society.
b Some of the value-added carbon chemicals that can be produced via the electroreduction of CO2.
Reproduced with permission from Ref. [12]. Copyright 2010, American Chemical Society
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While the theoretical thermodynamic analysis of CO2 electroreduction suggests
that the reaction requires fairly low amounts of energy to proceed, typically a very
high overpotential (i.e., energy in addition to the thermodynamic minimum) is
required [22, 23]. For the simple case of the electroreduction of CO2 to HCOO–/
HCOOH or CO (i.e., a 2-step reaction), the formation of the rate determining CO2

•–

radical anion (E0 = –1.9 V vs. SHE) drives up the energy requirement for this
process (Fig. 10.3) [24–26]. As a result, most of the catalysts and electrolytes
designed and/or studied for the electroreduction of CO2 (especially for HCOO–/
HCOOH and CO production) aim at lowering the energy requirement for the for-
mation of the CO2

•– radical anion [11, 20–23, 27]. The production of CO2 elec-
troreduction products such as CH3OH, CH4, C2H4, and C2H5OH that require the
transfer of more than 2 electrons is even more complex. This is because many of the
products involve the formation of multiple rate determining intermediates and/or
share common intermediates (Fig. 10.3) [13, 26, 28]. Developing catalysts and/or

Fig. 10.3 Schematic illustration of the reaction pathways for the electroreduction of CO2 to a CO,
CH4, CH3OH, HCOO

−, and b C2H4 and C2H5OH. Potentials are reported versus the reversible
hydrogen electrode (RHE). RDS = rate-determining step. Reproduced with permission from Ref.
[26]. Copyright 2015, American Chemical Society
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electrochemical systems that can selectively stabilize the key intermediate without
affecting the energetics of all the other species involved in the process remains a
key catalysis challenge in the field.

10.2.2 Performance Metrics

The performance of CO2 electroreduction systems are typically assessed in terms of
eight different parameters namely cathode potential (Ecathode in V vs. RHE, SHE,
SCE, Ag/AgCl, or Ag/Ag+), cathode overpotential (ηcathode in V), cell potential
(Ecell in V), cell overpotential (ηcell in V), energetic efficiency for product ‘P’ (EEP

in %), Faradaic efficiency for product ‘P’ (FEP in %), current density (j in
mA cm−2), partial current density for product ‘P’ (jP in mA cm−2), and catalyst
durability (tcatdur in hours) [11, 22, 29]. The Ecathode, ηcathode, Ecell, ηcell, and EEP

values represent the energetics (i.e., energy requirement) of the CO2 electrore-
duction process. In particular Ecathode represents the energy required to drive the
CO2 electroreduction reaction at the cathode whereas Ecell represents the overall
energy required to drive both the CO2 electroreduction reaction at the cathode and
the O2 evolution reaction at the anode. Ecell can be defined according to Eq. 10.1 as
follows:

Ecell ¼ Ecathode � Eanode ð10:1Þ

ηcathode and ηcell represent the energy required in addition to the thermodynamic
minimum cathode reduction potential (E0

cathode) and the cell reduction potential
(E0

cell), respectively. Assuming that the CO2 electroreduction experiments were
performed under standard conditions of 1 atm, 25 °C, and unit activity of all species
involved, ηcathode and ηcell can be defined according to Eqs. 10.2 and 10.3 as
follows:

gcathode ¼ Ecathode � E0
cathode ð10:2Þ

gcell ¼ Ecell � E0
cell ð10:3Þ

EEP or the energetic efficiency for product ‘P’ represents the second law of
thermodynamics efficiency for the electroreduction of CO2 to the product ‘P’ and is
defined according to Eq. 10.4 as follows (assuming that the CO2 electroreduction
experiments were performed under standard conditions of 1 atm, 25 °C, and unit
activity of all species involved):

EEP ¼ E0
cell � FEP

Ecell
ð10:4Þ

Note that for CO2 electroreduction experiments performed under nonstandard
conditions (pressure, temperature, and activity of involved species different than
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1 atm, 25 °C, or unity, respectively), the equilibrium potential estimated using the
Nernst equation should be used as the thermodynamic minimum for Eqs. 10.2–10.4
instead of E0

cathode and E0
cell [30]. FEP or the Faradaic efficiency for product ‘P’ (also

referred to as current efficiency) represents the selectivity of the CO2 electrore-
duction process towards the product ‘P’ and is defined per Eq. 10.5 as follows:

FEP ¼ znF
Q

� 100; ð10:5Þ

where z is the number of electrons exchanged to form the product ‘P’ (see
Table 10.1 for a list of z values for the different products of CO2 electroreduction),
n represents the moles of the product ‘P’, F is the Faraday’s constant (96,485 C
mol−1), and Q is the amount of charge passed. The current density (j) represents the
overall activity or the electrochemical reaction rate. Usually, the current density
(j) values are obtained by normalizing the total current with the geometric surface
area of the electrode being studied. In rare instances, the electrochemically active
surface area (ECSA) is used to normalize the current instead of the geometric
surface area. For all the subsequent descriptions of j in this chapter, we will be
using the j values normalized by the geometric surface area as that represents the
most common method of reporting current density data in the literature. jP or partial
current density for product ‘P’ represents the activity or the electrochemical reaction
rate for the formation of product ‘P’ and can be calculated according the Eq. 10.6 as
follows.

jP ¼ j � FEP ð10:6Þ

Finally, tcatdur represents the durability of the catalyst under investigation or in
other words for how long can the catalyst can be used without the need for any
catalyst regeneration step.

10.2.3 Recent Progress

The early pioneering work in the area of CO2 electroreduction was performed by
Yoshio Hori and coworkers at Chiba University in Japan in the 1980s and 1990s
where they screened different transitions metals to classify them according to their
activity and selectivity toward different products of CO2 electroreduction [17, 18].
Since then, significant research efforts have focused on the study, design, and
development of electrochemical reactors, electrodes, catalysts, and electrolytes that
can improve the activity and selectivity of CO2 electroreduction toward a target
product. This section provides a brief overview of the promising efforts being
undertaken in this area.
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10.2.3.1 Electrochemical Reactors and Electrodes

Typical lab scale CO2 electroreduction studies are performed using either an ana-
lytical H-cell or a 3-electrode cell and/or employ a CO2 saturated aqueous elec-
trolyte as the source of CO2 feed [16, 31, 32]. However, the solubility of CO2 in
aqueous solutions is low (*35 mM under ambient conditions) [33]. Hence, studies
using dissolved CO2 as the reactant feed are typically limited by the mass transport
of CO2 to the electrode surface and result in low activity (current densities much
less than 50 mA cm−2). An alternative to using dissolved CO2 as the reactant feed
would be the use of a gas diffusion layer (GDL) electrode based flow electrolyzer as
demonstrated by us and others [34–45]. Figure 10.4 shows the schematic illustra-
tion of a single as well as a dual electrolyte channel flow electrolyzer setup regu-
larly used in our lab [30]. The setup consists of a catalyst coated GDL cathode and a
catalyst coated GDL anode separated by a flowing electrolyte stream (for a single
electrolyte channel flow electrolyzer) and two flowing electrolyte streams separated
by an anion exchange membrane (for a dual electrolyte channel flow electrolyzer).
The GDL electrode forms the most important component of this setup as the porous
structure of the GDL enables a continuous supply of CO2 to the electrode–elec-
trolyte interface (i.e., surface at which the CO2 electroreduction reaction takes
place), thus avoiding mass transport limitations associated with the low solubility of
CO2 in aqueous solutions, resulting in high activity (current densities typically in
the 100–500 mA cm−2 range). GDLs are usually comprised of carbon-based
materials and will be discussed in detail in Sect. 10.3.1 of this chapter. The use of a

Fig. 10.4 Schematic
illustration of a gas diffusion
layer (GDL) electrode based
a single electrolyte channel
and b dual electrolyte channel
flow electrolyzer. Reproduced
with permission from Ref.
[30]. Copyright 2017,
American Chemical Society
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flowing electrolyte further enables the study of electrolytes with alkaline pH
without having to worry about significant carbonate formation and/or precipitation
[46]. Furthermore, the results obtained with a GDL electrode based flow elec-
trolyzers can in principle be scaled to industrial scale stacks by imagining com-
bining multiple of these flow electrolyzers to form a stack. The reader is referred to
an excellent in-depth review by Endrődi and coworkers on the different CO2

electrolyzer designs utilizing a continuous CO2 stream as the reactant feed [47].

10.2.3.2 Catalysts

Hori and coworkers in their early seminal work classified transition metal catalysts
for the electroreduction of CO2 into four different groups on the basis of their
selectivity toward different products [17, 18]. The first group of metals, bismuth
(Bi), cadmium (Cd), tin (Sn), indium (In), thallium (Tl), mercury (Hg), and lead
(Pb) showed selectivity toward the electroreduction of CO2 to HCOO–. The second
group consisted of metals like gallium (Ga), palladium (Pd), zinc (Zn), silver (Ag),
and gold (Au) that were selective toward the electroreduction of CO2 to CO. The
third group consisted of copper (Cu), the only catalyst that showed selectivity

Fig. 10.5 Schematic illustration of the different classes of catalytic materials developed in the
literature for the electroreduction of CO2 along with the different design strategies being employed.
Reproduced from Ref. [23] under the creative commons attribution (CC-BY) license
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toward production of a variety of hydrocarbons and oxygenates such as CH4, C2H4,
C2H5OH, and propanol. The fourth group consisted of transition metals such as
titanium (Ti), platinum (Pt), iron (Fe), and nickel (Ni) that did not show any CO2

electroreduction activity and thus resulted in parasitic H2 evolution. Since this
seminal work by Hori over 25 years ago, a variety of catalyst design strategies such
as nanostructuring, alloying, surface strain engineering, doping, and the use of
catalyst supports have been employed to either improve the intrinsic activity of
catalytic sites or increase the number of catalytic sites (Fig. 10.5). See some
excellent recent reviews by Larrazabal et al. [23], Seh et al. [48], Qiao et al. [27],
and Khezri et al. [49], for an in-depth analysis of the different catalytic materials
designed for the electroreduction of CO2 based on these strategies.

Many of the transition metal catalysts (Ag, Au, etc.) that exhibit high activity
and selectivity for the electroreduction of CO2, unfortunately, are expensive as well
as rare and in most cases require an energy-intensive mining process to procure
them (Fig. 10.6) [50]. The availability of such materials can thus severely impede
the deployment of the CO2 electroreduction process on a large scale. To circumvent
such limitations, an emerging area of research has been to utilize precious
metal-free carbon-based catalysts or support materials for the electroreduction of
CO2. In addition to providing cost benefits, carbon-based materials also possess
attractive material properties such as high surface area, excellent conductivity,

Fig. 10.6 Overview of the production level, production type (main product from an ore or a
byproduct), and market price for different elements in the periodic table. The three numbers under
each element represent its annual production (kg), price ($ kg−1) and market value ($ year−1),
respectively, and are reported on the logarithmic scale (base 10). Reproduced with permission
from Ref. [50]. Copyright 2012, Royal Society of Chemistry
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tunable porosity, composition, and structure that can, in turn, be used to develop
catalysts with high activity and selectivity toward different CO2 electroreduction
products [14, 15]. Such material properties have attracted significant research
attention in the past few years and will be discussed in detail in Sect. 10.3.

10.2.3.3 Electrolytes

In addition to the design and development of catalysts for the electroreduction of
CO2, electrolyte engineering has also been investigated as an additional tool to
develop active and selective electrochemical systems while reducing the energy
requirements for the same. For example, in our prior work in collaboration with Dr.
Richard Masel we showed that the use of an aqueous solution of
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM BF4; an ionic liquid) as the
electrolyte significantly reduced the overpotential requirement for the electrore-
duction of CO2 to CO by stabilizing the rate determining CO2

•– intermediate [51].
The concept of using EMIM BF4 as the electrolyte was later followed up Masel
et al. with the development of anion exchange membranes that incorporate an
imidazolium group into styrene backbone [52, 53]. Stable CO2 electroreduction
performance of up to 6 months have been successfully demonstrated with these
anion exchange membranes. In some other recent work, we have shown that the
size of the electrolyte cation being used improves selectivity for the electroreduc-
tion of CO2 to CO by suppressing H2 evolution [38], and the use of high con-
centrations of alkaline electrolytes lowers the overpotentials for CO2

electroreduction as well as improves activity in comparison to neutral electrolytes
[34–36, 54]. The reader is advised to look at an excellent review by Sharma and
Zhou that provides a detailed summary of the effect of electrolytes on the elec-
troreduction of CO2 [55].

10.3 Carbon Electrodes and Catalysts
for the Electroreduction of CO2

Early pioneering work in the area of carbon-based electrocatalysts was performed
by Gong et al. who developed nitrogen-doped carbon nanotube arrays that showed
superior activity for the oxygen reduction reaction compared to the activity
exhibited by the commercially available precious metal based Pt/C catalyst [56].
Since then, many researchers have focused on gaining a fundamental mechanistic
understanding of how carbon-based electrocatalysts work and how that under-
standing can be used to tailor the material properties of carbon, including allotropes
such as graphene, diamond, carbon nanotubes, carbon nanofoams, etc. [57]. Two of
the most promising material design strategies being utilized include: (i) the mod-
ulation of the electronic properties of carbon by doping it with heteroatoms such as
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nitrogen (N), boron (B), and sulfur (S); and (ii) the utilization of carbon-based
materials as supports for catalytically active precious metal nanoparticles. The use
of carbon-based catalyst support materials can help incorporate desirable properties
of carbon such as high surface area, excellent electronic conductivity, tunable
porosity, tunable hydrophobicity, and stability under acidic, basic, or
high-temperature conditions into the catalytic system. This, in turn, enables the
fine-tuning of the properties (geometric as well as mass activity, selectivity, and
durability) of the metal catalyst under investigation. Unsurprisingly, significant
research efforts in the past decade or so have focused on the investigation of such
material design strategies for the CO2 electroreduction reaction as will be discussed
later in this section. In addition to the carbon-based electrocatalysts, active CO2

electroreduction systems also employ graphitic carbon-based gas diffusion layer
(GDL) electrodes to avoid mass transport limitations associated with the low sol-
ubility of CO2 in aqueous solutions. This section will provide an in-depth review of
first the different carbon-based GDL electrodes and second the different catalysts
that have been reported in the CO2 electroreduction literature to date.

10.3.1 Carbon-Based Gas Diffusion Layer
(GDL) Electrodes

As mentioned in Sect. 10.2.3.1, a gas diffusion layer (GDL) electrode based flow
electrolyzer separates the gaseous and liquid flows, thereby circumventing mass
transport issues related to the low solubility of CO2 in aqueous electrolytes.
Conventionally, the gas diffusion layer consists solely of a carbon fiber substrate
(CFS) made of Teflon-treated carbon cloth or paper. The role of the GDL is to:
(i) separate the liquid (electrolyte) and the gas (CO2) phase, (ii) support the catalyst
layer, (iii) allow CO2 to diffuse through to the catalyst-electrolyte interface where
the reaction occurs, and (iv) prevent the electrolyte from entering into the gas
stream (flooding). However, catalyst deposition on a bare CFS results in irregularly

Fig. 10.7 Scanning electron microscopy (SEM) image (left) of a gas diffusion layer (GDL) coated
with Ag nanoparticles with a corresponding cartoon (right) depicting the different layers
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distributed particles and ultimately a poorly defined catalyst layer [58].
A nonuniform catalyst layer also exposes the CFS during the electrochemical
reaction, which enhances the parasitic H2 evolution reaction. Therefore, in modern
practices, the gas diffusion layer also has a microporous layer (MPL) , which sits on
top of the CFS (Fig. 10.7). The presence of a MPL reduces contact resistance
between the CFS and the catalysts layer by forming a strong, flat interfacial layer,
allowing for a better distribution of the catalyst layer. Typically, the MPL is
comprised of a carbon powder held together by a wet-proofing binder such as
polytetrafluorethylene (PTFE), both of which contribute to the MPL’s
hydrophobicity.

The thickness and wet-proofing of both the CFS and the MPL also can be tuned
to optimize mass transport, durability, and electrical conductivity. Recently, our
group investigated these properties of the GDL for the electroreduction of CO2 to
CO on a Ag nanoparticle catalyst [58]. The optimal levels of wet-proofing for the
MPL and CFS were found to be 20 wt% PTFE and 10 wt% PTFE, respectively,
after which the catalytic activity (current density) dropped (Fig. 10.8a–c). Very
high carbon content in the MPL and the CFS without sufficient wet-proofing leads

Fig. 10.8 Plots depicting the variation in the partial current density for CO as a function of the
cathode potential. a, b Effect of the varying the polytetrafluoroethylene (PTFE) content in the
microporous layer (MPL). c Effect of varying wet-proofing levels and d thickness of the carbon
fiber substrate (CFS). Reproduced with permission from Ref. [58]. Copyright 2016, Elsevier
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to electrolyte flooding; on the other hand, too much binder in the MPL and the CFS
can result in mass transport issues and in some cases, a decrease in conductivity
(charge transfer). In addition, the study showed that the optimal thickness of the
CFS should be *190 lm (Toray-60) as shown in Fig. 10.8d. A higher CFS
thickness leads to lower activity because the diffusion length increases, making it
more difficult for CO2 from the gas stream to travel through the GDL to the catalyst
layer.

The use of binder-free gas diffusion electrodes was explored by Wang and
coworkers [59]. Conventionally used binders such as Nafion or PTFE are insulating
materials, and therefore decrease the electrical conductivity of gas diffusion elec-
trodes. Moreover, the use of carbon powder, such as in the MPL, result in low
mechanical strength, thus lowering the stability and durability of carbon-based gas
diffusion electrodes. In this work, the authors proposed a hierarchically structured
porous N-doped carbon membranes (HNCMs) supported on carbon nanotubes
(CNTs) as binder-free electrodes for electroreduction of CO2, producing HCOO–

with a high Faradaic efficiency of 81% at –0.8 V versus RHE. The hierarchal
porous architecture of the membrane allows the HNCMs to function as a gas
diffusion electrode with enhanced three-phase boundary layer area (catalyst, elec-
trolyte, and CO2) and the charge transport within it. Additionally, the presence of
the CNTs seems to favor pyridinic nitrogen doping, which helps increase the
activity and selectivity by stabilizing the reaction intermediates.

10.3.2 Carbon Nanofiber and Porous Carbon-Based CO2

Electroreduction Catalysts

The earliest example of a metal-free carbon-based electrocatalyst in the CO2

electroreduction literature was reported by Kumar et al. as a carbon nanofiber
(CNF) catalyst with a high density of nitrogen atoms [60]. The CNF catalyst was
synthesized by the pyrolysis of electrospun nanofibers of polyacrylonitrile and
exhibited a high surface area due to the presence of nano-corrugated fractal-like
structures (Fig. 10.9a, b). In the presence of EMIM BF4 as the electrolyte (bene-
ficial effects described earlier in Sect. 10.2.3.3), the CNF catalyst showed high
selectivity for CO production (FECO * 98%) and a fourfold improvement in the
current density when compared to the state of the art 5-nm Ag nanoparticles
(Fig. 10.9c) under an applied potential of –0.573 V versus SHE. Using a combi-
nation of X-ray photoelectron spectroscopy (XPS) and long-term chronoampero-
metric measurements, the authors concluded that the selective formation of CO on
the CNF catalyst can be attributed to the positive charges on the carbon atoms
created due to the neighboring negatively charged nitrogen atoms within the CNF
lattice (Fig. 10.9d).

Drawing inspiration from the CNF catalyst, Varela et al. reported metal con-
taining nitrogen-doped porous carbon-black catalysts (referred to as “M-N-C”
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catalysts) for the electroreduction of CO2 to CO and hydrocarbons [61]. The metals
explored in this work included Fe, Mn, and FeMn with all three-metal containing
nitrogen-doped porous carbon-black catalysts (Fe-N-C, Mn-N-C, and FeMn-N-C)
showing an improvement in the CO2 electroreduction activity when compared to a
Au foil (Fig. 10.10a). The selectivity for CO production was found to be insensitive
to the identity of the metal incorporated into the nitrogen-doped porous carbon
catalyst indicating the nitrogen moiety to be more important for the observed
catalytic activity (Fig. 10.10b). In a related effort, Li et al. reported a dual sulfur,
nitrogen-doped polymer derived carbon (CPSN) catalyst and a sulfur-doped poly-
mer derived carbon (CPS) catalyst for the electroreduction of CO2 [62]. The CPSN
catalyst showed a higher selectivity towards CO and CH4 formation
(FECO * 11.3% and FECH4 * 0.18%) in comparison to the CPS catalyst
(FECO * 2% and FECH4 * 0.1%). However, the low overall selectivity of the
CPSN and CPS catalyst toward CO2 electroreduction products severely limit the
practical applicability of such systems. To move beyond the design of porous
carbon-based catalysts for CO formation, Song et al. reported a new class of
nitrogen-doped ordered cylindrical mesoporous carbon (c-NC) catalysts that
enabled the selective electroreduction of CO2 to C2H5OH (FEC2H5OH as high as
77%) at a low cathode potential of –0.56 V versus RHE (Fig. 10.10c, d) [63].
Using a set of carefully designed control experiments with inverse mesoporous
nitrogen-doped carbon (i-NC) and theoretical density functional theory (DFT)

Fig. 10.9 Scanning electron microscopy (SEM) image of the carbon nanofiber (CNF) catalyst
displaying a the entangled fibers (scale bar = 5 lm) and b the individual fiber (scale
bar = 200 nm). c A comparison of the current density for the electroreduction of CO2 with
CNF as the catalyst in comparison to control samples of Ag and C-film. d Schematic
representation of the proposed CO2 electroreduction mechanism on the CNF catalyst. Reproduced
with permission from Ref. [60]. Copyright 2013, Nature Publishing Group
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Fig. 10.10 a Total current density (j) and b Faradaic efficiency for the electroreduction of CO2 to
CO using metal (Fe, Mn, and FeMn) containing nitrogen-doped porous carbon black catalyst.
Reproduced with permission from Ref. [61]. Copyright 2015, Wiley-VCH Verlag GmbH & Co.
c Schematic illustration of the cylindrical mesoporous nitrogen-doped carbon (c-NC) and the
inverse mesoporous nitrogen-doped carbon (i-NC) along with their d Faradaic efficiency for
different CO2 electroreduction products. Reproduced with permission from Ref. [63]. Copyright
2017, Wiley-VCH Verlag GmbH & Co. A comparison of the e partial current density for CO
production and f the Faradaic efficiency for CO and H2 production when using Ag nanoparticles
supported on carbon foam (CF), graphene nanoplatelets (CG), and carbon black (CB). Reproduced
with permission from Ref. [43]. Copyright 2017, Wiley-VCH Verlag GmbH & Co
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calculations, the authors showed that the high density of pyridinic and pyrrolic
nitrogen sites deposited on the inner surface of the c-NCs cylindrical channels
facilitated the dimerization of the rate determining CO* intermediate (see
Sect. 10.2.1 a review of the commonly accepted mechanism for the electroreduc-
tion of CO2) to form C2H5OH. In a more recent effort, our group has also explored
the use of high surface area microporous carbon foams (CF) as support materials to
deposit Ag nanoparticles (Fig. 10.10e) [43]. In comparison to Ag nanoparticles
deposited on commercially available graphene nanoplatelets (CG) and carbon black
(CB) supports, Ag/CF shows a 2 and fourfold improvement in the activity for the
electroreduction of CO2 to CO, respectively (Fig. 10.10f). The improved electro-
chemical performance when using Ag/CF was attributed to large surface areas,
porosity, and improved Ag nanoparticle size distribution.

10.3.3 Carbon Nanotube-Based CO2 Electroreduction
Catalysts

Owing to their high electrical conductivity and the ability to introduce interesting
curvature effects that can affect reaction kinetics and product selectivity [64], car-
bon nanotubes (CNTs) have been explored in the CO2 electroreduction literature as
both metal-free catalysts and support materials for metal nanoparticle catalysts. In
one of the earliest examples of CNT based catalysis, Zhang et al. reported
nitrogen-doped carbon nanotubes with an overlayer of polyethylenimine
(PEI) deposited on a glassy carbon electrode (PEI-NCNT/GC) for the selective
electroreduction of CO2 to HCOO− [65]. The PEI-NCNT/GC electrodes were
prepared by a simple method of drop casting a suspension of CNTs in dimethyl-
formamide on a glassy carbon electrode followed by an exposure to ammonia
plasma to dope the CNTs with nitrogen, and the subsequent addition of a
polyethylenimine overlayer via dip coating (Fig. 10.11a). Compared to control

Fig. 10.11 a Schematic illustration of the fabrication of nitrogen-doped carbon nanotubes with an
overlayer of polyethylenimine (PEI) deposited on a glassy carbon electrode (PEI-NCNT/GC).
b Linear sweep voltammetry scans and c Faradaic efficiency for formate as a function of the
cathode potential for the PEI-NCNT/GC, NCNT/GC, and CNT/GC electrodes. Reproduced with
permission from Ref. [65]. Copyright 2014, American Chemical Society
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samples of pristine CNTs and nitrogen-doped CNT (NCNT), the PEI-NCNT/GC
electrode showed higher activity and selectivity towards HCOO− production with
FEHCOO� as high as 84% being obtained at a cathode potential of −1.8 V versus
SCE (Fig. 10.11b, c). The improved performance when using the PEI-NCNT/GC
electrode was hypothesized to be a result of the CO2 molecule first binding to the
basic nitrogen sites followed by the reductive formation of the rate-limiting CO2

•−

intermediate which was then stabilized by the PEI overlayer by a H-bond
interaction.

Metal-free nitrogen-doped CNTs were further explored for the CO2 electrore-
duction reaction by Wu and coworkers [66]. The nitrogen-doped CNTs (NCNTs)
were prepared by a liquid chemical vapor deposition method and resulted in the
formation of bamboo-like nanostructures due to the incorporation of nitrogen into
the CNTs (Fig. 10.12a). In terms of the CO2 electroreduction performance, the
NCNTs were found to be stable (minimal drop in performance over 10 h) and
selective for CO production with a FECO as high as 80% obtained at a potential of
−0.78 V (Fig. 10.12b, c). In contrast, pristine CNTs showed negligible selectivity
and poor activity for the CO2 electroreduction reaction. Using theoretical DFT
calculations, the authors suggested that the rate determining step for the elec-
troreduction of CO2 to CO on NCNTs involves the formation of the adsorbed
COOH* intermediate which becomes downhill in free energy on a pyridinic
nitrogen site. Meanwhile, the pyridinic nitrogen sites bind weakly to the adsorbed
CO* intermediate which enables an easy desorption of CO* from the surface,
resulting in high CO selectivity. This hypothesis was further verified by the same
group in subsequent work [67], where they synthesized NCNTs with different
nitrogen content and defect density. The experimental results as well as DFT cal-
culations suggested that the presence of easily accessible pyridinic nitrogen with a
lone pair of electrons facilitated selective CO production by binding with the CO2

molecule.
In addition to the nitrogen-doped CNTs, CNT based composite materials have

also been explored in the CO2 electroreduction literature. For example, Lu et al.

Fig. 10.12 a TEM image of the nitrogen-doped CNTs (NCNTs) with a single NCNT shown in
inset. b Faradaic efficiency for CO (FECO) as a function of the applied potential for the
electroreduction of CO2 on NCNTs as well as CNTs, and c FECO as well as current (j) as a
function of time for the electroreduction of CO2 at a constant potential of −0.8 V on the NCNT
catalyst. Reproduced with permission from Ref. [66]. Copyright 2015, American Chemical
Society
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reported a covalent carbon–nitrogen bond containing graphitic carbon nitride/
carbon nanotube composite catalyst (g-C3N4/MWCNT) with a layered structure
(Fig. 10.13a), for the electroreduction of CO2 to CO [68]. In terms of the elec-
trochemical performance, the g-C3N4/MWCNT composite catalyst exhibited a
maximum FECO of 60% at a cathode potential of −0.75 V (Fig. 10.13b), with the
authors hypothesizing the carbon–nitrogen covalent sites within the g-C3N4/
MWCNT composite to be responsible for the high CO selectivity. In a separate
work, our group reported a pyrolyzed carbon nitride and carbon nanotube com-
posite (CN/MWCNT) catalyst for the electroreduction of CO2 [69]. The CN/
MWCNT catalyst showed a high selectivity for the production of CO
(FECO * 98%) and also a 3.5-fold improvement in activity compared to some of
the best-known Ag nanoparticle catalysts at intermediate cathode potentials of
−1.46 V versus Ag/AgCl (Fig. 10.13c, d), highlighting the promise of using

Fig. 10.13 a Transmission electron microscopy (TEM) image showing the layered structure of
the graphitic carbon nitride/carbon nanotube composite catalyst (g-C3N4/MWCNT). b Faradaic
efficiency as a function of cathode potential for the electroreduction of CO2 on the g-C3N4/
MWCNT composite. Reproduced with permission from Ref. [68]. Copyright 2016, Wiley-VCH
Verlag GmbH & Co. c Partial current density and d Faradaic efficiency as a function of the cathode
potential for the electroreduction of CO2 on a pyrolyzed g-C3N4/MWCNT composite. Reproduced
with permission from Ref. [69]. Copyright 2017, Wiley-VCH Verlag GmbH & Co
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carbon-based materials as CO2 electroreduction catalysts without having to sacrifice
activity and selectivity.

The use of CNT supported metal nanoparticle catalysts is another active area of
research in the CO2 electroreduction literature and has been pursued to a good
extent by us and others. For example, we have explored the incorporation of
multiwalled carbon nanotubes (MWCNT) into the Ag nanoparticle catalyst layer to
form three kinds of structures on a gas diffusion layer (GDL) as shown in
Fig. 10.14a [70]. The structures include: (i) Ag catalyst layers deposited directly on
a GDL (ES1); (ii) Ag catalyst layers on top of MWCNT layers deposited on a GDL
(ES2); and (iii) a homogenous mixture of Ag and MWCNT deposited on top of
GDL (ES3). Of the different structures, ES3 performed the best with jCO as high as
338 mA cm−2 being obtained at a cathode potential of −0.77 V versus RHE
(Fig. 10.14b). This represents a twofold enhancement in activity when compared to
the conventionally used ES1 structure which was attributed to a lower charge
transfer resistance when using the ES3 structure. More recently, we have also
reported Au nanoparticles supported on polybenzimidazole wrapped multiwall
carbon nanotubes (MWNT/PyPBI/Au) as catalysts for the electroreduction of CO2

to CO [71]. While Au nanoparticles are well-known to be active and selective for
the electroreduction of CO2 to CO, their stability is often an issue. Utilizing carbon
nanotubes wrapped with a pyridine-containing polybenzimidazole polymer pro-
vides nucleation sites that can be used for the in situ growth of monodisperse Au
nanoparticles (Fig. 10.14c), resulting in improved stability and high electrochem-
ically active surface area. As expected, the MWNT/PyPBI/Au catalyst outper-
formed other carbon black supported catalysts (CB/PyPBI/Au and CB/Au),
unsupported Au nanoparticles, and control samples of MWNT/PyPBI and CB/
PyPBI with jCO as high as 160 mA cm−2 being obtained at a cathode potential of
−1.78 V versus Ag/AgCl and a low Au loading of just 0.17 mg cm−2

(Fig. 10.14d). In other work, Hossain et al. reported the electrochemical charac-
terization of 3–60 nm Cu nanoparticles supported on CNTs (Cu/CNT) as catalysts
for the electroreduction of CO2 [72]. Cu/CNT catalyst with a Cu loading of 20 wt%
Cu resulted in the highest current density. CH3OH with a Faradaic efficiency of
38.4% at a cathode potential of −1.7 V versus SCE was reported as the only CO2

electroreduction product.

10.3.4 Graphene Based CO2 Electroreduction Catalysts

The integration of graphene materials into electrocatalysts has been presented as
another approach to move away from precious transition metals. Atomically thin
graphene is typically synthesized by reducing graphene oxide (GO) under high
temperatures, which partially restores the semi-metallicity of graphene and
increases its conductivity [73]. Moreover, the synthesis becomes more specific
depending on the desired graphene morphology and dimensions, as both these
properties can enable the tuning of the density of the defects. Several research
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groups have looked into the utilization of graphene sheets, graphene quantum dots,
etc. for the electroreduction of CO2. In particular, different forms of graphene have
been used as supports for traditional metal catalysts to improve their stability,
durability, and product selectivity. For example, Alves et al. synthesized copper
supported on reduced graphene oxide (Cu/rGO) catalysts as a way to solve insta-
bility issues with copper film. Performing electroanalysis in a traditional
three-electrode cell, Cu/rGO showed a fourfold improvement in current density
(−0.97 mA cm−2) over copper films (−0.24 mA cm−2) at the same potential of
−1.54 V versus NHE [73]. However, CO, carbonate, and oxalate were observed as
the only CO2 electroreduction products. In another work, graphene was used to
solve stability issues of metal catalysts while increasing activity. Lei et al. created
ultrathin metallic Sn quantum sheets confined by graphene as an alternative to bulk

Fig. 10.14 a Schematic illustration of the three different Ag nanoparticle-MWCNT composite
architectures along with the b corresponding partial current density for CO obtained as a function
of the cathode potential, when utilizing these architectures as catalysts for the electroreduction of
CO2. Reproduced with permission from Ref. [70]. Copyright 2016, Royal Society of Chemistry.
c Schematic illustration as well as TEM image for Au nanoparticles supported on polybenzim-
idazole wrapped multiwall carbon nanotubes (MWNT/PyPBI/Au). d Partial current density as a
function of cathode potential for the electroreduction of CO2 on the MWNT/PyPBI/Au catalyst.
Reproduced with permission from Ref. [71]. Copyright 2017, Wiley-VCH Verlag GmbH & Co
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Sn and Sn nanoparticles (Fig. 10.15a), for the electroreduction of CO2 to HCOO−

[74]. The confined Sn exhibits a 9-times larger CO2 absorption capacity compared
to bulk Sn, thus improving activity. Selectivity as high as 89% for the production of
HCOO− was realized at an applied potential of −1.8 V versus SCE (Fig. 10.15b).
This Sn confined by graphene exhibits a lower Sn-Sn coordination number, verified
by X-ray absorption fine structure spectroscopy, which allows for the better sta-
bilization of the rate determining CO2

•− intermediate which is crucial for HCOO-

production. The sandwich-like structure of this catalyst greatly increases the sta-
bility and durability of Sn, which was revealed in a 50-h durability test.

Other works have also looked into heteroatom-doped graphene supports to
modulate the surface energy of the supported copper. Song et al. supported Cu on
nitrogen-doped carbon nanospike (CNS) films as a more selective catalyst for

Fig. 10.15 a Schematic illustration and b Faradaic efficiency as a function of the cathode
potential for the electroreduction of CO2 to HCOO− on graphene confined Sn quantum sheets.
Reproduced from Ref. [74] under the creative commons attribution (CC-BY) license

Fig. 10.16 a HR-TEM of electrodeposited Cu nanoparticles on nitrogen-doped carbon
nanospikes (CNS). b Faradaic efficiency for the electroreduction of CO2 on Cu/CNS, Cu/Glassy
carbon, and plain CNS as a function of the cathode potential. Reproduced with permission from
Ref. [75]. Copyright 2016, Wiley-VCH Verlag GmbH & Co

240 S. Verma et al.



C2H5OH formation than Cu supported on glassy carbon, reaching a Faradaic effi-
ciency of 63% for C2H5OH at −1.2 V versus RHE (Fig. 10.16) [75]. The CNS
films are made possible by the high nitrogen defect content in the carbon leading to
disorder, which discourages stacking and introduces the curvature of the CNS films,
as shown using high resolution transmission electron microscopy (HR-TEM)
(Fig. 10.16a). This specific morphology enhances interactions between Cu and the
CNS support while possibly strengthening the bond between the CNS film and the
C2 intermediates required for C2H5OH production over C2H4. Similarly, Li et al.
compared Cu nanoparticles supported on pyridinic nitrogen-rich graphene (p-NG)
to monodisperse Cu nanoparticles supported on conventional carbon and pristine
GO for selectively producing C2H4. The Faradaic efficiency for C2H4 reached 19%
at −0.9 V versus RHE when using Cu/p-NG compared to just 1% and 5% for
carbon and GO supports, respectively [76]. Specifically, p-NG exhibits stronger
Lewis basicity induced by the presence of pyridinic nitrogen, causing H2 and
protons to become concentrated around the supported Cu and facilitate the CO2

adsorption, the suggested rate-determining step for the reaction.
With promising results from graphene support materials, many efforts have

turned towards metal-free graphene catalysts. However, plain graphene almost
exclusively promotes the parasitic H2 evolution reaction during CO2 electrore-
duction. Therefore, the use of heteroatom doping is important to change the
properties of graphene. Early on, Sreekanth et al. used boron-doped graphene
(BG) to reduce CO2 to HCOO−/HCOOH, achieving a FEHCOO� of 66% at −1.4 V
versus SCE, which is a threefold improvement over conventionally used bismuth
[77]. Through DFT calculations, this work also highlighted the symmetrically
distributed electron delocalization of pristine graphene, which boron doping helps
to interrupt by providing asymmetric charge and spin density. In addition, boron or
carbon can form the important *COOH intermediate in the BG, but carbon in
pristine graphene cannot. Also aiming to produce HCOO−, Wang et al. synthesized
nitrogen-doped graphene sheet catalysts [78]. As mentioned before, the presence of
nitrogen distorts the ordered graphene, producing folded or wrinkled thin carbon
sheets. The N-doped graphene sheets resulted in FEHCOO� of 73% at −0.84 V
versus RHE and exhibited high durability of up to 12-h. Similarly, Sun et al.
developed various nitrogen-doped carbon (graphene-like) materials on carbon
paper (NGM/CP) electrodes by changing the nitrogen-containing base during
synthesis [79]. The different bases led to a wide range of surfaces and total nitrogen
content in the NGMs, resulting in diverse morphologies. A high CH4 selectivity of
93.5% was achieved at −1.4 V versus SHE for the electroreduction of CO2 on the
NGM catalyst with the highest amount of total and surface nitrogen, specifically
pyridinic and pyridonic/pyrrolic N. The authors postulated that the
positively-charged carbon atoms in the electron-withdrawing graphene p system
negatively polarize the nitrogen atoms, thereby improving the binding energy for
CO2 and the reaction intermediates.

Looking beyond the utilization of graphene sheets for the electroreduction of
CO2, Wu et al. introduced nitrogen-doped three-dimensional (3D) graphene foam
(NG) catalysts as a metal-free alternative to Ag or Au for CO production [80]. The
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benefit of using graphene foams is its 3D hierarchical structure, shown in
Fig. 10.17a, that allows the easy penetration of the electrolyte, therefore increasing
the electrochemically active surface area. The NG catalyst performed comparably to
Ag and Au at low overpotentials with a FECO of about 85% being obtained at
−0.58 V versus RHE corresponding to an overpotential of −0.47 V. In addition,
this work explored the effect of doping temperature on dopant (N) concentration
and found that different temperatures led to different concentrations of different
types of nitrogen. The NG with the highest concentration of pyridinic nitrogen
achieved the highest FECO, agreeing with the mechanistic conclusions made earlier
in the literature (Fig. 10.17b, c).

Recently, in collaboration with Dr. Ajayan’s group, we investigated another
metal-free 3D graphene structure as an alternative to Cu for hydrocarbon and
oxygenate formation: nitrogen-doped graphene quantum dots (NGQDs) with a
high density of nitrogen-doped defects at the edge sites (Fig. 10.18a) [81]. The
electroreduction of CO2 on the NGQD catalysts resulted in the selective production
of C2 products such as C2H4 (maximum FEC2H4 * 31% at −0.75 V vs. RHE) and
C2H5OH (maximum FEC2H5OH * 16% at −0.78 V vs. RHE), that are typically
known to be produced only on Cu (Fig. 10.18b). In follow up work, DFT calcu-
lations were performed to understand the mechanism of CO2 electroreduction on
NGQDs, and thus explain the formation of C2 products as well as the preferential
formation of CH4 over CH3OH [82]. Looking into the thermodynamic free energy
diagrams and the localized density of states (Fig. 10.18c), NGQDs were found to
lower the free energy of the formation of the *COOH intermediate. Furthermore,
the data also suggested the presence of a high density of exposed edges on NGQDs
that favored the formation of the pyridinic nitrogen sites, which are presumably the
active sites required for carbon–carbon coupling to form C2 products. For the
preferential formation of CH4 over CH3OH, water-mediated proton shuttling was
shown to be the key as it lowered the energy barrier for the formation of the *CH2

intermediate.

Fig. 10.17 a Representative SEM image of the three-dimensional (3D) graphene foam
(NG) catalyst showing the open frame structure. b Faradaic efficiency for CO production as a
function of the cathode potential and c N content distribution, for the different NG catalysts
prepared by varying the doping temperature (i.e. NG700 implies 700 °C doping temperature).
Reproduced with permission from Ref. [80]. Copyright 2016, American Chemical Society
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10.3.5 Nanodiamond Based CO2 Electroreduction Catalysts

Heteroatom (nitrogen, boron, etc.)-doped nanodiamond materials form another
interesting class of catalysts for the electroreduction of CO2. Nanodiamonds exhibit
desirable mechanical and electrical properties like stability under a wide potential
window, chemical inertness, high mechanical durability, and can be obtained in
large volumes at a relatively low cost [83]. Nakata et al. performed the first
investigation of such nanodiamond based electrodes by characterizing the catalytic
performance of boron-doped diamond (BDD) for the electroreduction of CO2 using
three different electrolytes, i.e., methanol, seawater, and aqueous NaCl [84].

Fig. 10.18 a High resolution TEM image of the nitrogen-doped graphene quantum dots
(NGQDs) with a single NGQD shown in inset. b Faradaic efficiency as a function of the cathode
potential for the electroreduction of CO2 on NGQDs. Reproduced from Ref. [81] under the
creative commons attribution (CC-BY) license. c Free energy diagram for the electroreduction of
CO2 and localized density of states (LDOS) for different nitrogen-doped carbon materials. NG and
NCNT represent nitrogen-doped graphene and carbon nanotubes, respectively. Reproduced with
permission from Ref. [82]. Copyright 2017, American Chemical Society
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The BDD electrodes exhibited high selectivity for formaldehyde (HCHO) with a
maximum Faradaic efficiency of 74% being obtained at a cathode potential of
−1.7 V versus Ag/Ag+ (Fig. 10.19a). In a follow up effort by the same group, the
authors showed that by changing the electrolyte to an aqueous ammonia solution,
the selectivity of the BDD electrodes could be tuned to produce CH3OH as the main
CO2 electroreduction product with a Faradaic efficiency of 24.3% at a cathode
potential of −1.3 V versus Ag/AgCl [85]. Continuing with the trend of investi-
gating nanodiamond materials, Liu et al. proposed a N-doped nanodiamond/Si rod
array catalyst (NDD/Si RA) for the selective electroreduction of CO2 to acetate
(CH3COO

−) [86]. The Faradaic efficiency for acetate production was between 77.3
to 77.6% for an applied cathode potential between −0.8 and −1.0 V versus RHE
(Fig. 10.19b). Based on a combination of the electrokinetic data and in situ infrared
spectroscopy, the authors predicted the pathway for the formation of CH3COO

−) on
NDD/Si RA to be CO2 ! CO2

•− ! (COO)2
• ! CH3COO

−. Inspired by the
impactful results of doping nanodiamonds with boron and nitrogen separately to
tune the selectivity of CO2 electroreduction, Liu et al. reported a boron and nitrogen
co-doped nanodiamond (BND) electrode for the selective electroreduction of CO2

to C2H5OH [87]. Three different kinds of BND electrodes for this study were
prepared by depositing a film of BND on a Si substrate via hot filament chemical
vapor deposition using a gas mixture of CH4 (2.5%)/B2H6 (12.5%)/N2 (2.5% for
BND1, 5.0% for BND2, and 10.0% for BND3)/H2. A maximum FEC2H5OH of
93.2% was achieved when using the BND3 catalyst at a cathode potential of
−1.0 V versus RHE (Fig. 10.19c), thus overcoming the limitation of producing
C2H5OH at high selectivity via the electroreduction of CO2. Using a combination of
electrochemical experiments and theoretical DFT calculations, the authors sug-
gested the selective electroreduction of CO2 to C2H5OH to be a result of synergistic
effects due to the co-doping of boron and nitrogen.

Fig. 10.19 Faradaic efficiency for the electroreduction of CO2 as a function of the cathode
potential when using a boron-doped diamond (reproduced with permission from Ref. [84].
Copyright 2014, Wiley-VCH Verlag GmbH & Co.); b N-doped nanodiamond/Si rod array
(reproduced with permission from Ref. [86]. Copyright 2015, American Chemical Society); and
c as a function of the different nitrogen-doped nanodiamond (NDD), boron doped nanodiamond
(BDD) as well as boron and nitrogen co-doped nanodiamond (BND1, BND2, BND3) catalyst at a
constant cathode potential of 1.0 V vs. RHE. Reproduced with permission from Ref. [87].
Copyright 2017, Wiley-VCH Verlag GmbH & Co
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10.4 Summary and Outlook

In conclusion, the electroreduction of CO2 to value-added chemicals could offer
interesting opportunities for recycling and/or reducing excess wasteful CO2.
Carbon-based catalysts and electrodes with tunable properties form an emerging
class of materials that have recently attracted significant interest in the CO2 elec-
troreduction research community. In addition to providing cost benefits when
compared to the traditional transition metal-based catalysts (such as Au, Ag, etc.)
for the electroreduction of CO2, many of the carbon-based materials have matched
and even exceeded the performance levels obtained with state of the art metal-based
catalysts. A star example of carbon-based materials for the electroreduction of CO2

is the boron and nitrogen co-doped nanodiamond (BND) catalyst that can facilitate
the production of C2H5OH at selectivity greater than 90%, thus surpassing a
long-standing issue related to the selective production of multicarbon hydrocarbons
and oxygenates in the field.

While the efforts highlighted in this chapter definitely show the promise of
carbon-based materials for the electroreduction of CO2, moving forward many
different research strategies will have to be utilized to take the performance of
carbon-based materials to the next level. For example, identifying active sites that
are responsible for the high activity and selectivity of heteroatom-doped carbon
materials will be crucial for the future development of this field. Combinations of
in situ or in operando spectroscopy with DFT calculations will be needed to
understand the mechanism at the molecular level. Once the active sites have been
identified, better material synthesis tools will have to be developed to design cat-
alysts that exhibit a high density of the active sites. Another interesting method to
improve the performance of carbon-based materials and catalysts could be the
integration of electrolyte effects to enhance the CO2 electroreduction performance.
Some of our previous work has shown that using either an alkaline or ionic liquid-
based electrolyte can significantly enhance the activity and selectivity of
well-known catalytic materials. Electrolyte optimization studies could thus be a
very simple tool for improving performance. Another key research question that
needs to be further investigated pertains to the stability and durability of different
catalysts and electrodes for the electroreduction of CO2. Electrochemical experi-
ments that evaluate the stability and/or durability of CO2 electroreduction catalysts
and electrodes at time scales exceeding 1000s of hours and current density
exceeding 100 mA cm−2 i.e., performance levels required for industrial imple-
mentation of the process, are almost nonexistent. Hence, better experimental tools
as well as robust durability testing protocols will have to be developed to gain a
better understanding of how catalysts and electrodes degrade over extended periods
of time.
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Chapter 11
Recent Progress in Non-precious Metal
Fuel Cell Catalysts

Yuta Nabae and Akimitsu Ishihara

11.1 Fe/N/C and N/C Carbon-Based Cathode Catalysts

11.1.1 Introduction

Polymer electrolyte fuel cells (PEFCs) have received a great deal of attention for
their utility in applications such as transportation, portable devices, and combined
heat and power systems due to their high energy efficiency and scalability.
Figure 11.1 contains a schematic diagram of a typical PEFC. The fuel, H2, is
oxidized using an anode catalyst and the resultant proton and electron are trans-
ported through a proton exchange membrane (PEM) and an external circuit,
respectively, at which point O2 from air is reduced by the proton and electron on a
cathode catalyst. PEFCs with alkaline membranes have also been proposed but
because they suffer from poor durability, a proton exchange membrane function-
alized with sulfonic acid is used in all commercialized PEFCs. Because such PEMs
are strongly acidic, the range of potential materials for the anode and cathode
catalysts is quite limited from a durability standpoint; therefore, Pt nanoparticles
loaded on a carbon support (Pt/C) have been the first choice for both anode and
cathode catalysts. The precious metal content in these catalysts must be greatly
reduced to globalize PEFCs, but because the oxygen reduction reaction (ORR) is a
slow electrochemical reaction, the cathode catalysts in modern commercial PEFCs
require a relatively large amount of Pt. Thus, it is extremely important to develop
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non-precious metal (NPM) cathode catalysts. Because commercial PEFCs utilize
PEM for the electrolyte, this book chapter focuses on the ORR over NPM catalysts
in acidic media.

The history of the development of NPM ORR catalysts begins with the dis-
covery of the catalytic activity of Co phthalocyanine for ORR by Jasinski and
coworkers [1]. Chemists were inspired by the similarity of such macrocyclic
compounds to natural enzymes and many macrocyclic compounds were studied as
ORR catalysts [2]; however, their catalytic activities and durabilities were not
sufficient to warrant their consideration for commercial fuel cell catalysts. In this
context, since Jahnke reported that heat-treatment can improve the ORR catalytic
activity and durability of macrocyclic compounds [3], numerous attempts have been
made to develop NPM cathode catalysts by pyrolyzing precursors containing
transition metals (mainly Fe or Co) and nitrogen and carbon sources [4, 5]. In brief,
when Fe, N, and C-containing precursors are pyrolyzed at 600–1000 °C, ORR
catalysis occurs to some degree, however, the nature of the catalytic activity
depends on the precursors and pyrolysis protocol.

11.1.2 ORR Reaction Scheme and Active Sites on Fe/N/C
and N/C Catalysts

Figure 11.2a shows a typical reaction model for ORRs [6]. In the ORR, a
four-electron reduction pathway produces H2O and releases a relatively large free
energy (1.23 V vs. RHE), which is suitable for fuel cell applications, while the
two-electron reduction pathway produces H2O2 at a lower potential (0.7 V). Some
of the H2O2 produced could be further reduced to H2O, which results in a
quasi-four-electron reduction [7]. Typical analyses of the Fe/N/C catalysts,
including rotating disk electrode (RDE) voltammetry with Koutecky–Levich
(KL) and rotating ring–disk electrode (RRDE) voltammetry, tend to exhibit rela-
tively high electron numbers (close to four) [8–10]. However, these analyses cannot
resolve the quasi-four-electron reduction, and the experimental data does not sup-
port an actual four-electron pathway during NPM catalysis. To address these

Fig. 11.1 Schematic of a PEFC with proton exchange membrane
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concerns, Nabae and coworkers have recently developed a new model (Fig. 11.2b)
and method for RRDE analysis [11]. This new method avoids overestimating the
contribution of the four-electron reduction and revealed that the contribution of the
four-electron (I1) pathway using a Fe/N/C catalyst was only 51% while the rest of
the current originates from either of the two-electron pathways (I2 and I3).

The structure of the catalytically active sites in this class of catalysts is still hotly
debated. Figure 11.3 shows the most commonly proposed active sites for catalytic
ORRs. One particularly convincing model involves a catalytic center based on
metal-N coordination, which has been proposed based on experimental evidence
such as ToF-SIMS, HAADF-STEM, and EXAFS [12–14]. In the meantime,
metal-free N-doped carbon species with pyridinic nitrogen and graphitic nitrogen
have been also proposed as responsible for the observed ORR activity based on
experimental [15–17] and theoretical studies [18, 19]. However, typical Fe-free
N-doped carbon catalysts (N/C catalysts) have a lower onset potential accompanied
by higher selectivity to H2O2 [20, 21]; therefore, it is likely that N/C catalysts in
acidic media generally catalyze the two-electron pathway to form H2O2, although
this might contribute to the quasi-four-electron reduction pathway by assisting the
first two-electron pathway.

To obtain highly active Fe/N/C catalysts, sufficient nitrogen content is essential,
and the precursor and pyrolysis protocols must be carefully designed to carbonize
the precursor while preventing the loss of nitrogen species. It should also be noted
that Fe species are important during the pyrolysis of precursors because they cat-
alyze the growth of the carbon network [22, 23].

11.1.3 Polyimide Nanoparticles as Precursors for Fe/N/C
Catalysts

This section focuses on polyimide nanoparticles as a precursor for Fe/N/C cathode
catalysts. As shown in Fig. 11.1, the catalyst materials in PEFCs must be in contact
with the ionomer to promote the proton conductivity of the catalyst layer. In
addition, the catalyst powder should be fine to increase the interfacial area between

Fig. 11.2 a Damjanovic model, which consider only H2O2 on the disk electrode surface,
H2O2(surf), and b Nabae model, which consider H2O2 to be further reduced to H2O in the catalyst
layer matrix, H2O2(mat), for the analysis of RRDE voltammograms of the ORR. Is is the current
via the series reaction in the catalyst layer matrix. c is the catalyst loading density [11]
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the catalyst and ionomer. Infusible polyimides are suitable for this purpose because
their morphology can be controlled at the polymerization stage and retained after
high-temperature pyrolysis because of its high thermal stability. Figure 11.4 shows
SEM images of polyimide nanoparticles prepared using the precipitation poly-
merization of quite common polyimide precursors, pyromellitic acid dianhydride
(PMDA) and 4,4′-oxidianiline (ODA) [24]. Precipitation polymerization is a
homogeneous process that begins as a homogenous system in the continuous phase
where the monomer is completely soluble, but the polymer is insoluble, and
therefore precipitates upon formation. As shown in Fig. 11.4, the particle size can
be controlled by changing the temperature and monomer concentration during
polymerization. The smallest particle size obtained using the combination of
PMDA and ODA was 100 nm. As shown in Fig. 11.5, a fine morphology was
retained after carbonization to obtain the Fe/N/C catalyst. The chemical

Fig. 11.3 Proposed catalytically active sites for ORR in acidic media

Fig. 11.4 The effect of a–c temperature and d–f monomer concentration on the particle size in the
precipitation polymerization of PMDA and ODA
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composition of the resultant carbon was determined using a CHN elemental ana-
lyzer and an electron probe microanalyzer: C 84 wt%, H 1.2, N 2.6 wt%, and Fe 1.1
wt%. The Brunauer, Emmett, and Teller (BET) surface area was determined to be
1200 m2 g−1.

Polyimide nanoparticles of an even smaller size (60 nm) were synthesized by
adding a dispersant, N,N-dimethyldodecylamine, during polymerization. However,
the compact particle size was not retained after the carbonization in polyimides
prepared from PMDA and ODA. This was probably because the low molecular
weight of the polyimide led to decreased thermal stability, resulting in the fusion of
polyimide nanoparticles. To address this concern, ODA was replaced with a
tri-amine monomer, 1,3,5-tris(4-aminophenyl)benzene (TAPB), to afford higher
thermal stability via cross-linking [25]. Figure 11.5d–f shows the synthetic route
and SEM images of the polyimide and resultant carbon from PMDA and TAPB.
The 60 nm particle size was successfully retained, even following carbonization.
The chemical composition of the resultant carbon was determined to be C 91 wt%,
H trace, N 3.0 wt%, and Fe 1.5 wt%. The BET surface area was 1217 m2 g−1.

A more detailed analysis of the Fe and N species was conducted using powder
X-ray diffraction (XRD), X-ray photoemission spectroscopy (XPS), and X-ray

Fig. 11.5 a Synthetic route of the polyimide from PMDA and ODA and its FE-SEM images
b before and c after carbonization. d, e Those of the polyimide synthesized from PMDA and
TAPB in the presence of dispersant [25]
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adsorption near edge structure (XANES) spectroscopy. The XRD patterns
(Fig. 11.6) suggest that both samples contain considerable amounts of iron carbide.
Linear combination fitting analyses of the XANES spectra are shown in Fig. 11.7b,
d. The majority of Fe species can be assigned to clustered Fe species such as
metallic iron, carbide, and oxide. In addition, mononuclear Fe species, such as
FePc-like (Fe with D4h symmetry) and (FePc)2O-like (Fe with C4v symmetry), are
probably formed in small quantities. The structures of N species were analyzed by
XPS spectra, which are shown in Fig. 11.7. The N 1s spectra were deconvoluted
into four peaks: pyridinic (398.4–398.5 eV), pyrrolic (400.0–400.3 eV), graphitic
(401.2 eV), and oxidized (402.9 eV) nitrogen species [26]. The two largest peaks
were assigned to pyridinic and graphitic nitrogen species. These nitrogen species
have been proposed as catalytically active sites for the ORR [19, 27], although they
may be active in two-electron reduction rather than four-electron reduction in acidic
media [20]. The peak at 398.4–398.5 eV may obscure the signal from any FeNx

type structures, if present, which has been reported at 398.7 eV [28]. These XPS
and XANES data suggest the coexistence of Fe-free nitrogen species (pyridinic and
graphitic) and FeNx species.

11.1.4 Fuel Cell Performance of Fe/N/C Catalysts Prepared
from Spherical Polyimide Nanoparticles

The abovementioned Fe/N/C catalysts were tested under practical fuel cell condi-
tions. FE-SEM cross-sectional images of the membrane electrode assembly
(MEA) are shown in Fig. 11.8. Four mg of Fe/N/C catalyst was applied onto the
cathode side with Nafion binder, which resulted in a cathode layer with a thickness

Fig. 11.6 XRD patters of Fe/
N/C catalysts prepared from
polyimide nanoparticles [25]
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of approximately 60 lm. A quite porous and uniform catalyst layer is clearly
observed in the enlarged images. This ideal morphology could contribute to the
successful mass transport diffusion in the catalyst layer.

Figure 11.9a shows I-V performance curves for the MEA prepared using Fe/N/C
cathode catalysts. The MEA with the 100 nm cathode catalyst had open circuit
voltages of 0.96 and 0.90 V under pure O2 and air, respectively, and the current
density reached 1 A cm−2 at 0.57 V (O2) and 0.32 V (air). The MEA with the
60 nm cathode showed similar open circuit voltages of 0.94 V (O2) and 0.90 V
(air) but higher voltages of 0.62 V (O2) and 0.46 V (air) at a current density of 1 A
cm−2. The performance of the polyimide-derived Fe/N/C catalyst under an air
atmosphere is better than that of any of the state of the art technologies summarized
in Table 11.1. Figure 11.9b contains Tafel plots for the MEAs with both of the
prepared catalysts. The plots suggest that the most important difference between the
performances of these two catalysts is derived from their success in mass transport
diffusion at high current densities, which is probably enhanced by the smaller
particle size rather than the kinetics which are important at low current densities.

The durability of the MEAs was investigated by operating the cells over long
periods. Figure 11.10 shows the changes in the cell voltage during operation at 0.2

Fig. 11.7 a N 1s XPS spectrum with deconvoluted curves and b Fe K-edge XANES spectrum
with reference spectra weighted by their contribution to the Fe/N/C catalyst (100 nm). c N 1s XPS
and d Fe K-edge XANES spectra for the smaller Fe/N/C catalyst (60 nm). The bar graphs on the
right provide visual representations of the relative compositions [25]

11 Recent Progress in Non-precious Metal … 259



A cm−2 for 600 h. Although the cell voltage certainly decreased, the cells were
successfully operated for 600 h. While most of the reported NPM catalysts degrade
significantly within 100 h under practical fuel cell conditions, the durability
demonstrated in Fig. 11.10 is quite promising.

Fig. 11.8 FE-SEM cross-section images of the MEA with the polyimide-derived Fe/N/C cathode
catalysts

Fig. 11.9 a I-V performance curves and b Tafel plots of the I-V curves under air for the Fe/N/C
cathode catalysts from polyimide nanoparitcles. Anode: PtRu/C catalyst with 0.4 mg-PtRu cm−2

loading, humidified H2 at 80 °C, 1 bar backpressure. Cathode: 4 mg cm−2 catalyst loading, pure or
balanced O2 (humidified) at 80 °C, 1 bar backpressure. Electrolyte: Nafion NR211. T: = 80 °C
[25]
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11.1.5 Summary

Fine nanocarbons containing Fe/N/C and N/C catalytic centers can be prepared in a
multistep pyrolysis of polyimide nanoparticles. The H2-air fuel cell performance
with Fe/N/C catalysts from 60 nm polyimide particles is especially remarkable.
This is probably because the fine morphology of the catalyst layer enhances mass
transport diffusion, which is especially important for the cathode gas. Although
further study is required to improve the catalytic performance and clarify the fea-
tures of the active sites, the contributions of nanocarbons will be central to the
successful commercialization of NPM catalysts for fuel cells.

11.2 Group 4 and 5 Oxide-Based Cathodes
with Nanocarbons

11.2.1 Introduction

In spite of extensive studies to find new non-platinum cathode catalysts for PEFCs,
the performance of existing catalysts is still insufficient in regards to the electro-
catalytic activity of the ORR and long-term stability. In particular, high stability is
required for the cathode of PEFCs because the cathode catalysts are exposed to an
acidic and oxidative atmosphere, i.e., a strong corrosive environment. From this
perspective, we focused on group 4 and 5 transition metal oxide-based materials,
known as valve metals, which are expected to be stable under corrosive

Table 11.1 State of the arts of H2-air fuel cell performance with NPM cathode catalysts

Group Performance Temp. and back pressure Ref.

Y. Nabae (Japan) 0.46 V@1 A cm−2

0.5 V@0.8 A cm−2
80 °C and 1 bar [25]

J.P. Dodelet (Canada) 0.5 V@0.7 A cm−2 80 °C and 2 bar [29]

S. Mukerjee (US) 0.44 V@1 A cm−2 80 °C and 2 bar [30]

P. Zelenay (US) 0.4 A@1 A cm−2 80 °C and 1 bar [31]

Fig. 11.10 Cell voltage
stability curves at 0.2 A cm−2

with air as the cathode gas.
The conditions were the same
as those detailed in Fig. 11.9
[25]
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electrochemical environments. Further, the adsorption state of the intermediate
species of the ORR governs the activity. The adsorption state may be controlled by
the modification of the surface state of these oxides. However, since perfect group 4
and 5 metal oxides are almost insulators, it is difficult to apply the insulators to
electrocatalysts because of the insufficient electrical conductivity. Thus, we
attempted at applying carbon materials to insulating oxide-based materials to pro-
duce catalytically active sites for the ORR and to form the electron conduction path.

11.2.2 Emergence of ORR Activity of Insulating
Oxide-Based Catalysts by Nanocarbons

To produce active sites for the ORR and to form the electron conduction path, we
have applied nanocarbons to insulating oxide-based catalysts. First, we focused on
group 4 and 5 metal carbonitrides, such as Ta2CN or Zr2CN, as precursors [32, 33].
Ta2CN powders were heat-treated using a rotary kiln furnace at 1000 °C for several
hours under nitrogen gas containing 2% hydrogen and 0.5% oxygen to prepare the
catalyst powders. Excess hydrogen caused a very low partial pressure of oxygen
(pO2 = 2.7 � 10−15 atm) owing to the water formation reaction. Because the
flowing gas contained oxygen, the oxidation of carbonitride proceeded gradually
during the heat-treatment. We describe the oxidized tantalum carbonitride powders
as Ta-CNOs.

We defined a parameter, DOO, as an indication of the degree of oxidation using
XRD intensities for the specific reflections. A typical powder X-ray diffraction
pattern of Ta-CNO has both Ta2CN and Ta2O5 peaks. The DOO for Ta-CNOs,
which contains Ta2CN and Ta2O5 phases is defined using the integrated intensity of
1 1 1 reflection of c-Ta2CN and 1 11 0 reflection of o-Ta2O5.

DOO ¼ ITa2O5

ITa2O5 þ ITa2CN

Regarding the evaluation of the ORR activity, Ketjenblack EC 300 J powders (7
wt%) were added to maintain the electrical contact between the substrate electrode
and the Ta-CNO powders. In Fig. 11.11a, b, we plotted the onset potential for the
ORR, EORR, and the oxygen reduction reaction current, iORR at 0.6 V versus RHE,
for the Ta-CNOs with respect to the DOO. EORR and iORR for commercial Ta2O5

are also shown as reference. The starting material, Ta2CN (DOO = 0), and com-
mercial Ta2O5 (DOO = 1) showed no remarkable ORR activity. The Ta-CNOs,
however, exhibit clear catalytic activity for the ORR. EORR abruptly increased to
0.9 V with the increase in the DOO up to 0.2 and was constant in a wide DOO
range from 0.25 to 0.98. This result indicates that the active surface formed
immediately by the slight oxidation of Ta2CN, and the quality of active sites did not
change even if the oxidation proceeded. Nevertheless, the iORR at 0.6 V first
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increased at the DOO of 0.2. This suggests that the density of effective active sites
increased at the DOO of 0.2. In the DOO from 0.2 to 0.4, the iORR at 0.6 V did not
increase. However, iORR at 0.6 V increased the second time at the DOO of 0.4.

To analyze the local structure and electronic structure of the near surface-oxide
regions in the Ta-CNOs, we conducted X-ray absorption spectroscopy measure-
ments in the conversion-electron-yield (CEY) mode [34]. Figure 11.12a shows the
X-ray absorption near edge structure (XANES) spectra at Ta L3 absorption edge
(white line) for the Ta-CNO catalysts, taken in the CEY mode. As Ta L3 absorption
arises from a dipolar transition from 1 s to unoccupied 5d states, the absorption
(white-line) intensity, that is, the peak area from approximately −5 to 10 eV from
E0 (absorption edge) increases when the tantalum 5d band vacancy increases. We
observed that the white-line intensity increases as the DOO increases. As DOO
increases, the XANES spectra display discontinuous behavior near the DOO of
0.15. Such behaviors, which can be observed clearly, show the dependences of the
peak position and white-line intensity of the XANES spectra (Fig. 11.12b, c). The
peak position slightly increases up to DOO = 0.2, and then remains at almost the
same level up to 0.98. This dependence was similar to that of the EORR on the DOO
(Fig. 11.11a). These results indicated that the surface was immediately oxidized
and the surface state did not change up to a DOO of 0.98. The white-line intensities,
however, gradually increases up to DOO = 0.4, and then decreases from 0.4 to 0.7.
Subsequently, the intensity remains at almost the same level up to 0.96 and finally,
it increases again at DOO = 1.0. This indicates that the number of 5d band
vacancies gradually decreases from 0.4 to 0.98. Compared with the DOO variations

Fig. 11.11 Onset potential of
ORR for Ta-CNOs (○) and
commercial Ta2O5 (◇)
(a) and oxygen reduction
current iORR at 0.6 V for
Ta-CNOs (○) and
commercial Ta2O5 (◇)
(b) against DOO [32]
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of the ORR current (Fig. 11.11b), we can conclude that the density of 5d vacancies
that should be related to the density of oxygen-vacancy defects correlates with the
ORR current.

Formation of the oxygen vacancies seems to relate to the deposition of carbon
during the oxidation of carbonitride. Figure 11.13a shows the Raman spectra of the
Ta-CNOs with the DOO of 0, 0.029, 0.21, 0.39, 0.49, 0.71, 0.98, and Ta2O5. The
starting material with the DOO of 0, Ta2CN, had a strong peak at around 100–
180 cm−1. As the DOO increases, the broad peaks at around 500–700 cm−1 that
correspond to Ta2O5 can be observed. Above 0.49, the Ta2CN peaks disappear. In
addition, we observed two other large peaks that are ascribed to defective graphite
(the G band attributed to the graphitic structure at around 1580 cm−1 and the D
band attributed to the defect structure at around 1330 cm−1). These behaviors are a
direct evidence of carbon deposition during the partial oxidation process. As we did
not observe diffraction peaks that originated from the well-crystallized carbon in
XRD measurements, the deposited carbon is rather amorphous. Such deposited
carbons should be oxidized during the heat-treatment process of carbonitrides,
producing a reductive atmosphere that is suitable for introducing oxygen vacancies
on the surface of the tantalum oxide particles. The nature of such deposited carbons
is almost independent of the DOO, because the ratio of the G band to D band was
unchanged from DOO = 0.21–0.98. Somewhat surprisingly, however, a large
amount of graphitic carbon remains on the surface even at a DOO of 0.98, i.e.,
well-oxidized regions, implying an additional role of the deposited carbon.
Figure 11.13b shows the TEM image of the Ta-CNO surface with a DOO of 0.98.
It was clearly observed that the deposited carbon with a thickness of *1 nm
completely covered the oxide surface.

Fig. 11.12 a XANES spectra at Ta L3 absorption edge (white line) for the Ta-CNO catalysts,
taken in the CEY mode. Dependence of peak position (b) and white-line intensity (c) of XANES
spectra at Ta L3 absorption edge for Ta-CNO catalysts taken in the CEY mode [32]
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To estimate the content of the deposited carbon, elemental analysis for O, N, H,
and C in the catalysts was performed. First, we estimated the O/Ta ratio in oxides.
The average composition of the bulk Ta-CNO with a DOO of 0.98 was Ta2O4.77.
This result indicates that catalytically active Ta-CNO catalysts indeed have oxygen
vacancies. We assumed that all remaining nitrogen must exist in the form of
Ta2CN. Ta2CN was oxidized as the following equation:

2Ta2CNþ 2xþ 2� y
2

O2

¼ 2Ta2Ox þð2� yÞCOþ yCþN2

Therefore, the amount of deposited carbon was calculated by subtracting the
carbon content involved in Ta2CN from the amount of the detected carbon.

Figure 11.14a, b shows the DOO dependence on the content of the related
compounds and the DOO variation in the C content during oxidation. As oxidation
starts, Ta2CN gradually oxidized to tantalum oxides and solid carbon simultane-
ously deposits on the surface of the oxides. As DOO increases, the deposited carbon
would be oxidized to CO and/or CO2 (one half of C in Ta2CN is deposited and the
rest of C is oxidized at DOO = 0.2, for example). The amount of deposited carbon
increases up to DOO = 0.4. Above 0.4, the deposited carbons are cautiously oxi-
dized to CO and/or CO2. The produced CO reductive atmosphere should introduce
oxygen vacancies on the oxide surface. As shown in Fig. 11.12b, the white-line
intensity of Ta-L3 XANES initially increases, but above DOO = 0.4, it decreases.
This behavior indicates that the tantalum oxide formed at the initial stage of oxi-
dation below 0.2 have few oxygen vacancies, while for tantalum oxide formed

Fig. 11.13 a Raman spectra of Ta-CNOs with DOO of 0, 0.029, 0.21, 0.39, 0.49, 0.71, 0.98, and
Ta2O5. b TEM images of the surface of Ta-CNO with DOO of 0.98 [32]

11 Recent Progress in Non-precious Metal … 265



above DOO = 0.4, the oxide has enough vacancies to produce the ORR activity.
Namely, below DOO = 0.2, presumably, because the amount of deposited carbon is
small thus the reductive CO density is small. Therefore, the oxygen vacancies are
not introduced as much. However, above 0.2, because many carbons are oxidized,
the local reduction atmosphere is enough to reduce the oxides. Another role of the
deposited carbon is to enhance electrical conduction on the catalyst surface. As
shown in Fig. 11.12b, since the white-line intensity is almost unchanged at the
DOO range from 0.4 to 0.96, the number of ORR active sites (oxygen vacancies) is
almost constant in this region. However, iORR gradually increases from 0.4 to 0.98.
This indicates that the deposited carbon plays a role in supporting the local electron
conduction near the ORR active sites on the oxide surface. Figure 11.15 shows the
image of the Ta-CNO on a glassy carbon substrate. As a result, we found that
carbon was deposited on the oxide surface during the oxidation of tantalum car-
bonitrides. The deposited carbon seems to play two important roles in the formation
of oxygen vacancies (ORR active sites): providing a reductive atmosphere, and
producing electron conduction paths on the rather insulating oxide surface.

11.2.3 Preparation of Oxide-Based Nanoparticles with ORR
Activity by Nanocarbons

We synthesized oxide-based ORR catalysts as described above by pyrolyzing metal
carbonitrides of several hundred nanometers in size under low oxygen partial

Fig. 11.14 Dependence of
estimated content on
compounds such as Ta2CN,
deposited C, and Ta2O4.77 on
DOO (a) and dependence of
C content on DOO (b) [32]
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pressures. Although the onset potential for the ORR was relatively high, their ORR
currents remained insufficient because carbonitrides were synthesized above 1000
°C to produce large particle sizes, that is, low surface areas of a few m2 g−1. We,
therefore, attempted at developing a new synthesis route for an oxide catalyst
containing one of the group 4 and 5 metals. We focused on oxy-tantalum
phthalocyanine (TaOPc) as a new precursor instead of carbonitrides [35–37]. The
new catalyst was synthesized via the decomposition of oxy-tantalum phthalocya-
nine (TaOPc) at desired temperatures for 3 h under 4%H2 and 96%N2 gas to control
the size of tantalum oxide (TaOx) particles to a few nanometers and to connect
TaOx to a support that is multiwalled carbon nanotubes (MWCNTs). Figure 11.16
shows the TEM image of the TaOx/MWCNT after pyrolysis at 1173 K. The inset
shows an enlarged image of the central area. Although some aggregation of TaOx

into particles larger than 10 nm had occurred, most of them were nanoparticles and
were successfully supported on MWCNTs. As more clearly shown in the inset, the
light gray amorphous carbon species derived from phthalocyanine connected the
black TaOx particles with the MWCNT.

Figure 11.17 shows the mass activity of the ORR versus the potential curves of
two catalysts synthesized from different precursors, TaOPc, and metal-free
phthalocyanine (HPc). The TaOx/MWCNT catalyst synthesized at 1173 K clearly
showed a high onset potential of *0.9 V for the ORR, whereas the onset potential
of the HPc-derived catalyst remained at *0.7 V. The mass activities at 0.8 V were
plotted as a function of pyrolyzing temperatures in the inset. The mass activities of
the HPc-derived catalysts were negligible compared to those of TaOx/MWCNT
catalysts at all pyrolyzing temperatures, demonstrating that the activity of the latter
originates from the activity of TaOx. Neither the TaOPc-derived amorphous carbon
that provided the electron conduction path between the surface of TaOx particles
and the MWCNT supports nor the MWCNT supports themselves contributed to the
ORR activity. In this case, the deposited carbons derived from the phthalocyanine

Fig. 11.15 Schematic image of Ta-CNO on glassy carbon substrate [32]
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structure successfully provided electron conduction paths to TaOx insulating
particles.

Decomposition of phthalocyanine produced carbons that were almost completely
covered with the oxide surface. Although the deposited carbon formed electron
conduction paths to the oxide surface, the covered carbon hindered ORR from
occurring. Thus, we tried to control the amount of the deposited carbon to optimize
the balance between the exposure of the oxide surface and the formation of electron
conduction paths. The deposited carbon was gradually oxidized by heat-treatment at
900 °C for several hours under 2% hydrogen and 0.05% oxygen, where equilibrium
O2 partial is 1.3 � 10−19 atm. We prepared nano-sized titanium oxide-based

Fig. 11.16 TEM image of
TaOx/MWCNT after
pyrolysis at 1173 K. The inset
shows an enlarged image of
the central area [35]

Fig. 11.17 Mass activity of
ORR versus potential curves
of TaOx/MWCNT and
HPc-dispersed MWCNT after
pyrolysis at 1173 K using
their precursors, TaOPc and
HPc, respectively. The inset
shows mass activity at 0.8 V
versus T curves of these two
catalyst types [35]
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cathodes using oxy-titanium tetra-pyrazino-porphyrazine (TiOTPPz) as a precursor
dispersed on multiwalled carbon nanotubes (MWCNTs) [38, 39]. To investigate the
contribution of the carbon materials to the catalytic reactions, the samples without
oxides were prepared by removing the oxides with hydrofluoric acid.

Figure 11.18a–c shows the oxygen reduction activities of the catalysts that were
heat-treated at 900 °C for a different time. The samples that were heat-treated for
more than 2 h exhibited catalytic activities associated with the presence of titanium
oxides and gradually decreases with further heat-treatment. The titanium oxide
particles were deposited on a carbon matrix (Fig. 11.18d), formed by the pyrolysis
of the organic ligand of the titanium complex and were deposited on carbon nan-
otubes used as current collectors for the electrochemical tests. Compared with the
samples without the oxides by removing titanium oxide with HF, the activities up to
1 h are attributable to the carbon materials, whereas the difference in the catalyst
activities between the samples with and without oxides shown in Fig. 11.18 is
attributable to the activities of the oxide particles.

We analyzed their atomic structures using the X-ray pair distribution functions
(PDFs), which can show the structures of all of the materials, even for nanocrystals
and amorphous materials, where broad features in the XRD patterns are shown
(Fig. 11.19). Figure 11.19a shows that a structural transformation occurs from 1 h
to 3 h. This is consistent with the trend of the catalytic activity. The structure of the
heat-treated sample from only increasing the temperature up to 900 °C
(heat-treatment time = 0 h) was found to be a lepidocrocite-type titanium oxide.
The sample annealed for 1 h shows the XRD and PDF having the features of
samples annealed at both 0.5 and 3 h, clearly indicating the commencement of the
structural transformation, which may be triggered by the removal of nitrogen
dopants and the deposition of carbon. Through the transformation, the PDF peak
reflecting the Ti–Ti distance in edge-shared linkage (� 3 Å) decreased, whereas the
PDF peak reflecting that in the corner-shared linkage (� 3.8 Å) increased. This is
reasonable because the lepidocrocite structure, wherein TiO6 octahedra form a
two-dimensional structure through edge-sharing connectivity, is rich in edge-shared
linkage of TiO6 octahedra (or denser) than the typical TiO2 crystal structures
(anatase, brookite, and rutile; Fig. 11.19b). To understand the structure of the
sample annealed for 3 h, which showed the highest ORR activity, we tested a
number of possible structure models of titanium oxides (e.g., rutile, anatase, and
brookite) with/without the defects analyzed by curve fitting the PDFs. We finally
revealed that large rutile particles and particles having brookite-like octahedral
linkage were formed. The formation of these structures from lepidocrocite-type
titanium oxide is reasonable in light of the similar connectivity. Further annealing
saw particles growing on the external surface of the carbon matrix, which are
well-crystalline rutile (47 wt% at 5 h and 46.7 wt% at 10 h). The PDF analysis
revealed that the content of the brookite-like domains decreased from 3 to 10 h,
whereas another phase assignable to a TiO-like cubic structure was grown from 5 h.
Therefore, we concluded that the abrupt increase in the ORR activity corresponded
to a structural transformation from a reduced lepidocrocite-type layered titanium
oxide to a disordered structure consisting of domains of brookite-like TiO6
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Fig. 11.18 Electrochemical oxygen reduction activities of the catalysts heat-treated for a different
time. The samples with (blue) and without (red) titanium oxides are compared. a Linear sweep
voltammograms of the samples heat-treated for 3 h. The current densities are based on the
geometric areas. b Comparison of kinetically controlled current densities. c Trend of mass activity
of the samples heat-treated for a different time. The activities are normalized by the carbon
contents and obtained at 0.80 V versus RHE. d High angle annular dark field scanning
transmission electron microscopy images of the samples heat-treated for 0, 1, 3, 5, and 10 h (at the
same magnification) [8]
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octahedral linkages (Fig. 11.20). Such a structure transformation might be caused
by the deposition of carbon and the removal of nitrogen. We believe that such an
octahedral network existing in the brookite-like domains contains active sites for
the ORR. The further treatment transformed these brookite-like domains into
another phase having more edge-sharing sites like the TiO-type cubic structure.
This finding would position noncrystalline, disordered structures as a possible
origin of the catalytic activity.

Fig. 11.19 X-ray PDF structure analysis. a Pair distribution functions (Qmax = 17.5 Å − 1). The
experimental data (blue) were fitted with simulated curves (red) based on structure models:
(i) lepidocrocite-type TiO2 (0 h), (ii) rutile and brookite (3 h), and (iii) rutile, brookite, and
TiO-type structure (10 h). The fitting range was 1–10 Å for 0 and 1–20 Å for others. b Structure
models and polyhedral connectivity. EmCn represents the polyhedral connectivity: numbers of
edge-sharing (Em) and corner sharing (Cn) [39]
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11.2.4 Fuel Cell Performance of Zirconium Oxynitride
Cathode Prepared from Oxy-Phthalocyanine
with MWCNT Support

We demonstrated single-cell performance of zirconium oxynitride (ZrOxNy) cath-
odes [40]. We already revealed that pyrolysis in an NH3 atmosphere was useful to
enhance the ORR activity of the oxide-based catalysts [41]. Thermally decomposed
oxy-zirconium phthalocyanine (ZrOPc) in the presence of the multiwalled carbon
nanotube (MWCNT) supports was used to connect ZrOxNy nanoparticles to the
supports above, followed by pyrolysis in an atmosphere of gaseous NH3.

The transmission electron microscopy (TEM) image of ZrOxNy/MWCNTs after
pyrolysis in an atmosphere of NH3 at 973 K (Fig. 11.21a) shows that the black
nanometer-sized ZrOxNy particles are well dispersed in light gray MWCNTs. The
deposited amorphous carbon species derived from phthalocyanine connected the
nano-sized ZrOxNy particles with the MWCNT to form efficient electron conduc-
tion paths. In addition, the carbon deposition hindered the size increase in the oxide
particles. Figure 11.21b reveals that the nanoparticles feature a single tetragonal
ZrO2 phase. The Zr 3d signal of the 973 K sample was split into Zr 3d5/2 and 3d3/2
peaks by spin-orbit coupling, appearing as a doublet at 182.6 and 184.9 eV
assigned to Zr4+ in ZrO2. As shown in Fig. 11.21c, compared to the signals
observed before NH3 pyrolysis (dashed line), these peaks were slightly shifted to
lower binding energies, suggesting that the surface was partially reduced by NH3

pyrolysis at 973 K. Both samples showed noisy N 1s spectra, with peaks above
398 eV attributed to zirconium oxynitride and nitrogen-doped carbon species.
Because of the high degree of overlap, these peaks could not be deconvoluted;

Fig. 11.20 Schematic image
of the relationship between
ORR activity and crystalline
structure of titanium
oxide-based cathodes [39]
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however, it can be concluded that NH3 pyrolysis at 973 K did not significantly
enhance the level of ZrO2 surface nitrogen doping.

The activity of ZrOxNy/MWCNTs was evaluated for a single-cell cathode, with
the voltage versus current density (V-j) curve shown in Fig. 11.22. The perfor-
mance displayed by the present ZrOxNy/MWCNT composite is the highest ever
reported for an oxide-based catalyst, with j = 10 mA cm−2 at V = 0.9 V without IR
correction. The corresponding open circuit voltage and the maximum power density
are 0.96 V and 0.63 W cm−2 at V = 0.45 V, respectively.

Fig. 11.21 a TEM image, b XRD pattern, and c Zr 3d and N 1s spectra of the ZrOxNy/MWCNT
catalyst after NH3 pyrolysis at 973 K. For comparison, Zr 3d and N 1s spectra of ZrOxNy/
MWCNTs before NH3 pyrolysis are shown by dashed lines in (c) [40]
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11.2.5 Summary

Group 4 and 5 metal oxide-based compounds have been used to apply to PEFC
cathodes by combining these oxides with nanocarbons. Because group 4 and 5
metal oxide-based compounds are almost insulators, the formation of sufficient
electron conduction paths is required for continuous ORR. The deposited carbon
derived from precursors by pyrolysis plays an important role in increasing the
electrical conductivity of the catalyst. In addition, the deposited carbon produced
the active sites for the ORR on the oxide surface owing to the formation of strong
reductive atmosphere near the surface. Although further study is required to
improve the catalytic performance and clarify the mechanism of the formation of
the active sites, the contributions of nanocarbons will be essential to exhibit their
abilities as high-performance ORR catalysts.
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Chapter 12
Carbon Nanotube-Based Non-Pt Fuel
Cell Catalysts

Jun Yang and Naotoshi Nakashima

12.1 Introduction

Polymer electrolyte fuel cells (PEFCs) have attracted extensive interests from
academic and industrial communities due to their high energy conversion effi-
ciency, low pollutant emission, and potential for automotive applications. Since
2009, residential fuel cell cogeneration systems have been commercially available
in Japan. In 2014, Toyota proposed the first commercial fuel cell vehicle “Mirai”, in
which PEFC systems have been successfully applied as the main power source.
However, until now the high cost is still one of the most important factors that limit
the wide application of PEFCs. The development of low-cost and reliable elec-
trocatalysts is highly important for realizing eco-friendly society because the
electrocatalysts cost is usually over 40% in fuel cell systems.

Electrode reactions in a hydrogen-fueled PEFC include oxygen reduction reac-
tion on cathode (ORR) and hydrogen oxidation on anode. The electrocatalytic
activity of cathode materials for the ORR significantly affects the cell performance
because of the sluggish kinetics. Platinum-based electrocatalysts are the most
widely used in current PEFC prototypes which significantly raise the cost. Hence, a
great effort has been made to develop non-Pt electrocatalysts for ORR.

In most cases, non-Pt electrocatalysts need to be loaded on an
electrically-conductive support to gain sufficient electron-conducting paths and
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large specific surface area, which are important for high electrochemical perfor-
mance. Carbon nanotubes (CNTs) are a promising support material for the non-Pt
electrocatalysts due to their large specific surface area, high electrical conductivity,
and excellent resistance to corrosion during long-term operation of fuel cells.
Furthermore, CNTs can easily form self-standing network with high porosity,
allowing a fast mass transport through the electrode. The electrocatalytic properties
of doped carbon nanotubes for fuel cells have also attracted many attentions in
recent years. Since the cathode dominates the overall performance of a single cell
due to the sluggish kinetics of the ORR, only CNT-based non-Pt electrocatalysts for
ORR or bifunctional catalysts are discussed in this chapter.

12.2 Pristine Carbon Nanotubes as the Supports for M-N4

Catalysts

Jasinski reported the catalytic activity of transition metal-N4 chelates for the ORR
for the first time in 1964 [1]. Since then, a variety of metal porphyrins and ph-
thalocyanines have been explored as the ORR catalysts. These non-Pt catalysts
possess high catalytic activity and negligible H2O2 production even when polarized
at a high overpotential. Moreover, they are inert to methanol oxidation, which allow
them to be used as the cathode for direct methanol fuel cells (see Chap. 2).
However, most of these organic electrocatalysts are in lack of electrical conduc-
tivity. Thus, it is necessary to combine them with conductive supports, such as
nanocarbons.

Pristine CNTs have highly crystallized graphitic surfaces. As a result, polycyclic
aromatic molecules such as metal phthalacyanines and porphyrins as well as their
derivatives can be easily absorbed on their surfaces via non-covalent p-p interac-
tions, providing CNT-based hybrid electrocatalysts for the ORR. Morozan et al.
deposited iron(II) phthalocyanine (FePc), cobalt(II) tetra-tert-butylphthalocyanine
(Co(Bu)Pc), cobalt(II) 2,3,7,8,12,13,17,18-octaethylporphine (CoEtP), and cobalt
(II) 5,10,15,20-tetrakis(4-tert-butylphenyl)-porphyrine (Co(BuPh)P) on a variety of
carbon nanotubes, including single-wall nanotubes (SWCNTs), double-wall nan-
otubes (DWCNTs) and multiwall nanotubes (MWNTs) [2]. The composite catalysts
were simply prepared by ultrasonicating the catalysts dispersed in tetrahydrofuran
(THF). The samples were evaluated as the ORR electrocatalysts in alkaline media.
As shown in Fig. 12.1, the catalysts supported on MWNTs exhibited superior ORR
performance to those supported on SWCNTs and DWNTs. A possible reason is that
MWNTs possess higher electrical conductivity than SWCNTs and DWCNTs [3].
Moreover, it was confirmed that FePc has a higher electrocatalytic activity for the
ORR than the other catalysts (see Fig. 12.2).

It is also reported that FePc can be easily anchored on the surfaces of the CNTs
by sonicating or even shaking in organic solvents at room temperature based on p-p
interactions [4, 5]. The raw FePc powder has a stacking microstructure as shown in
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Fig. 12.2 RRDE measurements of oxygen reduction (negative current) and hydrogen peroxide
oxidation (positive current) on FePc/a-MWNTs (pink curves), Co(Bu)Pc/a-MWNTs (purple
curves), CoEtP/a-MWNTs (orange curves), Co(BuPh)P/a-MWNTs (green curves), Pt/C (black
curves) electrodes in O2-saturated 0.1 M NaOH solution. The ring electrode was polarized at
0.223 V versus SCE. Rotation rate: 500 rpm. Scan rate: 5 mV s−1; the term “MWCNT” in the
figure and caption refers to multiwalled carbon nanotubes, the same as “MWNT”. Reproduction
from [2] with permission of Elsevier

Fig. 12.1 Linear sweep voltammograms of FePc/a-MWCNTs (red), FePc/b-MWCNTs (blue),
FePc/DWCNTs (triangle), FePc/SWCNTs (green), Co(Bu)Pc/a-MWCNTs (pink), Co(Bu)Pc/
b-MWCNTs (purple) in O2-saturated 0.1 M NaOH solution. Scan rate: 20 mV s−1 For FePc/a, see
Fig. 12.3; the term “MWCNT” in the figure and caption refers to multiwalled carbon nanotubes,
the same as “MWNT”. Reproduction from [2] with permission of Elsevier
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Fig. 12.3. When added to organic solvents, such as THF and EtOH, the extremely
low solubility of FePc makes a very small proportion of FePc delaminate to a single
molecule, which could adsorb on the surfaces of the CNTs [5].

Yang et al. investigated the effects of the parameters in preparation of FePc/CNT
hybrids in details, including mixing methods, solvent effect, and the molar ratios of
the FePc and CNTs. By carefully adjusting the parameters of preparation procedure,
the obtained ORR performance was found to be higher than that of a commercial
Pt/C catalyst (Fig. 12.4).

Furthermore, the microstructure of FePc/MWNCNT was simulated by the
density function theory (DFT) calculation (Fig. 12.5). When deposited on the
surfaces of the MWNT, the flat FePc molecules are bent like an umbrella.
Moreover, the charge density surrounding the centered Fe ions increased and the
O–O bond of OOH adsorbed on the Fe ion is elongated. These results indicate that
the combination of MWNTs and FePc does not only improve the electrical con-
ductivity but also promote the cleavage of the O–O bond on FePc [5].

Fig. 12.3 Schematic
illustration of a-form FePc
(denoted as FePc/a).
Reproduction from [5] with
permission of Royal Society
of Chemistry

Fig. 12.4 a CV profiles of MWNT/FePc-SH measured at 10 mV s−1 in O2- (red-solid line) and
N2-saturated (red-dot line) 0.1 M KOH, and the CV profile of Pt/C measured at 10 mV s−1 in O2-
0.1 M KOH (black-solid line) b LSV profiles measured at 10 mV s−1 and 1600 rpm in O2-
saturated 0.1 M KOH, and c Tafel plots. Reproduction from [5] with permission of Royal Society
of Chemistry
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12.3 Functionalized Carbon Nanotubes as the Supports
for M-N4 Catalysts

It is well accepted that the centered metal ions of M-N4 molecules act as the active
site for oxygen reduction reaction [6]. Oxygen molecules being adsorbed on the
metal ions converted to the OOH, and then to the OH. Thus, the electronic state of
the centered metal ions significantly affects the electrocatalytic activity of the M-N4

catalysts.
Cao et al. deliberately provided the axial ligand for the centered Fe ions in the

FePc molecules [7]. They used pyridine-functionalized single-walled carbon nan-
otubes (Py-CNTs) as the support. Then, FePc was combined to the Py-CNTs by
refluxing the two materials in THF under argon atmosphere to provide
FePc-Py-CNTs (Fig. 12.6a, b). In this case, the Fe ions contained a five-coordinated
structure, like the cytochrome c oxidase in the respiratory chain does. Such a
well-designed nanostructure resulted in an excellent ORR performance and dura-
bility of the FePc-Py-CNTs. As is shown in Fig. 12.7a, the half-wave potential of
the FePc-Py-CNTs is even higher than that of Pt/C. Moreover, it did not decrease
even after 1000 cycles of cyclic voltammetry, while that of Pt/C decreased sig-
nificantly (Fig. 12.7d). According to the DFT calculations, the five-ligand structure
of the FePc on Py-CNTs increased the charge surrounding the centered Fe ions. As
a result, the O–O bond in OOH adsorbed on the Fe ions is elongated, leading to the
promoted ORR activity [7].

Fig. 12.5 a Overall, b side, and c top images of the optimized FePc/MWNT structure generated
by the DFT calculations. Reproduction from [5] with permission of Royal Society of Chemistry
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12.4 Oxidized Carbon Nanotubes as the Supports
for Transition Metal Oxides and Phosphides

As aforementioned, well-formed CNTs have highly crystallized surfaces, resulting
in the lack of binding sites for the precursors of ORR catalysts. In order to in situ
synthesize catalysts on the CNTs, it is necessary to functionalize the outer surfaces
of CNTs.

The creation of defects on the outer surfaces of CNTs by oxidation is a con-
venient and common way to functionalize CNTs. CNTs can be effectively oxidized
by wet chemical methods [8–10], photo-oxidation [11], oxygen plasma [12], or gas
phase treatment [13]. After the oxidation, the CNTs are mainly decorated with the
carboxyl as well as hydroxyl groups. These oxygen-containing groups facilitate the
exfoliation of CNT bundles, increase the solubility in polar media, and provide
abundant binding sites for the precursors of the catalysts [14]. Afterward, the
precursors of catalysts can be anchored on the surfaces of the CNTs, and form
transition metal oxide, phosphide, or sulfide catalysts by subsequent treatments.

Following such a strategy, Liang et al. prepared a highly active ORR electro-
catalyst composed of cobalt oxide (CoO) nanocrystals and CNTs [15]. The TEM

Fig. 12.6 a Schematic diagram of the structure of FePc-Py-CNTs composite. b HR-TEM image
of FePc-Py-CNTs composite. Scale bar, 10 nm. c Raman spectra of pristine CNTs and
FePc-Py-CNTs composite. D-band and G-band peaks are marked with arrows. d XPS Fe 2p
spectra of FePc-Py-CNTs composite. e X-ray absorption near edge structure (XANES) spectra of
FePc, FePc-CNTs and FePc-Py-CNTs. f Fourier-transformed module of EXAFS signals for FePc,
FePc-CNTs and FePc-Py-CNTs. Reproduction from [7] with permission of Nature Publishing
Group
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images of the sample are shown in Fig. 12.8. The CoO nanocrystals ranging from
5 to 10 nm were homogeneously deposited on mildly oxidized MWNTs. Thanks to
the well-controlled nanostructure, the hybrid electrocatalyst exhibited an attractive
ORR performance close to Pt/C [15].

Hou et al. utilized the Co3O4/CNTs as the precursor of CoP/CNTs [16]. The
Co3O4 nanoparticles were deposited on mildly-oxidized CNTs by a facile
solvothermal synthesis method [15]. Then, the Co3O4/CNTs and NaH2PO4 were
placed on an upstream and downstream of a quartz tube, respectively. After an
annealing treatment at 300 °C in Ar for 2 h, the Co3O4 nanoparticles were trans-
formed to CoP.

Fig. 12.7 a Linear scanning voltammograms of FePc-CNTs, FePc-Py-CNTs and commercial
Pt/C catalyst. b H2O2 yield measured with various catalyst of FePc-CNTs, FePc-Py-CNTs and
commercial Pt/C catalyst. c Tafel plots of FePc-Py-CNTs and commercial Pt/C catalyst.
d Half-wave potential as a function of cycle number of FePc-Py-CNTs and commercial Pt/C
catalyst during durability test. Electrolyte: 0.1 M KOH, scan rate: 10 mV s−1. Reproduction from
[7] with permission of Nature Publishing Group

12 Carbon Nanotube-Based Non-Pt Fuel Cell Catalysts 283



As can be seen in Fig. 12.9, the CoP nanoparticles with an average diame-
ter * 1.5–2.0 nm were homogeneously anchored on the CNTs. Such a
well-controlled nanostructure of the CoP/CNTs is a promising electrocatalyst for
both ORR and OER in alkaline media [16].

12.5 Polymer-Functionalized Carbon Nanotubes
as the Supports for Transition Metal Oxide
and Phosphate Catalysts

In addition to oxidation, wrapping the CNTs with a conducting polymer is also a
convenient way to functionalize the inert outer surfaces of CNTs. One of the most
widely used conducting polymers is polyaniline (PANI) and its derivatives that
possess a high electrical conductivity and environmental stability due to their
p-conjugated structures [17]. Moreover, PANIs have numerous amino groups as
anchor sites for metal ions. Therefore, PANI-wrapped MWNTs are frequently
reported as a promising composite support for precious metal nanoparticles [18–22].

Fig. 12.8 a SEM, b, c TEM images, and d XRD profile of the CoO/NCNT hybrid catalyst.
Reproduction from [15] with permission of American Chemical Society
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The typical preparation procedure of PANI/MWNTs is as follows. MWNTs are
oxidized by HNO3 to form binding sites on their surfaces. Then, the oxidized CNTs
are dissolved in an organic solvent, such as CH2Cl2 together with excess aniline.
Subsequently, PANI is formed by an efficient interfacial polymerization and wraps
the whole surfaces of the CNTs [22].

In recent years, a great effort have been made to deposit non-precious metal and
metal oxides on PANI-wrapped CNTs. Hu et al. deposited iron and cobalt
nanoparticles on such PANI/MWNT support for ORR [23, 24]. Aniline monomer,
CNTs, and citric acid pretreated metal chlorides are mixed and ultrasonicated in an
organic solvent to which NaBH4 is added, then ultrasonicated in an ice bath. During
this process, the formation of PANI and iron nanoparticles occurred simultaneously.
It is proposed that a two-step redox process occurs for the coordination of metal and

Fig. 12.9 a SEM, b and d TEM, c distribution of the particle size, and e and f HR-TEM images.
g Cs-corrected HAADF-STEM image, h bright field image, and i corresponding EDX elemental
mapping of Co, P, C, and N of the CoP-CNT composite. Reproduction from [16] with permission
of American Chemical Society
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aniline. First, metal cations oxidize the polymer unit (aniline), and then reduced to
metallic nuclei, which subsequently bind to imine nitrogen in aniline be oxidized to
cation in situ, leading to the formation of the radical cation segments [25].

The typical resultant catalyst, Fe-PANI/CNT(+CA), is shown in Fig. 12.10. The
CNTs were covered with a PANI film (see Fig. 12.10a, b), and uniform Fe
nanoparticles with 2–4-nm diameters was coated on the PANI/CNTs homoge-
neously (see Fig. 12.10c–e). The crystal phase of the nanoparticles was confirmed
to be iron. However, the X-ray photoelectron spectroscopy (XPS) revealed that the
Fe atoms at the surfaces were bivalent and trivalent, i.e., a core-shell structure of the
Fe nanoparticles was formed.

It was demonstrated that the pretreatment of FeCl3 by citric acid (CA) was
necessary to form a uniform distribution of Fe nanoparticles. Otherwise, the Fe
nanoparticles would be agglomerated as shown in Fig. 12.10e. However, in the
presence of CA, only leucoemeraldine base was formed in the PANI structure,
which lacks electronic conductivity. Therefore, the Tafel slope of the Fe-PANI/
CNT(+CA) was *60 and 142.8–172.9 mV dec−1 at the low and high overpotential
regions, respectively, indicating that further improvement of the performance is
necessary. However, it is worth noting that the current density of the Fe-PANI/CNT
(+CA) at 0.7 V versus RHE remained 94.2% after 1350 cycles of cyclic voltam-
metry for the ORR in acid media (0.5 M H2SO4) (Fig. 12.11). This remarkable
durability was attributed to its specific structure; namely, the Fe nanoparticles were
mounted in the porous structure of PANI. Yin et al. prepared PANI-Co-CNT
catalysts using a similar procedure described above [24]. The core-shell structure
was also observed for the cobalt nanoparticles coated on the PANI-CNTs, and
excellent durability for the ORR in acid media was obtained.

Besides iron and cobalt nanoparticles, spinel oxide such as CoFe2O4 can also be
deposit on PANI-wrapped CNTs. Liu et al. wrapped oxidized CNTs with PANI by
the in situ polymerization of aniline using (NH4)2S2O8 and FeSO4 � 7H2O as the
oxidant [26]. Then, the formed uniform CoFe2O4 nanoparticles were deposited on
the PANI-MWNTs by a reduction method using hydrazine as the reductant. The
catalyst exhibited a good electrochemical performance and remarkable durability
for oxygen evolution reaction.

Nakashima et al. have developed a facile method to functionalize CNTs using
polybenzimidazole (PBI) and pyridine-based polybenzimidazole (PyPBI) [27–33].
PBI and PyPBI can be easily dissolved in organic solvents, such as dimethyl
acetamide (DMAc). By ultrasonicating PyPBI or PBI and CNTs together in DMAc
at room temperature for several hours, CNTs are wrapped by forming a very thin
layer of PyPBI or PBI, which is aided CNT dispersion in the organic solvent, as
well as provides abundant binding sites for many different types of metal cations,
such as platinum and palladium. Comparing with the functionalization of the CNTs
by in situ polymerization of aniline, the advantage of this method is that it is not
necessary to oxidize CNTs to provide binding sites for metal ions. As a result,
highly crystallized surfaces are protected from severe damage upon high electric
potential application. As a result, metal and metal oxide nanoparticles can be readily
anchored on the pristine CNT supports. Following this strategy, Yang et al.
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Fig. 12.10 a TEM of Fe-PANI/CNT(+CA); b HRTEM of Fe-PANI/CNT(+CA); c TEM of
Fe-PANI/CNT(−CA); d STEM of Fe-PANI/CNT(+CA). Reproduction from [23] with permission
of Elsevier
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successfully decorated pristine CNTs with Ni(OH)2, Co3O4, and NixCo3−xO4

nanoparticles via a facile solvothermal method as shown in Fig. 12.12 [34].
As is shown in Fig. 12.13a, MWNT/PyPBI is composed of the pristine CNTs

and a layer of PyPBI thinner than *1 nm. After the solvothermal synthesis, uni-
form NixCo3−xO4 nanoparticles with a diameter of *5 nm were homogeneously
coated on the MWNT/PyPBI. The authors have demonstrated that the presence of
Ni is of significant importance to the formation of well-dispersed uniform
nanoparticles of NixCo3−xO4. The reason is that during the solvothermal synthesis,
plate-like Ni(OH)2 would be formed and cover the surfaces of the CNTs well (see
Fig. 12.13f–h). In this case, the cobalt oxide can be anchored tightly in the Ni(OH)
2 and form spinel-type complex oxide (NixCo3−xO4). In the absence of Ni, Co3O4,
nanoparticles would agglomerate on the surfaces of the CNTs, as shown in
Fig. 12.13d, e. Owing to the good electrical conductivity of the CNTs, the high
electrochemical activity of the spinel oxide, and the well-controlled nanostructures

Fig. 12.11 The ORR
stabilities after 1350 cycles
for Fe-PANI/CNT(+CA) in
O2-saturated 0.5 M H2SO4.
Rotation rate: 1600 rpm.
Reproduction from [23] with
permission of Elsevier

Fig. 12.12 Preparation procedure of MWNT-PyPBI-NixCo3−xO4. MWNTs were wrapped with
PyPBI, and then NixCo3−xO4 was in situ synthesized by a facile solvothermal treatment.
Reproduction from [34] with permission of Nature Publishing Group
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of the hybrid catalysts, the MNWT-PyPBI-NixCo3−xO4 exhibited a significantly
enhanced efficiency and durability for both ORR and OER (Fig. 12.14).

Fig. 12.13 TEM images of a MWNT-PyPBI, b, c MWNT-PyPBI-NixCo3−xO4, d,
e MWNT-PyPBI-Co3O4, and f, g, h MWNT-PyPBI-Ni(OH)2; the images of the black
rectangle-selected area in (b, d and f) are enlarged in (c, e, g and h). Reproduction from [34]
with permission of Nature Publishing Group
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12.6 N-Doped CNT-Based Electrocatalysts for ORR

It is convenient to dope nanocarbons (CNTs and graphene) with N atoms during
and the resultant products exhibit promising electrocatalytic activities for ORR. Dai
et al. prepared vertically aligned N-doped carbon nanotubes (VA-NCNT) by py-
rolysis of iron phthalocyanine [35]. The as-prepared N-doped CNT array was found
to be an efficient ORR catalyst by Gong et al. [36].

Besides, the CNTs are also used as the support materials for N-doped carbons,
such as amorphous carbon coating and graphene. Such hybrid ORR elecatalysts
have attracted much attention in recent years [37–40].

12.7 Concluding Remarks

In summary, efficient and low-cost electrocatalysts for fuel cells can be obtained by
hybridizing carbon nanotubes and various kinds of catalysts. Carbon nanotubes do
not only provide electrical conductivity and large surface area but also affect the
electron conditions of the supported catalyst, resulting in the promotion of the
overall electrocatalytic activities.
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Chapter 13
Polymer Electrolyte Membranes: Design
for Fuel Cells in Acidic Media

Kenji Miyatake

13.1 Introduction

Polymer electrolyte fuel cells (PEFCs) have been commercialized in electric
vehicles and residential power generation in recent years. The initial success of the
commercialization of PEFCs owes, at least partly, to the development of highly
proton conductive and durable, thin polymer electrolyte membranes (PEMs). Most
PEFCs utilize perfluorinated sulfonic acid (PFSA) ionomer membranes.
Nevertheless, there still is a great demand for alternative membranes to
state-of-the-art PFSA ionomer membranes. While the PFSA ionomer membranes
are highly proton conductive and chemically and physically stable, high gas
permeability, high cost, and environmental incompatibility of the fluorinated
materials are potential drawbacks for the wide-spread dissemination of PEFCs in a
variety of fields. In the past couple of decades, a significant number of proton con-
ductive polymeric materials have been proposed as alternative membranes [1–3].

Aromatic hydrocarbon polymers, acid-doped polymers, ionic liquids, and their
composites fall into this category. Some of these emerging materials are claimed to
exhibit high proton conductivity, very low gas permeability, and reasonable sta-
bility. However, none of them could compete with PFSA ionomer membranes
under a wide range temperature and humidity in practical fuel cell operating
conditions. The most critical issues associated with the alternative membranes are
insufficient durability and significant dependence of the proton conductivity upon
humidity. In addition, interfaces between these proton conductive materials and the
catalyst layers have not been well-explored. In this chapter, some of the recent
approaches in aromatic polymer-based PEMs are reviewed, in particular, focusing
on the proton conductivity, mechanical stability, and interfacial problems.
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13.2 Design of Aromatic Ionomer Membranes
for Improved Conductivity and Stability

Aromatic ionomers with acidic functions have been extensively investigated as
possible alternatives to PFSA ionomer membranes. Fluorine-free aromatic (co)
polymers are attractive for their high thermal stability, gas impermeability, envi-
ronmental compatibility, and cost-effectiveness. Such polymers include sulfonated
poly(arylene ether)s [4–7], polyimides [8], polyphenylenes [9–12], and others [13–
15]. It has been demonstrated by several research groups that block copolymer
based PEMs composed of sequenced sulfonated and unsulfonated aromatic com-
ponents are much more proton conductive than the random copolymers of the same
components, since the block copolymer membranes tend to form developed phase
separated morphology based on the hydrophilic/hydrophobic differences, which
eventually results in interconnected ionic channels as proton transport pathways
[16].

A typical example is a block copolymer, SPK (Fig. 13.1a), composed of highly
sulfonated benzophenone groups as hydrophilic components [17]. Because of
densely sulfonated hydrophilic component, SPK membranes are highly proton
conductive, comparable to PFSA ionomer (e.g., Nafion) membranes over a wide
range of humidity. In order to achieve comparably high performance in PFSA
ionomer membranes, SPK requires relatively high concentration of sulfonic acid
groups or ion exchange capacity (IEC), which causes large water absorption and
swelling under fully hydrated conditions and may cause mechanical failure [18].

Many attractive properties of PEMs are related with their hydrophilic compo-
nents since acid groups and the hydrated protons play a major role in proton
conduction. For better performing aromatic PEMs, sulfophenylene group was used
as a simple and effective hydrophilic component. The basic idea is that sul-
fophenylene units without carrying heteroatom linkages (e.g., ether, ketone, sulfone
groups) are expected to contribute to good mechanical and chemical stabilities of
the resulting PEMs. The sulfophenylene group has high IEC value as the
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Fig. 13.1 Chemical structures of sulfonated aromatic block copolymers, a SPK and b SPP
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hydrophilic segment to contribute to high proton conductivity under low humidity
conditions. An SPP copolymer (Fig. 13.1b) containing sulfophenylene hydrophilic
unit and the same hydrophobic component as that of SPK copolymer has been
developed [19].

TEM images of SPK and SPP membrane stained with lead (Pb2+) ions are shown
in Fig. 13.2. SPK and SPP membranes exhibited similar phase-separated mor-
phology composed of hydrophilic (dark) and hydrophobic (bright) domains. The
similarity in the morphology is reasonable since these two polymers share the same
hydrophobic component and the slightly different hydrophilic component. The
hydrophobic domains were rather predominant and their sizes were approximately
10 nm in width. The hydrophilic domain sizes were approximately 5 nm in width,
which seemed large for their chemical structures. The results suggest inter- and/or
intermolecular aggregations of each component.

In Fig. 13.3 are plotted water uptake and proton conductivity of SPK and SPP
membranes at 80 °C as a function of relative humidity (RH). Data for PFSA
ionomer (Nafion) membrane taken under the same conditions are also included. It is
reasonable that both water uptake and proton conductivity increased as increasing
the humidity for all membranes. Despite its slightly higher IEC value, SPP mem-
brane exhibited similar (or lower at some RHs) water uptake compared to that of
SPK membrane. Absence of polar ketone groups in the hydrophilic component,
which are suggested to absorb water via hydrogen bonding, might contribute to the
lower water uptake. Compared to Nafion, both aromatic copolymer membranes
absorbed much larger amount of water due to their higher IEC values.

The proton conductivity was somewhat more complicated and seemed more
related with the chemical structure of the hydrophilic components. SPK and SPP
membranes showed comparable proton conductivity to Nafion membrane at a wide
range of humidity. At 60% RH and higher, SPP membrane exhibited higher proton
conductivity than SPK membrane similar to the water uptake. For example, SPK

(a) (b)

Fig. 13.2 TEM images of a SPK (IEC = 2.53 meq/g) and b SPP (IEC = 2.67 meq/g) membranes
stained with lead ions
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membrane (54% water uptake) showed higher proton conductivity (543 mS/cm)
than that (360 mS/cm) of SPP membrane (46% water uptake). At lower RH, the
difference in the conductivity became larger than that of the water uptake. SPP
membrane showed higher proton conductivity (7.3 mS/cm) than that (4.6 mS/cm)
of SPK membrane at 20% RH. It is considered that higher local concentration of the
sulfonic acid groups (6.40 meq/g) in the hydrophilic component of SPP than that
(5.88 meq/g) of SPK is responsible for higher proton conductivity. SPK and SPP
membranes exhibited high proton conductivity at higher temperatures. The con-
ductivity of SPK and SPP membranes at 120 °C and 50% RH was ca. 60 mS/cm,
was comparable to that at 80 °C and 50% RH. Although the water uptake of these
membranes decreased with increasing temperature, the proton conductivity showed
nearly the same values. The results indicate that the lower water content at higher
temperature was probably countervailed by higher mobility of the hydronium ions.

Figure 13.4 shows storage modulus (E′), loss modulus (E″), and tan d (E′/E″) of
SPK, SPP, and Nafion membranes at 80 °C as a function of RH (the same mea-
surement conditions as for the water uptake and proton conductivity in Fig. 13.3).
SPP and SPK membranes showed higher E′ values than those of Nafion membrane.
There were significant differences in the mechanical properties between SPK and
SPP membranes. SPP membrane showed excellent viscoelastic properties with
slight dependence on the humidity, a slight decrease in E′ with increasing the
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humidity and no transitions in E″ and tan d curves in a wide range of the humidity.
E′ value was higher than 1 GPa even at high humidity. In contrast, SPK membrane
showed a drop in E′ and a transition (possible glass transition) in E″ and tan d
curves at ca. 60% RH. Lack of ketone groups in the hydrophilic component was
likely to responsible for better mechanical properties of SPP membrane. The high
mechanical stability of SPP membrane under humidified conditions was also
observed by tensile tests, where SPP membrane possessed a high initial Young’s
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modulus (>1 GPa), maximum stress at breakpoint (>30 MPa), and reasonable strain
(>66%). SPK membrane showed a much lower Young’s modulus (<0.5 GPa).

Fuel cell performance was evaluated for SPK and SPP membranes at 80 °C,
100% RH, and 30% RH. As shown in Fig. 13.5, open circuit voltage (OCV) was
0.972 V for SPP and 0.970 V for SPK at 100% RH, suggesting low gas perme-
ability of the membranes. SPK and SPP membranes showed comparable fuel cell
performance and ohmic resistance at 100% RH. At 30% RH, SPP membrane
showed much better fuel cell performance than that of SPK membrane. The higher
fuel cell performance with SPP membrane was due to its lower ohmic resistance
reflecting the higher proton conductivity at low RH as shown in Fig. 13.3.

13.3 Design of Aromatic Ionomer Membranes
for Improved Interface

As discussed above, well-designed hydrocarbon ionomer membranes exhibit
comparable fuel cell performance to that with Nafion membrane. However, recent
studies revealed that the cathode catalytic performance was not as good with
hydrocarbon ionomer membranes as that with Nafion membrane even when the
same cathode catalyst layers (same Pt loading and same Nafion-based binder) were
used. It is assumed that the interfacial incompatibility between the hydrocarbon
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ionomer membrane and the catalyst layer causes lower cathode performance. As a
typical example, IR-corrected (IR free) polarization curves and ohmic resistances of
fuel cells with SPK and Nafion membranes are shown in Fig. 13.6. Under fully
humidified conditions (100% RH), SPK membrane cell exhibited only slightly
lower fuel cell performance to that of Nafion membrane cell. The ohmic resistance
was in good accordance with that calculated from the proton conductivity
(Fig. 13.3) and the thickness of the membranes. The difference in the performance
between SPK and Nafion membrane cells became greater at lower humidity (30%
RH). There are some intrinsic properties of SPK membrane at low humidity
responsible for the results: (1) the proton conductivity of SPK membrane was
slightly lower than that of Nafion membrane, (2) SPK membrane tended to dehy-
drate more than Nafion membrane (although SPK absorbed more water).

Then, to analyze quantitatively the incompatibility of SPK membrane and the
cathode catalyst layer, mass activities at 0.85 V which are regarded as a measure of
the effectiveness of Pt catalysts were calculated and plotted as a function of the
humidity in Fig. 13.7. The mass activity of Nafion membrane cell was 108 A/g at
100% RH and ca. two times larger than that of SPK membrane cell. The results
indicate that the catalytic performance could be significantly affected by the
membranes even when the same Nafion-based electrodes were being used. From
detailed morphological analyses of the membranes, it was found that the proton
transport network at the interface of the membrane and the catalyst layer was
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responsible. Since SPK membrane contained a large-scale hydrophilic/hydrophobic
phase-separated morphology (several tens of nanometer) as suggested by TEM and
SAXS analyses, there existed some portion of the Pt nanoparticle catalysts (2–3 nm
in diameter) covered with Nafion binder that would not have close contact with the
proton conductive hydrophilic domains of the membrane but attached onto
non-proton conductive hydrophobic domains as depicted in Fig. 13.8a. Pt particles
on such hydrophobic domains did not have enough supply of protons from the SPK
membrane, and thus are not very active for the electrocatalytic reduction of oxygen
under dynamic (fuel cell operating) conditions.

In order to mitigate the incompatibility issue, effect of Nafion interlayer on the
cathode performance was investigated [20]. The so-called double layer membrane
was composed of a thin (ca. 0.55 µm) flat Nafion layer on a thick (24 µm) SPK
membrane, of which phase-separated morphologies were very similar to those of
the original components as confirmed by TEM image (Fig. 13.8c). The double layer
membrane exhibited comparable water uptake and proton conductivity and better
fuel cell performance to those of SPK membrane. Because of its tendency to
dehydrate and its large phase-separated morphology, SPK membrane exhibited
larger ohmic resistance and lower fuel cell performance compared to those of
Nafion membrane at low humidity. In the SPK/Nafion double layer membrane,
effect of Nafion interlayer on the fuel cell performance was significant. The inter-
layer lowered the ohmic resistance of SPK membrane due to mitigation of the
membrane from drying excessively and improved the cathode catalytic perfor-
mance. The mass activity at 0.85 V of the double layer membrane cell was much
higher than that of SPK membrane cell, comparable to that of Nafion membrane cell
at 30% RH. The very thin Nafion interlayer successfully compensated for the
shortcomings of aromatic ionomer membrane.

Preparation of double layer membrane, however, could be often cumbersome
and may not be appropriate for practical applications. It would be more preferable if
a single membrane functions well and achieves good interfacial contact with the
catalyst layer. For the purpose, partially fluorinated hydrocarbon ionomer,
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sulfonated poly(phenyene perfluoroalkylene) (SPAF) composed of linear per-
fluoroalkylene chains as the hydrophobic component and sulfonated oligopheny-
lene groups as the hydrophilic component was designed [21]. Despite its partially
fluorinated main chain structure similar to that of Nafion, SPAF could be more
easily prepared by typical polycondensation reaction (Scheme 13.1). The copoly-
merization of bis(3-chlorophenyl)-1,6-perfluorohexane and dichlorobenzenes
proceeded well via Ni(0) promoted reaction to provide high molecular weight
precursor copolymers (PAF). The degree of sulfonation and IEC of SPAF
copolymers were controllable by changing the sulfonation reaction conditions.

Figure 13.9 shows the cross-sectional TEM image of SPAF membrane. SPAF
membrane exhibited characteristic phase-separated morphologies similar to those of
Nafion membrane. The hydrophilic domains were spherical and smaller (ca.
1–2 nm in diameter) than that (ca. 3–6 nm in diameter) of Nafion membrane and
highly distributed throughout the sight of view. Compared to SPK and SPP
membranes (Fig. 13.2), the domain sizes of SPAF membrane were much smaller.
The rigid and compact sulfonated phenylene units and their random distribution
along the polymer main chains would be responsible. Despite the random

(a)

(b)

(c)

Fig. 13.8 Schematic model of the interface of a SPK membrane and the catalyst layer and b SPK/
Nafion (double layer) membrane and the catalyst layer, and c cross-sectional TEM image of the
double layer membrane
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copolymer structure, the hydrophilic/hydrophobic interfaces of the SPAF mem-
brane were more distinct and clearer than those of SPK and SPP membranes,
presumably because of the larger hydrophilic/hydrophobic differences of the
components.

Figure 13.10 shows IR-corrected polarization curves and ohmic resistance of a
fuel cell with SPAF membrane at 100% and 30% RH, respectively. At 100% RH,
the fuel cell exhibited low ohmic resistance (ca. 0.04 X cm2) because of the high
proton conductivity (>0.1 S/cm) of SPAF membrane. At 30% RH, the cell exhibited
higher ohmic resistance (ca. 0.33 X cm2 at current densities above 0.1 A/cm2),
reflecting its low proton conductivity. It was noticeable that the ohmic resistance
was lower than that expected from the proton conductivity and the thickness of
SPAF membrane (0.59 X cm2 at 30% RH). The lower ohmic resistance than that
calculated from the proton conductivity of the membrane indicated that the product
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water in the cathode catalyst layer was effectively utilized by the membrane via
back-diffusion. The IR-corrected I-V performance of the SPAF membrane cell was
better than those of Nafion, SPK, and SPK/Nafion double layer membranes shown
in Fig. 13.6. SPAF membrane with smaller ionic domains was able to promote
interfacial proton transport, resulting in improved cathode performance. It is
reasonably assumed that such interfacial compatibility of SPAF membrane and the
catalyst layers also contributes to the back-diffusion of water from the cathode to
the membrane.

The mass activity of Pt catalysts at 0.85 V was estimated from the polarization
curves and plotted as a function of humidity in Fig. 13.11. SPAF membrane cell

Fig. 13.9 TEM image of
SPAF (IEC = 1.59 meq/g)
membrane stained with lead
ions
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achieved high mass activity values; higher than 100 A/g at >50% RH. Mass activity
of the SPAF membrane cell was ca. two times greater than that of the SPK
membrane cell at a wide range of the humidity. The results indicate that SPAF
membrane with a small-scale, phase-separated morphology is more suitable for
practical fuel cell operating (dynamic) conditions than typical hydrocarbon ionomer
membranes.

13.4 Conclusions

Considerable effort has been consumed for developing alternative proton conduc-
tive membranes for fuel cells that contain no or less fluorine atoms, to replace
state-of-the-art perfluorinated ionomer membranes. In this chapter are shown some
of the recent examples of aromatic polymer-based ionomer membranes to improve
the proton conductivity and interfacial issues under practically operating conditions.
While the emerging membranes have to be subjected to further tests under a wide
range of conditions to check other properties such as chemical and mechanical
durability and gas impermeability, the results described herein emphasize the
importance and possibilities of suitable molecular design for even better-performing
membranes.
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Chapter 14
Development of Polymer Electrolyte
Membranes for Solid Alkaline Fuel Cells

Shoji Miyanishi and Takeo Yamaguchi

Glossary

AEM Anion-exchange membrane
BTMA Benzyl trimethyl ammonium
DFT Density functional theory
DSC Differential scanning calorimetry
IEC Ion-exchange capacity
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
PEMFC Proton exchange membrane fuel cell
PEM Proton exchange membrane
PES Polyethersulfone
PIM Polymer intrinsic microporosity
PSF Polysulfone
PPO Polyphenylene oxide
QA Quaternary ammonium
SAXS Small-angle X-ray scattering
SAFC Solid-state alkaline fuel cell

14.1 Introduction

Fuel cells are a promising, green alternative for alleviating the world’s increasingly
complex energy issues. Proton exchange membrane fuel cells (PEMFCs) possess
intrinsic advantages of lower operating temperatures, portability, high-efficiency,
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and zero CO2 emissions. Currently, PEMFC technology offers good performance
and high power densities obtainable with low catalyst loading. Nevertheless, the
need to use expensive Pt-based catalysts and hydrogen cylinders or stations has
limited widespread, real-world application of technology. Recently, solid-state
alkaline fuel cells (SAFCs) using anion-exchange membranes (AEMs) has drawn
increasing attention as alternatives to PEMFCs (Fig. 14.1) [1–5].

The main principle of SAFCs are similar to those found in PEMFCs, with the
only difference being the use proton (H+) or hydroxide (OH−) as the ion trans-
porting media. In SAFCs, water is produced at the anode and OH− is transferred
from cathode to anode. In contrast, water is produced at the cathode in PEMFCs,
and a proton is transferred from anode to cathode. As such, the water management
technology in SAFCs is vastly different from that in PEMFCs [6–8].

SAFCs offer many advantages, the most obvious being the use of cheaper,
non-noble metals, and carbon alloys as catalysts. Since most metals are susceptible
to corrosion in highly acidic environments, effective electrode catalysts in PEMFC
are limited to only Pt and Pt-alloys. With the exception of Al or Zn, however, most
metals are stable under the prevailing alkaline conditions often found in SAFCs,
thus allowing for the use of various types of metal catalysts [9]. Other promising
candidates in SAFC technology are carbon-alloy catalysts. In acidic media, the
oxygen reduction reaction (ORR) of carbon alloys is generally lower than that of
Pt-based catalysts, but the performance is comparable or even superior in alkaline
media [10–12]. Enhanced kinetics of ORR activity is also observed for other metal
catalysts under alkaline conditions. Another advantage of SAFC is the use of
various fuels for electrochemical reactions. To date, only hydrogen fuel has been

Fig. 14.1 Schematics of a proton exchange membrane fuel cell (PEMFC) and a solid-state
alkaline fuel cell (SAFC)
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commercially utilized in PEMFC because Pt-based catalysts are notoriously inac-
tive in other fuels (e.g., methanol) [13, 14]. However, this is not the case on SAFCs,
particularly, as it relates to the use of high-density liquid fuels such as methanol [14,
15], ethanol [14, 16], ethylene glycol [14], hydrazine [17], ammonia [18], and
formate [19].

Despite these merits, real-world application of SAFC is still rather limited owing
to the absence of high-performance membranes. Commercialization of PEMFC has
been accomplished partly because of the development of high-performance
perfluorosulfonic acid membranes, such as Nafion, which exhibit high proton
conductivity and exceptional chemical durability when compared to other PEMs.
This was attempted in real-world situations by performing simple modifications of
the ion-exchange group from a sulfonic acid group to a quaternary ammonium
(QA) cation of this perfluoro membrane [20]. However, this technique was aban-
doned after the resulting membrane showed low alkaline durability. Development
of high-performance membrane, thus, remains a very important research subject for
the real-world application of SAFC.

14.2 AEMs for Fuel Cell Applications

The typical structure of aromatic AEMs is shown in Fig. 14.2 Most AEMs are
composed of an engineered plastic-based polymer backbone and an anion-exchange
group. Although QA is the most popular anion-exchange site, imidazolium,
phosphonium, guanidinium, and pyridinium can be used for the same purposes.
Studies have shown that even though AEMs with an aliphatic polymer backbone
(e.g., polyolefins, polyvinyl alcohols, and polystyrenes) [21–27] can be utilized for

Fig. 14.2 Chemical structure of typical polyethersulfone AEMs
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applications in salt purification or ion-exchange resin, these polymers are inade-
quate for fuel cell application because of their low chemical stability in oxidants and
low thermal stability under the temperature conditions of low glass transition. As
such, only the development and use of aromatic AEM will be discussed herein.

In order for a membrane to be considered suitable for real-world application in
fuel cells, several properties must be present. First, since low ion conductivity of the
membrane results in high ohmic resistance and decreased the performance of
the cell, membranes with high ion conductivity are of utmost importance.
Additionally, the membrane should have high chemical and thermal stability, given
the fact that polymers with low glass transition temperature tend to be problematic
in devices that operate at high temperatures. Thirdly, the membrane must also be
very durable against oxidants, since it is not uncommon for highly reactive oxi-
dants, such as hydrogen peroxide or OH radicals, to be formed during fuel cell
operation. A fourth point to note is that a membrane must be mechanically strong
and very stable in order to effectively suppress fuel crossover during operation of
the fuel cell. This is especially important in liquid fuel devices, since cracking or the
appearance of pinholes in the membrane can result in fuel crossover and drastically
lower the cell’s performance. Furthermore, a membrane’s mechanical strength is
also influential when it comes to the preparation and use of thinner membranes,
which are especially beneficial for water and ion transport through the membrane.
However, in order to maintain mechanical stability of the membrane, it is also
important to suppress any swelling which may occur when the membrane is
subjected to hydration.

Both PEMs and AEMs share many of the aforementioned traits, but it is worth
noting that some important differences exist between the two. Firstly, the ion
conductivity in AEMs is generally lower than in PEMs. Most of the recently
developed PEMs show high conductivity with range from 0.1 to 1.0 S cm−1,
whereas anion conductivity in AEMs are generally lower by one order of magnitude
(typically from 0.01 to 0.2 S cm−1) [28]. This low conductivity may be caused by
the lowered intrinsic self-diffusion of OH− ions and reduced tendency of the QA
hydroxide group to dissociate. Table 14.1 shows the ionic mobility of various
cations and anions in water.

Ion mobility of proton and hydroxide is 36.23 � 10−8 m2 s−1 v−1 and 20.64 �
10−8 m2 s−1 v−1, respectively. The higher mobility of protons and hydroxides when

Table 14.1 Ionic mobility of various cations and anions in water at 25 °C

Cation Mobility (10−8 m2 s−1 v−1) Anion Mobility (10−8 m2 s−1 v−1)

H+ 36.23 OH− 20.64

Na+ 5.19 F− 5.74

K+ 7.62 Cl− 7.92

NH4
+ 7.62 Br− 8.09

[N+(CH3)
4] 4.65 I− 7.96

[N+(C2H5)
4] 3.38 CO3

2− 7.18
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compared to that of the other ions is thought to be the result of differences present in
the mechanism of conduction, since these ions can be transported by both diffusion
mechanisms (namely the Vehicle Mechanism) and via mediation of the hydrogen
bonds that exist between the ions and water molecules (known as the Grotthuss
Mechanism). However, it is important to note that the ionic mobility of OH− is still
two times lower than that of the proton, indicating that the exact processes through
which protons and hydroxides are transported differ somewhat. In addition to this,
the dissociation constant of QA salts are typically lower when compared to that of
sulfonic acid. Dissociation of sulfonic acid in PEM can occur even with very small
amounts of water due to high pKa (pKa * −1); however, since the pKb value of the
QA is 4, the QA cation cannot dissociate if the content of water is too low. These
reasons account for why most AEMs with high anion conductivity are extremely
water absorbent and suffer from extensive swelling of the membrane. The anion
conductivity of AEMs is generally measured in water, but the influence of humidity
on the membrane tends to be significantly large because dissociation of the
anion-exchange group becomes difficult at lower humidity.

Another point of difference between PEMs and AEMs is their chemical stability.
AEMs are considerably unstable in hot alkaline solution and are prone to losing
their conductivity, although a typical persulfonic acid PEM, Nafion, displays
extremely high stability against chemical species because of its strong C–F bonds.
PEMFCs with Nafion membranes are resilient during the long-term operation of the
devices. In contrast, AEMs with a comparable level of chemical stability to Nafion
have yet to be developed. Thus, the long-term durability of SAFCs has yet to be
ascertained. The third point of difference relates to the issue of degradation of ion
conductivity over time. Since the environmental atmosphere under which AEMs
operate is slightly acidic due to existence of carbon dioxide, once the hydroxide
anion is obtained by ion exchange of NaOH(aq) or KOH(aq), it is rapidly neutralized
upon exposure to air in order to form the carbonate anion [29]. Carbonate anions
can be only transferred by the Vehicle Mechanism; as such, the ion conductivity of
AEMs tends to drop continuously over the lifetime of the device.

14.3 Synthesis of AEM

Generally, AEMs made of poly(arylene ether) can be synthesized in three steps as
shown in Scheme 14.1 [30]. Firstly, polymerization is conducted via aromatic
nucleophilic polycondensation of bisphenol and the bis-halogenated aryl mono-
mers. Since this reaction is usually performed at high temperatures in an inorganic
base, monomers with anion-exchange groups are not directly used due to its
instability. Water must be carefully removed during reaction using azeotropic
distillation in order to obtain high molecular weight polymers. Afterward, the
resulting polymer can be functionalized through chloromethylation and successive
quaternization to afford benzyl alkyl ammonium-modified AEMs. Controlling of
the chloromethylation reaction is crucial in order to avoid the formation of

14 Development of Polymer Electrolyte Membranes … 313



cross-linked material. Finally, the chloride anion of the AEM is exchanged with the
hydroxide anion by soaking the membrane in NaOH or KOH solution either before
or after preparing the cast membrane.

AEMs made from poly(phenylene oxide) (PPO) can be synthesized via a slightly
different procedure. Firstly, the precursor polymer is prepared using a Cu(I)-cata-
lyzed oxidative polymerization of 2,6-dimethylphenol (this precursor polymer is
also commercially available). The anion-exchange groups are attached through
Wohl–Ziegler bromination of the methyl group in the polymer and followed by
successive quaternization to afford QA-modified PPO AEMs [31].

Scheme 14.1 Synthetic route for PS, PSCM-x, and PSGOOH-x [30]
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Although most of the typical AEMs are synthesized through one of these two
procedures, various types of poly(arylene ether) AEMs have been made recently
using unique methods, including post-functionalization of the polymer through
Suzuki–Miyaura Coupling [32–34], Click Chemistry [35–37], and lithiation [38]
reactions to name a few. A. D. Mohanty et al. reported the successful preparation of
an AEM by means of an iridium-catalyzed C–H borylation followed by
palladium-catalyzed Suzuki Coupling as a type of polymer post-functionalization
(Scheme 14.2) [33]. These highly efficient metal-catalyzed reactions allows for the
synthesis of aromatic AEM materials under mild conditions and with short reaction
times, thus minimizing the occurrence of side reactions along the polymer’s chains
(e.g., degradation and gelation). Side reactions are common during
post-functionalization reactions that involve chloromethylation or benzylic bromi-
nation. Since both C–H borylation and Suzuki Coupling reactions give reliable
conversions, controlling of the degree of functionalization of the desired QA moiety
is relatively easy. This synthetic route could provide a way to incorporate bulky,
more stable QA structures into AEMs through the use of the appropriate amine
substrates during the Suzuki Coupling stage.

Zhang et al. reported the preparation of AEMs with pendent O-butyl trimethyl
ammonium groups via direct polyacylation of pre-quaternized monomers
(Scheme 14.3) [39]. Pre-quaternized monomers cannot be used in the general
preparation of poly(arylene ether) AEMs due to the instability of the
anion-exchange group at high temperatures under alkaline conditions. However,
acid-catalyzed polymerization has the advantage of enabling direct preparation of
AEMs in one step from the appropriate monomer, where the length of spacer and
the species of the cationic group can be varied.

Scheme 14.2 Synthesis of trimethylbenzylammonium-functionalized polysulfone via C–H
borylation and Suzuki Coupling [33]. © 2009 American Chemical Society
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14.4 Controlling the Solid-State Nanostructure in AEMs
Through Targeted Molecular Design

Water uptake and the conductivity of hydroxide ions are particularly important for
fuel cell applications. An ideally designed AEM would be focused on improving
conductivity and controlling water uptake. So, far, most of the AEMs in existence
that exhibit high hydroxide conductivity suffer from significant swelling, and are
therefore unable to maintain their mechanical strength under hydration. To simul-
taneously achieve fast ion transport and membrane stability, it is necessary to
construct hydrophilic ion channels that can efficiently move anions while still
maintaining a strong hydrophobic domain. This is done to keep the membrane’s
mechanical strength high and to suppress any swelling associated with hydration.
For both PEMs and AEMs, there are several approaches aimed at controlling the
nanostructure of the membrane through more targeted molecular design.

As shown in Scheme 14.4 [40], Li et al. synthesized comb-shaped,
hydroxide-conducting co-polymers containing hydrophobic grafting chains and
functionalized polymer backbones with QA groups (PPO–DMHDA). Poly(phe-
nylene oxide) (PPO) is an excellent choice as the polymer backbone because it is
commercial available and has rather impressive thermal, mechanical, and chemical
stability. Li was able to control the degree of grafting chain (x) density and

Scheme 14.3 Schematic synthesis of a the QBP monomer and b the OBuTMA–AAEPs-
x polymer (x = 1.0, 1.2) [39]
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compared his results with those obtained using conventional benzyl trimethyl
ammonium-modified PPO membranes (PPO–TMA) that had been synthesized
without grafting chains. The nanostructure of PPO–DMHDAs is characterized
using small-angle X-ray scattering (SAXS), in which clear peaks can be seen for all
PPO–DMHDA samples but not for PPO–TMA samples. The periodicity d tends to
rise when the content of the grafting chain is increased. This result is consistent with
lamellar microstructures suggested by Li’s comb-shaped architecture, although the
large width of the peaks indicated that the arrangement of the phase-separated
domains is only locally correlated. In Li’s experiments, there was no proof that
long-range ordered structures were ever formed. The self-assembled structure vis-
ible in the SAXS experiments shows the strong correlation between water uptake
and ion transport. PPO–DMHDA-x membranes have much lower water uptake but
comparable conductivity values can be seen for PPO–TMA (Table 14.2). These
results indicate that construction of phase-separated ion channels is vital for fast ion
conduction in AEMs operating under drier conditions.

In addition to controlling morphology via the use of self-assembled,
comb-shaped polymers [41], the application of microphase separation of the block
co-polymer is a promising approach for regulating the ion channels of AEMs.

Scheme 14.4 Synthesis of
comb-shaped polymers PPO–
DMHDA-x containing
quaternary ammonium
(QA) groups [40]. © RSC
publishing group

Table 14.2 Properties of comb-shaped PPO–DMHDA-x and PPO–TMA-20 membranes [40]

Samples IEC (meq g−1) WU
(wt%)a

k Δl (%) r (mS cm−1)a

PPO–DMHDA-20 1.08 8.2 5.6 2.6 7

PPO–DMHDA-30 1.48 13.5 5.2 4.2 14

PPO–DMHDA-40 1.67 16.2 5.4 5.0 23

PPO–DMHDA-55 1.92 20.4 5.9 5.6 35

PPO–TMA-20 1.39 25.9 10.4 7.4 5
aMeasured in water at room temperature (20 °C)
© RSC publishing group
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Investigations on aromatic PEMs have shown that multi-block co-polymers, which
contain highly localized, dense sulfonic acid groups in their hydrophilic blocks
have unique phase-separated morphologies with interconnected proton transport
pathways. These sulfonated multi-block co-polymer membranes are extremely
conductive at high temperatures and show fuel cell performances comparable to
those of Nafion under severe conditions. A similar strategy of utilizing sequential
hydrophilic/hydrophobic structures with dense ion groups in the hydrophilic blocks
also proves to be useful in designing the ideal AEMs [17, 42, 43].

As shown in Scheme 14.5, Tanaka et al. developed multi-block, co-poly(arylene
ether) AEMs with QA groups (QPE) [17]. Tanaka was able to regulate the
ion-exchange capacity (IEC) and control the unit length of the hydrophobic
domains (X) and hydrophilic domains (Y) by controlling the rate of
post-chloromethylation reaction, thereby creating a whole new series of mem-
branes. The physical properties of the synthesized multi-block co-polymer (QPE),
including anion conductivity, water uptake, microstructure, and alkaline stability,
were investigated in detail and compared those attributed to the corresponding
random co-polymer (rQPE).

Scheme 14.5 Synthesis of multi-block co-polymer QPE [17]
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A comparison of multi-block and random QPE membranes reveals that the
multi-block QPE membranes, with the exception of the QPE-X8Y8 membranes,
absorb less water (Fig. 14.3). In the case of the multi-block QPE membranes, lower
water uptake and k values associated with the number of absorbed water molecules
per anion-exchange group are considered to be related to the development of
hydrophilic/hydrophobic, phase-separated morphology. The QPE-X16Y11 mem-
brane (IEC = 1.93 meq g−1) had the highest conductivity (144 mS cm−1) at 80 °C,
which is approximately 3.2 times higher than that of the rQPE membrane (IEC =
1.88 meq g−1) under the same conditions (Fig. 14.3). Multi-block QPE membranes
generally have lower water uptake, but considerably higher conductivity than the
corresponding rQPE membranes, thereby indicating that multi-block QPE mem-
branes can utilize water molecules more efficiently for hydroxide ion transport than
their counterparts. As already demonstrated for PEMs, these results suggest that the
concept of applying multi-block structures with highly ionized hydrophilic blocks is
effective for improving the ion conductivity of AEMs.

Several trials have been undertaken to construct microphase-separated nanos-
tructures using multi-block segments or comb-shaped structures. These have proven
beneficial in improving the ion conduction behavior of AEMs. However, it is
important to note that anion-exchange functionality, such as the presence of QA
groups or pyridinium groups, imparts weaker hydrophilic property to the mem-
brane, especially when compared to the results seen in proton exchange membrane
(PEM) with sulfonic acid groups. These polymers have been shown to have
structural distributions with polydispersity. As such, it is difficult to construct

Fig. 14.3 a Water uptake at
30 °C. b Hydroxide ion
conductivity at 40 °C of QPE
membranes as a function of
ion-exchange capacity
(IEC) [17]. © 2012 American
Chemical Society
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long-range, well-defined phase-separated structures of both segments. Furthermore,
if such phase-separated structures can be induced simply by the immiscible nature
of the hydrophobic and hydrophilic segments, then the complexity of the
micro-morphology can be changed through absorption of water, which changes the
volume fraction of the hydrophilic segment. Therefore, even though the solid-state
structure of a dried polymer is designed via such molecular designs, it is difficult to
anticipate what its hydrated structure will be at a certain humidity and to analyze the
relation between its structure and the membrane’s properties in the hydrated state.
To study the structures and properties of hydrated polymers and to obtain a suitable
design strategy for high-performance AEMs, a model polymer electrolyte system
with properly controlled, highly stabilized ion channels that are unaffected by the
level of hydration in the membrane has been conducted via the use of semicrys-
talline AEMs.

Miyanishi et al. developed a new type of aromatic AEM for this purpose [44].
Self-assembling poly(3-alkylthiophene) was applied to spontaneously constructed
bilayer lamellae structures that had ion channels composed of densely accumulated
anion-exchange groups (as shown in Fig. 14.4). Long-ranged, well-ordered bilayer
lamellae structures of the developed membrane (A2) were verified by the presence
of sharp peaks in both SAXS and wide-angle X-ray diffraction. In contrast to
microphase separation of block co-polymer polyelectrolytes in which miscibility of
the hydrophobic and hydrophilic segments is the driving force of structural for-
mation, these lamellae structures are induced through crystallization of the segment.
Interestingly, these lamellae structures do not change during hydration with vapor
and/or water, even though lamellae spacing becomes larger upon absorption of
water (Fig. 14.5). Such structural behaviors are completely different from those
typical for hydrophobic/hydrophilic block co-polymer electrolytes, whose

Fig. 14.4 Schematic of solid-state nanostructure of alternative poly(3-alkyalphiphene) AEM (A2)
[44]
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structures usually change after absorbing water (lamellae, cylinder, sphere, etc.).
This behavior can be understood by considering the semicrystalline nature of
poly-3-alkylthiophenes. In these compounds, the polymers tend to crystalize due to
packing of the alkyl chain and the p–p interactions that exist in the backbone. Their
local structures can change relatively easily due to the flexible nature of alkyl chain.
In addition to developing well-defined ion channels and the semicrystalline nature
of these polymers, water uptake of these membranes is much lower than in typical
AEMs that with the same IEC. In the aforementioned experiments, the anion
conductivity (Br−) of this membrane was a much higher value (56.2 mS cm−1, 70 °
C RH 100%) than that of the corresponding control polymer with a relatively
disorderly structure (28.6 mS cm−1, 70 °C RH 100%). The activation energy of this
membrane was lower than that seen in the control polymer. The differences in ion
conductivity and activation energies between A2 and its corresponding membrane
with a disorderly structure becomes more pronounced when the humidity decreases,
namely, there is a lower water content in the membrane. This is indicative of the
benefits of A2’s self-assembled, bilayer lamellae structures for fast anion trans-
portation, especially in much drier conditions.

Although the conclusion obtained by this membrane is similar to those inferred
for the aforementioned multi-block co-polymers or comb-shaped polymers, the
semicrystalline nature of the membrane offers advantages for further improving the
morphological stability of ion channels under hydration.

To achieve efficient ion conduction in AEMs, a few studies have recently used
porous solid-state nanostructures. Although most membranes are packed to mini-
mize free spaces in solid-state, resulting in no porosity formation, some of the
polymers still tend to form molecular sieves in solid-state because the rotation and
entanglement of the polymer chain is relatively restricted. These membranes are

Fig. 14.5 a Time course of in situ, out-of-plane WAXRD of the A2 (HCO3
−) membrane after

introducing saturated vapor at room temperature. The arrows show the direction of peak shift.
b SAXS of A2 (HCO3

- ) bulk sample in water at 25 °C. The arrows show (100) diffraction peaks
derived from bilayer lamellae structures [44]. © 2015 American Chemical Society
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called as polymer intrinsic microporosity (PIM) [45]. Among various microporous
polymers, PIM-1 and its analogs, first developed by McKeown et al., have attracted
attention in gas separation applications because of their unique polymeric properties
[46]. These materials are ladder-type polymers that feature a rigid and contorted
backbone as well as high processability into a free-standing microporous mem-
brane. Some of the studies reported expected that such microporous polymers
would serve as a new motif for high-performance AEMs, when given the right
anion-exchange groups.

As shown in Scheme 14.6, Ishiwari et al. reported the synthetic route and the
anion-conducting properties of a trimethylbenzyl ammonium-appended PIM with a
spirobiindane backbone [47]. In those investigations, the resulting PIM (1OH)
afforded a free-standing membrane with good OH− conductivity (65 mS cm−1)
under 100% relative humidity at 80 °C as well as long-term durability in water.
Similar approaches using this PIM design were tried by other researchers, including
McKeown, Guiver, and Xu, and ultimately led to the development of AEMs with a
Tröger’s-base polymer backbone [48]. These novel AEMs exhibited very high
hydroxide conductivity (164 mS cm−1 at 80 °C in water), despite having relatively
low IEC (0.82 meq cm−1). Although the exact relationship between these
solid-state microporous structures and their anion conductivity still remains
unknown, the molecular sieves in these polymers are thought to enhance the
mobility of dissociated anions and also might help to improve water retention
within the pore itself (Fig. 14.6).

Scheme 14.6 Synthesis of spirobiindane-based PIMs (1Cl and 1OH) using V-40 and 1,1′-azobis
(1-cyclo-hexanecarbonitrile) [47]
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14.5 Alkaline Stability of AEM

The chemical stability of AEMs is also very important for practical device appli-
cations. It is well known that the alkaline stability of AEMs is relatively low,
especially if the AEM is subjected to hot alkaline solutions for long periods of time.
Under these conditions, the electrical resistance of the membrane increases whereas
the IEC decreases [49]. This phenomenon can be reasonably explained by con-
sidering the degradation of the anion-exchange group at that particular stage. In
fact, the QA is often converted to a nonionic compound after treatment in hot
alkaline or organic base solution under specific conditions. The most famous of
these reactions is the Hoffman Elimination, in which the b hydrogen of the QA is
eliminated by OH− in order to form olefin and tertiary amine [50]. In addition to
this, it has also been reported that the QA can be decomposed by various mecha-
nisms, including ylide-mediated reactions, a Stevens or a Sommlet–Hauer rear-
rangement [51, 52], and nucleophilic substitution reactions to name a few
(Scheme 14.7).

14.6 Alkaline Stability of the Anion-Exchange Groups

Alkaline stability of anion-exchange group is very important for the development of
durable AEMs. Mohanty et al. researched the alkaline stability of small molecular
model anion-exchange groups [53] by preparing QA hydroxides from the corre-
sponding QA halides via ion-exchange reactions with silver oxide (Fig. 14.7). The
stability of the resulting QA hydroxides was noted in D2O at 60 and 120 °C with
18-crown-6 as the internal standard. The degradation behavior was monitored via
1H NMR and the corresponding degradation products were analyzed by GC-MS
and 2D NMR.

Fig. 14.6 Illustrations of a microporous AEM composed of a rigid ladder polymer with
anion-exchanging groups [47]. © RSC publishing group
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The degradation rate of the aforementioned QA hydroxides is summarized in
Fig. 14.8. From the results, it is clear that the DABCO-2 in which two cation
groups co-exist in one molecule is very unstable, whereas DABCO-1 is relatively
stable (Fig. 14.8a). Furthermore, benzylic-substituted resonance-stabilized cation

Scheme 14.7 Degradation pathways for QA cations during (i) Hoffman elimination
(ii) Ammonium ylide-mediated reaction (iii) Nucleophilic substitution (iv) Rearrangement

Fig. 14.7 a QA-model
compounds prepared for
alkaline stability studies,
where X = Br or I.
b Ag2O-mediated
ion-exchange reaction [53]. ©
RSC publishing group
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structures (e.g., TMG, 1,2-DMIm, Pyr, and 2MPyr as shown in Fig. 14.7) are
relatively unstable in alkaline conditions in comparison to TMA (Fig. 14.8a). The
other trialkyl ammoniums, such as MnPr and MCH, are only slightly more stable
than TMA (Fig. 14.8b). The most stable compound that has been examined thus far
is TMHA. This is somewhat unexpected, given that TMHA is a famous substrate

Fig. 14.8 Percentage of the remaining cations at a 60 °C for TMA, DABCO-1, DABCO-2, TMG,
1,2-DMIm, Pyr, and 2MPyr. b 120 °C for TMA, MnPr, MiPr, MCH, DABCO-1, DMHA, and
TMHA [53]. Note that at 60 °C, the TMA and DABCO-1 datasets overlap at 100% of the
remaining cations. © RSC publishing group
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for Hoffman Elimination reactions. Through these studies, Mohanty was able to
verify that even though the olefin compound derived from Hoffman elimination
reaction was only observed at 140 °C, this compound was found to be stable at
120 °C in D2O.

Among the investigated compounds, it was clear that BTMA was not as unstable
as generally believed. Similarly, no degradation of the BTMA group was observed
even after the compound was stirred in 1 M NaOH(aq) at 80 °C for one month.

14.7 Quantum Calculation for the Analysis of Alkaline
Stability of Anion-Exchange Group

Researchers have been trying to establish the relationship between alkaline stability
and the electronic structure of the anion-exchange group [54–57]. Using density
functional theory (DFT) calculations, Pivovar et al. analyzed the alkaline stability
of substituted trimethyl ammoniumcations and concluded that the alkyl chain length
of the ammonium cation have a significant influence on alkaline stability [56].
Matsuyama et al. looked at the electronic state of the anion-exchange groups that
had been reported by Mohanty (Figs. 14.7 and 14.9) with the aim of using quantum
calculations to better understand alkaline degradation behavior [58].

It was found that a strong relationship existed between the lowest unoccupied
molecular orbital (LUMO) energy and the alkaline stability of the anion-exchange
groups (Fig. 14.10) [59]. Given that the hydroxide ion is an electron-rich nucle-
ophile, it is able to interact with the vacant orbitals of other molecules. When
compared to other vacant orbitals, the LUMO can more easily accept an electron
because it has the lowest energy of all of the vacant orbitals. Moreover, electrons in
the HOMO have the highest energy of all the occupied orbitals. Thus, electrons can
be readily transferred from the HOMOs of all the hydroxide ions to the LUMOs of
all the anion-exchange groups.

Figure 14.10 shows relation between the LUMO energy and the degradation rate
of the anion-exchange groups. When a hydroxide ion and the model molecules
interact, the lower LUMO energy value for the model molecule corresponds to
more stabilized electron energy. As a result, model molecules with lower LUMO
energies are decomposed easily. On the other hand, some molecules (e.g., 2 and 5)
are decomposed relatively quickly despite having high LUMO energies. These
molecules have p-type LUMOs localized on the anion-exchange groups, and since
the HOMO isosurface of hydroxide ion is also p-type, some overlap occurs. Since
the interactions between p–p orbitals are more extensive than those between p–r
orbitals, the faster rate of degradation can be attributed to greater overlap between
the LUMO of the anion-exchange group and the HOMO of hydroxide ion. This
explains why anion-exchange groups with benzylic-substituted resonance-stabilized
cation structures (e.g., guanidines, imidazolium, and pyridinium) decompose faster
than general QA cations. The stability of an anion-exchange group is affected by
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both the molecule’s electronic structure and various other kinetic factors (such as
the ability of bulky structures to kinetically suppress the attacking of OH− ion).
A simple evaluation of LUMO is insufficient for discussing the durability of QA
cations because of this complexity, but this technique is effective for rapid
screening to establish durable QA cations.

Fig. 14.9 Molecular
structures and LUMO
isosurfaces of the model
molecules. Model molecules
were subjected to
decomposition tests at a 60 °
C, b 120 °C, and c HOMO
isosurface of hydroxide
(isovalue of 0.04) as reported
by Matsuyama [58]. © RSC
publishing group

Fig. 14.10 The relationship
between the LUMO energy
and the degradation rate [58].
© RSC publishing group
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14.8 Alkaline Stability of Anion-Exchange Group
Attached in the Polymer

Although small molecular model ammonium is important in directly evaluating the
stability of the anion-exchange groups, it is necessary to not to jump to the con-
clusion that the stability of anion-exchange group can be achieved through a simple
attachment in the polymer system. Many studies found that the speed of degra-
dation of QA cations was drastically accelerated in the polymer system when
compared to small molecular QA cations, even though both the physical mobility
and the reactivity of polymer were generally lower than those for small molecular
compounds. This result may be explained by solvation and concentration effects.

Pivovar et al. experimented with the activation energy needed for degradation
reactions by changing the dielectric constant around QA cations [54]. As shown in
Fig. 14.11, it was found that the activation energy barrier for degradation of the
tetramethyl ammonium increased linearly with dielectric constant. Since dielectric
constant of water is very high (*80), the dielectric constant around a fully hydrated
ammonium cation is naturally much higher than that of a less hydrated ammonium
cation. As such, the degradation of ammonium cation can be suppressed through
hydration.

This result is also consistent with the key principles of organic chemistry.
Nucleophilic substitution (SN2-type) or elimination reactions (E2-type) are known
to be drastically accelerated in polar aprotic solvents (such as diemthyl formamide,
dimethylsulfoxide, and acetonitrile) but are less efficient in protonic solvents. In
fact, the reaction kinetics of some types of nucleophilic reactions can change by
orders of a million simply by changing solvent of the reaction. Protonic solvents
such as water generally weaken the reactivity of anion and QA cations. QA cations
in small molecular system are water soluble, and therefore fully hydrated, whereas
the water solvation of the cation attached in the polymer is relatively limited. As

Fig. 14.11 Changes in the standard free energy (DG0) and activation energy barriers (DE#) for the
degradation of tetramethylammonium as a function of the dielectric constant used in the PCM
model as reported by Chempath [54]. Note that a DE# value below zero (represented by the open
red triangles) indicates a reaction without activation barriers and is thus only limited by diffusion.
© 2008 American Chemical Society
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such, the stability of anion-exchange groups attached in the membrane tends to be
much lower than that of small molecular ammonium compounds [60].

These solvation effects are also observed when looking at the differences in the
stability between water and methanol. When solubility of the compound in water is
a problem, testing the alkaline stability of AEMs or their model small molecular QA
is sometimes conducted in methanol. In these cases, the speed of degradation is
much faster in methanol than it is in water. Miyanishi’s research focused on the
degradation behavior of several low molecular model compounds of typical poly
(arylene ether) AEMs (Fig. 14.12) [61]. They compared the speed of degradation
for these compounds in water and alcohol solvents. As clearly seen in Fig. 14.13,
alkaline degradation of the model compound is exponentially accelerated in
methanol and ethanol in comparison to water. This indicated that stability of AEMs
is of greater importance in methanol or ethanol liquid fuel cells than in typical
oxygen/hydrogen fuel cells.

The degradation kinetics between small molecular QA cations and the ones
attached to the polymer membrane are also influenced by the concentration of the
hydroxide in the presence of a swollen membrane. Price et al. calculated effective
concentration of hydroxide and water in polymer membranes [62] and found that
there was a large decrease in the amount of water available per cation attached to a
polymer film in comparison to the amount associated with small molecular
ammonium groups. This fact correlates with the observed increase in hydroxide
concentration on the swollen polymer film. Namely, even if AEMs are treated in
1 M NaOH(aq), the concentration of hydroxide anion around the QA cations in the
polymer remain much higher than 1 M, which explains why materials that show
minimal degradation when dissolved in solution often degrade when immobilized
on water-soaked polymer films that are swollen from hydration.

Fig. 14.12 Chemical structures of BTMA-modified PES, PEEK, and PEOFB, along with their
corresponding model compounds (M1–M3) [61].© RSC publishing group
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14.9 Design of Alkaline Stable Anion-Exchange Group

Research has also been focused on the alkaline stability of the anion-exchange
groups. Some of the anion-exchange groups are reported to be more stable than
alkyl ammonium cations. However, there are few examples of anion-exchange
groups which exhibit exceptional alkaline stability. Coates et al. reported that tet-
rakis(dialkylamino)phosphonium cation [P(N(Me)Cy)]+ was very high stability in a
1 M NaOD/CD3OD solution (Fig. 14.14) [63] for up 20 days, which was a more
strenuous operating condition when compared that of aqueous alkali. Individual
crystals of methoxide anion formed [P(N(Me)Cy)]+ OMe−, which could be isolated
because of its high stability. In light of these results, this anion-exchange group was
applied to polyethylene AEMs, and it was found that the ion conductivity of the
resulting membrane remained stable for 140 days in 1 M NaOH(aq) at 80 °C.

Fig. 14.13 a Degradation rates of M1 in 1 M aqueous NaOH (black), 1 M CH3ONa/CH3OH
(red), and 1 M C2H5ONa/C2H5OH (blue) at 80 °C b degradation rates of M2 in 1 M aqueous
NaOH (black), 1 M CH3ONa/CH3OH (red), and 1 M C2H5ONa/C2H5OH (blue) at 80 °C [61]. ©
RSC publishing group

Fig. 14.14 Stability of
[BnNMe3]

+ and [P(N(Me)
Cy)4]

+ in 1 M NaOD/CD3OD
at 80 °C as reported by
Noonan [63]. © 2012
American Chemical Society
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14.10 Backbone Degradation of Poly(Arylene Ether)
AEMs

During the initial stages, the degradation of AEMs is believed to be caused by
degradation of the anion-exchange groups. However, recent reports cast doubt on
this. While investigating alkaline degradation behavior of QA-modified poly
(fluorenyl ether sulfone ketone) AEMs (QA-PEEKS) and their corresponding
imidazolium-modified AEMs (IM-PEEKS) [64], Chen et al. found that QA-PEEKS
became mechanically brittle after treatment in alkaline solution (Fig. 14.15). The
intrinsic viscosity of these membranes also decreased drastically, thereby hinting at
the occurrence of backbone degradation in the membrane. A similar phenomenon
was observed in other poly(arylene ether) AEMs, including benzyl trimethylam-
monium (BTMA) modified PES and PPO AEM.

Several studies were tried to explain this degradation behavior under alkaline
conditions through spectroscopic analysis. Infrared (FTIR or Raman) and 1D 1H
NMR analysis is usually chosen for elucidating the chemical structure of AEMs
after alkaline durability experiments. However, it is difficult to identify the indi-
vidual chemical moieties using these methods due to broadness of the spectrum or
variations in the chemical environment stemming from changes in the distribution
of the polymer’s molecular weight. Precise identification of the degraded chemical
structure/moieties is essential in understanding the degradation mechanism of
AEMs in detail. Arges et al. looked at the degradation products of polysulfone
(PSF) AEMs after alkaline stability tests by using two-dimensional NMR spec-
troscopy [65] through the application of correlation spectroscopy (COSY) and
heteronuclear multiple quantum correlation spectroscopy (HMQC) in an attempt to
identify the degraded species derived from exposure of PSF-based AEMs to
alkaline solutions. Using these methods, it can be confirmed that (i) PSF and
chloromethylated PSF by themselves are stable in alkaline media and (ii) func-
tionalization of PSF with relatively stable cation groups tethered to the benzyl

Fig. 14.15 Optical image of QA-PEEKS (left) and IM-PEEKS (right) after degradation tests [64].
© 2012 American Chemical Society
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position of the diphenylpropane group in PSF resulted in backbone degradation
upon exposure to alkaline solutions for both quaternary carbons and ether
hydrolysis (Fig. 14.16).

14.11 The Relation Between Backbone and Cation
Degradation in Poly(Arylene Ether) AEMs

Details of the degradation mechanism of PES-AEM were investigated using small
molecular compound (M1) in order to account for the relationship between back-
bone degradation and anion-exchange group degradation of poly(arylene ether)
AEMs [66]. Miyanishi et al. found that degradation products derived from simple
degradation of anion-exchange group (N1, N2, or N3 in Scheme 14.8) were not
detected after alkaline stability tests were conducted on M1. From 1H NMR
analysis of the degradation products, it is confirmed that the ether linkages in the
backbone were much weaker than those in the QA groups. Scheme 14.8 details the
alkaline degradation mechanism for M1. After cleavage of M1’s ether linkage, the
resulting 2-hydroxybenzyl trimethylammonium (D2) was very unstable in hot
alkaline solution and rapidly converted to benzyl alcohol and tertiary amine through
the formation of the highly reactive o-quinone methide. Several studies conducted
on this highly reactive o-quinone methide and its precursor clearly support this
explanation [67–70]. As such, cleavage of the ether bond not only results in
degradation of polymer backbone, but also triggers the degradation of the
anion-exchange groups.

In studies conducted with small molecular QA cations, BTMA itself is relatively
stable. Both the backbone and the anion-exchange groups are decomposed in most

Fig. 14.16 Hydrolysis of a quaternary carbon b ether bonds in PSF AEMs containing relatively
stable fixed cations as reported by Arges [65]. The red lines represent electron delocalization. ©
2013 National Academy of Sciences
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benzyl alkylammonium modified poly(arylene ether) AEMs. Degradation of the
anion-exchange group of typical benzyl alkyl ammonium-modified PES AEM may
not be derived from direct degradation by OH−, but rather from the cleavage of
ether, resulting in the formation of a highly unstable quinone methide precursor.
Given this, it can be said that degradation of the backbone and the anion-exchange
groups occur simultaneously, and the mechanism outlined supports these experi-
mental results.

Therefore, it can be inferred that stabilizing the ether linkages are key to
enhancing poly(arylene ether) AEMs. Investigations were conducted on the
stability of arylene ether linkage to verify that the ether linkages sandwiched by
BTMA and a phenylene become relatively stable if the electron densities around
linkages are increased (Figs. 14.17 and 14.18) [61]. PPO membranes were found to

Scheme 14.8 Conventional and proposed degradation mechanisms for M1 in NaOH(aq) as
reported by Miyanishi [66]. *Formed by the reaction between quinone methide and D3

Fig. 14.17 Chemical structures of L1–L4 [61]. © RSC publishing group

14 Development of Polymer Electrolyte Membranes … 333



be relatively more stable than PES or PEEK membranes in which the ether linkages
were attached to electron withdrawing sulfone or ketone-substituted phenylene and
benzyl ammonium [71].

14.12 Molecular Designs to Enhance the Alkaline Stability
of Poly(Arylene Ether) AEMs

Several groups have been able to improve the alkaline stability of poly(arylene
ether) AEMs by introducing alkyl spacers or spacing units between the backbone
and the anion-exchange group [72, 73]. Dang et al. reported PPO AEMs func-
tionalized with ammonium cations through a flexible alkyl spacer (PPO-7Q)
(Scheme 14.9) [73]. The resulting membranes had much higher alkaline stability
when compared to BTMA-modified PPO AEMs (PPO-1Q) (Fig. 14.19). The

Scheme 14.9 Synthetic pathway of PPO modified with heptyltrimethyl-ammonium side chains
(PPO-7Q) via (i) lithiation with n-BuLi, THF, −78 °C, (ii) bromoalkylation with
1,6-dibromohexane, THF, −78 °C, and (iii) quaternization using trimethylamine, NMP, 25 °C,
NaOH as reported by Dang et al. [73]. PPO that has been modified with benzyltrimethylammo-
nium groups (PPO-1Q) is used as a benchmark material

Fig. 14.18 Degradation rates of L1 (black), L2 (red), L3 (blue), and L4 (purple) in 2 M CD3ONa/
NaOD (CD3OD:D2O = 4:1) solution at 80 °C [61]. © RSC publishing group
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enhanced alkaline stability of PPO-7Q can be attributed to a stabilization of the
anion-exchange group itself as opposed to the benzyl ammonium groups. The
polymer backbone of this membrane can be further stabilized via the attachment of
the anion-exchange groups through alkyl spacer. No detectable changes were
observed in the membrane itself even after soaking in 1 M NaOH(aq) at 80 °C for
192 h.

These experimental results also supported the idea that the stability of both the
backbone and the anion-exchange groups can be controlled simply by changing the
electronic structure around the poly(arylene ether) linkages.

14.13 Design of Heteroatom-Free Aromatic AEMs

Since typical polymers for AEM applications have been prepared via nucleophilic
aromatic substitution of aromatic diol and dihalide monomers, they unavoidably
contain C–O linkages along the backbone. Although the aryl ether linkages allow
for more freedom of rotation along the polymer backbone and improve both the
solubility and the mechanical properties of the resulting polymers, the presence of
such ether linkages makes AEMs potentially labile under alkaline conditions.
Optimization of the electronic structure around the C–O linkages can enhance
backbone stability. This can be achieved by changing the anion-exchange groups
from benzyl ammonium cations to the groups attached through flexible spacer.
However, in order to develop durable AEMs for long-term use at high temperatures,
it is crucial to find alternative polymer backbones that are free of aryl ether bonds.
In this section, studies aimed at improving said backbone stability are discussed.

As shown Fig. 14.20 [74, 75], Hibbs et al. first reported utilizing a poly(phe-
nylene) backbone prepared via Diels–Alder polymerization for the synthesis of
more durable AEMs. They evaluated and compared alkaline stability of the newly
synthesized membrane (ADAPP) to that of both BTMA-modified PSF AEMs
(PS-AEMs) and Tokuyama’s membrane (AHA). The chemical stabilities of
ADAPP, PS–AEM, and Tokuyama’s AHA were then tested by immersing samples
into aqueous solutions of NaOH (4 M) at 60 °C for 28 days and subjected them to
mechanical agitation. The test results are shown in Fig. 14.21 After only a few
days, the PS–AEM samples became extremely brittle and broke apart due to the

Fig. 14.19 Evolution of the
1H NMR signal ratio of the
QA protons and the aromatic
protons [IQA: IAr] during
immersion in 1 M NaOH(aq)

at 80 °C in comparison to the
original ratio [(IQA : IAr)0] as
reported by Hai-Son Dan
et al. [73]. © RSC publishing
group
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mechanical agitation. This embrittlement was attributed to degradation of the PSF
backbone. However, the ADAPP and AHA membranes exhibited no changes in
appearance or flexibility during the testing, nor were there any measurable changes
in their IEC values. While this single set of test conditions is hardly enough to
exactly duplicate the real-world operating conditions of an alkaline fuel cell,
surprising stability of the BTAM groups on polyphenylene backbone indicated that
ADAPP membranes may have a future in alkaline fuel cells.

Li et al. reported the development of new types of poly(phenylene alkylene)
AEMs that were free of aryl ether linkages (PBPA1+ and PBPA2+). As shown in

Fig. 14.20 Chemical structure of BTMA-modified branched polyphenylene AEM
(DAPP-ATMPP) as reported by Hibbs et al. [74]. © 2009 American Chemical Society

Fig. 14.21 Alkaline stability of DAPP-ATMPP and Tokuyama Membrane (AHA) in 4 M NaOH
at 60 °C as reported by Hibbs [74]. © American Chemical Society
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Scheme 14.10 [76, 77], these membranes could be synthesized via one-pot,
acid-catalyzed Friedel–Crafts polycondensation between biphenyl and tri-
fluoromethyl alkyl ketones. Although several types of Friedel–Craft reactions using
acid catalysts have been attempted with the aim of constructing aryl-aryl linkages,
most of these reactions were accompanied by unwanted side reactions. The syn-
thetic procedure for this poly(phenylene alkylene) first developed by
Guzmán-Gutiérrez et al. is a rare example of how to achieve selectivity and effi-
ciency during polymerization [78, 79]. The synthesized PBPA1+ and PBPA2+

membranes maintained their IECs even after an alkaline test in 1 M NaOH solution
at 80 °C for 30 days (Fig. 14.22). Furthermore, the hydroxide ion conductivity was
also only negligibly different after the alkaline test, thereby indicating that these
membranes also possessed good long-term thermochemical stability. These results
confirmed that the AEM design concept of utilizing rigid polymer backbone
structures without aryl ether bonds and adding QAs onto flexible alkyl tethered
chains offered remarkable chemical stability even at high temperatures and under
alkaline conditions.

Miyatake et al. developed new types of multi-block co-polymer AEMs (QPAF)
in which the hydrophobic components were composed of perfluoroalkylene chains
and the hydrophilic components were made of quaternized oligophenylene groups
(Scheme 14.11) [80, 81]. No heteroatom linkages (such as ether, sulfone, and
ketone groups) were included in the polymer main chains. The introduction of the
highly hydrophobic perfluoroalkylene chains were found to improve the ion con-
ductivity, mechanical properties, and solvent solubility of AEMs.

Scheme 14.10 Synthetic route for QA polymers PBPA+ [76]
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The QPAF multi-block co-polymers were compared to their multi-block
co-polymer QPE-BI counterparts which were composed of poly(arylene ether)
hydrophobic units and quaternized oligophenylene hydrophilic units [80]. It was
revealed that QPAFs with BTMA cations (IEC = 1.26 meq g−1) exhibited very
high hydroxide conductivity (95.5 mS cm−1, 80 °C) and conductivity that was
double that of QPE-BIs (IEC = 1.30 meq g−1, 44.4 mS cm−1, 80 °C). When
compared with their QPE-BI counterparts, elongation of the QPAF membrane was
largely enhanced via the introduction of the perfluoroalkylene group. However, it
should be said that this group negatively affected the thermomechanical properties
of the membrane due to lowered glass transition temperatures. The QPAF mem-
brane still kept its shape and bendability even after being soaked in alkaline solution
at 80 °C, whereas typical poly(arylene ether) broke into pieces. This meant that
having a heteroatom-free QPAF membrane was needed to stabilize the polymer
backbone.

Fig. 14.22 1H NMR spectra of PBPA+ a before and b after stability tests [76]. © 2015 American
Chemical Society
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Scheme 14.11 Synthesis of QPAF membranes with various ammonium structures [80]
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14.14 Pore-Filling Technology for AEMs

This section focuses on the numerous approaches to the development of new
membranes as means of controlling the physical properties of AEMs, such as high
hydroxide conductivity, chemical, and thermal durability, mechanical strength in
both dry and hydrated state, and lower fuel crossover. Although the development of
AEMs with all these necessities has proven to be extremely difficult, one idea has
been to use pore-filling technology as an effective method for preparing
high-performance membranes [82].

A pore-filled membrane is composed of two materials: a porous substrate with
pore sizes on the sub-micrometer scale and a polymer that is used to fill the pores of
the substrate as shown in Fig. 14.23. For AEM applications, the porous substrate
must be completely stable in alkaline conditions and against any form of oxidant. In
addition, the substrate must be mechanically strong in order to homogeneously
suppress the inevitable swelling that occurs when the pores are filled with poly-
electrolyte material. To date, several promising porous substrates that exhibit the
aforementioned properties have been developed. For example, high density poly-
ethylene porous substrate is commercially applied for several applications,
including as a separator for electrochemical devices, since polyethylene is highly
stable in alkaline solutions. Even though polyolefins are slightly unstable in the
presence of highly active oxidants (such as hydroxy radicals), they are also used in
this type of technology. This is because High-density polyethylene substrate can
resist decomposition by Fenton’s reagent due to the crystalline nature of the
material. In addition, this substrate possesses a high mechanical strength due to
large molecular weight of the polymer.

Pore-filling technology offers advantages when it comes to the preparing
membrane made from polyelectrolytes that have low mechanical strength or
become extremely swollen when immersed in water. Furthermore, the physical
properties of membrane such as fuel permeability, conductivity, and chemical

Fig. 14.23 Illustration of
pore filling of an AEM
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durability can be effectively tuned by controlling the state of absorbed water sur-
rounding the filled polyelectrolyte [83]. This technology enables researchers to
develop high-performance membranes that exhibit all the requisite characteristics.

Jung et al. applied pore-filling technology to PES-AEMs by filling partially
chloromethylated PES-AEMs (C1, C2) with cross-linked polyethylene porous
substrates that were 17 lm thick [84]. After filling, the chloromethyl group of
the AEM was cross-linked by N,N,N′,N′-tetramethyl-1,6-hexanediamine. The
researchers then compared the water uptake, anion conductivity, and fuel crossover
of the cast membranes (C1, C2), and their corresponding pore-filled membranes
(PF1, PF2). IEC of both cast and pore-filled membranes were approximately
3.0 meq g−1 after being filled with N,N,N′,N′-tetramethyl-1,6-hexanediamine.
Figure 14.24a shows hydration numbers (k) of the membranes, whereas the number
of free water estimated using differential scanning calorimetry (DSC) is shown in
Fig. 14.24b.

Despite relatively humid conditions and the high IEC of the membrane, no free
water is observed in the pore-filled membrane. This means that only bound water
molecules exist in the membrane itself. Furthermore, total water absorption of
pore-filled membrane is much lower than that of the corresponding cast membrane.
Therefore, both the water state and the amount of swelling can be effectively
controlled by filling the membrane with substrate.

The hydroxide ion conductivity (r) for the aforementioned membranes as a
function of temperature under humid conditions is shown in Fig. 14.25a.
Interestingly, the hydroxide ion conductivity for membranes C1 and C2 are similar,
although the free water content of C1 is 7.6 times higher than that of C2. The
excessive free water does not contribute positively to hydroxide ion migration,
probably because the concentration of the hydroxide ion is lowered by the presence
of excess water. PF-AEMs, which only contain bound water molecules, show r of
6.8 mS cm−1 for PF1 and 4.8 mS cm−1 for PF2 at 60 °C. That is to say, hydroxide
ion conduction through bound water molecules without the presence of any free
water molecules is possible in pore-filled membranes. In general, the hydroxide

Fig. 14.24 a The water state
and hydration number of each
membrane, b thermogram of
water fusion enthalpy of the
membranes [84]. © Science
Direct
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conductivities of PF-AEMs are about four to six times smaller than those of cast
membranes. When these principles are transferred for the practical usage in fuel
cells, the effect of the membrane’s thickness must be taken into account. The
mathematical product of area resistance, membrane thickness, and the reciprocal of
conductivity must be calculated in order to get a more accurate picture of the
processes occurring inside the fuel cell. Since a 17-lm-thick PF-AEM is much
thinner than a 100-lm-thick cast membrane, the area resistance of PF1 and PF2
(0.25 X cm2 and 0.36 X cm2 at 60 °C, respectively) will be smaller than the value
calculated for the cast membranes (which is 0.36 X cm2 for C1 and 0.37 X cm2 for
C2). As such, preparation of thinner cast membranes is extremely difficult due to
mechanical instability and excessive swelling.

As shown in Fig. 14.25b, permeability of methanol (MeOH) and ammonia
(NH3), both of which are potential candidates for liquid fuels in SAFCs, depend on
the amount of free water molecules available in cast membranes. Larger amounts of
water tend to cause greater permeability of MeOH or NH3. In the aforementioned
experiments, C1’s permeability is almost twice that of C2’s; this is because C1’s k
is greater than C2’s due to a smaller amount of bridging agent. When compared to
cast membranes made from the same polymer, the fuel permeation of PF-AEMs is
17–38 times more restricted, whereas the r is only one-third to one-twelfth times
smaller. Therefore, PF-AEMs exhibit excellent performance even under the
restrictions of MeOH and NH3 permeation due to the ineffectiveness of transmitting
MeOH and NH3 via the bound water molecules. Thus, by filling the AEM with an
extremely porous substrate, the water saturation levels of the membrane can be
controlled, resulting in suppression of fuel crossover and excessive membrane
swelling.

Fig. 14.25 a Hydroxide ion
conductivity at various
temperatures at R.H. 100%,
b permeability of 10 wt%
methanol(aq) and 10 wt%
ammonia(aq) at 25 °C as
reported by Jung [84]. ©
Science Direct
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Controlling of water state by using pore-filled membranes is also beneficial for
enhancing the alkaline stability of AEMs. Jung et al. further tried to reduce the
hydroxide ion’s ability to attack by suppressing its mobility via a pore-filled
membrane [85]. As previously shown in Fig. 14.24a, cast membranes contain many
free water molecules whereas pore-filling membranes only contain bound water
molecules. Since the hydroxide ion in a pore-filled membrane is surrounded by
structured water with low mobility, the reaction kinetics of the hydroxide can be
suppressed.

Table 14.3 shows the self-diffusion coefficient in a humid environment with a
cast membrane (C_H) and a pore-filled membrane (PF_H) at 25 °C. This coefficient
is determined using Pulsed Field Gradient Spin Echo spectroscopy
(PFGSE−1NMR). The diffusion coefficient of water in the pore-filled membrane is
0.65 � 10−10 m2 s−1, which is one-fourteenth of the diffusion coefficient of the cast
membrane. This indicates that water and hydroxide ion in the pore-filled membrane
moves very slowly compared to that in the cast membrane. When the alkaline
stability of the membrane (OH− form) was tested in water at 100 °C, the cast
membrane became larger and more fragile, shattering completely after only four
hours of immersion.

Changes in the IEC that were observed during the tests are shown in Fig. 14.26.
The IECs of the cast membranes decreased drastically over the course of one hour
and then continued to decline moderately after two hours of immersion. On the
other hand, the IECs of the pore-filled membranes exhibited no change during the
course of two hours of immersion and then only began to decrease moderately after
three hours of immersion. These results support the theory that the alkaline stability
of pore-filled AEMs can be enhanced by controlling of water state of the membrane
since doing so lowers the mobility and attacking ability of the hydroxide ions.

For pore-filling experiments, Jung et al. used typical PES-AEMs which had very
low alkaline stability that did not meet the requirements for practical fuel cell
application. On the other hand, Sailaja et al. focused on pore-filled technology using
a new alkaline durable AEM [86]. As previously mentioned, BTMA cations by
themselves are relatively stable in alkaline solutions, however, they exhibit insta-
bility if PSF or poly(arylene ether) groups are attached. As such, it is expected that a
simple structure based on the benzyl ammonium group and benzene without a
heteroatom segment would be promising as a very durable alkaline membrane.
Based on this idea, researchers designed a new aromatic anionic electrolyte pre-
cursor which has three tertiary amino groups, 1,3,5-tri[p-(N,N′-dimethylamino-
methyl)phenyl]benzene (TDAMPB). This monomer’s tertiary amino groups can be

Table 14.3 Self-diffusion coefficient of water in fully saturated membranes at 25 °C as measured
via PFGSE-1H NMR [85]

Membrane Pore-filling membrane
(PF_H)

Cast membrane
(C_H)

Self-diffusion coefficient/�10−10 m2 s−1 0.65 9.16
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converted to three benzyl trimethylammonium anion-exchange groups via in situ
cross-linking with a,a′-dichloro-p-xylene. The result is an extensively cross-linked
polyelectrolyte (PTDAMPB) with a high IEC value (IEC = 4.52), as shown in
Scheme 14.12 For these experiments, poly(vinylbenzyltrimethyl) ammonium
chloride (PVBTAC, IEC = 3.96), a simple but highly conductive anionic elec-
trolyte, is used as the reference pore-filled membrane for comparison with
pore-filled PTDAMPB membranes.

Although most conventional AEMs with high IEC and conductivity values suffer
from problems due to excessive membrane swelling, the PTDAMPB membrane
exhibited lower water uptake (19.9 wt% at 90% R.H.) in contrast to the PVBTAC
membrane. In turn, the PVBTAC pore-filling membrane itself even has lower water
uptake when compared to a typical AEM with a similar IEC. Table 14.4 shows the
physical properties of the PTDAMPB and PVBTAC membranes. The area and
thickness changes that occur during membrane swelling demonstrate the

Fig. 14.26 Ion-exchange capacity ratio after immersing membranes in H2O at 100 °C plotted
against the immersion time of the membranes: cast membranes bridged with TMHDA (C_H, open
circle) and N,N,N′,N′-tetranethyl-1,4-butanediamine (TMBDA) (C_B, open diamond) and
pore-filled membranes bridged with N,N,N’,N’-tetramethyl-1,6-hexanediamine (TMHDA)
(PF_H, solid circle), and TMBDA (PF_B, solid diamond) [85]

Scheme 14.12 Polymerization of TDAMPB and a,a′-dichloro-p-xylene [86]. Reagents and
reaction conditions: (i) 60 °C in THF
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insignificance of changes in the dimensions of these types of membranes. The low
water uptake of the resulting PTDAMPB membrane is thought to be derived from
both the effect of filling and the extremely rigid, cross-linked molecular structure of
the PTDAMPB polyelectrolyte itself. Both PTDAMPB (1370 kgf cm−2) and
PVBTAC (1048 kgf cm−2)-filled membranes possess excellent tensile strength
(1370 kgf cm−2 for the PTDAMPB membrane and 1048 kgf cm−2 for the
PVBTQAC membrane) when compared to that of typical AEMs. It is noted that
preparation of the cast membrane of PTDAMPB is almost impossible due to the
brittle nature of the membrane which arises from its extensively cross-linked
structure. Therefore, the application of pore-filling technology makes it possible to
prepare AEMs that would otherwise be impractical for real-world applications.

Despite the low water content, high ion conductivity values of 64 mS cm−1 and
86 mS cm−1 were obtained at 70 °C for the Cl− and OH− forms of the PTDAMPB
membrane, respectively. Furthermore, there is very little change in the conductivity
of the PTDAMPB membrane after soaking in 1 M KOH(aq) at 60 °C for 30 days.
This is indicative of the alkaline stability of the membrane (Fig. 14.27a). Oxidative
stability tests using Fenton solution (3 wt% H2O2, 3 ppm FeSO4, 60 °C, 8 h) reveal
that PTDAMPB AEMs experience insignificant changes in weight, whereas
PVBTAC membranes are prone to gradual weight loss. In addition to the basic rigid
aromatic configuration, the extensively cross-linked structure of PTDAMPB, which
is analogous with typical thermosetting polymers, also significantly contributes to
better oxidative stability of the PTDAMPB AEM when compared to PVBTACs
with an aliphatic polymer backbone. The diffusion coefficient and permeability of
methanol in PTDAMPB membranes are 2800 s, 4.6 � 10−10 cm2 s−1 and
1.0 � 10−7 mol mm−2 s−1, respectively. On the other hand, PVBTAC membranes
exhibit a diffusion coefficient of 2.1 � 10−9 cm2 s−1 and a permeability of
1.2 � 10−6 mol mm−2 s−1 at 25 °C (Fig. 14.27b). The permeability of the
PTDAMPB membrane is 1/10 that of the PVBTAC membrane, and as low as 1/53
that of the Nafion 117 membrane.

With these results in mind, the ability to customize characteristics such as high
ion conductivity, chemical durability, low fuel permeability, and simultaneous
mechanical stability in both dry and hydrated state, mean that this new type of

Table 14.4 Physical properties of PTDAMPB and PVBTAC membranes [86]

Membrane IECa

(meq g−1)
Waterb

uptake
(wt%)

Ion
conductivityc

(mS Cm−1)

Methanol
permeability
(mol mm−2 s−1)

Cl− OH−

PTDAMPB membrane 1.98 20 64 86 1.0 � 10−7

PVBTAC membrane 2.26 30 69 91 1.2 � 10−6

aMeasured by titration
bAt 80 °C under 90% R.H.
c70 °C under 100% R.H.
© RSC publishing group
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membrane will have far-reaching influence in the future of AEM development.
These novel design concepts for PTDAMPB membranes and their further appli-
cation in pore-filling technology opens the door for countless real-world fuel cell
applications.
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Chapter 15
Carbon Nanotube-Based Enzymatic
Biofuel Cells

Matsuhiko Nishizawa

15.1 Introduction

Enzymatic biofuel cells (BFCs) are a type of fuel cell in which enzymes are used as
electrocatalysts to directly convert biochemical energy into electricity (Fig. 15.1)
[1–7]. The oxidative reaction occurring at the enzyme-modified bioanode comprises
of electro-oxidation of a desired fuel, e.g., fructose, glucose, lactate, etc., by highly
selective enzymes to generate electrons. The cathode reaction commonly involves
four-electron reduction of O2 to H2O. The extremely high reaction selectivity of
enzymes, as compared with metallic catalysts such as Pt, eliminates the need for
fuel purification and allows a separator-free design that consists of just a pair of
enzyme-functionalized anode and cathode electrodes exposed to solutions con-
taining both fuel and oxygen. Such a simple BFC system provides high flexibility in
structural design and miniaturization, and as such, miniature enzymatic fuel cells
could be an attractive power source for future wearable and implantable
microdevices.

Recent enzyme-modified electrodes with high activity (*mA cm−2 level) have
been achieved by tailoring nanocomposite of enzymes and carbon nanomaterials
such as particulate carbon black and carbon nanotubes (CNTs). Since the carbon
material is excellent in conductivity and chemical stability and also relatively inex-
pensive, it is attractive as an electrode material for BFC, and in particular, carbon
nanomaterials provide a three-dimensional conductive network and high specific
surface area, so larger amounts of enzyme could be immobilized [8–14]. In addition,
since it is easy to modify molecules on the surface of carbon materials, it is expected
that various electron transfer systems can be designed at the nanolevel and built into
the enzyme electrode. In this chapter, we will introduce the method of making
enzyme electrodes with CNTs and application of these electrodes to BFC devices.
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15.2 Carbon Nanotube-Based Enzyme Electrodes

In the recent BFC technology, CNTs have played an important role for interfacing
enzymes with electronic circuitry. This section starts from the basic and attractive
features of CNT as the material for enzyme electrode, followed by explanation of
particular examples of the CNT-based enzyme electrodes: the film is composed of
the ideally aligned CNT and enzyme [15–17], the flexible [18, 19] and stretchable
[20] enzyme electrodes, and the printable enzyme electrode [21]. All these unique
CNT-based enzyme electrodes show high performance in mA level.

15.2.1 Carbon Nanotube for Enzyme Electrodes

The CNT has many attractive features as an electrode material (Fig. 15.2): uniform
nanowire morphology, biocompatibility, excellent conductivity [22], and high
specific surface constituting of more than 1000 m2 g−1, thus an attractive building
block for the construction of highly porous three-dimensional nanostructured CNT
electrodes [14]. Furthermore, the possibility to add appropriate functionalities via
molecular modification enabled optimal tuning of such nanostructured electrodes.
Many methods for making the CNT-based BFCs electrodes (in mm to cm scale)
have been reported.

The most common and convenient CNT electrode is prepared by dropping and
drying a CNT dispersion on a current collector. In order to obtain a homogeneous
CNT dispersion, various solvents and additives such as surfactants have been
combined with surface modification of CNTs [23, 24]. Using the spray-coating
method, the film formation on a curved surface is possible [25]. It is also possible to
deposit CNTs by electrophoretic deposition in dispersed aqueous solution of CNT
with fixed charge introduced by surface treatment [26].

Reports on free-standing CNT-aggregated electrodes in the form of films and
fibers are increasing [27–30]. An electrode called buckypaper is prepared by

Fig. 15.1 Enzymatic biofuel cell
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vacuum filtration of CNT dispersions, followed by peeling off from the filter, and
the high specific surface area of about 680 m2 g−1 is obtained [28]. In the case of a
thin CNT-deposited film, it becomes a transparent electrode by dissolution and
removal of the filter [31]. A fibrous composite made of CNT and resin is produced
by electrospinning method [32, 33]. By decomposing the resin component by
appropriate heat treatment, the CNT fiber shows both a nanostructure (300 m2 g−1)
suitable for enzyme immobilization and microholes necessary for transporting fuel
molecules [34]. Cosnier et al. reported that the compressing a powder mixture of
CNT and enzyme [35] provides higher performance BFC electrodes.

The surface-treatments is important for both the preparation of CNT dispersion
and the functionalization of CNTs. Oxygenated functional groups (such as quinones
and hydroxyl groups), including carboxyl groups, are exposed when defects present
at the side and terminal of CNT are treated with strong acid, and various molecular
modification becomes possible. For example, modification of mediators and
enzymes are performed. Attempts have also been made to attach apoenzyme GOD
to the coenzyme FAD previously introduced to the CNT surface [36]. Molecular
modification of adsorption type that does not require structure defects of CNTs is
also performed, especially by utilizing the p–p interaction of aromatic molecules.
As a representative example, there is a method of adsorbing a pyrene derivative
having a NHS ester for the versatile modification of functional molecules including
enzymes [37].

15.2.2 Enzyme/Carbon Nanotube Ensemble Films

A variety of nanoengineered carbon electrodes for biofuel cells have recently been
developed in rapid succession due to their large specific surface area. However, all
attempts to incorporate nanoengineered carbon electrodes have focused on

Fig. 15.2 CNT: attractive electrode material

15 Carbon Nanotube-Based Enzymatic Biofuel Cells 353



prestructuring electrodes before enzyme modification. If the nanostructure of the
electrode can be regulated in response to the enzyme to be immobilized, the
resultant enzymatic ensemble would avoid the difficulty in post modification of
enzymes. We have developed a method to achieve ideal enzyme electrodes having
suitable intra-nanospace automatically regulated to the size of enzymes [15].
A carbon nanotube forest (CNTF) consisting of extremely long (*1 mm)
single-walled CNTs was utilized as a 100% binder-free carbon film [38, 39]. When
liquids are introduced into the CNTF (CNTs with a pitch of 16 nm) and dried, the
CNTF shrinks to a near-hexagonal close-packed structure because of the surface
tension of the liquids. Using an enzyme solution as the liquid, the CNTF is expected
to dynamically entrap the enzymes during the shrinkage, as illustrated in Fig. 15.3.
We used two model enzymes: D-fructose dehydrogenase (FDH) and Laccase (LAC),
which can directly catalyze the oxidation of D-fructose and the reduction of dioxy-
gen, respectively, without the presence of electron mediators [40]. The CNTF film
was first treated by Triton X-100 and then immersed in a stirred buffer solution of
FDH or LAC for 1 h to introduce enzymes into its void space, followed by drying on
a carbon paper. The quantitative analysis of the amount of enzyme in a film indicated
the structure of the ensemble as shown in Fig. 15.3a; enzyme molecules are aligned
within the intraspace of the shrinked CNTF. The FDH-CNTF ensembles exhibited
superior electrocatalytic activity for fructose oxidation by the current density of
16 mA cm−2 in stirred conditions. On the other hand, the LAC-entrapped CNTF
cathode showed O2 reduction with a maximum current density of*4 mA cm−2. By
connecting these anode and cathode through an external resistance, the fuel cell
performance was evaluated in an O2-saturated 200 mM fructose solution. The power
density reached 1.8 mW cm−2 (at 0.45 V) in stirred condition, 84% of which could be
maintained after continuous operation for 24 h.

Most of the redox enzymes including glucose oxidase (GOD) require electron
mediator for their electrode reaction [41]. A conventional engineering for accel-
erating the electron transfer to the redox enzymes is the inclusive immobilization
with mediator polymer matrices, such as Os-complex-pendant polymers, in which
the successive electron exchange between the neighboring mediator groups

Fig. 15.3 CNTF-based enzyme electrodes for fructose/O2 BFC [15]
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connects the enzyme redox center and the electrode surface. We have developed
[16] the stepwise process to construct molecular architecture with CNTF,
polyvinylimidazole-[Os(bipyridine)2Cl] (PVI-[Os(bpy)2Cl]), and GOD, as illus-
trated in Fig. 15.4a. A part of the free imidazole groups of the mediator polymer
would adsorb on CNT surfaces via p–p interaction, followed by electrostatic
loading of enzyme GOD. Figure 15.4b shows the cyclic voltammograms of GOD/
PVI-[Os(bpy)2Cl]/CNTF ensemble films at 10 mV s−1 in a stirred 200 mM
D-glucose PBS solution. The catalytic current for glucose oxidation increased in
response to the thickness of CNTF films, indicating that also GOD can entirely
penetrate inside the PVI-[Os(bpy)2Cl]-modified CNTF films. The current density
under stirred condition was enhanced to as high as 26.7 mA cm−2 by turning up the
buffer temperature to 37.5 °C. Importantly, more than 90% of the electrode activity
could be maintained even after 6 days storage in a buffer solution. The electron
transfer turnover rate for the 20 lm-thick film was calculated from the current value
at 25 °C (0.29 mA) to be ca. 650 s−1, being comparable with that of GOD in bulk
solution containing the natural electron acceptor O2 (700 s−1) at 25 °C [42]. These
results indicate that most of ca. 3 � 1012 GOD units within a film could efficiently
work to the fullest extent, presumably owing to the molecularly ordered structure of
enzyme/mediator/electrode ensemble [16].

15.2.3 Carbon Fabric-Based Flexible Enzyme Electrodes

A flexible sheet-shaped biofuel cells that can be combined with advanced wearable
electronics can be prepared using carbon fabric (CF) as the flexible, conductive base
for the enzyme electrodes [18, 19]. The pre-modifications with CNTs were found to

Fig. 15.4 CNTF-based enzyme electrodes for glucose oxidation. Reproduced from [16] with
permission from John Wiley and Sons

15 Carbon Nanotube-Based Enzymatic Biofuel Cells 355



increase the specific surface area of the CF electrodes, resulting in effective enzyme
immobilization for stable, high performance of the flexible enzyme electrodes.

For the preparation of FDH-anode, a strip of CF was first modified with
multi-walled CNTs. The CNTs were pretreated by heating at 400 °C for 11 h and
by immersing in mixed acid (H2SO4 + HNO3 in a 1:3 ratio) for 5 h. The treated
CNT were dispersed (10 mg ml−1 CNT) in water containing 0.5% Triton X-100
surfactant, and dropped on the CF strip and dried in air. After degassing the
CNT-modified strip by immersion in a stirred McIlvaine buffer solution for more
than 1 h under vacuum (0.09 MPa), the resulting hydrophilic CNT-modified strip
was immersed in a stirred solution of FDH. Figure 15.5a shows cyclic voltam-
mograms of the FDH/CNT/CF electrodes (thick line) at 10 mV s−1 in a stirred
buffer solution containing 500 mM fructose. In comparison with the FDH/CF
electrode prepared without CNTs (thin line), the increased specific surface area
produced by CNT-modification obviously increased the current density two
times. In fact, the measured double-layer capacitance of the CNT-modified elec-
trodes has a two orders larger value (ca. 6.7 mF cm−2) than that of the original CF
(0.07 mF cm−2). The maximum current of the optimized bioanode produced
28.0 mA cm−2 at 0.6 V using a 500 mM buffer.

The cathode strip for reduction of O2 was prepared using the bilirubin oxidase
(BOD), which is one of the multi-copper oxidases that can directly catalyze the
four-electron reduction of O2 to H2O even without electron transfer mediators [43].
A 10 mg ml−1, CNT solution was put on a CF strip and dried in air, followed by
thoroughly washing out the surfactant by soaking in an ethanol solution for more
than 1 h with stirring. The surface of the CNT-modified CF electrode was further
modified with a 0.1 ml solution of 5 mg ml−1 BOD in a vacuum oven. The strip
was additionally coated with an untreated CNT solution to make the surface

Fig. 15.5 The performances of flexible anode (a) and cathode (b) and the BFC assembly.
Reproduced from [19] with permission from Elsevier
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hydrophobic. Figure 15.5b shows cyclic voltammograms of a BOD-modified CF
cathode at 10 mV s−1. The electrode strip was put on an oxygenic pH 5.0 buffer
solution so as to contact the solution by the BOD-modified face (green line). The
reduction current density reaches *1.9 mA cm−2 (at 0 V) by utilizing an oxygen
supply from the ambient air through the CF. Moreover, an additional CNT coating
onto the BOD-modified face of the CF strip enhanced the performance further to
2.9 mA cm−2 (thin blue line). Presumably, the hydrophobic nature of that coating
controls excess penetration of solution into the CF electrode [18–20]. In addition to
optimizing the performance of the bioanode fabric, the cathodic performance can be
optimized by changing the buffer concentration; the maximum current was
4.6 mA cm−2 at 0 V using a 250 mM buffer condition (thick blue line).

As shown in Fig. 15.5c, the FDH-modified CF anode, and the BOD-modified
gas-diffusion CF cathode were laminated to the opposite faces of a double-network
(DN) hydrogel film (0.5 mm thick) [44, 45] made with 250 mM McIlvaine buffer
solution (pH 5.0) containing 500 mM fructose. The enzyme-modified hydrophilic
anode appeared to become moistened by blotting of the solution from the hydrogel
layer. On the other hand, the O2 reduction at the hydrophobic cathode proceeded at
the three-phase boundary of the hydrogel–electrode interface. The cell performance
was limited by the BOD-cathode because of its comparatively inferior activity to
the FDH-anode fabric.

Figure 15.6a shows typical examples of the cell performance. The open-circuit
voltage of the single cell was 0.74 V, which is similar to the difference between the
potentials at which fructose oxidation and oxygen reduction start to occur in cyclic
voltammograms (−0.14 V in Fig. 15.5a and 0.60 V in Fig. 15.5b, respectively).
The maximum power density reached 0.95 mW cm−2 at 0.36 V, which was
determined by the BOD-cathode fabric because of its comparatively inferior
activity compared to the FDH-anode fabric. Importantly, the performance of the cell
bent into a circle (red plots) is almost identical to that of a cell that was not bent
(green plots). Such high flexibility originates in the superior mechanical strength of
both the fabric bioelectrodes and the DN hydrogel. The booster cell was fabricated
simply by lamination of anode/hydrogel/cathode sheets (blue plots). The
open-circuit voltage of the laminated cell was over 2 V, which is roughly threefold
that of a single cell. The maximum current was quite similar to that of the single
cell. These results indicate that layered cells can be connected in series without
suffering from short-circuit, even without packaging. Ionic isolation between the
cells could be avoided by the hydrophobicity of gas-diffusion cathodes and the
solid-like property of hydrogels. The laminated cell produced a maximum power of
0.64 mW at 1.21 V (2.55 mW cm−2, 6.28 mW cm−3); using this level of power, we
were able to light the LEDs, as demonstrated in Fig. 15.6b.
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15.2.4 Pantyhose-Based Stretchable Enzyme Electrodes

In addition, to the “flexibility” described above, the “stretchability” is desired for
the BFC that will be used as a component of the wearable and patched devices. To
make a stretchable BFC, we employ a nylon/polyurethane co-fiber textile, com-
mercial stretchable pantyhose textile (ST, 0.18 mm thickness), as an underlying
base material (Fig. 15.7a) [20]. This stretchable but insulating textile was modified
with the two kinds of CNTs. One is a super-growth single-walled carbon nanotube
(SCNT), which is extremely long (200 µm in average) and shows higher conduc-
tivity than conventional CNTs [39]. SCNTs were modified on the virgin ST to
achieve high conductivity of *200 mS/cm. Another CNT used is a comparatively
short (5 µm in average) multi-walled carbon nanotube (MCNT) to obtain large
specific surface area, which is necessary for enzyme immobilization.

Figure 15.7b, c shows a photograph of the textile electrode under 50%
stretching, which is the largest strain possible at the junction part of the body, and
electrical conductance during successive stretching at the elongation rate of 4 mm/s.

Fig. 15.6 The structure and performance of the layered BFC sheets. Reproduced from [19] with
permission from Elsevier

Fig. 15.7 Photographs and illustrations of virgin and CNT-modified ST strips (the scale bar
indicates 5 mm), and the electrical conductance during successive stretching. Reproduced from
[20] with permission from Elsevier
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The first 50% stretching decreased the conductance to the one-third of the original
value. Such large decrease in conductance did not occur in the case of 10%
stretching. SEM observation indicated the partial breaking of the CNT bundles at
the junction between the ST fibers, probably due to slipping of the ST fibers during
stretching. Importantly, this partial breaking of the conductive network occurs only
on the first stretching, and the textile electrode showed stable conductive behavior
in the subsequent cycles with reversible 30% fluctuation that corresponds to
resistance changes of 30 X.

The FDH-modified anode textile and the BOD-modified cathode textile were
laminated to the opposite faces of the DN hydrogel sheet (0.5 mm thick) containing
200 mM fructose (Fig. 15.8a). The MCNT/SCNT/ST strip was modified by FDH
and BOD through almost the same procedures used for the CF-based flexible
electrodes. Only difference was that the strip of BOD electrode was additionally
coated with the MCNT dispersed in ethanol with 1.0 wt% polytetrafluoroethylene

Fig. 15.8 The schematic of a stretchable BFC sheet and the deviation in the cell performances on
successive 50% stretching, twisting, and wrapping. Reproduced from [20] with permission from
Elsevier
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(PTFE) as a binder. Although these electrodes were just stacked together with the
hydrogel sheet without any adhesive materials, the assembled cell was mechani-
cally stable enough for our measurements. The maximum current density and the
power density of the cell were 1.0 mA/cm2 and 0.25 mW/cm2, respectively, which
were determined by the BOD-cathode because of its comparatively inferior per-
formance compared to the FDH-anode. Figure 15.8b shows that the current and
power densities (with an external load of 1.2 kX) decreased to 0.6 mA/cm2 and 0.2
mW/cm2, respectively, and was stable during the 50% stretching cycles. The
stretchability of the textile-based BFC originates from the flexible meshwork
structure of the textile; the base fibers (nylon/polyurethane co-fiber) themselves are
not significantly expanded during the stretching of the textile. Therefore, the CNTs
and enzymes are stable on the fibers except for the part of junctions, and can
maintain their performance even under continuous stretching.

As shown in the photos in Fig. 15.8c, the deviations of cell power during
deformations were evaluated using a LED device, of which blinking frequency
(Fig. 15.8d) is positively correlating with the cell power [16, 46]. The blinking
frequency (namely, cell power) derived from Fig. 15.8d was almost constant during
the 50% stretching, the 180° twisting, and wrapping on a glass tube (0.7 cm
diameter). The blinking frequency in each form was almost the same as the original
state, which indicates that the developed cell was stretchable and flexible enough to
operate in various forms.

15.2.5 Printable Enzyme Electrode

The nanocarbon-based enzyme electrodes generally requires two-step preparation
processes, because modification with enzymes is incompatible with harsh condi-
tions for the fabrication of nanostructured electrodes such as heating and use of
organic solvent. On the other hand, an aqueous mixture containing enzymes and
CNTs has recently been developed using trehalose as a biocompatible dispersing
agent for CNTs [21]. This aqueous mixture can be directly printed on insulating
flexible substrates such as textiles. Since the mixture also contains a small amount
of binder molecules, the printed electrode maintains structural integrity even in
aqueous solution, and it shows catalytic activity in mA cm−2 level. The versatility
of this single-step printing process for arbitrary patterning of enzyme electrodes has
been proved for FDH and GOD.

As shown in Fig. 15.9a, the newly developed aqueous mixture is composed of
CNT, trehalose, enzyme, and two kinds of binders. A single-walled super-growth
CNT (SGCNT, 200 µm average length) [38, 39] was used. Trehalose was used as
an additive for freeze-drying enzyme [47], which we also found serves as a dis-
persing agent for CNTs to give an enzyme/CNT aqueous mixture without surfac-
tant. The printed mixture was immediately freeze-dried for preservation, and
rehydrated on its use (Fig. 15.9b). As drawn in the schematic illustration of
Fig. 15.9c, the structure and activity of the electrode were expected to be
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maintained even after rehydration by the effects of two molecular binders in the
mixture: polyvinyl imidazole (PVI) and 1-pyrenebutanoic acid succinimide ester
(PBSE).

The rehydrated film electrode that is composed of FDH performed biocatalytic
activity in a stirred 0.2 M fructose solution with the maximum current density of
1.3 mA cm−2 at 0.6 V. The presence of PVI in the mixture was necessary to
maintain the film structure. In fact, the film prepared without PVI immediately
collapses on dipping into the solution. The free imidazole groups of PVI could
attach to the CNT surface via p–p interaction and bind CNTs together [48]. The
stability of the electrode performance was ensured by PBSE that attaches to
the CNT surface and covalently binds to the amino group of FDH [49]. When the
electrode film was prepared without addition of PBSE, the electrode activity was
lower and soon decreased surely due to leakage of FDH from the electrode film to
the solution.

Printing enzyme electrode is essential for the development of the paper-based
and textile-based biodevices. Figure 15.10 shows a complex drawing of the FDH
electrode (a shadow picture of a lady) made by the present FDH/CNT mixture with
a stencil mask. Importantly, the conventional two-step fabrication of an enzyme

Fig. 15.9 The process for preparing enzyme electrodes: printing the mixture, freeze-drying, and
rehydration for the use [21]
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electrode is not suitable for preparing the complicated patterns of enzyme electrode.
In order to prove that the drawn FDH electrode serves as an anode of a biofuel cell,
a piece of BOD-modified carbon fabric for O2 reduction as a cathode was put on the
upper right corner of the textile, and these electrodes were electrically connected
with metallic tweezers to drive a LED device [16, 46]. At 40 s, after dipping the
lower edge of the textile to an electrolyte solution containing fructose, the moving
front of the permeating electrolyte reached the middle part of the textile without
significant disruption of the drawn electrode. At 160 s, the electrolyte reached the
cathode, and the LED started to blink, demonstrating the drawn electrode served as
the anode of a fructose/O2 biofuel cell.

15.3 Enzymatic Biofuel Cell Devices

There are a variety of applications for BFCs, including the implantation for power
generation from biological fluids. The first BFC operating in a living organism was
in a grape [50], followed by the implantation into a rat [51], a snail [52], and a clam
[53]. Cosnier et al. made further developments in rat implantation for longer term

Fig. 15.10 Demonstration of a biofuel cell constructed from a drawn FDH-anode and the
BOD-cathode [21]
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(for 3 months) [35]. On the other hand, attempts to mount BFCs on wearable
devices such as contact lenses [54, 55] and patches [56, 57] have been progressing.
In this section, we will introduce our recent developments of BFC-based miniature
devices.

15.3.1 Insertion Devices for Direct Power Generation
from Biofluids

The high reaction selectivity of enzyme catalysts provides unique advantages of
BFCs, including the possibility of direct power generation from carbohydrates in
biofluids, such as juices or blood. Power generation from real living organisms,
however, entails the consideration that natural organisms are generally covered by a
skin. One possible solution is to use a needle-shaped insertion anode to approach
fuels through the skins. Another important consideration is that oxygen in many
organisms is limited to a lower concentration than that of sugars. Taking this
consideration into account, an insertion BFC was assembled with a needle anode
and a gas-diffusion cathode designed to be exposed to atmospheric air, as illustrated
in Fig. 15.11a [58]. The anode and cathode are assembled using a PDMS chamber
and an ion-conducting agarose hydrogel (pH 5.0) as the inner matrix. The insertion
BFC was combined with an LED device [16, 46]. In practice, the LED blinks at a
higher frequency with an increase in the fructose concentration, and as a result, the
concentration of fructose within the grape was estimated to be roughly 20–40 mM
(Fig. 15.11b, c). In fact, a separate measurement revealed that the true concentra-
tion of fructose in the grape was 35 mM.

An insertion BFC device for power generation from blood was also developed
with a needle glucose anode prepared by co-immobilization of glucose dehydro-
genase (GDH), diaphorase (Dp), and vitamin K3-pendant poly-L-lysine [58]. The
fuel cell performance was evaluated by inserting the device into a vein of a rabbit
ear and reached 130 lW cm−2 at 0.56 V. An anti-biofouling modification of the
needle tip with 2-methacryloyloxyethyl phosphoryl-choline (MPC)-polymer was
required, however, to stabilize the cell performance.

Fig. 15.11 Insertion BFC for sensing of sugar in a grape. Reproduced from [58] with permission
from the Royal Society of Chemistry
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The enzyme-CNT ensemble film explained in Sect. 15.2.2 can be used for
constructing insertion BFC devices [16]. As shown in Fig. 15.12, a piece of GOD/
PVI-[Os(bby)2Cl]/CNTF film anode (Fig. 15.12a) was wound on one electric lead
of the LED device, whose blinking interval is inversely proportional to the flowing
current. The other lead was connected to the BOD-modified CF air-breathing
cathode. The blinking interval of the LED upon inserting the device to a grape was
coincident with that for the extracted juice, proving that this device could serve as a
sugar indicator by simply being inserted into a grape. In this case, the leaked juice
was ionically connecting the anode and cathode, instead of the intra matrix
(hydrogel) of the previous needle-based insertion BFC device in Fig. 15.12. The
woundable enzyme-CNT film is free-standing and thus can be readily replaced
when the original is degraded.

15.3.2 Patch Devices with Built-in EFC

The electric current-induced iontophoresis has been used to enhance the efficiency
of transdermal dosing [59]. However, the electrically controlled skin patches need
to be wired to an external power source that is usually heavy, rigid, and hazardous.
The integration of a lightweight and safe power source would produce a more
patient-compliant iontophoresis patch. The enzyme-modified CFs explained in
Sect. 15.2.3 contained the first completely organic iontophoresis patch with a
built-in EFC, as shown in Fig. 15.13 [56]. A FDH-modified CF anode and a
BOD-modified O2-diffusion CF cathode will be connected with the stretchable
PEDOT/PU internal resistor, combined with hydrogel films containing fructose and
the chemical to be delivered, and covered with an O2 permeable medical tape.
The BFC patch shows the maximum current density of *300 lA cm−2 even at a
small external load because of the presence of the skin, of which resistance was
*700 X. As a reference, the resistance of human skin on the arms and the back of
hands of three men was 270–360 X. Therefore, to regulate the transdermal current,

Fig. 15.12 Insertion EBFC using an enzyme/CNTF anode. Reproduced from [16] with permis-
sion from John Wiley and Sons
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regardless of the skin condition, the resistance of the built-in resistor is to be
sufficiently larger than that of skin (>1 kX). BFC patches, placed on pigskin and
under a variety of resistance conditions, maintained their activity for 6 h, indicating
that the patches could possibly be used overnight. The cell voltages of the patches
with the 100 kX resistor (red line) and the 10 kX resistor (blue line) were
approximately 0.7 V and 0.55 V, respectively, indicating that the patches were
generating transdermal currents of *10 lA cm−2 and *50 lA cm−2. The cell
voltages showed only slight, reversible decreases when a hand was flexed, as a
consequence of minor change in performance of BFC under the flexed condition.
The transdermal ionic current is known to be accompanied by a water flow from the
anode to the cathode, which is generated by the preferential movement of mobile
cation instead of a fixed anion, e.g., keratin, in the stratum corneum of the skin. This
osmotic water flow can assist the electrophoretic movement of small molecules into
the skin. We examined the iontophoretic penetration of lidocaine (painkiller) and
ascorbyl glucoside (skin-care compound) using pigskins.

Wound healing and closure are elaborately organized biological processes in
which cells migrate and proliferate at and around the wound site [60]. It has long
been known that an endogenous electric current arises at the wound site
(Fig. 15.14a) [61]. This “wound current”, together with other biological signals
such as secreted cytokines, is suggested to enhance cell migration and proliferation
in wound healing. And therefore, the use of external electrical stimulation to cure
chronic wounds and ulcers has been approved by the US Government in 2002 [62].

The totally stretchable BFC patch can serve as a “bioelectric plaster” that fits
tightly to the skin to promote wound healing by generating ionic current above the
wound on the skin (Fig. 15.14b) [57]. The bioelectric plaster consists of enzymatic
electrodes, an elastic conductive resistor, a hydrogel, and medical adhesive tape.

Fig. 15.13 Totally organic iontophoresis patch with built-in BFC. Reproduced from [56] with
permission from John Wiley and Sons
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The enzymatic electrode is made of a piece of carbon fiber fabric coated with
carbon nanotubes, on which a redox enzyme (FDH for an anode, BOD for a
cathode) was immobilized by spontaneous physical adsorption in buffer solution.
The large specific surface area and high conductivity of the carbon nanotube-coated
carbon fiber fabric enable the fabrication of enzymatic electrodes with high current
density. The elastic conductive resistor was made of the composite of PEDOT and
PU. The DN hydrogel sheet was adopted as a reservoir of a buffer and fuel, an ion
transport path, and a stretchable contact material with skin. The thickness of
hydrogel was fixed at 0.5 mm, which is the minimum possible thickness for
sufficient mechanical strength, good fitting to skin, and a wet environment for the
electrodes (Fig. 15.14c). All these components are assembled and fixed on the skin
by wrapping them in stretchable O2-permeable medical adhesive tape.

The stability of output current of the bioelectric plaster was studied under the
conditions with varied buffer concentrations and external resistances, and the
condition was optimized to the use of a hydrogel with 200 mM citrate buffer

Fig. 15.14 Development of bioelectric bandage for wound healing [57]
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solution of pH 5 with 400 mM fructose and a stretchable resistor of 10 kX as it
maintains the electric current of around 0.4 mA cm−2 over 12 h (Fig. 15.14d).
An oval hole of *8 mm width (length perpendicular to a mouse body axis) and
*4 mm height (length parallel to a body axis) was punched on a back skin of a
female ICR mouse to cause artificial wounding. In this wound, both the epidermis
and dermis were removed, and this can be considered as a model of delayed wound
healing in a large wound. The bioelectric plaster was replaced every 12 h.
Figure 15.14e shows a typical results indicating that the patch with the ionic current
showed more pronounced decrease in the size of wound than the case without the
current (only a hydrogel sheet), which suggested that wound closure by the pro-
liferation and migration of the cells was effectively promoted by the ionic current of
the bioelectric plaster. It is worthwhile to note that this demonstrates the first
application of ionic current of BFCs to direct manipulation of biological functions
of a living body.

15.4 Future Outlook

In this chapter, we described the importance of CNTs in the engineering of BFCs.
The nanostructure of the CNT electrodes determines the quality of enzyme elec-
trode and brought the recent advancement of BFC performance in mA cm−2. The
CNT-based flexible, stretchable, and printable enzyme electrodes will be applied to
wearable self-powered devices. In order to prepare a porous CNT electrode with
further reproducibility, there is still room for strict control of the dispersion/
aggregation of CNTs by surface modification. It can be expected that the progress
in the technology to control the nanostructure of CNT electrodes and to fruition in
the remarkable performance improvement of BFC devices.
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Chapter 16
Improved Synthesis of Graphene-Like
Materials and Their Application

Yuta Nishina

16.1 Preface: Graphene Production

Graphene research was awarded the Nobel Prize in Physics in 2010, therefore,
research on graphene has been developed based on physics. Graphene is not only
the lightest and strongest material, but also has excellent thermal conductivity and
electrical conductivity than anything. For this reason, graphene is considered to be
one of the most versatile materials among substances existing on the earth, and
research on the application of graphene has been extensively conducted.

To understand the potential use of graphene, it is necessary to understand basic
characteristics of materials. In 2004, graphene was manufactured by a very simple
method by peering graphite with scotch tape. This graphene was sufficient for the
elucidation of fundamental physical properties and verification of the operating
principle of devices using graphene. On the other hand, in order to apply graphene
to an actual device, graphene of large area and high quality of centimeter-to-meter
size is indispensable. Unfortunately, however, it is impossible to prepare large-size
graphene by this method. In addition, since graphene is a perfect two-dimensional
material, its surface area is 2,630 m2 per gram (1,315 m2 on some substrate),
therefore, it might be possible to use graphene in a large area, but using large weight
is extremely difficult; you may recognize that it will be 131,500 m2 for only 1 kg of
graphene. In other words, how to make, store, and use graphene in three dimensions
is important in practical application. To disperse in solution would be one solution
of the problem of two-dimensional materials.

Chemical vapor deposition (CVD) is being studied as a large-area manufacturing
technology of graphene having relatively high purity and crystallinity. The CVD
method is a bottom-up method in which graphene crystals are grown by thermal
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decomposition of a source gas, such as methane or alcohol on a substrate
(i.e. copper foil) at a high temperature of about 1000 °C. In the CVD method,
although it is not difficult to increase the area of graphene, improvement of
homogeneity (defectless structure) of the crystal, cost of the metal substrate, and
transfer technique, etc., are the subjects to be solved. At present, it is possible to
synthesize single-crystal graphene of several cm sizes by the CVD method.

On the other hand, this chapter focuses on the mass production method of
graphene-like materials from graphite. Graphite can be obtained both naturally and
artificially, and is inexpensive and stable. However, graphite cannot be easily
peeled off, except scotch tape method. For this reason, peeling is performed by
weakening the interaction between the graphene layers by chemical treatments,
such as electrolysis, chemical functionalization, and oxidation. In this process,
defects are introduced into the graphene. That is, it is difficult to obtain highly
crystalline graphene. Nevertheless, there are excellent advantages in cost and mass
productivity when graphite is used as a raw material and applying chemistry-based
treatments.

16.2 Electrochemical Production of Graphene

It has long been known that a metal salt penetrates (intercalates) between the layers
of graphite when a metal salt is contained in an electrolytic solution and electric
potential is applied for a graphite electrode. Many reports mainly used an organic
solvent having a large potential window [1, 2], but inorganic electrolyte, such as
hydrochloric acid, can also be used [3]. In recent years, attention has been paid to
peel graphite using such an electrochemical method. This is because it is not
necessary to use a strong oxidizing agent, and there is a possibility of producing less
defective graphene.

16.2.1 In Water

In water, oxygen functional groups are introduced by reactive oxygen species
generated by electrolysis of water. One of the experimental procedures is as fol-
lows: a graphite electrode and a platinum electrode are inserted into a 0.1 mol/L
sulfuric acid aqueous solution, and a peeled product having a yield of ca. 50% can
be obtained by applying a voltage (ca. 10 V, and water decomposes to generate oxy
radicals (OH radicals or O radicals)). It is thought that by adding these radicals to
the edge of graphite, the edge exfoliates and intercalation of sulfate ions are pro-
moted. After that, sulfate ions are decomposed between graphite layers to generate
gas such as SO2, and peeling occurs by the gas pressure (Fig. 16.1).

Li et al. confirmed that graphite was damaged by sulfuric acid, and attempted to
prevent it by adjusting pH to 1.2 by adding KOH aqueous solution [4]. After
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applying a voltage of +2.5 V for 1 min, then applying +10 V and −10 V, uniform
peeling of few layers of graphene with an average thickness of 2 nm was obtained.
Although this graphene is slightly oxidized, oxygen functional groups can be
removed and the electrical conductivity can be improved after heating at 450 °C.
Müllen et al. reported the yield of graphene is reduced to 7% when sulfuric acid
with a high concentration of ca. 5.0 mol/L is used [5]. This is because when the
amount of sulfuric acid is high, the amount of oxygen radicals generated decreases
and partial oxidation of graphite does not occur. Conversely, when the sulfuric acid
concentration is as low as 0.01 mol/L, sulfate-ion intercalation does not occur
sufficiently, and the yield is as low as 2% even over 2 h for electrolysis. Also, when
only concentrated sulfuric acid is used, peeling by oxidation does not occur and
intercalation into graphite takes place and only expansion occurs. These results
suggest that the composition of the electrolyte is very important. The Raman spectra
of the peeled product showed the intensity ratio of D band and G band (ID/IG) is
about 0.4, indicating that there are many defects. Furthermore, Müllen et al.
reported a method of electrochemically peeling graphite with as little oxidation as
possible [6]. If sulfate (ammonium sulfate, potassium sulfate, sodium sulfate, etc.)
is used in place of sulfuric acid and a voltage is applied under neutral conditions,
graphite of 85% or more is peeled off to 1–3 layers with a size of 5 lm or larger.
The oxygen content of graphene obtained by this method is 5.5% or less, which is
closer to graphene. The type of salt has a great influence on peeling, with particular
importance being on the anion side; sulfate is better than chlorates and nitrates. This
is because 1.42 and 0.92 V are required to reduce chlorate and nitrate to Cl2 and
NO2, while sulfate is reduced to SO2 at 0.20 V.

The graphene can be dispersed in a polar organic solvent such as DMF and
NMP. For the application of electrode, the graphene is coated on metal foil.
A graphene film coated with a thickness of 6 nm shows a light transmission of 91%
and a sheet resistance of 24.2 kX/sq. When the thickness is increased to 16 nm, the
transmittance decreases to 80%, but the resistivity lowers to 7.56 kX/sq. In addi-
tion, when the graphene film is treated at 300 °C, the resistance of each film lowers
to 7.61 and 1.81 kX/sq.

Production of graphene by such electrolysis can also be carried out using pencils
for both the anode and the cathode [7].
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Fig. 16.1 Electrochemical peeling of graphite in water
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16.2.2 In Ionic Liquid

By electrolysis, the ionic liquid itself and its decomposition products are grafted to
the graphite electrode. The obtained graphene has good dispersibility in a solvent.
Also, since no oxygen atoms are present in the ionic liquid, oxidation of graphene
does not occur unless water is present.

Luo et al. inserted two graphite rods into an electrolyte mixed with an imida-
zolium ionic liquid having various alkyl chains and an equal amount of water and
applied a voltage of 15 V at room temperature for 6 h [8]. It is believed that ionic
liquids generate radicals by electrolysis, and the radicals are added to the edges of
graphite. The obtained product was dispersed in DMF, and then coated to form a
thin film. AFM analysis revealed that the thickness of the graphene was 1.1 nm.
This is considerably larger than the ideal graphene thickness (0.34 nm) due to the
attachment of long-chain alkyl groups derived from ionic liquids. However, there
are many questions about the mechanism of radical addition to the graphite elec-
trode. In a very similar system, Loh et al. attempted to elucidate the mechanism of
graphite peeling [9]. If radicals are generated at the cathode, the radical will react
with the graphite of the cathode and the cathode should also be peeled off, however,
only anode was peeled off. Also, because the electrolysis is done at 15 V in the
presence of water, decomposition of water should occur before radical formation
from the ionic liquid. Therefore, Loh et al. proposed that hydroxy radicals generated
at the anode, which oxidize the anode graphite.

Even in electrolysis in an ionic liquid, the product varies greatly depending on
the type of ion (BF4

− or Cl−), water content (10–90%), and kind of graphite (HOPG
or graphite rod). Since BF4

− has a higher oxidation potential than water, hydroxyl
radicals, and oxygen radicals are generated and oxidation occurs. On the other
hand, in ionic liquids having Cl− whose oxidation potential is lower than that of
water, Cl3

− generates first, and then intercalation occurs, thereafter, hydroxyl rad-
icals and oxygen radicals attack the detached positions, as a result, larger graphene
is obtained. To obtain graphene without oxidization, it is desirable to perform the
electrolysis of graphite using an ionic liquid in a nonaqueous system.

16.3 Chemical Functionalization

In order to stably disperse graphene in solution, it is necessary to chemically modify
its surface and edge. Although the electrolysis of graphite described in the above
section also induced chemical modification of graphene, this section describes
none-electrochemical methods. Non-covalent bonds and covalent bonds are used as
chemical modification of graphene, and the former is less likely to lose the potential
properties of graphene. Particularly, in chemical modification by in-plane covalent
functionalization, the sp2 hybridized carbon of graphene becomes sp3 hybridized
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carbon, and the characteristic properties of graphene such as high electric con-
ductivity are lost (Fig. 16.2).

16.3.1 Functionalization by Non-covalent Interaction

Since benzene is a unit structure of graphene, it interacts with an aromatic com-
pound by p–p interaction. For this reason, an aromatic compound having a func-
tional group, which is highly compatible with a solvent and graphite (and graphene)
is used as dispersing reagent [10]. Derivatives of fluorinated benzene, naphthalene,
anthracene, triphenylene, coronene, phthalocyanine, porphyrin, and perylene pro-
mote the stabilization of graphene in solvent (Fig. 16.3a). Among such aromatic
compounds, a pyrene skeleton bearing different numbers, positions, and types of
functional groups are used as graphene dispersant (Fig. 16.3b). The graphene
conversion rate is evaluated by mixing with graphite under sonication. In recent
years, it has been reported that simple compounds such as long-chain alkyl amines,
carboxylic acids, alcohols, and even alkanes promote the graphene formation from
graphite. These are not aromatic compounds, therefore, van der Waals interaction
can also enhance the stabilization of graphene in solvent, and hence, the choice of
dispersants has now widened [11].
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Fig. 16.2 Classification of chemical modification of graphene
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16.3.2 Functionalization by Covalent Interaction

The edges of graphene terminated with oxygen functional groups such as carbonyl
groups, epoxy groups, carboxyl groups, etc., can be reactive sites for further
functionalization [12]. The carboxyl group on the graphene is functionalized with
alcohol or amine to produce an ester or amide (Fig. 16.4i) [13–15]. Covalent bond
formation of an amine to an epoxy group is also effective. Metachlorobenzoic acid
(mCPBA) is used for edge selective epoxidation of graphite. For such epoxidized
graphite, a ring-opening nucleophilic addition reaction takes place and functional
groups can be introduced (Fig. 16.4ii) [16]. In addition, adjacent carbonyl groups
react with diamines to form nitrogen-containing aromatic rings (Fig. 16.4iii) [17].
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Cycloaddition to graphene plane is another type of modification method by
covalent bond formation. There are mainly four methods and are as follows:
(1) [2 + 1] cycloaddition forming a three-membered ring, (2) [2 + 2] cycloaddition
forming a four-membered ring, (3) [3 + 2] cycloaddition to form a five-membered
ring, and (4) a [4 + 2] cycloaddition to form a six-membered ring.

Carbene is a reactive species of [2 + 1] cycloaddition; the carbene’s vacant
orbital (LUMO) interacts with the graphene’s p-orbital (HOMO), and the carbene’s
electron pair (HOMO) interacts with graphene’s p*-orbital (LUMO). As a result,
three-membered ring is formed (Fig. 16.5i) [18]. Also, nitrene reacts with graphite
to form an aziridine framework. Highly reactive singlet nitrene is formed by thermal
decomposition or photolysis of the azide group, and cycloaddition reaction occurs
on the graphene sp2 carbon to give a three-membered ring (Fig. 16.5ii) [19].
Alkenes and dienes form four- or six-membered ring via the Diels–Alder reaction
(Fig. 16.5iii) [20]. In recent years, various benzynes can be generated by simple
procedures. Benzyne is added to the alkene moiety of graphene to give a
four-membered ring (Fig. 16.5iv) [21]. Azomethine ylide, which is generally pre-
pared from an amino acid and aldehyde through condensation and decarboxylation,
is used as a reactive species for [3 + 2] cycloaddition to form a five-membered
nitrogen-containing ring (Fig. 16.5v) [22].

In addition, Friedel–Crafts-type reaction [23, 24], reaction with organometallic
reagent [25], silane coupling reaction [26], etc., have been reported, however,
structural analysis is sometimes insufficient, and structure of the products are
uncertain. In addition, the correlation between functional groups to be introduced
and physical properties of graphene has not been comprehensively studied. This
field is still under development.
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16.4 Oxidation

Graphene oxide, which is often regarded as an analog of graphene, has oxygen
functional groups on most of the carbon atoms, therefore, its physical properties are
largely different from those of pure graphene. For example, electrical conductivity
and thermal conductivity are very low. Also, holes are opened during oxidation
process and/or the sheet breaks and becomes smaller. In order to improve the
physical properties required for graphene, such as electric conductivity, such
damages should be suppressed. Nonetheless, graphene oxide is attracting great
attention because mass production is much easier than other processes. Using
inexpensive graphite and optimizing the oxidation process, industrial production of
graphene oxide is underway.

There are roughly three methods of graphene oxide production, which are as
follows: Brodie’s method, Staudenmaier’s method, and Hummers’ method.
Depending on the fabrication method, the amount and type of oxygen functional
group are changed, and the physical properties of the graphene oxide also change.
For example, graphene oxide prepared by the Hummers’ method shows excellent
performance in the adsorption of metal ions, in contrast, the Brodie’s method is
superior in conductivity after reduction. Each preparation method is given in detail
below.
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16.4.1 Brodie’s Method

Brodie’s method is one of the oldest methods for the oxidation of graphite [27].
Potassium chlorate is used as an oxidizing agent in concentrated nitric acid to
oxidize graphite. Compared with other oxidation methods, Brodie’s method is
thought that damage to graphene is smaller and easier to obtain a graphene-like
structure by reduction. In the method reported by B. C. Brodie in 1859, oxygen
content can be increased by repeating oxidation treatment. Recently, the process
was optimized and become easier than the original method. For example, after
adding graphite, potassium chlorate, and fuming nitric acid, and leaving it at
room temperature for 24 h, nitric acid is added and the reaction mixture is heated at
60 °C, which reduces the oxidation time required for 3–4 days in the original
method. By increasing the amount of potassium chlorate and prolonging the
reaction time, it is also possible to complete the oxidation in one step. By slightly
changing the reaction conditions, the degree and efficiency of oxidation changes to
give graphene oxide with different characters.

16.4.2 Staudenmaier’s Method

In the general Brodie’s method, it is necessary to perform repetitive oxidation in
order to increase the oxygen content. By adding concentrated sulfuric acid to the
conditions of Brodie’s method, it becomes possible to oxidize in one step and the
process can be simplified [28]. The formation of nitroium ion (NO2

+) from sulfuric
acid and nitric acid would enhance the oxidation of graphite, but the detailed
mechanism is unknown. However, as mentioned in Sect. 16.4.1, the Brodie’s
method has also improved to sufficiently oxidize in a short time in a single
step. Further study is necessary to properly verify the effect of sulfuric acid.

16.4.3 Hummers’ Method

Unlike the Brodie’s method and Staudenmaier’s method, Hummers’ method
developed in 1958 uses potassium permanganate as oxidant [29]. Since potassium
permanganate quickly reacts with graphite exothermically, it is added into the
reaction mixture by splitting under cooling. Since scale-up is easier than other
methods, Hummers’ method is the most frequently used in recent years. The
synthesis method first reported by W. S. Hummers is shown below.

1. Place 100 g of graphite and 50 g of sodium nitrate into the flask, add 2.3 L of
sulfuric acid and stir with ice cooling.

2. Add 300 g of potassium permanganate gradually. At this time, the temperature
of the reaction solution should not exceed 20 °C.
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3. Heat the mixture in a water bath at 35 °C for 30 min.
4. After 30 min, add 4.6 L of water and leave in a water bath at 98 °C for 15 min.
5. Dilute the reaction mixture to 14 L with water.
6. Add 3% hydrogen peroxide to the resulting solution until foaming no longer

occurs.
7. Remove impurities by filtration.

Normally, graphene oxide causes clogging of filter, so it is very difficult to
perform filtration. In addition, the reaction time is as short as 30 min. Therefore,
there is a possibility that only the surface of graphite is oxidized by this original
method.

16.4.4 Improved Hummers’ Method

It has been shown that oxidation efficiency is improved by pre-oxidizing graphite,
and is used for the synthesis of single-layer graphene oxide in a short time [30]. In
this method, since pre-oxidation of graphite is carried out, sodium nitrate is
unnecessary in the main oxidation procedure, there is an advantage that the for-
mation of harmful gas (NOx) during the main oxidation can be suppressed. In
addition, the amount of unexfoliated graphite portion decreased, and the yield of
graphene oxide increased. Although it is not described in detail what kind of effects
the graphite pre-oxidation has, it is anticipated that affinity of graphite, sulfuric acid
and/or potassium permanganate, formation rate of graphite intercalation compound,
etc., might be improved by the pre-oxidation.

In 2010, another improved method using phosphoric acid instead of sodium
nitrate was reported [31]. With this method, generation of harmful gas such as NOx
can also be suppressed. However, the amount of sulfuric acid and potassium per-
manganate used in this method is much larger than the original method, therefore, a
simple comparison cannot be done.

Besides these, some papers say that by changing the graphite pretreatment
method (mixing it with manganese oxide, irradiating with microwaves, and
expanding), or changing additives (water, phosphoric acid, nitric acid, etc.), oxi-
dation of graphite is enhanced. However, these are empirical results and many are
not chemically explained. Therefore, comprehensive investigation for the prepa-
ration method of graphene oxide reported so far was performed to eliminate
unnecessary operations and reagents, and clarify the minimum necessary condition.
As a result, it was found that only the potassium permanganate and sulfuric acid are
required for preparing graphene oxide from graphite. The reaction time was found
to be sufficient for 2 h. This is not only empirical but also supported by chemical
analysis of the oxidation reaction in situ. That is, the process of disordering the
laminated structure of graphite and the process of reducing manganese (oxidizing
graphite), were traced by in situ X-ray diffraction analysis and X-ray absorption
spectroscopy analysis. Through these analyses, the optimum conditions under
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which graphene oxide was formed could be determined. Additionally, the effect of
reaction temperature was investigated. If the reaction temperature is too high,
oxidation proceeds excessively to generate carbon dioxide, as a result, graphene
oxide having many defects is formed. In contrast, the oxidation reaction hardly
progresses at 10 °C or lower. As a result, it was found that graphene oxide with few
carbon defects can be obtained by carrying out the reaction at around 35 °C.

By applying the optimized method, graphene oxide can be safely produced at a
scale of 500 g or more even in the laboratory. In addition, since the ratio of
reagents, concentration, temperature, and reaction time are determined, continuous
flow process can be achieved [32].

16.5 Mass Production of Graphene Oxide

Mass production of pure graphene by scotch tape exfoliation and CVD on some
substrate are quite difficult, therefore, scientists have focused on the production of
graphene-like materials in liquid phase or powder state.

Ball milling in the presence of solvent [33] and under CO2 atmosphere [34],
microwave irradiation [35], and mixer treatment [36] have been investigated. Here,
the production method of graphene oxide, which has a great potential for real
application [37], is introduced. Previously, mass production of graphene oxide is
reported, however, the experiment was performed in only 15 g scale [38].

16.5.1 Oxidation Process

For the oxidation of graphite, a strong oxidizing agent is required. Since the
reaction uses sulfuric acid as a solvent, there is little worry of fire, but there is a
possibility of explosion. For example, Mn2O7 generated by the reaction of KMnO4

and sulfuric acid may explode at higher than 55 °C. Furthermore, Mn2O7 is volatile
and gradually vaporizes as a purple gas even at room temperature. Of course, these
gases are toxic and must be carried out under suitable exhaust facilities. The oxi-
dation reaction of graphite is an exothermic reaction, and it is dangerous if the
overreaction occurs. Therefore, the reaction must be carried out at low temperature.
Graphite does not undergo any reaction without an oxidizing agent, on the other
hand, graphene oxide is reactive due to the presence of oxygen functional groups;
even sulfuric acid, a solvent for the reaction, can react with graphene oxide. Further,
there is a possibility that the remaining Mn2O7 reacts with the generated graphene
oxide during the reaction, and an excessive oxidation reaction may proceed. For
example, diols may be dehydrated by concentrated sulfuric acid to form epoxides,
which may rearrange to ketones. Also, diols may undergo direct oxidation to
diketones. Furthermore, carbon–carbon bonds of hydroxyl ketones and diketones
can be oxidatively cleaved (Fig. 16.6). Therefore, it is difficult to obtain exactly the
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same graphene oxide with high reproducibility unless the amount of oxidizing
agent, reaction temperature, reaction time, amount of water present, etc., are
properly controlled.

Also, the kind of graphite greatly affects the physical properties of graphene
oxide. Small graphite produces small graphene oxide, but large graphite does not
always produce large graphene oxide. This is because the crystallinity of graphite is
also an important factor in controlling the properties of graphene oxide. Even if the
particle size is large, graphite having low crystallinity and a large amount of
amorphous component tends to generate small graphene oxide.

16.5.2 Quenching

The oxidation reaction stops when water is added. When water is added, the
reduced manganese species elutes from the interlayer of graphene oxide into the
liquid, and causes a homogenization reaction with remaining high valence man-
ganese species. Therefore, oxidation must be finished before adding water.
A method of water addition is also important. Since the reaction mixture contains
concentrated sulfuric acid, the temperature of the mixture is increased when water is
added. When water is added to the mixture in a short time, it boils up; if a large
amount of unreacted Mn2O7 remains, it is extremely dangerous. Therefore, it is
necessary to add water while confirming the temperature of the reaction mixture.
Since sulfuric acid has a specific gravity larger than water (1.8 g/cm3), water will
float to the upper layer and heat generation may occur suddenly when mixed,
therefore, great care should be taken for this step. In contrast to adding water into
the reaction solution, there is also a method of pouring the reaction mixture into

Fig. 16.6 Possible side reactions on graphene oxide
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water. This method is easier to control the temperature, and it does not cause the
local temperature to increase. However, there is a problem that two reactors are
required, and there is a danger of pouring concentrated sulfuric acid reaction
mixture into another reactor.

16.5.3 Purification

It is necessary to remove sulfuric acid and manganese salts from the crude reaction
solution. Graphene oxide can be precipitated by centrifugation, therefore, it is often
purified by repeated centrifugation. Purification efficiency depends on the rejection
rate of the solution. For example, if centrifugation is performed under the condition
that the rejection rate is 80%, 20% of impurities (sulfuric acid and manganese)
remain. In order to reduce the amount of impurities to the 0.01% or less of the
original, it is necessary to repeat centrifugation about five times (0.2 � 0.2 � 0.2
0.2 � 0.2). Because of this, a lot of waste liquid comes out. Actually, graphene
oxide swells as impurities are removed, so the rejection rate gradually decreases,
and the number of centrifugation and the amount of wastewater increase is
estimated.

Therefore, attention is focused on filtering for purification, but graphene oxide
swells and gelation occurs as purification progresses as described above, and
clogging of the filter occurs. To solve this problem, a method of washing with
hydrochloric acid and acetone has been proposed. Since hydrochloric acid is
effective for removing a metal salt and is a volatile acid, it can be removed by
drying even if a small amount of hydrochloric acid remains. Also, acetone has the
effect of agglomerating graphene oxide and prevents gelation. Since acetone is also
volatile, it can be removed by drying even if a small amount remains. It is also
possible to add another solvent to graphene oxide after washing with acetone, and
redisperse it in the solvent. By purifying in this manner, the amount of metal in
graphene oxide can be reduced to 0.1 wt% or less. To further reduce the amount of
impurities, it is necessary to redisperse and perform centrifugation. When the
degree of oxidation is very high, or when graphene oxide having a very small size is
synthesized, precipitation does not occur as the centrifugal separation is repeated.
For such highly dispersible graphene oxide, sulfuric acid and manganese salt may
be removed by dialysis.

16.5.4 Exfoliation and Storage

Single-layer graphene oxide is definitely not obtained only by the above operation,
and it is necessary to exfoliate by sonication after purification. The concentration of
graphene oxide purified by centrifugation is around 3 wt%. To obtain a concen-
tration higher than 3 wt%, evaporation of water is necessary. However, if 3 wt% of
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graphene oxide is subjected to ultrasonic wave, gelation occurs as exfoliation
proceeds. Single-layered graphene oxide cannot be obtained at a concentration
higher than 1.5 wt%.

In addition, when graphene oxide is dried as it is by heating or under reduced
pressure, the sheets are strongly bonded to each other and become like paper,
making it difficult to redisperse. Although irradiation with ultrasonic waves can
redisperse to a certain extent, it takes a long time, and the structure of graphene
oxide may change during the process. Therefore, it is desirable to dry it while
maintaining a high surface area state such as by freeze-drying, spray drying, and
supercritical drying. As a result of such drying, sponge-like graphene oxide powder
can be obtained, which is readily redispersed.

Graphene oxide is reduced not only by physical stimuli such as light and heat but
also by organic molecules and metals. Therefore, it is desirable to store in cool and
dark place. If you place the dispersion in a transparent bottle in the room,
agglomeration by reduction will occur in several days. Also, since the dried gra-
phene oxide powder has hygroscopic property, it is desirable to keep it tightly
closed.

16.6 Conclusion and Future Remarks

Developing a method for making graphene on a practical scale is very attractive in
academia and industry. For this purpose, it is desirable to prepare graphene from
graphite via a chemical method, because graphite is low cost and easy to obtain.
With regard to graphene oxide, it is technically possible to prepare on a large scale,
but the current problem is improvement of processes such as purifying and securing
of safety, therefore, the research stage is now shifting from academia to industry.

Unfortunately, it is impossible to obtain graphene with high crystallinity, which
has been studied in the field of physics by the chemical methods. Therefore, the
level of physical properties for graphene obtained by the chemical methods should
be somewhat lower than ideal graphene. More unfortunately, miniaturized graphite
is sometimes published in scientific papers and commercialized as graphene. For
the future study of graphene and its practical application, a balance between
compromise and deterrence seems to be necessary.
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Chapter 17
Alcoholic Compounds as an Efficient
Energy Carrier

Takashi Fukushima, Sho Kitano, Masaaki Sadakiyo
and Miho Yamauchi

17.1 Electrochemical Reduction of Oxalic Acid to Glycolic
Acid

17.1.1 Introduction

The high impact of increase of CO2 concentration in the atmosphere on climate
change has been seriously recognized. The intergovernmental panel on climate
change attributed climate change to a large increase in atmospheric CO2 concen-
tration over the past 40 years, of which 78% was caused by fossil fuel combustion
and industrial processes [1]. Therefore, the efficient utilization of renewable ener-
gies is indispensable for the sustainable development of our human society [2].
Recently, the efficiency of electric power generation using renewable energies such
as solar photovoltaic, wind turbine and wave has been greatly improved. However,
such electricity, i.e. renewable electricity, is not widely used because of its supply
instability. Energy carriers [3], which are high-energy chemicals produced via
hydrogenation or electroreduction using low-carbon technologies, have recently
attracted substantial attention as storage and transportation media for renewable
electricity. Electrochemically produced hydrogen is believed to be the cleanest
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energy carrier due to zero emission of greenhouse gases both in its production and
combustion for the energy generation. However, fatal drawbacks of utilization of
H2 as an energy carrier still remain. Namely, gaseous and chemically active H2 fold
an infeasibility of widespread distribution due to its low volumetric energy density
(13 MJ m−3) compared to conventional liquid fossil fuel such as gasoline (33,400
MJ m−3), which makes difficulties in long-time storage and long-distance transport.
H2 transport using a cryogenic liquid hydrogen tanker or a massive hydrogen
pipeline system is expected to be a possible solution but requests a high cost and
extra consumption of energy. On the other hand, various H2 carriers such as organic
hydrides [4], NH3 [5], amides [6] and formate converted from CO2 [7] have been
proposed as an H2 carrier, and some have achieved the efficiencies demanded for
practical use. In this regard, liquid energy carriers offer great merits by considering
feasible manageabilities. Alcohols have recently emerged as a candidate of an
energy carrier because of their low explodability and low corrosiveness, in addition
to the high energy density in a liquid or solution. Thus, we advocate utilization of
alcoholic compounds as an energy carrier for renewable electricity and power
generation from an alcohol using a fuel cell. Recently, we have proposed an idea for
power generation from an alcoholic compound without CO2 emission via highly
selective oxidation of the alcohol to carboxylic acid whereas complete oxidation of
an alcohol generates CO2. Considering that CO2 capture from the air involves
considerable cost, carboxylic acids, which can be collected as a solution, is a
feasible waist to reuse. If a carboxylic acid is electrochemically reduced into an
alcohol, energy carriers are recyclable. Then, we focused on the carbon-neutral
(CN) energy circulation via selective redox reactions between an alcohol and car-
boxylic acid as illustrated in Fig. 17.1 [8].

CO2

R-CH2OH

Variable renewable energy

Electric energy

R-COOH

Charge

Discharge

Fig. 17.1 Schematic image of carbon-neutral power circulations based on alcohol/acid redox
reactions
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17.1.2 Glycolic Acid as an Energy Carrier

We take notice of glycolic acid (GC, HOCH2–CO2H) as an energy carrier. GC is a
monovalent alcohol having 8,600 MJ m−3 of volumetric energy capacity in the case
of selective oxidation to oxalic acid (OX, (CO2H)2), a divalent carboxylic acid,
which is formed via four-electron oxidation of GC in the following equation:

HCOO�CH2OH þ H2O ! HCOO�COOH þ 4Hþ þ 4e� ð17:1Þ

Through the reverse reaction of Eq. (17.1), we can reproduce GC. It should be
noted that OX can be produced from biomass-derived resources, e.g. cellulose [9].
GC is thus considered to be a promising environmentally friendly carrier, which is
produced from bio-derived materials and water by the help of renewable electricity.
In this process, water is used as a hydrogen source in the electroreduction.
Considering that industrially utilized hydrogen is produced via fuel reforming,
which emits CO2, electroreduction of carboxylic acid is significantly clean process
for the production of alcoholic compounds. Creation of the highly selective
electro-catalysts is a key to realizing the CN system. However, limited knowledge
has been accumulated about both the selective the electroreduction of carboxylic
acids into alcohols and selective electro-oxidation of alcohols to date.

17.1.3 TiO2 Catalyst to Electrochemically Reduce Oxalic
Acid to Glycolic Acid

Carboxylic acids are stable chemicals due to electron conjugation and low chemical
activity assignable to low electrophilicity of carboxyl carbon [10]. Usually,
hydrogenation of carboxylic acid using molecular hydrogen to produce an alcohol
is achieved under relatively severe conditions (240–380 °C, 21 bar of hydrogen
atmosphere) [11, 12]. Limited numbers of results concerning electrocatalysts for the
reduction of carboxylic acids have been reported so far. Then, we tested various
kinds of materials, such as Al, Ti, V, Ni, Cu, Zr, Nb, Mo, Sn, Pb and Pt, for OX
electroreduction and found that only Ti foil calcined in the air exhibits the elec-
trochemical OX reduction ability. However, the main product was glyoxylic acid
(GO) that is a two-electron reduction aldehyde compound and a small amount of
GC was formed [8, 13]. We noticed that the catalytic activity was enhanced by the
calcination of Ti foil, which indicated that TiO2 acts as an active site for OX
reduction. To increase the catalytic activity, we tried to apply TiO2 particles with a
high specific surface area, namely porous TiO2 spheres (PTSs), for OX reduction.
PTSs were prepared from layered protonated titanate (LPT) according to previous
report [14]. The preparation procedure and transmission electron microscopy
images for LPT and PTS are provided in Fig. 17.2.

PTSs prepared at calcination temperatures greater than 500 °C were mainly
composed of a highly crystalline anatase phase (>99 wt%) and characterized with a
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large surface area (43.2–82.1 m2/g). The catalytic activity of PTSs for OX elec-
troreduction was examined by chronoamperometry (CA). Electrodes were prepared
by drying a methanol suspension of a PTS dropped onto calcined Ti foil, followed
by calcination at various temperatures. The product yield and Faradaic efficiency of
the PTS/Ti foil electrodes increased with increase of the calcination temperature up
to 500 °C. However, the product yield and Faradaic efficiency on the electrode
treated above 500 °C sharply deteriorated, e.g. PTS prepared via calcination at 600
°C (PTS-600) showed a minimal product yield (0.5%), although the PTS structures
were proved to be nearly unchanged based on powder X-ray diffraction results.
Active and inactive PTSs, i.e. PTS-500 and PTS-600, were characterized using
X-ray photoemission spectroscopy, N2 gas adsorption and classical OX adsorption
methods. However, a significant difference between these catalysts was not con-
firmed. UV-vis spectra gave us a hint to answer the question. Absorption edge for
PTS-600 was shifted to the longer wavelength side, indicating that PTS-600 con-
tains TiO2 phases with a narrower band gap, such as a rutile phase, compared to the
gap of anatase TiO2. Anatase- and rutile-type TiO2 were reported to exhibit char-
acteristic electron energy-loss spectral (EELS) charts. We produced phase distri-
bution maps of the anatase and rutile types on PTS-500 and -600 via the spectral
structure recognition of each phase, as shown in Fig. 17.3. The EELS mapping
represents that PTS-500 is made of anatase-type TiO2 (Fig. 17.3a, b), whereas
PTS-600 includes a rutile-type TiO2, especially around the surface (Fig. 17.3c, d).
To confirm our assumption, we examined the catalytic activity of commercial rutile
nanoparticles and observed that both product yield and Faradaic efficiency on rutile
nanoparticles were considerably low compared to those on PTS-500. Thus, we
concluded that the active catalytic site is anatase TiO2 surface.

Why does anatase TiO2 serve as a highly efficient and selective electrocatalyst to
convert OX into GC? The conduction-band bottom level of anatase-type TiO2 is

Fig. 17.2 TEM images for layered protonated titanate and porous TiO2 sphere prepared by
calcination at 500 °C
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known to lie at a position 0.2 V more negative than that of rutile-TiO2. Electrons
provided by the electrode are possibly accumulated in the conduction-band bottom
of TiO2. Considering that electrons located at a higher energy level have a lower
work function, electrons introduced in conduction-band bottom of anatase TiO2 can
have greater reducibility compared to those in rutile TiO2. Therefore, the high
catalytic ability of anatase TiO2 is attributed to its energy state.

Catalytic conditions such as temperature and OX concentration over PTS-500
were optimized. Catalytic performances of PTS-500 at various temperatures are
shown in Fig. 17.4. PTS-500 exhibited relatively high Faradaic efficiency (70–
95%) under mild conditions, e.g. at 50 °C and in the potential range from −0.5 to
−0.7 V versus RHE. Noted that the aqueous solution used was highly acidic
(pH = 2.1). Generally speaking, in aqueous media, H2 evolution is a major reaction.
Surprisingly, hydrogen evolution is suppressed on PTS-500, which is possibly
attributable to the conversion of Ti4+ sites to Ti3+ sites under application of electric
field. The Ti3+ sites are stable under acidic condition and are favourable for the
adsorption of a hydrophilic carboxyl group analogously to the behaviour of the
photogenerated hydrophilicity of TiO2 [15], leading to the high Faradaic efficiency
for OX reduction, i.e. suppression of hydrogen evolution.

17.1.4 Photo-assisted Hydrogenation of Oxalic Acid

Photoelectrochemical water splitting using a photoelectrode, such as oxide [16–21],
(oxy)nitride [22–25] and sulphide [26], is expected as a green process to produce
hydrogen from water using renewable solar energy and provide an effective

Fig. 17.3 Scanning transmission electron microscopy (STEM) images for PTS-500 (a) and PTS
(c), and electron energy-loss spectral (EELS) maps for PTS-500 (b) and PTS-600 (d)
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approach for energy conversion and storage. The utilization of the hydrogen pho-
tocatalytically generated from water is expected to accelerate electrochemical
reactions for OX reduction due to photovoltaic effects. Therefore, the electro-
chemical reduction of OX with the assistance of light energy achieves the highly
efficient GC production acid without fossil-derived hydrogen, i.e. a
light-energy-driven alcohol synthesis, as shown in Fig. 17.5. This process is an
excellent environmentally friendly alcohol production route since it progresses
under milder conditions (0.1 MPa, <100 °C) than those of hydrogenation reactions.
The equations proceeding in each electrode are shown below:

Cathode: COOHð Þ2 þ 4 Hþ þ 4 e� ! HOOC� CH2OH þ H2O
þ 0:13 V versus RHE

ð17:2Þ

Anode: 2H2O ! 4 Hþ þ 4 e� þ O2 þ 1:23 V versus RHE ð17:3Þ

Fig. 17.4 Faradaic efficiency for the production of GO (orange) and GC (blue) at −0.7 V versus
RHE on PTS-500 in OX electroreduction at a 24, b 40 and c 50 °C

Fig. 17.5 Fabricated light-assisted alcohol electrosynthesis system from carboxylic acid and
water
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Overall: COOHð Þ2 þ H2O ! HOOC�CH2OH þ O2 1:1 V ð17:4Þ

A light-assisted electrochemical alcohol production system was constructed by
applying oxide semiconductor photoelectrodes as an anode for water oxidation to
provide protons and electrons for the hydrogenation of a carboxylic acid on a
cathode, which enables the direct light energy conversion into low-carbon alcoholic
chemicals. We applied gallium oxide (Ga2O3) [27, 28], bismuth vanadate (BiVO4)
[29] and tungsten trioxide (WO3) [18, 30] electrodes, which are known as highly
active photocatalysts for water oxidation, to oxidize water and to supply electrons
and protons for the electrochemical reduction of OX on an anatase-type TiO2

cathode [31].

17.1.5 Performance of Oxide Photoelectrodes for Applied
Bias Decrease

Commercial powders of Ga2O3 and WO3 were applied in the electrochemical
experiments. The BiVO4 powders were synthesized by using the homogeneous
precipitation method [32]. Two-electrode system was employed using
two-compartment glass cells, where the cathode and anode were separately fixed in
each cell. Figure 17.6 shows the current–voltage curves for the electroreduction of
OX using Ga2O3, BiVO4 and WO3 photoelectrodes in the dark and under irradi-
ation of UV–visible light (k > 200 nm). Current for the reaction using all three
anodes was observed by applying external bias above 2.1 V in the dark. The results
indicated that extra 1.0 V bias in addition to 1.1 V of theoretical voltage which is
required to begin the GC production through OX reduction and water oxidation
was needed to overcome the overpotential without light irradiation. Under light
irradiation, minimum biases applied to flow reaction current in the system were
significantly decreased compared with those observed in the dark, indicating that
UV–visible light energy absorbed over photoelectrodes enhanced to apply external
bias.

The onset potential for the reaction current flow under irradiation of UV–visible
light depended on the photoelectrodes; the order of onset bias was as follows:
WO3 < BiVO4 < Ga2O3. This order corresponded to the photovoltaic performance
of photoelectrodes, i.e. WO3 > BiVO4 > Ga2O3. An observed decrease of the onset
biases for OX reduction is associated with the photovoltaic performance, which
depends on the amount of photoexcited electrons and holes and recombination
probabilities between such excited species, and coincides with the activity of
photoelectrodes for oxidation of water. Photoexcitation probabilities for the for-
mation of active species strongly depend on the photoabsorption spectrum range for
the photoelectrodes [33]. A wider absorption range of the photoelectrodes is
expected to enable more efficient photoexcitation, resulting in formation of a larger
amount of excited electrons and holes. All excited active species are not consumed
by reactions since the recombination between some parts of excited electrons and
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holes occurs before the water oxidation proceeds [34]. Lower recombination
probability achieves higher reaction probability of holes and water molecules,
leading to higher activity of water oxidation and a larger amount of available
excited electrons, i.e. highly active photovoltaic performance [35]. Therefore, the
photoelectrode, which shows a wide photoabsorption property and low recombi-
nation probability, exhibits large bias decrease ability due to the high activity for
water oxidation and photovoltaic performance.

The Ga2O3 electrode showed the lowest bias decrease performance under light
irradiation (0.15 V, as shown in Fig. 17.6) since the narrowest range of photoab-
sorption spectrum of the Ga2O3 photoanode up to 270 nm corresponds to the
smallest amount of excited electrons and holes as illustrated in Fig. 17.7, thus,
resulting in the low photovoltaic performance. Although the BiVO4 electrode
exhibited the widest absorption spectrum up to 550 nm among all the photoelec-
trodes, OX reduction required a relatively high bias application, i.e. 1.7 V, com-
pared with 0.7 V, which was shown for the WO3 electrode. It is known that the
BiVO4 photoelectrode shows a high recombination probability due to its poor
mobility for excited electrons (Fig. 17.7) [36–39]. This result clearly indicates that
the recombination probability is more dominant for water oxidation over the BiVO4

anode. By contrast, the WO3 photoanode, absorbing photons at wavelengths less
than 480 nm, showed the highest bias decrease ability among all the anodes, as
shown in Fig. 17.7. Therefore, the largest decrease of applied bias for electro-
chemical reduction of OX observed on the WO3 photoelectrode was attributed to
the relatively wide absorption spectrum and low recombination probability for
efficient water oxidation and high photovoltaic performance [18].

17.1.6 Effect of Irradiated Light Wavelength on the WO3

Photoanode Performance

Effects of the wavelength of irradiation light on the WO3 electrode were investi-
gated by employing a two-electrode system. Figure 17.8 shows the current–voltage

Fig. 17.6 Current–voltage curves for electroreduction of OX using a two-electrode system
employing a TiO2 cathode and a Ga2O3, b BiVO4 and c WO3 photoelectrodes under UV–visible
light (k > 200 nm) irradiation (solid line) or in the dark (broken line)
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curves both in the dark and under light irradiation with various wavelengths (UV–
visible light with k > 200 and 300 nm, visible light with k > 400 nm). Onsets of
reaction current were observed at 0.5 V under light irradiation with all wavelengths,
which are 0.6 V smaller than the theoretical bias required for GC production
through OX reduction and water oxidation, 1.1 V, whereas the onset potentials
were observed at 2.1 V in the dark, suggesting that 1.6 V of bias decrease was
achieved by light irradiation. Light irradiation with k > 200 and 300 nm covers a
wide energy range of photoabsorption property of WO3. Therefore, the rate
determining step for electrochemical reduction of OX under irradiation of UV–
visible light is not the water oxidation on the WO3 anode, where holes with suf-
ficient positive potentials are formed [40], but the electrochemical reduction of OX
on the cathode, suggesting that the irradiation of UV–visible light with k > 300 nm
efficiently works in the system. Furthermore, almost the same onset potential of
reaction current was observed under irradiation of visible light, indicating that the
WO3 photoanode efficiently work for the bias decrease under visible light irradi-
ation. The system has applicability under both the irradiation of solar light and only
visible light.

17.1.7 OX Reduction Under Various Conditions

Chronoamperometric OX reduction was conducted while applying an external bias
of 1.0 or 1.5 V using a two-electrode system with the TiO2 cathode and the WO3

photoanode for 2 h under irradiation of UV–visible light with k > 300 nm, visible
light with k > 400 nm or in the dark. Figure 17.9 shows the Faradaic efficiencies
determined based on the amount of GO and GC formed under various conditions.
No products were produced in the dark even for an external bias below 1.5 V,
which is coincident with the result for no reductive current below 1.5 V in the
current–voltage curve as shown in Fig. 17.8, indicating that the system does not
work with applying bias below 1.5 V without irradiation. Meanwhile, GO and GC
production was observed under irradiations of both UV–visible and visible light,

Fig. 17.7 Schematic illustrations for energy diagrams and photovoltaic performances on the
photoelectrodes under irradiation of UV–visible light
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indicating that OX reduction was promoted with the support of light energy irra-
diated on the WO3 photoelectrode through an electrochemical reaction system.
Faradaic efficiencies for GO and GC production observed under the irradiation of
UV–visible light were higher than those under the irradiation of visible light.
The GO and GC formed with an 80% Faradaic efficiency in total with applying a
bias of 1.5 V under UV–visible light irradiation. The anode potential when
applying a bias of 1.5 V under UV–visible light irradiation was measured to be
1.05 V versus RHE, which is 0.18 V more negative than the theoretical potential of
water oxidation, 1.23 V versus RHE, indicating that the photogenerated hole oxi-
dized water molecules [41, 42].

Figure 17.10 shows the Faradaic efficiencies calculated based on the amount of
GO, GC and gaseous products, i.e. H2 that generated in the cathode cell in OX
reduction and O2 that generated in water oxidation in the anode cell when applying
a bias of −1.5 V under UV–visible light irradiation. Faradaic efficiencies for
products in each cell achieved 100%, indicating that all electrons formed from
water oxidation were used for the electrochemical reduction of OX or water to
produce GO, GC and H2 and other reactions did not occur such as dissolution of
electrodes.

In conclusion, GC production through electroreduction of OX and oxidation of
water using a light-assisted electrochemical reaction system was successfully
conducted. Irradiation of UV–visible light to the WO3 photoanode enables a drastic
decrease of minimal bias, i.e. 0.5 V, which is 0.6 V smaller than the theoretical bias
potential, i.e. 1.1 V, required for GC production via OX reduction and water
oxidation. The green synthetic process for the production of an alcoholic compound
from an organic acid procurable from biomass via electro-oxidation of water with
the assistance of light energy is achievable.
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17.2 Electrosynthesis Cell for Continuous Power Storage
in Glycolic Acid

17.2.1 Introduction

Electrolyzers can store electric power into various chemicals, such as hydrogen and
alcohols, through the conversion of these chemicals on the electrodes. An important
role of the electrolyzers is a temporal storage of intermissive electric power gen-
erated from renewable energies, such as wind power and solar cell. Electrolyzers
can be roughly classified into two types: The first is a batch-wise two-compartment
cell (Fig. 17.11a) [43] and the second is a flow-type polymer electrolyte cell
(Fig. 17.11b) [44]. Batch-wise two-compartment cell must include additional
electrolytes in the reaction solution (e.g. KOH, Na2SO4, etc.), while the polymer
electrolyte cell does not need it. In the case of hydrogen production through
electrolysis of water, both types of electrolyzers are acceptable for continuous
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operation of the electrolysis because the gas product (hydrogen) is automatically
separated from the reaction solution and the reactant (water) is easily refilled. In
contrast, liquid or soluble solid chemicals, such as alcohols, can be continuously
produced only by the flow-type polymer electrolyte cell because the products
always remain in the reaction solution that includes electrolyte as impurity, and thus
it should be separated by further experimental manipulation.

As described above, efficient electrosynthesis of alcohols from ubiquitous oxi-
dized chemicals, i.e. carboxylic acids, will be one of the important issues for
efficient power storage. GC, made from OX, can be one of the candidates as
next-generation energy carriers because of its potentially high volumetric capacity
(<417 Ah l−1 (at 60 °C)). In this chapter, we focus on continuous production of GC
through an electrochemical reduction of OX solution using a novel polymer elec-
trolyte electrolyzer, named as polymer electrolyte alcohols electrosynthesis cell
(PEAEC) [45].

17.2.2 Fabrication of Membrane Electrode Assembly
for PEAEC

A novel membrane electrode assembly (MEA) for the PEAEC was fabricated by
employing the TiO2 catalysts on cathode, as described above, due to its high over
potential for hydrogen production which is the dominant side reaction of the
electrochemical reduction of OX aqueous solution. The MEA should be composed
of the cathode for OX reduction, proton-exchange membrane and anode for water
oxidation. The cathode in the PEAEC is also required to have electron conductivity
and substrate diffusivity. Therefore, Ti mesh or Ti felt, to which the reaction
solution is permeable, is preferable for electrode material for the cathode. Since
rigid linking between electrode and catalysts is also indispensable, direct growth of
the porous TiO2 on the electrode using Ti ions is one of the suitable methods to

Fig. 17.11 a Batch-wise two-compartment cell and b flow-type polymer electrolyte cell for
alcohol electrosynthesis
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fabricate the cathode for the PEAEC (Fig. 17.12). Thus, the novel cathode was
fabricated by a two-step hydrothermal reaction: the first step is heating of the Ti at
220 °C for various time (e.g. for 12 h) in aqueous NaOH solution to form H2Ti2O5 �
H2O and the second step is to heat the H2Ti2O5 � H2O-coated Ti at 200 °C for 24 h
in water to form anatase TiO2 grown on the Ti mesh (TiO2/Ti-M) (Fig. 17.12) [46].

After the two-step hydrothermal reaction, fibrous TiO2 was formed on the sur-
face of Ti lines. From the results of XRD measurements with the sample prepared
through different reaction times (Fig. 17.13), it was clear that the amount of the
anatase TiO2 catalysts could be controlled just by changing the reaction time of the
first-step hydrothermal treatment.

The effect of the hydrothermal reaction time, i.e. amount of the anatase TiO2, on
catalytic performance for the electrochemical reduction of OX was clarified by CA
using a batch-wise two-compartment electrolyzer with a three electrode system.
Figure 17.14 shows OX conversion and Faradaic efficiency after the CA for 2 h at
an applied potential of 0.76 V (vs. RHE) using each TiO2/Ti-M electrode using
0.03 M OX solution with 0.2 M Na2SO4 (pH = 2.1). The conversion of OX
increased with increasing the hydrothermal reaction time below 12 h, indicating
that the amount of TiO2 catalyst on the Ti line is important to accelerate the
catalytic reduction of OX in this region. Faradaic efficiency for the target product
(GC) also drastically increased with increasing the hydrothermal reaction time,
suggesting that the metallic Ti surface, uncovered by TiO2, preferably generates
hydrogen gas as a by-product. Above 12 h, the conversion of OX and Faradaic
efficiency are almost independent of the hydrothermal reaction time in the first step,
indicating that the extra amount of TiO2 on the electrode does not contribute to
increasing catalytic performance. This might be because TiO2 crystals located far
from the metal Ti electrode do not work as electrocatalysts due to high electrical
resistivity. Note that the excess amount of TiO2 (e.g. 24 h of the first step) is not
preferable for fabrication of MEA because it causes a peel-off of the cathode
electrode from Nafion after a hot press, meaning that 12 h is an optimal

Fig. 17.12 a SEM image of the cross section of the Ti mesh electrode and b TiO2/Ti-M electrode
after the two-step hydrothermal reaction
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hydrothermal reaction time in the first step for fabrication of the TiO2/Ti-M elec-
trode for the PEAEC.

Optimum reaction temperature for the catalysis with the prepared TiO2/Ti-M
electrode (12 h for the first-step hydrothermal reaction) was revealed by a linear
sweep voltammetry (LSV) at 25, 50, 60, and 70 °C (Fig. 17.15) using aqueous
solutions of Na2SO4 with and without OX substrate. The TiO2/Ti-M cathode
showed different LSV curves in the presence or absence of OX at 50–60 °C,
indicating that OX reduction preferably occurs on the anatase TiO2 catalyst rather
than the hydrogen evolution reaction in this temperature region. Note that the
overpotential for the hydrogen evolution is very low above 70 °C, which is not
preferable for the selective OX reduction.

Fig. 17.13 XRD patterns of
a Ti mesh and TiO2/Ti-M
with the first-step
hydrothermal reaction time
for b 3, c 6, d 12, e 18, f 24,
g 48 and h 72 h (second step
is fixed to 24 h)

Fig. 17.14 Dependence of
(triangle) OX conversion and
(circle) Faradaic efficiency on
the first-step hydrothermal
reaction time, after the CA at
0.76 V (vs. RHE) for 2 h
using the TiO2/Ti-M electrode

400 T. Fukushima et al.



This synthetic method, producing TiO2 microcrystals on Ti lines, is applicable
not only for the Ti mesh but for a Ti felt having higher surface area. Figure 17.16
shows SEM images before and after the optimized two-step hydrothermal treatment
(first step: 12 h, second step: 24 h). TiO2 microcrystals were also formed on the
surface of Ti lines of Ti felt (TiO2/Ti-F), while it has almost ten times higher surface
area (BET surface area of Ti mesh and Ti felt electrode are 2.4 and 19.6 m2 g−1,
respectively).

IrO2 can be used as an anode catalyst for water oxidation reaction. The anode
electrode was prepared the by hand painting method with the IrO2 powder and a
gas-diffusion carbon electrode [47]. The catalyst ink was prepared by sonication of
a mixture containing IrO2 powder, slight amount of Nafion solution and mixed
solvent of 2-propanol and water (1:1) for several tens of minutes. The catalyst ink
was then painted on the gas-diffusion carbon electrode and dried under air at
ambient temperature.

The MEA for the PEAEC was prepared by a hot press at 120 °C with the TiO2/
Ti-M or TiO2/Ti-F electrode as a porous cathode, Nafion 117 as a solid polymer
electrolyte, and gas-diffusion carbon electrode loading IrO2 (IrO2/C) as an anode for
water oxidation.

Fig. 17.15 LSV curves of the TiO2/Ti-M (the first-step reaction: 12 h) cathode at a 25, b 50, c 60
and d 70 °C
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17.2.3 Continuous Operation of Electrochemical
Production of Glycolic Acid from Oxalic Acid Using
PEAEC

The PEAEC was constructed by attaching the MEA between carbon electrodes
having flow channels with silicone rubbers as gaskets (Fig. 17.17). The perfor-
mance of the prepared PEAEC for the continuous electrochemical production of
GC from OX was evaluated by controlled-potential electrolysis of OX (0.03 M
aqueous solution with no additional electrolyte, reaction area: 4 cm2, flow rate:
0.5 ml min−1). The product could be separated and quantified by high-performance
liquid chromatography (HPLC) after applying various voltages (from 1.8 to 3.0 V).
Figure 17.18 shows the temperature dependence of the OX conversion and
Faradaic efficiency at each applied voltage (TiO2/Ti-M was used). Both OX con-
version and Faradaic efficiency for the carbon products completely depend on the
reaction temperature. OX conversion at a lower applied voltage (below 2.4 V)
significantly increased with increasing temperature, suggesting that the overpo-
tential for the OX reduction decreases with increasing temperature. On the other
hand, Faradaic efficiency decreases, especially above 70 °C, suggesting the increase
of hydrogen production, which is ascribed to lowering of overpotential for the
hydrogen production above 70 °C. These observations are almost consistent with
the results of the LSV measurements and showed that the optimal temperature for
PEAEC operation is around 60 °C. In this condition, the maximum Faradaic effi-
ciency for GC achieved 69.4% at 2.0 V. The conversion of OX did not reach 100%
but was 39.4% at 2.4 V even at the optimal temperature of 60 °C. It is also clear
that production of an intermediate product, GO, becomes almost zero above 60 °C,
while a considerable amount of GO (�7% FE) was observed at 25 °C.

Optimization of the performance of the PEAEC was performed by changing
various factors, such as reaction area (1–25 cm2), flow rate (0.1–2 ml min−1), and
OX concentration (0.01–1 M). Figure 17.19 shows the dependence of OX con-
versions on these factors. The OX conversion monotonically decreased with

Fig. 17.16 SEM images of a Ti felt and b TiO2/Ti-F
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increasing flow rate and OX concentration, but increased with the electrode area,
which clearly suggests that the reaction rate on the cathode is not high enough to
achieve 100% conversion of OX. It should be noted that the Faradaic efficiency for
GC increases with increasing OX concentration of the reaction solution, indicating
that the selective reduction of OX, rather than hydrogen evolution, preferably
occurs in OX solution with higher concentrations, e.g. 1 M solution. From these
results, it is clear that higher OX conversion with higher Faradaic efficiency for GC
production using the PEAEC would be achieved by applying a large reaction area,
low flow rate and high concentration of OX solution. The amount of IrO2 on the
anode was also varied for optimization. We found that 10 mg cm−2 of IrO2 seems
to show a maximum performance of the PEAEC. It should also be noted that
10 mg cm−2 seemed to be the maximum amount of catalyst in our hand painting
method because of a peel-off of anode paper from the MEA after a hot press.

The difference in performance between the TiO2/Ti-M and TiO2/Ti-F cathodes
was also tested using the PEAEC. Figure 17.20 shows a comparison of the per-
formance between TiO2/Ti-M and TiO2/Ti-F cathode in the PEAEC with the same
condition (OX concentration: 1 M, reaction area: 4 cm2, flow rate: 0.5 ml min−1,
IrO2 catalyst: 10 mg cm−2, temperature: 60 °C). The TiO2/Ti-F showed higher OX
conversion (26.6% at 3.0 V) than TiO2/Ti-M (17.1% at 3.0 V), indicating that the
reaction rate on the TiO2/Ti-F cathode is faster than that on TiO2/Ti-M. This might
be ascribed to the higher surface area of TiO2/Ti-F (19.6 m2 g−1) than that of TiO2/
Ti-M (2.4 m2 g−1). The Faradaic efficiency of TiO2/Ti-F for GC is also higher than
that of TiO2/Ti-M at all applied voltages and achieves 90.2% at 2.0 V at maximum.
Theoretical electrolysis voltage for the PEAEC producing GC from OX (EGC)
could be described as 1.1 V due to the standard redox potentials of GC production
from OX (Eq. 17.1) and water oxidation (Eq. 17.2). Efficiency of energy storage in
GC (ηGC) can be calculated using the following equation:

Fig. 17.17 Assembly of building blocks for the PEAEC
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gGC ¼ EGC � FGC

Eappl
ð17:5Þ

where Eappl is the applied voltage, and FGC is the Faradaic efficiency for GC
production. In this condition, the ηGC of the PEAEC with TiO2/Ti-F electrode leads
to 49.6% as a maximum.

According to the above experiments, an optimized PEAEC was constructed with
TiO2/Ti-F by employing the following conditions: OX concentration = 1 M,

JFig. 17.18 Performances of OX reduction through the PEAEC with TiO2/Ti-M cathode operating
with a reaction area of 4 cm2, flow rate of 0.5 ml min−1 and OX concentration of 0.03 M.
Conversions of OX at a 25, c 50, e 60 and g 70 °C and Faradaic efficiencies at b 25, d 50, f 60 and
h 70 °C at each applied voltage. Red and blue colours correspond to GC and GO, respectively

Fig. 17.19 Dependences of OX conversion or Faradaic efficiency on a flow rate of reaction
solution (reaction area: 4 cm2, OX concentration: 0.03 M), b reaction area (flow rate:
0.5 ml min−1, OX concentration: 0.03 M) and c OX concentration (reaction area: 4 cm2, flow
rate: 0.5 ml min−1) under the operation of the PEAEC at 60 °C
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reaction area = 25 cm2, flow rate = 0.1 ml min−1, IrO2 = 10 mg cm−2, and tem-
perature = 60 °C. Figure 17.21 shows OX conversion, Faradaic efficiency and
current density of the PEAEC. OX conversion finally reached almost 100% (99.8%
at 3.0 V applied voltage) with moderate Faradaic efficiency (31.9% for GC pro-
duction at 3.0 V), while 1 M OX solution was used, which is an almost saturated
solution at room temperature (solubility of OX at 20 °C is around 1.01 M) [48].
Note that the Faradaic efficiency for GO production was vanishingly small (0.4% at
3.0 V). ηGC is calculated to be 26.5% at maximum (Eappl = 1.8 V, FGC = 43.4%) in
this case. Lowering the applied voltage and increasing the Faraday efficiency would
be important for further increase in the efficiency for energy storage. Figure 17.21
also shows the current density of the PEAEC. The maximum average current
density was 53.8 mA cm−2 at 3.0 V. The power density for energy storage in GC
(PGC) can be expressed with the equation,

Fig. 17.20 Performances of the PEAEC at 60 °C with TiO2/Ti-M or TiO2/Ti-F cathode (reaction
area: 4 cm2, flow rate: 0.5 ml min−1, OX concentration: 1 M). a Conversion of OX and
b Faradaic efficiency in the case of TiO2/Ti-M. c Conversion of OX and d Faradaic efficiency in
the case of TiO2/Ti-F
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PGC ¼ EGC � I � FGC ð17:6Þ

in which I is the current density of the PEAEC. Considering that the I and FGC at
3.0 V are 53.8 mA cm−2 and 31.9%, respectively, the power density for the energy
storage in GC is calculated to be 18.9 mW cm−2 at maximum. Water electrolyzers
[44, 49], which continuously produce hydrogen as an energy carrier, and redox flow
batteries [50, 51], which continuously convert electrical energy into chemical
energy of catholyte (and anolyte) stored outside the cell, are some of the compet-
itive devices for the PEAEC. The current density of our PEAEC (<60 mA cm−2) is
approximately one order lower than that of commercial water electrolyzers (250–
1000 mA cm−2) [49]. Considering that GC solution is storable in a common
container under ambient conditions without liquefaction at low temperatures or
under high pressures, GC has a significant advantage as an energy carrier compared
with chemically active and gaseous hydrogen. Furthermore, if we could recognize
the OX solution as a flowable electron pool for the energy storage, the theoretical

Fig. 17.21 a OX conversion, b Faradaic efficiency and c current density during the operation of
the PEAEC equipped with TiO2/Ti-F cathode (OX concentration: 1 M, reaction area: 25 cm2, flow
rate: 0.1 ml min−1, IrO2: 10 mg cm−2, temperature: 60 °C). Inset shows average current density
(Iav) at each applied voltage
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volumetric capacity of the flowed 1 M OX solution can be calculated as 107 Ah l−1

(four-electron reduction of OX to form GC). This value is approximately 50 times
higher than that of hydrogen gas (2.2 Ah l−1 (SATP)) and almost double that of
vanadium-based catholyte (60 Ah l−1) [50], implying that conversion of the car-
boxylic acid group into a hydroxyl group (alcohol) with the PEAEC has great
potential as a flow-type energy storage device. It should be noted that the GC can
generate electricity on a fuel cell accompanied by the production of OX, as we
previously reported [43]. In addition, as noted above, the theoretical capacity of GC
solution produced through a four-electron reduction of saturated aqueous solution
of OX at the operation temperature (�3.89 M at 60 °C) is around 417 Ah l−1,
which is one order higher than that of a typical redox flow battery and 190 times
higher than that of hydrogen. Thus, we believe that the PEAEC producing alcohols
would be a significant device for energy storage, while some of the issues such as
the low energy efficiency (our PEAEC < 27%, redox flow battery � 80% [51]), i.e.
low Faradaic efficiency for GC, and high overpotential should be solved in the
future.

17.3 Power Generation from Alcoholic Compounds

17.3.1 Introduction

Alcohols have attracted considerable recent interest as energy carrier, because they
offer multiple advantages over hydrogen, including ease of transportation, storage
and handling as well as higher energy density. To generate electric power from
alcohols efficiently, tremendous efforts have been made to improve direct alcohol
fuel cells (DAFCs) using methanol [52–54], ethanol [55, 56], ethylene glycol [57,
58] and glycerol [59] as fuels. In the development of anode catalysts for DAFCs,
most efforts have been directed towered complete electro-oxidation of alcohols to
generate CO2, because it provides higher oxidation current than partially
electro-oxidation of alcohols. However, renewing alcoholic compounds by direct
electroreduction of inherently stable CO2 is still challenging at present, and this
makes it difficult to realize a CN cycle. On the other hand, we have achieved
selective production of GC by electroreduction of OX, which is partially oxidized
form of GC, under mild conditions as described in Sect. 17.1. Therefore, GC has a
potential to be an electrochemically renewable alcoholic fuel, and catalyst for
selective electro-oxidation of GC to OX is required to complete a CN energy
circulation using GC/OX redox couple.
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17.3.2 Search for Catalyst Materials for GC
Electro-oxidation

To the best of our knowledge, there are no reports on electrocatalysts for the
oxidation of GC. Thus, we examined the catalytic performances of various tran-
sition metals, including Ti, V, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Rh, Pd, Ag, Ta, W,
Re, Ir, Pt and Au, for the electrochemical oxidation of GC [60]. The catalytic
activities of these metals were evaluated by performing cyclic voltammetry
(CV) measurements using plates or wires of these metals as a working electrode in
the presence and absence of GC. The CVs recorded with the metal working
electrodes in 0.5 M Na2SO4 aqueous solution containing and not containing 0.1 M
GC are shown in Figs. 17.22, 17.23 and 17.24.

Most of the non-noble metals such as V, Fe, Co, Cu, Zn, Mo, Re and W
exhibited large anodic current (peak current: 5–700 mA) in their CVs (Fig. 17.22).
After the CV measurement, the metal plates became smaller. In addition, the
electrolyte solution after the CV measurements of Fe, Co and Cu exhibited char-
acteristic colours originated from their ions. These observations indicate that oxi-
dation of these metals causes elution of the metal ions into the electrolyte solution.
Intriguingly, the anodic current in CVs of Fe, Co, Cu, Zn, Mo and W was increased
in the presence of GC. Thus, these metals may have certain ability to catalyze
electro-oxidation of GC although elution of the metal occurs, which is a disad-
vantage on these catalysts.

The remaining non-noble metals, i.e. Ti, Zr, Nb, Ta and Ni, displayed lower
anodic current (peak current: 20 lA–60 mA) in the first cycle of the CVs compared
to the oxidation current on the catalysts introduced above, and the anodic current
reduced extremely in the second and the third CV cycle (Fig. 17.23), suggesting the
oxide film formation on the metal surface.

Fig. 17.22 CVs (two-cycle scan) of V (a), Fe (b), Co (c), Cu (d), Zn (e), Mo (f), Re (g) and W
(h) recorded in 0.1 M GC + 0.5 M Na2SO4 (black line) and 0.5 M Na2SO4 (grey line). The
current range of graphs (a–g) is fixed to –50 to 700 mA

17 Alcoholic Compounds as an Efficient Energy Carrier 409



On the other hand, the anodic current in the absence of GC on the noble metals
except for Ag, i.e. Pd, Pt, Au, Rh and Ir, is very small (peak current: <80 lA,
Fig. 17.24b–h), and this is consistent with the high resistance to self-oxidation on
these noble metals. Ag showed the large anodic waves (peak current: 60–80 mA) in

Fig. 17.23 CVs (three-cycle scan) of Ti (a, b), Zr (c, d), Nb (e, f), Ta (g, h) and Ni (i, j) recorded
in 0.1 M GC + 0.5 M Na2SO4 (black line) and 0.5 M Na2SO4 (grey line). The first (a, c, e, g,
i) and the second, third (b, d, f, h, j) scan cycles of CVs are depicted separately. The current range
of graphs (a–h) is fixed to –20 to 140 lA

Fig. 17.24 CVs (two-cycle scan) of Ag (a), Pd (b), Pt (c), Au (d), Rh (e, f) and Ir (g, h) recorded
in 0.1 M GC + 0.5 M Na2SO4 (black line) and 0.5 M Na2SO4 (grey line). The current range of
graphs (b–e, g) is fixed to –80 to 700 lA
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the forward (positive) scans of the CVs accompanied by the corresponding cathodic
waves in the reverse (negative) scans (Fig. 17.24a). These redox waves can be
explained by the Ag/Ag2O redox reaction [61–63]. In the CVs recorded with the
electrode of Rh, Pd, Ir and Pt, the anodic current at potential more positive than
1.2 V versus RHE was certainly increased in presence of GC, indicating that
electrochemical GC oxidation is catalyzed on these metals. The results of CV
measurements presented in this section suggest that Rh, Pd, Ir and Pt have
preferable features, including high resistance to self-oxidation and catalytic activity,
for the electrochemical oxidation of GC, and Pt shows the highest catalytic per-
formance among all examined metals.

17.3.3 Performance of Pt/C in Electro-oxidation of GC

As described above, Pt shows the highest catalytic activity for electrochemical
oxidation of GC in the various transition metals we tested. We, hence, investigate
catalytic properties of a carbon-supported Pt catalyst (Pt/C) and appropriate con-
ditions for the electrochemical GC oxidation [60]. Firstly, we examined catalytic
performance of Pt/C for electro-oxidation of GC in both acidic and alkaline media.
Figure 17.25 compares CVs of Pt/C loaded carbon felt electrode recorded in acidic
(0.5 M GC + 0.5 M Na2SO4, pH 2.3, (a)) and alkaline (0.5 M GC + 20 wt%
KOH, pH 14, (b)) media at 50 °C. The catalytic current for the GC oxidation in
acidic and alkaline media arose at 1.1 and 0.3 V versus RHE, respectively, and
increased constantly with potential to reach 150 mA and 500 mA at 1.5 V,
respectively. A number of studies have demonstrated that the high concentration of
OH– in the electrolyte and adsorbed OH on the Pt surface significantly promote the
deprotonation of alcohols, and thus greatly reduce energy barrier of alcohol oxi-
dation reaction [64–66]. This explains the substantial reduction of the onset
potential and the increase of catalytic current for the GC oxidation in alkaline
media. In acidic condition, the catalytic current observed on the reverse (negative)
scan was definitely lower than that obtained on the forward (positive) scan.
(Fig. 17.25a). This indicates poisoning of the catalyst caused by the adsorption of
CO generated by oxidative degradation of GC on the catalyst surface (vide infra),
and the anodic peak around 0.6 V on the reverse scan is attributable to the des-
orption of CO.

To test the durability of the Pt/C catalyst and determine the oxidation products of
GC, CA experiments were conducted in both acidic (0.5 M GC + 0.5 M Na2SO4,
pH 2.3) and alkaline (0.5 M GC + 20 wt% KOH, pH 14) media at 50 °C [60]. It is
interesting to note that Pt/C catalyst maintained the high activity (490–770 mA)
during the CA experiment in alkaline media (Fig. 17.26b), while the catalyst was
significantly deactivated in early stage of the CA experiment, up to 80 s, and the
reaction proceeded with low catalytic performance (45–65 mA) in acidic media
(Fig. 17.26a). As a result, 385 C and 4300 C of charge passed across the electrode
during the CA experiment in acidic and alkaline media, respectively. Figure 17.27a,
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b shows the products of the CA experiments and Faradaic efficiency for each
product, and Fig. 17.28 illustrates the pathway for electro-oxidation of GC as
inferred from the reports dealing with ethylene glycol electro-oxidation [64–70].
The major products of GC oxidation in acidic solution were CO2 and formic acid
(90.9 and 7.2% Faradaic efficiency, respectively). The dominant formation of the
C1 compounds indicates the accelerated occurrence of the C–C bond cleavage of
the reacting molecules followed by further oxidation of the C1 intermediates gen-
erating adsorbed CO [64, 69]. This result supports our consideration for the catalyst
deactivation observed in the CV and the CA experiments in acidic media. On the
other hand, electrochemical GC oxidation in alkaline media gave OX and CO2

(47.8 and 52.1% Faradaic efficiency, respectively). These results suggest that the
use of alkaline media is favourable for the selective four-electron oxidation of GC,
i.e. no CO2 production, including higher catalytic activity and stability.

To achieve selective electro-oxidation of GC to OX, effects of the applied
potential (1.2 or 1.5 V vs. RHE), temperature (40 or 50 °C) and alkali cations (K+

or Li+) on the product selectivity were examined in alkaline media [60].
Figure 17.27b–d reveal that the reaction temperature gives greater influence on the
product selectivity rather than applied potential. The alkali cations made a

Fig. 17.25 CVs of Pt/C in 0.5 M GC + 0.5 M Na2SO4 (a) and 0.5 M GC + 20 wt% KOH (b) at
50 °C

Fig. 17.26 CA curves of Pt/C in 0.5 M GC + 0.5 M Na2SO4 (a) and 0.5 M GC + 20 wt% KOH
(b) at 50 °C
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significant impact on the product selectivity. The CA experiment in LiOH elec-
trolyte resulted in high Faradaic efficiency of 92.2% for OX production
(Fig. 17.27e), which is approximately twice as high as the yield with K+ ions
(Fig. 17.27b). Garcia-Arez et al. proposed that alkali cations can form an ion pair
with anions adsorbed on Pt surface [71]. It is well known that alkali cations form a
cluster-like structure with water molecules (M+(H2O)X) in aqueous solutions, and a
larger effective charge of Li+ facilitates the formation of a solvated cluster. The
non-covalent interactions between OH species adsorbed on the surface, i.e.
OHad, and solvated cations inactivate OHad and block the catalyst surface,
decreasing thus the amount of surface sites needed for the C–C bond breaking [67].
Thus, the smaller amount of the active surface site in LiOH solution realizes the
high selectivity for OX production [72]. We found that the selective oxidation of
GC to OX on Pt/C more favourably proceeds in alkaline media. In particular,
electro-oxidation of GC in LiOH solution resulted in dominant formation of OX,
i.e. 92.2% of Faradaic efficiency.

We conducted a series of experiments as a proof of concept of a CN power
circulation system using solutions of an alcohol and an acid. We hope that the CN
systems contribute to realization of a sustainable society driven by renewable
energy resources.

Fig. 17.27 Faradaic
efficiency for CO2, OX, GO
and HCOOH in GC
electro-oxidation a at 1.5 V in
0.5 M GC and 0.5 M Na2SO4

at 50 °C, b at 1.5 V in 0.5 M
GC and 20 wt%, i.e. 3.56 M
KOH at 50 °C, c at 1.2 V in
0.5 M GC and 20 wt% KOH
at 50 °C, d at 1.5 V in 0.5 M
GC and 20 wt% KOH at 40 °
C and e at 1.5 V in 0.5 M GC
and 3.56 M LiOH at 50 °C

Fig. 17.28 Possible pathway
for GC oxidation
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Chapter 18
Nanocarbons in Li-Ion Batteries

Seok-Kyu Cho, JongTae Yoo and Sang-Young Lee

18.1 Introduction

The rapidly emerging ubiquitous energy era, including smart portable electronics,
the internet of things (IOTs), and electric vehicles, has driven a relentless pursuit of
high-energy-density/high-safety rechargeable power sources with reliable electro-
chemical performance [1–4]. Furthermore, the inconsistent energy supply from
renewable resources (i.e., solar and wind power) strongly demands for reliable
energy storage systems, which balances between energy demand and supply
therefrom. Of various rechargeable energy storage systems reported to date,
lithium-ion batteries (LIBs) have undoubtedly occupied a predominant position,
since the commercialization of LIBs by Sony in 1991. The LIB system shows the
superiority in gravimetric and volumetric energy density (Fig. 18.1 and Table 18.1)
compared to other traditional rechargeable batteries (e.g., lead-acid, Ni-Cd, and
Ni-MH batteries) [5]. No memory effect (compared to Ni-Cd batteries) and envi-
ronmental benignity (over lead-acid batteries) have accelerated the application
expansion of LIBs.

Meanwhile, the ever-increasing demand for advanced power sources with higher
energy density and/or versatile form factors strongly pushes us to search for new
battery materials and structures beyond current state-of-the-art LIBs [6–8]. Recent
progress in nanoscience and nanotechnology suggests opportunities to develop
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novel electrode materials and architectures for next-generation LIBs. Notably,
nanocarbon materials have garnered considerable attention as a promising battery
element to enrich electrodes’ chemistry [9–11]. Among the nanocarbon families
(e.g., 0D fullerene, 1D carbon nanotube (CNT), 2D graphene, 3D graphite and
nanodiamond, etc.) with diverse dimensions, the CNT and graphene exhibit out-
standing electrical and mechanical properties, large surface area, and unique
structural characteristics, which are favorable for superior electrochemical perfor-
mance and flexibility/design diversity of LIBs [10–13].

In this chapter, we aim to provide a brief overview of recent advances of
nanocarbons in LIBs, which covers their use in conventional systems and potential
in new application fields.

18.2 Chemistry and Electrochemical Principles
of Li-Ion Batteries

The Li-ion cells are typically assembled with a positive electrode (called as
“cathode”) and a negative electrode (called as “anode”), a separator membrane (i.e.,
porous polymer membranes), and liquid electrolytes composed of carbonate sol-
vents and lithium salts (Fig. 18.2). Under external electrical connection between the
electrodes, electrochemical reaction of the electrode materials produces electrons
and ions, resulting in the charge/discharge reaction of LIBs. Specifically, during
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Fig. 18.1 Comparison in gravimetric/volumetric energy density of different battery technologies.
Reproduced with permission from Ref. [1]. Copyright 2001, Nature Publishing Group
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charge process, the electrons and ions are released from the cathode materials, then
the liberated electrons and ions move toward anode materials, respectively, through
the external circuit and liquid electrolyte. This electrochemical conversion gener-
ates the difference in chemical potential between the cathode and anode, indicating
that the external electrical energy is stored in the form of chemical energy in the
electrode materials. In contrast, the discharge process proceeds via spontaneous
chemical reactions of the electrode materials without the external electrical energy
supply, until the redox reactions reach the electrochemical equilibrium. Through
these electrochemical reactions at the electrodes, the stored chemical energy is
released and utilized as power for electronic devices.

The stored electricity in the LIBs can be quantitatively estimated by various
parameters, including voltage, capacity, and gravimetric/volumetric energy density.
The cell voltage between the electrodes (i.e., cathodes and anodes) is theoretically
calculated via the total change of Gibbs free energy (ΔE = −ΔG/nF), at the elec-
trode active materials. The battery capacity is defined as amount of charge gener-
ated in the electrochemical reaction. The amount of electrical energy (i.e., energy

Fig. 18.2 Schematic illustration of operating principle (i.e., charge and discharge) of conventional
LIBs. Reproduced with permission from Ref. [4]. Copyright 2012, Royal Society of Chemistry
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density) is calculated by integrating the cell potential and capacity, and the values
are described as gravimetric energy density (W h kg−1) and volumetric energy
density (W h L−1).

In addition to the energy storage, cyclability (i.e., charge/discharge repeatabil-
ity), rate performance (i.e., charge/discharge current density), and abuse tolerance
(i.e., safety) should be also considered. The cyclability represents the reversibility
of electrochemical reaction during the repeated charge/discharge process, where the
higher capacity retention indicates the better cyclability. The rate (also called
“C-rate”) performance describes the electrochemical kinetics of the cells. The
C-rate is calculated as a function (C = 1/h, Cp= i � h) of the charge/discharge
current and the time required to fully charge and discharge them, wherein C is the
C-rate, h is the time required to fully charge and discharge, i is the current, and Cp is
the capacity. The higher C-rate indicates the higher applied current, and thus shorter
time required for full charge/discharge. The high-rate performance LIBs is greatly
desired especially for use in electric vehicles (EVs). The reliable electrochemical
performance under the high C-rate condition can be achieved by facilitating
electronic/ionic conduction in the cells. Note that fast charging is a big challenge to
be urgently addressed in EV batteries.

18.3 Li-Ion Storage in Nanocarbons

18.3.1 Graphitic Carbon

Since the commercialization of LIBs, which are based on lithium cobalt oxide
(LCO)-graphite paired rocking-chair system, the graphite has been utilized as the
most widely used anode material. The graphite exhibits superior specific capacities
(=372 mA h g−1) and lower redox potentials (<0.2 V vs. Li/Li+) than other metal
oxide-based anode materials (Table 18.2) [14–16]. Moreover, the structural sta-
bility of the lithiated graphite provides the decent cycle performance than
alloy-based materials (e.g., silicon, aluminum, and tin). Driven by the electro-
chemical reduction of the carbon host, the lithium ions are desolvated from the
liquid electrolyte and migrate between graphene layers, leading to the storage of the
intercalated lithium ions in a form of LixCn compounds. The maximum lithium
content stored in the graphite is known as LiC6 (i.e., one lithium per a benzene ring
unit). During the lithium intercalation process, two adjacent graphene layers
existing in AB-stacked conformation allow the carbon-layers shift to AA-stacked
conformation, thus the Li-C6-Li-C6-chain is arranged along the c-axis with slight
increase (10.3%) in carbon interlayer distance (Fig. 18.3a).

The in-plane distribution of the lithium on the LiC6 is elucidated from a staging
formation. At the low concentration of guest species (i.e., lithium), the occupation
of the neighboring unit is avoided, thus a periodic array of unoccupied layer gaps is
shown in the intercalation process [15–19]. Figure 18.3b shows a schematic
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illustration for the LiC6 staging formation as a function of the potential during the
galvanostatic lithiation of graphite, wherein the plateaus indicate two-phase coex-
istent regions. Due to the different lithium packing density, five different stages
(s = IV, III, II L, II, and I) are sequentially developed during the lithiation. As
expected, the final stage (s = I) or fully lithiated state of graphite is LiC6.

Table 18.2 Comparison in basic physical/electrochemical properties of various anode materials.
Reproduced with permission from Ref. [14]. Copyright 2012, Elsevier

Materials Li C Li4Ti5O12 Si Sn Sb Al

Density 0.53 2.25 3.5 2.3 7.3 6.7 2.7

Lithiated phase Li LiC6 Li7Ti5O12 Li4.4Si Li4.4Sn Li3Sb LiAl

Theoretical specific
capacity (mA h g−1)

3862 372 175 4200 994 660 993

Volume change (%) 100 12 1 420 260 200 96

Potential versus Li/
Li+

0 0.05 1.6 0.4 0.6 0.9 0.3

Fig. 18.3 a Schematic illustration of crystal structure of LiC6 with AA stacking sequence of
graphite. b Stage formation during lithium intercalation into graphite. c Galvanostatic charge/
discharge profiles of graphite in first and second cycle. Cirr and Crev is the irreversible and
reversible capacity, respectively. Reproduced with permission from Ref. [15]. Copyright 1998,
Wiley

424 S.-K. Cho et al.



Figure 18.3c shown the experimental galvanostatic charge/discharge curves for
Li+ intercalation into graphite. Note that the first lithiation capacity of the graphite
significantly exceeds its theoretical specific capacity of LiC6. The subsequent
deintercalation recovers only about 80–90% of the lithiation charge. In the second
and subsequent cycles, however, charge consumption is lower and charge recovery
rate is close to 100% in accordance with the repeated lithiation/delithiation, of
which the capacity is called “reversible capacity”. The excess charge consumed in
the first cycle is generally ascribed to solid–electrolyte interphase (SEI) formation
on the graphite surfaces, which is a charge/electrolyte-consuming side reaction in
the first few cycles [20] and the corresponding charge loss is frequently called
“irreversible capacity”. The Li-conducting and electron-insulating SEI layer pre-
vents continuous decomposition of lithium source and electrolyte, therefore the SEI
design is crucial to the cell performance.

18.3.2 Partially-Graphitic Carbon

Although the graphite provides the good cycle performance, its insufficient capacity
(=372 mA h g−1) compared to other lithium-storage materials (e.g., 3862 mA h g−1

for lithium and 4200 mA h g−1 for silicon) has remained a formidable challenge. To
overcome this limitation, partially-graphitic carbons have been investigated as a
promising alternative that can exceed the maximum lithium contents of graphite
(i.e., crystalline LiC6 conformation) [21–28]. Partially-graphitic carbonaceous
materials are composed of crystalline (with planar hexagonal network) and amor-
phous (without far-reaching crystallographic order in the c-direction) phase
(Fig. 18.4a). Grain size and composition between the crystalline and amorphous
region depend on precursor materials and manufacturing conditions (e.g., temper-
ature, heating time, gas flow, and so on) [21–27]. Depending on the structural
characteristics, they are classified into following two types: graphitizable (called as
“soft carbon”) and non-graphitizable (called as “hard carbon”) carbons. The for-
mation of the soft/hard carbons is determined from carbonization temperature (i.e.,
graphitization) of precursors. Soft carbons are generally synthesized over 1000 °C
and possess the disordered turbostratic structure. The additional heat treatment
allows further graphitization of the turbostratic disorders, where the fraction of
ordered graphitic layers increases [23]. In contrast, the morphology of the hard
carbons, which are synthesized at the lower temperatures (500–1000 °C) compared
to the soft carbons, is hardly changed after the additional heating [23].

The as-synthesized, graphitized structures and additional post-heating influence
their lithiation behavior and resultant capacities. Soft carbons (e.g., turbostratic
carbons, cokes, and carbon blacks) exhibit the lower specific capacity than that of
the graphite [23], of which lower stoichiometric factor (x < 1, LixC6) is due to the
wrinkled/buckled segments that are unfavorable for lithium intercalation site and
hinders shift to AA stacking by amorphous phases. Figure 18.4b shows the first
lithiation/delithiation cycle of soft carbons. The lithium intercalation to the soft
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carbon begins at the higher voltage (at *1.2 V vs. Li/Li+) compared to the graphite
(at 0.1 V vs. Li/Li+) with drawing fluent curves, moreover, the plateaus (at 0.1 V
vs. Li/Li+) hardly appear. Such ambiguous plateaus and lower capacities indicate
that the turbostratic disorders largely provide the lower stoichiometric sites for
lithium storage, although partial graphitic region contributes to the formation of
crystalline LiC6 similar to graphite. On the other hand, the reversible capacity
(=400–2000 mA h g−1) of the hard carbons is much larger than the theoretical
capacity of the graphite, representing that the stoichiometric factor for lithium
storage is significantly enhanced in the hard carbons (x = 1.2–5, LixC6) as shown in
Fig. 18.4c.

Dahn et al. explained the intercalation behavior in soft and hard carbons as
follows [23]. The lithiation capacity and the degree of hysteresis tend to be
improved in accordance with the increase in the hydrogen content of the carbons,
indicating that the lithium adsorbs to hydrogen-adjacent sites on both sides of
single-layered sheets that are arranged like a “house of cards” [15, 16, 23, 25]. In
additions, to explain the high specific capacity of partially-graphitic carbons, sev-
eral models have been proposed. The extra volume (sometimes, nanosized cavities
[32]) emerged from the disordered structures could additionally store lithium [27].
This hypothesis has been supported from the higher gravimetric capacity of
partially-graphitic carbons than graphite, while the difference in the volumetric one
is negligible [28]. Sato et al. suggested that lithium occupation to the nearest

(a) 

(c) 

Crystalline phase
Amorphous phase 

Charge
Discharge

Discharge

Charge

(b)

Fig. 18.4 a Schematic illustration of non-graphitic carbon. Reproduced with permission from
Ref. [15]. Copyright 1998, Wiley. Galvanostatic charge/discharge profiles of b soft carbon and
c hard carbon. Their conceptual illustration is shown in insets. Reproduced with permission from
Ref. [16]. Copyright 2009, Wiley
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neighboring sites in intercalated layers contributes to the capacity rise [29].
Meanwhile, a hypothesis based on the formation of lithium multilayers has been
proposed by Yazami et al. [30]. On the other hand, Peled et al. elucidated that the
extra capacity was attributed to mildly-oxidized sites in the partially-graphitic
carbons, in which the edge planes between two adjacent crystallites and/or in the
vicinity of defects and impurities allow the accommodation for lithium [31].

18.3.3 Fullerene

Several efforts have been undertaken to utilize fullerenes as lithium-storage mate-
rials in LIBs [33, 34]. However, in liquid electrolytes, the electrochemically
reduced C60 (up to five electrons per a C60) is dissolved into the electrolytes, which
thus remains a formidable challenge to its application [33]. To avoid the dissolution
issue, Armand et al. employed a PEO-based gel-polymer electrolyte and investi-
gated the lithiation behavior in the fullerene [34]. The lithiated fullerene finally
forms a unique structure of Li8(4Li

+)C60
4– at maximum capacity, indicating that the

extra four lithium per a C60 can be bound without generating cluster anions by
electron transfer. Although this unprecedented behavior remains unresolved yet,
further studies will provide a clue to develop high-capacity lithium-storage mate-
rials. Meanwhile, the hydrogenation (x � 60 for C60Hx and x � 70 for C70Hx) of
fullerenes shows an enhancement in the lithium storage and electrochemical sta-
bility [35]. The lithium adsorbs to hydrogen-adjacent sites similar to the
partially-graphitic carbons as described above.

18.3.4 Carbon Nanotube

Carbon nanotubes (CNTs) have received significant attention as one of the most
promising nanomaterials since Iijima’s report in 1991 [36]. The CNTs mainly
comprising carbon atoms display one-dimensional (1D) cylindrical shapes as if
graphene sheets are rolled-up, which are categorized depending on a number of
layers (Fig. 18.5a); single-walled (SWCNTs), double-walled (DWCNT), and
multiwalled carbon nanotubes (MWCNTs). Moreover, the SWCNTs are further
classified into two types (i.e., metallic and semiconducting SWCNTs) in terms of
electronic properties, which depends on the chirality representing the rolling
direction of the sheet [37]. The CNTs have been widely investigated in energy
application due to their outstanding electronic [38]/thermal [39] properties,
mechanical strength [40, 41], and high aspect ratio [36]. Moreover, the bundle
formation of CNTs, owing to the strong van der Waals interaction among them
[42], generates specific nano-interfaces (e.g., interstitial channels and external
grooves), where the intense interaction with various molecules (e.g., gases [43–45],
small alkanes [46, 47], linear aromatic molecules [48], and ions [49–52]) enables
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their wide uses in molecular storage applications. The lithium-storage behavior/
mechanism at the nano-interfaces has been extensively investigated for energy
storage applications. Theoretical calculations predicted that remarkable lithium
storage (>1116 mA h g−1) beyond the LiC2 stoichiometry can be attainable via the
nano-interfaces, which is significantly larger than that (=372 mA h g −1) of the
graphite [50–52] (Fig. 18.5c). However, experimental studies failed to fulfill the
ideal capacity. Figure 18.5c shows the first lithiation step of the CNTs. The voltage
plateau at *0.8 V is ascribed to the formation of SEI layers on the CNT surfaces,
due to the large specific surface area than other spherical carbon particles, the large
consumption of current (i.e., irreversible capacity close to 1000 mA h g−1) is
observed. Nevertheless, the higher reversible capacities than the graphite are shown
in the CNTs [50–65], which is possibly attributed to the presence of graphitic
disorders (e.g., micro-cavities, edge sites, and defects) generated during the syn-
thetic process of CNTs. In addition, several approaches have been undertaken to
further improve the reversible capacities through the partial etching of tube-caps/
side-walls [51]. However, the contribution of the nano-interfaces remains unclear
because of their critically poor capacities compared to the theoretical value (>1116
mA h g−1). Therefore, significant attentions should be devoted to elucidating the
lithiation mechanism, which include the effect of nano-interfaces (especially,
interstitial sites of close-packed CNT bundles [50–52]) and diffusion behavior
[56, 57, 59, 61].

(a) 

(b)

(c) 

SWCNT DWCNT MWCNT

Fig. 18.5 a Schematic illustration of single-walled (SWCNT), double-walled (DWCNT), and
multi-walled carbon nanotube (MWCNT). b TEM images of bundled DWCNTs and their
cross-sectional view. Reproduced with permission from Ref. [60]. Copyright 2006, Wiley.
c Galvanostatic charge/discharge profiles of SWCNT, DWCNT, and MWCNT. Reproduced with
permission from Ref. [63]. Copyright 2009, Elsevier
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18.3.5 Graphene

A single layer virtually cut out of the graphite structure is graphene, which is truly a
two-dimensional (2D) single aromatic layer. The graphene has also attracted con-
siderable attention due to its high specific surface areas (theoretical value (both
sides) = *2600 m2 g−1), outstanding electrical/thermal properties, and mechanical
strength comparable to CNT [66–68]. Notably, the superior chemical stability and
the wide electrochemical window make it a promising material for battery appli-
cations especially in lithium storage [69–78]. The lithium can be bound to both
sides of graphene sheets. Moreover, open planar space sometimes facilitates mul-
tilayer adsorption of lithium. Therefore, the lithiation capacity in the graphene is
expected to significantly increase compared to the graphite. However, synthetic
graphenes typically exist in the shape of multilayer (10–20 layers)-stacked struc-
tures, due to the strong van der Waals force between the sheets, thus further works
for improving the reversible capacities are needed for practical applications.
Meanwhile, it was revealed that the extra capacity (with superior long-term cycling
stability) could be obtained through introducing the nanopores/cavities, defects,
oxygen-containing functional groups, and other heteroatom sites [72–78].
Regarding the nanopores/cavities, Honma et al. reported nanospace-defined gra-
phene hybrids and their effects on electrochemical performance. The d-spacing of
graphene nanosheet (GNS) was controlled by incorporating other nanocarbon
materials such as CNT (GNS/CNT) and C60 (GNS/C60) during exfoliation and
reassembly of the GNS (Fig. 18.6a) [73]. As a consequence, the d-spacing of the
hybrids shifted as follows: 0.365 (for the GNS) < 0.4 (for the GNS/
CNT) < 0.42 nm (for GNS/C60), which was well consistent with their capacities
(540 (for the GNS) < 730 (for the GNS/CNT) < 784 mA h g−1 (for GNS/C60)) as
shown in Fig. 18.6b, c.

18.4 Use of Nanocarbons in Li-Ion Batteries

18.4.1 Conductive Agents

One of the most essential prerequisite to improve electrochemical performance of
LIBs is the development of well-networked electron-conducting pathway inbetween
electrode materials. The use of nanocarbons (especially CNT and graphene) has
obvious advantages over conventional carbon additives such as carbon blacks and
acetylene blacks, due to their exceptional electrical conductivity and structural
characteristics. The CNT and graphene featuring the high aspect ratio enable the
well-developed electrical networks than spherical conductive carbons due to their
long-range interconnectivity. Enormous efforts have been made to employ the
nanocarbons as conductive agents [79–86] in LIB electrodes, with a focus on
mixing methods such as hand-milling with a mortar [80, 81], ball-milling [79, 85],
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and sonication-mediated solution mixing [81]. The nanocarbons-containing LIB
electrodes show significant improvement in reversible capacities than those with
conventional conductive carbons, due to the well-interconnected electrical net-
works. The advantageous effects of the nanocarbons become more pronounced at
higher charge/discharge current densities, where the nanocarbon percolation boosts
the electrical conduction without hampering ionic transport, leading to remarkable
improvement in electrochemical kinetics. The energy storage at high charge and
discharge rates is a key technology for EV applications [86]. The use of nanocar-
bons will contribute to fast charging/discharging of LIBs for the EVs.

However, complete replacement of conductive agents (from spherical conduc-
tive carbons to CNTs) cannot always guarantee improvement of electrochemical
performance. Dresselhaus et al. reported that optimal combination of spherical
carbons and CNTs leads to the lowest electrical resistivity of the electrode (1 wt%
CNTs with 2 wt% acetylene blacks), where the 0D/1D-combined structure acts as
electrical/thermal/structural linking segments and provides suitable porosity,
thereby shortening the electrolyte absorption time [85]. In addition, the acetylene
blacks on outer surface of active materials can act as effective binders and suppress

(a) 

(c) 

GNS GNS/CNT GNS/C60

(b)

Fig. 18.6 a Cross-sectional TEM images of GNS families (GNS, GNS/CNT, and GNS/C60 from
left) with almost the same numbers (5–6) of graphene stacking layers. b Galvanostatic charge/
discharge profiles and c cycle performance of a graphite, b GNS, c GNS/CNT, and d GNS/C60.
Reproduced with permission from Ref. [73]. Copyright 2008, American Chemical Society

430 S.-K. Cho et al.



the unwanted electrolysis of the electrolyte solution. Therefore, rational combina-
tion of functional nanocarbons is crucial for their use as a conductive agent of LIBs.

18.4.2 Current Collectors

The current collector acts as a medium to allow electron transport between electrode
materials and external circuit. Also, it contributes to mechanical/dimensional sta-
bility of the electrodes. Considering the abovementioned roles, high electronic
conductivity and electrochemical stability are needed for the current collector.
Among various materials, metal-based current collectors (e.g., aluminum and
copper) have been commercially used in conventional LIBs. However, insufficient
adhesion and contact area between the metal-based current collector and electrode
materials give rise to the undesired growth of interfacial resistance and thereby
degradation of cell performance. Moreover, the metal-based current collector
occupies *30% of total electrode weight [87] in LIB cells, exerting a negative
influence on specific energy density. Therefore, much attention should be paid to
develop reliable alternatives. Among various materials, carbon-based current col-
lectors (e.g., graphite sheets, carbon fiber mats, and carbon papers) have received
significant attention due to the superior chemical stability and lightweight. In
particular, the high electrical conductivity and structural benefits (i.e., large active
surface area and percolation network) of the nanocarbons (especially, CNT and
graphene) are beneficial for both the current collector and electrodes [88–92].

The rapidly approaching era of ubiquitous energy devices with design diversity
has driven continuous demands for flexible and stretchable power sources.
However, in the conventional LIBs, slurry-coated electrode materials are easily
detached from the metal-based current collectors upon the repeated mechanical
deformation due to the weak interfacial adhesion, eventually causing the rapid
capacity fading and sometimes internal short-circuit-triggered safety failure.
Nanocarbon-based current collectors have gained significant attention as an effec-
tive way to address the aforementioned issue because their mechanical strength and
tolerance could contribute to the battery deformability. Lee et al. reported the highly
flexible free-standing LIBs incorporating the CNT/cellulose nanofiber (CNF)-
integrated architecture (heterolayered 1D nanomats) [93]. These LIBs were fabri-
cated through vacuum-assisted filtration of the CNF and CNT/active-materials
dispersions (Fig. 18.7a), where the CNT-containing electrodes (LiFePO4 (LFP) for
cathode or Li4Ti5O12 (LTO) for anode) were assembled with the CNF-based sep-
arator (separator/electrode assembly (SEA) architecture). The resultant LIBs
showed the superior flexibility (see Fig. 18.7b) without incorporating polymeric
binders. As a consequence, the highly interconnected conduction path (for elec-
trons) and the well-developed pores (for ions) enabled the significant improvement
in the electrochemical performance and energy density (Fig. 18.7c). Moreover,
such reliable performance was maintained after the repeated mechanical deforma-
tion (Fig. 18.7d).
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18.4.3 Composites with Electrode Materials

Driven by exceptional structural/electrical properties, the nanocarbons could be
used as a promising material for LIB electrodes. The agglomeration of electrode
active materials and the mechanical rupture of electrodes are effectively mitigated
due to the binding effect of the nanocarbons, providing the superior long-term
stability of the LIBs. Moreover, they can reduce the amount of polymeric binders
and metallic current collectors, thus beneficially contributing to specific capacities
and energy densities. Here, we introduce several examples of nanocarbon com-
posites (hybridized with metal oxides, sulfur, and silicon [88–90]) and their
structural design for high-performance electrodes (e.g., porous sponge [94–97],
core-shell [98, 99], and yolk shell [100]).

Fig. 18.7 a Schematic illustration of 1D nanobuilding block(CNF/SWCNT)-enabled structural
uniqueness of SEA. b GITT profiles of cells, where the inset shows the variation of internal cell
resistance as a function of state of charge and depth of discharge. c Comparison of areal mass
between conventional electrodes and SEAs. d A photograph showing the electrochemical activity
of h-nanomat cell after the 5 bending/unbending cycles (rod diameter = 5 mm), where the inset
shows the corresponding charge/discharge profile at charge/discharge current density = 1.0/1.0 C.
Reproduced with permission from Ref. [93]. Copyright 2014, American Chemical Society
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18.4.3.1 Sponge-Like Electrodes

The good mechanical strength and interconnected structure of the CNT and gra-
phene enable the formation of free-standing electrodes in the form of aerogels and
sponges, where the well-developed porous structure effectively facilitates ionic
conduction as well as nanocarbon-induced electronic conduction. Moreover, the
uniformly anchored active materials on the nanocarbon surface with the high
specific surface area increase the electrochemically active sites, leading to signifi-
cant improvement in the electrochemical kinetics and capacities [94–97]. The
free-standing porous electrodes comprising nanocarbons and active materials are
typically fabricated through direct/template growth and sol-gel assembly.

Mullen et al. reported 3D graphene/Fe3O4 sponges and their effects on the
electrochemical performance as LIB anodes [94]. During the hydrothermal reaction
of as-prepared graphene oxide (GO)/Fe3O4 suspensions, the Fe3O4 particles were
anchored onto oxygen-containing crosslinking sites of the GO, then simultaneous
reduction reaction of the GO to the graphene eventually formed the 3D porous
graphene/Fe3O4 sponges (Fig. 18.8a). The hierarchical graphene aerogels showed
the good cycling performance and delivered a favorable capacity of 363 mA h g−1

at a current density of 15 C (=4800 mA g−1 (charging time = *4 min)), while
conventional graphene/Fe3O4 composites exhibited much smaller capacity of 150
mA h g−1 (Fig. 18.8b). It is expected that the well-connected 3D networks and
porous structures, respectively, contribute to accelerating the electronic and ionic
conductions, which mitigates the charge transfer resistance as shown in the elec-
trochemical impedance spectroscopy (EIS) result (Fig. 18.8c).

Rubloff et al. also reported MWCNT/V2O5 sponge electrodes [95], which were
fabricated through atomic layer deposition (ALD) of V2O5 onto MWCNT sponges.
The MWCNT frame played multifunctional roles as the current collector, con-
ductive agent, and mechanical binder (Fig. 18.9a). The V2O5 layer (4–6 nm, see
Fig. 18.9b) homogeneously coated on the MWCNT sponge exhibited the superior
specific capacity (818 lA h cm−2 at 1.0 C) than that (1.8 lA h cm−2) of the planar
V2O5 film deposited on a metal-based current collector (i.e., stainless steel disk),
moreover, such beneficial effect was pronounced at a high rate of 50 C (155 lA h
cm−2 for areal capacity, 21.7 mW cm−2 for power density).

Advantageous roles of the nanocarbon frames are similarly observed in post LIB
systems (especially, lithium–sulfur (Li-S) batteries). Although the Li-S system has
received significant attention owing to its high theoretical capacity (1672 mA h g−1)
and environmental benignity, serious drawbacks of the Li-S system hindered its
practical applications. The intrinsically low electronic conductivity of sulfur and
continuous dissolution/loss of sulfur species (i.e., lithium polysulfides) cause the
initial capacity drop and subsequent fading thereof, moreover, the breakage of
electrode structure due to the large volume change during the repeated charge/
discharge has limited the long-term use of the Li-S batteries. Interestingly,
nanocarbon-based porous structures (i.e., sponges and aerogels) provide ideal
architectures for Li-S electrodes as follows: (1) high electrical conductivity,
(2) ionic conduction through porous structures, and (3) chemical affinity with
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lithium polysulfides to prevent their dissolution. Manthiram et al. developed
free-standing graphene/sulfur sponge cathodes doped with nitrogen (N) and sulfur
(S) atoms [96]. The GO/thiourea was hydrothermally reacted and freeze-dried. The
sponge electrode exhibited high capacity (=1157 mA h g−1 at 0.2 C) and
improvement in the long-term cycling stability (822 mA h g−1 after 100 cycles)
without binders and metal current collectors. Considering that the N/S-doped gra-
phene sponge electrodes provide favorable adsorption sites for the sulfur species,
the synergistic effect between the graphene sponge and heteroatom doping enables
notable improvement in the capacity and cyclability (Fig. 18.10).

Li et al. developed CNT/graphene-based 3D architectures via a solvothermal
reduction of sulfur-impregnated CNT/GO hydrogels and followed by freeze-drying
process [97], in which well-developed porous structures enabled high sulfur con-
tents (*80%). The CNT-bridged graphene network dramatically improved the
electrical conductivity (324.7% higher than the graphene-based electrode). In
addition, bimodal mesoporous structures (pore size = 3.5 and 32.1 nm) accelerated
the ionic conduction and thereby electrochemical kinetics, leading to the
improvement in rate capability (1217 and 653.4 mA h g−1 at 0.1 and 4.0 C,
respectively) and coulombic efficiency than that of the graphene sponge cathode.

Fig. 18.8 a Fabrication process and photograph of Fe3O4@GS/CF sponge electrode. b Rate
capability and c Nyquist plots of Fe3O4@GS/CF and Fe3O4@GS electrodes. Reproduced with
permission from Ref. [94]. Copyright 2013, Wiley
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18.4.3.2 Core-Shell Structures

The nanocarbons have been extensively investigated as shell substances for elec-
trode active materials (especially, silicon) that suffer from low electrical conduc-
tivity and high volume expansion during charge/discharge process. Although the

Fig. 18.9 a Schematic representation of fabrication for V2O5-coated MWCNT sponges. b TEM
image of coaxial structures of V2O5/MWCNT. c Charge/discharge profiles (second cycle) of
sponge electrode and planar electrode in the voltage range of 2.1–4.0 V versus Li/Li+ with 1.0 C
current. d Rate capability of V2O5/MWCNT sponge electrode in the voltage range of 2.1–4.0 V
versus Li/Li+. Reproduced with permission from Ref. [95]. Copyright 2012, American Chemical
Society

Fig. 18.10 a Schematic illustration of N, S-codoped graphene/sulfur sponge electrode.
b Galvanostatic charge/discharge profiles (second cycle) and c cycle performance of the rGO,
S-doped graphene, N-doped graphene and N, S-codoped graphene electrodes at 0.2 C rate.
Reproduced with permission from Ref. [96]. Copyright 2015, Nature Publishing Group
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silicon has attracted wide attention owing to the ultra-high theoretical capacity
(4200 mA h g−1) and natural abundance, its large volume change (*300%) and
low electronic conductivity hindered its practical applications. Here, we introduce
nanocarbon-based core-shell structures, with a particular focus on application to
silicon anodes.

Sohn et al. synthesized nanosize Si particles coated with ultra-thin (5–10 nm)
amorphous carbon shells (n-Si@C) through calcination of poly(vinyl alcohol)
(PVA)-coated Si particles at 750 °C [98]. The n-Si@C exhibited good capacity
retention (1800 mA h g−1 after 50 cycles) than that (500 mA h g−1) of pristine nano
Si particles (n-Si), possibly due to the carbon-derived electrical conductivity and
buffering effect against to volume change of the Si (Fig. 18.11). In addition, Choi
et al. reported the evolved Si@C architecture in a form of hierarchical fibers via the
electrospinning and subsequent carbonization [99]. In details, the precursor fiber
comprising the Si/poly(methyl methacrylate) (PMMA)-core and polyacrylonitrile
(PAN)-shell was fabricated through the dual-electrospinning, then the core and
shell polymers were respectively evaporated and carbonized after the calcination.
The obtained hollow carbon fiber filled with n-Si (Si loading: *0.6 mg cm−2)
showed the improved reversible capacity (1305 mA h g−1 at 0.1 C), rate capability,
and cycling stability (Fig. 18.12).

Cui et al. prepared pomegranate-inspired Si@C yolk shell structure [100]. SiO2-
coated Si nanoparticles (Si@SiO2) were self-assembled in a water-in-oil emulsion,
then the secondary particles (1–10 lm) were sequentially coated by
resorcinol-formaldehyde resin and carbonized. Finally, the Si@C yolk shell was
formed after chemical etching of the SiO2 layer. The secondary Si architecture
showed the significant improvement in specific capacity (2350 mA h g−1 at 0.05 C)
and capacity retention (97% after 1000 cycles), moreover, the areal capacity
reached up to 3.1 mA h cm−2 (areal mass loading = 3.12 mg cm−2). The hollow
carbon shell is expected to be favorable for mitigating the pulverization of Si and
continuous SEI formation, resulting in the good electrochemical performance as
described above (Fig. 18.13).

18.5 New Application Fields of Nanocarbons

18.5.1 Flexible Batteries

Conventional LIBs are usually rigid and heavy, which is not suitable for flexible/
wearable electronic devices with various form factors. The conventional electrodes
are fabricated by casting electrode slurry on top of metal current collectors followed
by drying and pressing. Thus, the electrode active particles are easily delaminated
from the current collector upon the repeated deformation stress, resulting in loss of
electrochemical performance. Electrode fabrication based on the nanocarbons can
be suggested as a new solution for flexible and deformable electrodes.
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Weaving or knotting is a promising technology for fabrication of thin and
flexible electrodes. Carbon fiber textile or cloth exhibits excellent mechanical/
electrical properties, which can replace conventional metal current collectors.
Recently, many conductive textile-based electrodes have been reported. They are
prepared by coating of cotton/polymer textile with various nanocarbons or car-
bonization of the polymer-based cloth. Textile LIBs with high areal mass loading
were developed using the 3D porous textile current collector (Fig. 18.14a, b) [101].
The textile current collector-containing electrode was fabricated by simple
dip-coating of polyester textile onto CNT dispersion, followed by coating of
electrode slurry. The flexible textile current collector showed highly improved
electronic conductivity of *1300 S cm−1, leading to better electrochemical per-
formance than that of flat metal current collectors. As shown in Fig. 18.14c, the
overpotential for LFP-containing 3D textile electrode was 50 mV, but that of Al foil
was 100 mV, which was attributed to excellent ion transport from the porous
electrode structure and also from the facile electron transport through the embedded
CNT (Fig. 18.14d).

Fig. 18.11 a Bright field TEM image and b HRTEM image of n-Si/C. c Galvanostatic charge/
discharge profiles of n-Si/PVA and n-Si/C. d Comparison of cyclability of n-Si, n-Si/PVA, n-Si/C,
and Si/C electrodes at constant current of 100 mA g−1. Reproduced with permission from Ref.
[98]. Copyright 2012, Elsevier
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Fig. 18.12 a Schematic illustration of electrospinning and subsequent carbonization steps for 1D
fiber Si/C electrode. b SEM images of Si@C fiber electrode and c cross-sectional view. d Rate and
e cycle performance of Si@C at 0.2 C rate. Reproduced with permission from Ref. [99]. Copyright
2012, American Chemical Society

Fig. 18.13 a Schematic illustration of fabrication for silicon pomegranates. b Voltage profiles of
the yolk shell Si@C for third, 250th, 500th, 750th, and 1000th cycle. c High areal mass loading
test of the yolk shell Si@C. Reproduced with permission from Ref. [100]. Copyright 2014, Nature
Publishing Group
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The form factor of batteries plays a viable role for their application in flexible
electronic devices. The above-described sponge/textile-based configurations as well
as wire-shaped electrodes were explored as promising candidates. Peng et al.
demonstrated twisted, aligned MWCNT/Si composite wire electrode for potential
use as LIB anode [102]. The wire-shaped electrode was fabricated through spinning
of Si deposited MWCNT arrays, which exploit the high specific capacity of Si,
good conductivity of MWCNT, and interstitial buffer space for volume change of
the Si. The mechanically deformable wire electrode exhibited a high specific
capacity of 1970 mA h g−1 after 50 cycles, which was higher than pure Si with
1648 mA h g−1 at 30 cycles (Fig. 18.15). Furthermore, Peng and coworkers also
reported stretchable LIB with MWCNT/LTO or LMO yarns-type electrodes [103].

The aligned arrays of nanostructured CNTs [104] and several LIB-based
materials [105–108] were investigated in LIBs, due to their high specific surface
area and mechanical flexibility. Yu et al. reported a flexible and self-supported
carbon coated LTO (LTO-C) nanotube array electrode [108]. ZnO nanorod arrays
were used as a template of TiO2 nanotube arrays and then LTO nanotube arrays

Fig. 18.14 SEM images of a CNT-coated conductive textile and b interface between LFP and
conductive materials after electrode slurry coating. c Voltage profiles and d EIS analysis of 3D
textile electrode and pristine electrode. Reproduced with permission from Ref. [101]. Copyright
2011, Wiley
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were obtained by lithiation and finally, LTO-C nanotube array electrodes were
fabricated by carbonization of adsorbed glucose. The LTO-C nanotube array
electrode exhibited good rate capability (80 mA h g−1 at 100 C) and long cycle life
(7% capacity loss after 500 cycles at 10 C), which were attributed to the increased
specific surface area and electronic conductivity via the inner and outer surface
coating of carbon layers (Fig. 18.16).

18.5.2 Paper Batteries

Lignocellulose, due to its natural abundance, environmental friendliness, recycla-
bility, and dimensional stability, has been widely used as a reliable/sustainable
basic constituent for a vast variety of materials/devices in our daily lives [109–111].
Recently, driven by its exceptional physical/chemical properties, lignocellulose has
vigorously extended its potential application toward rapidly growing industrial
fields including mobile/intelligent electronics, displays, and sensors, in addition to
traditional use in paper and packaging substances [112–117]. More notably, as a

Fig. 18.15 a Schematic illustration of wire-type half-cell based on aligned MWCNT/Si fiber
electrode. b SEM image of bent MWCNT/Si fiber electrode. c Voltage profiles of MWCNT/Si
fiber electrode half-cell before/after 100 bending deformation. d Cycle performance of MWCNT/
Si fiber electrode after 100 bending deformation at current density of 2 A g−1. Reproduced with
permission from Ref. [102]. Copyright 2014, Wiley
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promising building element for next-generation flexible paper energy storage sys-
tems, lignocellulose has been extensively investigated. CNF, which are a main
constituent of cellulose and characterized with a high aspect ratio, have brought
significant benefits to design/fabrication of energy storage systems which lie far
beyond those achievable with traditional battery technologies. To ensure electronic
network as a prerequisite for cellulose-based battery electrodes, the cellulose is
combined with various conducting materials such as CNTs, graphenes, conductive
metal oxides, metal nanowires, and conductive polymers through molecular mixing
or physical integration.

Cui et al. reported a fully-integrated flexible lithium-ion paper battery [118].
Conductive SWCNT films were used as current collectors for both anodes and
cathodes. The electrode active materials were coated on the surface of SWNT films
and the physically integrated electrodes were delaminated from a stainless steel
substrate. The highly porous paper acts as both a mechanical support and also a
separator membrane. Due to the flexibilities of CNT current collectors, the flexible
paper LIB successfully lighted up an LED device even after being folded
(Fig. 18.17b). The flexible paper battery also showed excellent cycle performance.

Fig. 18.16 SEM images of LTO-C nanotube arrays electrode in a low and b high magnification.
c Galvanostatic charge/discharge profiles at different rate from 1 to 100 C. d Digital image of red
LED powered by flexible LTO-C nanotube battery under bent state. Reproduced with permission
from Ref. [108]. Copyright 2014, American Chemical Society
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The superiority of this paper LIB over the previously reported commercial flexible
cells was depicted in Fig. 18.17d as a function of total thickness and energy density.

Leijonmarck et al. developed the flexible single-unit paper battery, where
cathodes, separator membranes, and anodes were seamlessly integrated [119].
Notably, CNFs was utilized both as a binder and a separator membrane. The paper
battery was made through a traditional papermaking process by sequential filtration
of aqueous anode/separator/cathode dispersions. After the sequential paper-making
process, thin (250 lm) and flexible paper battery were fabricated. The
cross-sectional SEM image showed three tightly integrated layers, which were
assigned to the cathode, separator, and anode, respectively. After hundreds of
cycling, the paper battery exhibited the meaningful level of capacity retention. The
capacity decay is believed to originate from loss of cyclable lithium or parasitic side
reaction with water.

Cui et al. reported the lightweight conductive CNF paper coated with Si thin
layer and its application as LIB anodes [120]. Mechanically flexible, conductive
CNF/CNT aerogel paper could be cut into different sizes and shapes with sheet

Fig. 18.17 a Schematic illustration of paper battery with laminated LCO/CNT and LTO/CNT on
both sides of the paper substrate. b Cross-sectional SEM image of laminated paper battery.
c Digital image of red LED powered by flexible paper battery. d Comparison in thickness and
energy density between the paper batteries. Reproduced with permission from Ref. [118].
Copyright 2010, American Chemical Society
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resistance of *80 Ω sq−1. After the plasma-enhanced CVD deposition, the Si thin
layer-coated paper was still flexible (Fig. 18.18b). The cycling performance of the
paper anode was shown in Fig. 18.18c, d. The discharge capacity retention was still
83% (compared to second cycle) and 77% (compared to first cycle) after 100 cycles.
The 3D porous structure can accommodate volume change of Si during repeated
charge/discharge. In comparison to conventional metal current collectors, the CNF/
CNT conductive paper shows good mechanical tolerance and thus withstands
volume expansion of Si.

In addition to the aforementioned SEA architecture, Lee et al. developed the
hetero-nanonet (HN) paper batteries based on 1D building blocks of CNFs/
MWCNTs [121]. The HN paper electrodes consisted of CNF/MWCNT
hetero-nanonets integrating active materials and microporous CNF separator
membranes. In contrast to conventional slurry casting-based electrodes, the paper
electrodes were fabricated using vacuum-assisted filtration analogous to traditional
papermaking process (Fig. 18.19a). Because of its 1D building blocks-driven
flexible characteristics, the self-standing, ultrathick (thickness � 1400 µm) LFP

Fig. 18.18 a Digital image (inset = SEM image) of Si-coated conductive nanopaper. b Digital
image of bent Si-conductive nanopaper. c Voltage profiles and d cycle performance of Si-coated
paper electrode at 0.2 C rate. Reproduced with permission from Ref. [120]. Copyright 2013,
Elsevier

18 Nanocarbons in Li-Ion Batteries 443



cathode was successfully fabricated without disrupting its dimensional stability. By
comparison, for the conventional LFP cathode prepared by typical slurry coating
process, the serious problem in structural integrity (specifically, detachment of
electrode components from an aluminum current collector) was observed even at
the cathode thickness of �500 µm. Such a novel electrode structure brought sig-
nificant improvement in the mechanical flexibility, reaction kinetics, and electrode
mass loading. More notably, the metallic current collectors-free CNF/MWNT
heteronets allowed the multiple stacking of paper electrodes in series, leading to the
user-tailored, ultrathick (i.e., high-mass loading) electrodes with reliable electro-
chemical performance. In addition, the heteronet-enabled mechanical compliance of
the paper electrodes, in combination with readily deformable CNF separators,
allowed the fabrication of paper crane batteries via origami folding technique.

18.5.3 Printable Batteries

The printing technology is a facile and reproducible manufacturing process in
which slurries or inks are deposited to make predesigned patterns [122, 123]. The
slurries/inks should be designed to fulfill requirements (such as rheology and
particle dispersion) of the printing process. Development of printed batteries

Fig. 18.19 a Schematic representations and photographs depicting the overall fabrication of paper
electrodes. b A photograph depicting the self-standing, dimensionally tolerable ultrathick
(thickness � 1400 lm) paper electrode. Inset image shows the poor structural stability of the
conventional cathode (thickness � 500 lm). c Cycle performance of single-unit paper cell with
different active material loading. d Ragone plot of single-unit paper cell, where the gravimetric
energy/power densities of cells are determined on the basis of cell mass. e Digital image showing
the electrochemical activity of paper crane cell. Reproduced with permission from Ref. [121].
Copyright 2015, Wiley
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involves the design and fabrication of battery component slurries/inks. Most studies
of the printed batteries have been devoted to the development of printed electrodes.
However, in order to reach an ultimate goal of so-called “all-printed-batteries”,
printed separator membranes and printed electrolytes should be also developed
along with the printed electrodes.

A primary step for developing printed electrodes is the preparation of electrode
slurry/inks, which should be tailored to ensure process compatibility with printing
techniques [123]. Key requirements for the printed electrode slurry/inks include:
(1) dispersion state of components, (2) rheological properties (i.e., viscosity and
viscoelasticity) tuned for specific printing processes, (3) structural/dimensional
stability after printing (e.g., cohesion between particles, adhesion with substrates
and mechanical tolerance upon external stress). Among various electrode compo-
nents, electrically conductive additives are essentially employed to facilitate elec-
tron transport in electrodes. Of readily available conductive additives, carbonaceous
substances such as CNTs and graphenes have been extensively investigated due to
their high electrical conductivity and also affordable electrochemical capacitance
which is often beneficial for electrical double layer capacitors (EDLCs) [124].
A major challenge facing the carbonaceous substances is their dispersion in water
and other polar solvents. In particular, for CNT cases, strong inter-tube affinity and
intrinsic hydrophobicity pose a stringent problem for securing good dispersion state
[124, 125]. In most studies, the dispersion of CNTs has been achieved with an
assistance of CNT-dispersing agents such as SDBS (sodium dodecylbenzene sul-
fonate), and surface functionalization of CNTs. An important note is that these
additional procedures for CNT dispersion should not impair intrinsic electrical
conductivity of CNTs.

To develop printed electrodes with design versatility, the current collectors should
be also printable in addition to the other printed battery components. Currently
widespread current collectors in commercial electrodes are metallic foils, however,
their predetermined shape and mechanical stiffness pose impediments to diversifying
design and form factors of the printed batteries. Unfortunately, only a fewworks have
been reported on the printed current collectors. Cui et al. presented the CNT-coated
conductive paper current collector, which showed a sheet resistance of*1 ohm sq−1

[126]. Another approach was the utilization of a spray coating method to produce a
conductive CNT current collector. The spray coating solution consisted of CNT/
carbon black (=8/2 (w/w)) in NMP solvent [127]. The sheet resistance of the resulting
spray-coated CNT current collector was found to be as low as *10 ohm sq−1. In
addition to the CNT current collector, a spray-coated metal current collector was
prepared using Cu (copper) inks. This result underscores the potential applicability of
metallic inks as a printed current collector for use in printed batteries.

Ajayan et al. reported the painted battery using a spray printing technique [127].
The battery components, including the electrodes, separator membranes, and current
collectors, were prepared in the form of paint solutions and then spray-coated
sequentially to construct the painted battery. The paints of the aforementioned battery
components were sprayed through shadowmasks with the predetermined geometries,
while temperature of substrates was controlled in the range of 90–120 °C to remove
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solvents in the painted components. The painted battery provided an areal capacity of
>1 mA h cm−2 with a working voltage of*2.3 V. The battery was fabricated with a
large area of 25 cm2, demonstrating the scalability of the adopted spraying process.
Also, the painted battery was expected to be integrated with a photovoltaic panel to
develop energy conversion/storage hybrid devices for various outdoor applications
(Fig. 18.20).

Lee et al. demonstrated solid-state flexible supercapacitors which were fabricated
directly on conventional A4 paper using a household desktop inkjet printer [128]. The
new supercapacitors looked like typical inkjet-printed letters or patterns commonly
found in office documents. To attain high-resolution print images on A4 paper, a CNF
nanomat was inkjet-printed on A4 paper in advance as a primer layer. The Ag
nanowires were introduced onto the SWCNT/AC electrodes in order to improve
electrical conductivity of the resulting inkjet-printed electrodes, which was followed
by the SWCNT-assisted photonic interwelding of the Ag nanowire networks. The
([BMIM][BF4]/ETPTA) solid-state electrolyte was applied to the inkjet-printed
electrodes via the same inkjet printing, followed by the UV-crosslinking process for
solidification. The inkjet-printed supercapacitors exhibited the reliable electro-
chemical performance over 2000 cycles as well as the good mechanical flexibility.
The inkjet-printed supercapacitors were easily connected in series or in parallel
without the extra aid of metallic interconnects, thereby enabling the user-customized
control of the cell voltage and capacitance. More notably, the inkjet-printed super-
capacitors with the computer-designed artistic patterns and letters were fabricated and

Fig. 18.20 a Schematic representation of sequential spraying-based battery fabrication. b Glazed
ceramic tile with spray pained Li-ion cell (left) before and (right) after packaging. c Cross-sectional
SEM image of the spray painted full cell showing its multilayered structure. d Voltage profiles and
cycle performance of the painted battery at C/8 rate. Reproduced with permission from Ref. [127].
Copyright 2012, Nature Publishing Group
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also aesthetically unitized with other inkjet-printed art images and smart glass cups,
underscoring their exceptionally versatile aesthetics and potential applicability as a
new class of object-tailored power sources for use in forthcoming IOTs.

18.6 Perspective and Outlook

In summary, we have described the current status and challenges of nanocarbons,
with a particular focus on their applications to lithium-storage anode materials,
conductive agents, current collectors, and structure-directing substance for elec-
trodes. Enormous efforts have been undertaken to utilize the nanocarbons (i.e.,
partially-graphitic carbons, CNTs, and graphenes) as a potential alternative to
graphite anode materials. However, there is a significant gap between the theoretical
calculation and experimental results, which thus needs in-depth understanding of
lithiation mechanism as a prerequisite, including interfacial phenomena and diffu-
sion behavior on CNT and graphene surfaces. Due to the outstanding electrical/
thermal conductivity, mechanical strength, and structural benefits (i.e., high aspect
ratio and specific surface area), the nanocarbons (especially, CNTs and graphenes)
are highly desirable for use in LIB electrodes and current collectors. The unwanted
agglomeration of electrode active materials and the mechanical rupture of elec-
trodes are effectively mitigated due to binding effect of the nanocarbons, providing
the superior long-term stability of the LIBs. Moreover, they can reduce the content
of polymeric binders and metallic current collectors in electrodes, eventually con-
tributing to the increase in specific capacities and energy densities. The structural/
electrochemical uniqueness allow the realization of flexible and free-standing
electrodes with reliable electrochemical performance. Future research direction of
the nanocarbons in energy storage systems will be dedicated to application
extension to new battery components as a promising building block and under-
standing of their physicochemical phenomena at bulk and interface. We envision
that the nanocarbons will hold great promise as a versatile and effective element in
various energy storage systems, in addition to LIB materials presented herein.
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Chapter 19
Nanocarbons and Their Composite
Materials as Electrocatalyst for Metal–
Air Battery and Water Splitting

Suyeon Hyun, Arumugam Sivanantham and Sangaraju Shanmugam

19.1 Introduction

Carbon is one of the well-known and most earth-abundant elements since antiquity.
In the earth crust, it exists as a diamond, graphite, coal, etc. [1, 2]. The carbon
materials with nanoscale dimensions are called as “nanocarbon materials” in the
materials world. The intensive research has been done in the past few decades and
found the various nanocarbon allotropes, including fullerenes, graphene,
single-walled carbon nanotubes (SWCNT) [3]. The C60, C70, and C84 are the
well-known fullerene structures, and the representative species is C60. Kroto et al.
reported that the 60 carbon atoms in C60 have 12 five-membered and 20
six-membered rings. The fullerenes are an excellent electron acceptor [4]. In the
year 1991, Iijima observed the existence of nanometer-sized carbon nanotubes
(CNT) with the cylindrical structure like rolled graphene sheet [5]. The same sp2

carbons only occur in the CNT as like fullerenes. In general, the CNTs exhibit the
two different natures such as semiconducting and metallic. Specifically, when the
normal fabrication methods are used, the two-thirds of the CNTs have semicon-
ducting nature and the remaining amount of one-third is metallic CNTs due to the
random carbon sheet rolling [6].

Similarly, graphene is another nanocarbon material, which consists of an only
six-membered ring with sp2 carbons. It has a sheet structure with two dimensions,
which can be extracted from the graphite using a simple synthesis procedure. At the
first time, Novoselov et al. successfully separated the graphite into graphene sheets
in 2004 and in the year 2010 they received the Nobel prize for their remarkable
achievement [7]. Interestingly, the graphene has specific characteristics of
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electronic, chemical, and mechanical properties. Moreover, it has 100 times higher
electron mobility than the silicon. So, the electrical property is one of the most
remarkable characteristic features of graphene [8]. Another hard allotrope of carbon
is diamond, which has excellent thermal conductivity and insulation properties.
Widely, it is used as a cutter and polisher tools in the industrial applications [9].

After the findings of the CNTs, fullerenes and their derivatives, the field of
nanocarbon materials has achieved remarkable scientific and technological
improvements. Importantly, the expanded nanocarbon frameworks show the unique
and advanced properties of excellent charge-carrier property, narrow bandgap, more
mechanical strength, and flexibility [10, 11]. Nanocarbon materials are widely used
in practical use particularly for the energy applications due to its higher surface area
(>1000 m2 g−1), stability, low toxicity, and density (weight). So, the nanocarbon
materials have their distinctive electronic and physicochemical properties [12].
However, these features of the carbon are changeable by the functionality of the
different functional groups on the surface of the nanocarbons. As discussed earlier,
the nanocarbon has two different properties of semiconductor and metallic. Also, it
exhibits both p-type and n-type semiconducting property, which mainly depends on
the charge carriers present in it. However, most of the as-synthesized carbons
contain more oxygen functional groups and it has the p-type charge carriers as a
major part [13].

The molecular or ionic doping/de-doping with the injection of charge carriers,
the nanocarbon properties are easily tunable, and their Seebeck coefficient also can
be altered [14, 15]. Meanwhile, the large surface area of the sp2 planes of the
nanocarbon promotes the efficient adsorption of different species such as ions,
organic and inorganic materials. The Vander Waals interaction with the electron
system in the nanocarbon is the key reason for the efficient adsorption of various
substances on its surface. Mostly, their P-electron systems support to make the
P–P interaction and charge-transfer interactions between the species and sp2

planes. For instance, the species which can accept the electron from the nanocarbon
can afford the p-type nanocarbon. The n-type nanocarbon exit, when the electrons
are injected from the surface adsorbed substances. The partial charge-transfer
interaction between two materials has been extensively studied using the Raman
and Electron spin resonance (ESR) analyses [16, 17].

In general, the acid or base treatment has been carried out to introduce the
charge-carrier species on the nanocarbon surface using various chemicals. Also, the
sodium or potassium metals has been attached to the nanocarbon sp2 planes by
chemical doping and try to form the n-type nanocarbon. However, at the ambient
conditions for the practical applications, those doped nanocarbon are not good
enough due to its poor stability and conductivity [18]. So, in recent days the
researchers introduce the nitrogen (N) species in the nanocarbon during the
preparations using various N-containing organic molecules. Mostly, the following
methods are widely used to prepare the nanocarbon materials, such as

• Electrospinning-assisted pyrolysis
• In situ hydrothermal method
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• Dry-autoclaving method (Swagelok)
• Electrodeposition
• Precipitation, etc.

The various synthetic techniques of nanocarbon materials are discussed in detail
in the following section of nanocarbon catalysts fabrication. Hence, the unique
structures of nanocarbon with their novel properties have drawn much attention not
only on their basic science; also have been studied extensively as a future suitable
candidate for the various potential fields such as energy storage, production, and
conversion devices (battery, water electrolyzer, fuel cell, solar cell, etc.), electronics
(field-effect transistors, thermoelectronics, etc.) and biomedical engineering, etc.
Mostly, the advanced energy storage and conversion devices of battery and water
electrolyzer, including fuel cell, solar cell, field-effect transistors, and thermoelec-
tronics [19, 20].

19.2 Fabrication of Nanocarbon Catalysts

19.2.1 Hydrothermal Synthesis

Hydrothermal method is a kind of wet-chemical approach that includes heteroge-
neous reaction in aqueous solution over 100 °C and the pressure of 1 bar as shown in
Fig. 19.1 [21]. To endure the pressure included in the hydrothermal process, the
autoclave is usually used. The advantages of the hydrothermal method over other
types of crystal growth include the possibilities to create crystalline phases which are
not stable at the melting point [22]. Also, materials which have a high vapor pressure
near melting points can be synthesized by the hydrothermal method. The method is
particularly suitable for the growth of large good-quality crystals while maintaining
their composition. In the nanostructured carbon materials point of view, it is a simple
and green one-step procedure towards functionalized carbon nanostructures with the
controlled surface area, pore size, and shape [23]. Moreover, this technique enables
the large-scale production of many energy storage materials in a controlled manner.

The nanostructures and morphologies of the as-synthesized carbon materials can
be tuned by changing the concentrations of the precursor solution. Sun et al.
reported the synthesis of low-dimensional nanocarbon, especially one-dimensional
(1D) rods and fibers via hydrothermal method assisted by surfactant-templating
followed by carbonization process [24]. To get desire architectures of nanocarbon,
they used resorcinol and hexamethylene tetramine (HMT) as the monomers, and
Pluronic F127 surfactant was applied as the structure-directing agent. Thus, the
synthesized nanocarbon is used as an anode which represented a good rate capa-
bility compared to that of the commercial artificial graphite for the rechargeable
lithium-ion batteries. Prabu et al. applied a simple single-step solvothermal tech-
nique for the development of transition metal oxide–carbon composite material,
which is composed of chrysanthemum flower-like NiCo2O4 incorporated
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nitrogen-doped graphene oxide (NCO/N-rGO), and it was applied as a bifunctional
air cathode for primary and rechargeable lithium–oxygen/zinc–air batteries. In a
typical synthetic procedure, the stoichiometric amounts of nickel acetate, cobalt
acetate, graphene oxide powder, and ammonium hydroxide were dissolved in the
ethanol. The as-prepared solution is refluxed at 80 °C for 10 h and then transferred
into a Teflon autoclave, which was heated in an electric oven at 150 °C for 6 h. The
obtained product was separated from the impurities by centrifugation, and the
product was further calcinated at 250 °C in open air for 12 h [25].

19.2.2 Dry-Autoclaving Method (Swagelok)

It is a simple and an easy method for the preparation of hollow nitrogen-doped
carbon spheres as well as other compounds compared to different methodologies
(Fig. 19.2). Also, it is quite straightforward, environmental harmfulness, high
reproducibility, solvent-free, and an inexpensive method [26]. Recently,
heteroatom-doped carbon materials have been widely studied by researchers as
non-precious metal-based catalysts to replace the Pt/C or RuO2, IrO2, etc., which
are the state-of-art oxygen electrocatalysts so far. By substituting of a heteroatom
with nitrogen (N), sulfur (S), phosphorus (P), or boron (B) into the carbon
framework, the electrical property and the chemical activity can be changed,
thereby enhancing the oxygen redox reaction. In particular, since the higher elec-
tronegativity of N (3.04) than that of the carbon atom (2.55), nitrogen doping can
form a positive charge density on adjacent carbon atoms, it results in enhancement
of electron donor tendency, electrical conductivity, basicity, adsorption of acidic
gases and the wettability of carbon in aqueous solution [27–29]. Such
N-functionalized carbon materials have drawn much attention in various energy
storage and conversion application.

Fig. 19.1 Illustration of Teflon-lined stainless steel autoclave for hydrothermal synthesis
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Sanetuntikul et al. developed metal coordinated with nitrogen-doped carbon
(M-N-C) as oxygen reduction reaction catalyst, for example, hollow nitrogen-doped
carbon spheres (HNCSs) by adopting commercial Swagelok union cells followed
by acid treatment to remove the oxide core. A single precursor of iron(III)
diethylenetriaminepentaacetate, which acts as a source of metal, nitrogen, and
carbon is annealed at 700 °C under autogenic pressure, and the Fe0/FexOy filled
carbon shell is obtained. The obtained product was stirred in concentrated HCl for
24 h at room temperature then finally HNCSs catalyst is obtained by centrifugation
[29]. For another example, Ganesan et al. developed cobalt-sulfide nanoparticles
grown in situ on nitrogen and sulfur co-doped graphene oxide as an efficient
bifunctional electrocatalyst for oxygen reduction and evolution reactions by
solid-state thermolysis approach which includes a single-step direct pyrolysis of the
graphene oxide and cobalt thiourea complex in Swagelok cells [30]. By modifying
the thermolysis temperature, the coupling effect between CoS2 nanoparticles and
the graphene oxide surface as well as the amount of doping and functional groups
of nitrogen and sulfur in the carbon and its surface area can be controlled.

19.2.3 Electrospinning Technique

The electrospinning is a mass-productive, simple, versatile, and low-cost fabrication
approach (Fig. 19.3). Moreover, synthesis of carbon with plenty of N content and
the porosity can be achieved easily without the help of hard or soft templates
compared to general synthetic strategies which require further time-consuming
carbonization process [31]. Commonly, N-containing polymers such as polyacry-
lonitrile (PAN), acetonitrile, melamine, polypyrrole (PPy), polyaniline (PANi), and
polyvinyl pyrrolidone (PVP) have been utilized as a precursor materials, and the
subsequent carbonization process is conducted under inert atmosphere [32]. To

Fig. 19.2 Scheme of the
basic setup of the
dry-autoclaving method using
Swagelok
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obtain highly porous carbon structures with large surface area, a post-activation
process using KOH treatment can also be applied [33].

Sivanantham et al. introduced self-redox CeO2 supported Co in nitrogen-doped
carbon nanorods (Co-CeO2/N-CNR) by an electrospinning method and utilized as an
efficient bifunctional catalyst for both oxygen reduction and evolution reaction [34].
Polyacrylonitrile, cobalt (II) and cerium (III) acetylacetonates were prepared with a
ratio of 8:1:1 then added in dimethylformamide as the precursors for electrospinning.
The electrospun fiber mat is gathered on the aluminum foil at the applied voltage of
12 ± 2 kV, with the distance of 10 cm between the solution filled the syringe and the
aluminum foil. The mat was removed from the aluminum foil and then annealed in
the tubular furnace at 300 °C for 3 h in the ambient air atmosphere and subsequent
pyrolysis step at various temperatures of 850 and 900 °C with time duration from 1 to
2 h in the inert atmosphere to obtain the targeted catalysts. Based on the
high-resolution XPS N1s spectra of Co-CeO2/N-CNR catalysts, they confirmed that
the carbon nanorods possess less-energy bandgap with enhanced conductivity toward
electron transfer. Also, the presence of structural defects and the amorphous nature of
carbon might be the main reason for superior oxygen redox catalytic activity.

19.3 Nanocarbons for Metal–Air Batteries

Metal–air batteries which follow a new concept of working principles compared to
the lithium-ion batteries (LIBs) with conventional intercalation reaction mechanism
have been considered as a promising energy storage technology [35]. In particular,
taking the most representative examples, Zn–air batteries and Li–air batteries have
drawn much attention because of their extremely high energy densities (*3458

Fig. 19.3 Schematic illustration of the basic configuration of electrospinning method
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W h kg−1 (Li2O2) for Li–air battery and 2288 W h kg−1 for zinc-air battery),
low-cost, and eco-friendly operation compatible with EV [36]. Compared to con-
ventional LIBs system, the metal–air battery is composed of a catalytically active
oxygen reduction reaction (ORR) and an oxygen evolution reaction (OER)
bifunctional electrode instead of an intercalation material as a cathode [37]. Metal–
air batteries generate electricity through a redox reaction between the metal and the
oxygen gas in the air. In general, during a discharge process, the metal anode is
oxidized, and the electrons are transferred through the external circuit. Meanwhile, at
the cathode side, oxygen accepts the electrons from the anode and is reduced to
oxygen-containing species, so-called ORR happens. Finally, the oxygen-reduced
species and dissociated cations combine to different metal oxides depending on the
environment system. In contrast, the charging process follows the reverse procedure
of discharging process. Especially at the cathode, an oxygen evolution reaction
(OER) occurred and metal ions are electroplated at the anode side.

Basically, metal–air batteries can be categorized into two types depending on the
electrolytes of the system. One is composed of aqueous electrolyte, which is not
sensitive to moisture while the other is a water-sensitive system containing
aprotic-based electrolyte [35, 38]. Metals, such as Zn, Fe, Na, K, Ca, Al, and Cd is
most suitable for aqueous environment system. Among them, Zn–air batteries are
the low-cost system with high efficiency ($160 kW h−1) compared to all other
metal–air batteries. Hence they already utilized as a practical primary battery with
high capacities and applied to hearing aids. Moreover, Zn–air batteries possess high
theoretical gravimetric energy density as well (2,288 W h kg−1) to satisfy the DOE
target of 2,100 W h kg−1 for electric vehicle application. Also, zinc metal has
numerous advantages, for example, low material cost, abundance, low equilibrium
potential, environmental friendliness, and long shelf life, so on [38, 39].

The zinc–air battery consists of three main parts: zinc metal as anode, air
electrode as a cathode which is the combination of catalytic active layer and gas
diffusion layer, and a separator (Fig. 19.4a). The overall cell reaction in alkaline
electrolyte-based zinc–air cell are followed [37, 40]:

Anode: Zn $ Zn2þ þ 2e�

Zn2þ þ 4OH� $ ZnðOHÞ2�4 E0 ¼ 1:25V

ZnðOHÞ2�4 $ ZnOþH2Oþ 2OH�

Cathode: 1=2O2 þH2Oþ 2e� $ 2OH� E0 ¼ 0:4V

Overall reaction: Znþ 1=2O2 $ ZnO E0 ¼ 1:65V

In brief, during discharge, oxygen gas diffuses into the porous cathode by the
difference in oxygen pressure between the inside and the outside of battery cell.
Consequently, the catalyst at the air cathode catalyzes the oxygen reduction reaction
(ORR) and forms hydroxyl ions in alkaline solution. This process occurs at a
three-phase boundary, which involves catalyst (solid), electrolyte (liquid), and
oxygen (gas). Hence, it is so called as a three-phase reaction. The generated OH−
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reacts with zinc ions and completes the cell reaction with 1.65 V of an equilibrium
standard potential. Nonetheless, the practical working potential of the Zn–air bat-
tery is lower than 1.65 V due to an occurrence of cell overpotential, combining
activation, ohmic, and concentration loss [42]. The activity loss of zinc–air cell
mainly stems from the instability of air cathode when charging step happened and
low efficiency of oxygen reduction and evolution reactions [43].

Meanwhile, the dendrite formation on the surface of zinc metal anode which
leads a short lifetime of battery operation is also an important issue to be handled.
Therefore, (1) the optimization of air electrode architecture, which is chemically
stable and highly active for both OER and ORR, and (2) applying protective layer
on the Zn metal surface or making Zn metal alloy or adding some additives to the
electrolytes have been intensely studied to solve these problems. The point to note
when manufacturing the air electrode is again, it should have a high porosity with
volume area as well as excellent OER/ORR catalytic properties. However, highly
porous architecture can easily be mechanically damaged by forming oxygen
molecules during the charging process of the battery cell [43].

There are two types of Li–O2 batteries being investigated, the nonaqueous and
aqueous system [41] and its cell figuration is presented in Fig. 19.4b. Despite of
some merits related with an aqueous system such as inexpensive, high ion con-
ductivity, and easiness of expansion, the facile operation is being prohibited due to
the sensitivity to absorb CO2 from ambient air and evaporation of electrolyte
through the open structure of cathode [44]. The fundamental electrochemical
reactions are shown in the following:

Fig. 19.4 Schematic illustration of cell figurations and the working principles of a Zinc–air
battery in an alkaline aqueous electrolyte under ambient air and b Li–O2 battery in alkaline
aqueous and a nonaqueous electrolyte. Reproduced with permission from [41]. Copyright (2012)
American Chemical Society
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Anode: Li $ Liþ þ e�

Cathode: 2Liþ þ 2e� þO2 $ Li2O2 E0 ¼ 2:96V vs: Li=Liþ Non-aqueousð Þ
O2 þ 2H2Oþ 4e� $ 4OH� E0 ¼ 3:43V vs: Li=Liþ ðAqueousÞ
Overall reaction: 2Liþ þO2 $ Li2O2 E0 ¼ 2:96V vs: Li=Liþ ðNon� aqueousÞ

Also, considering the electrochemical reactions in an aqueous electrolyte, which
involve water as active reagent, the preliminary results reveal that the theoretical
energy density of Li–O2 battery operated under the nonaqueous system is higher
than that of an aqueous Li–O2 battery system. As a result, nonaqueous Li–air
batteries have widely studied around the world in recent years. Similar to Zn–air
batteries, however an oxygen electrocatalyst is one of the most challenging issues
among other challengeable problems in Li–O2 battery, such as incompatibility with
electrolyte and air coming from lithium metal anode, instability of electrolytes in
oxygen-rich electrochemical conditions, etc.

Modern air electrode is composed of activated carbon with a porous architecture
and the hydrophobic film, such as polytetrafluoroethylene (PTFE) as a wet-proofing
agent, which is permeable to only air but not moisture [45]. Even though precious
metal-based electrocatalysts, such as Ru, Pt, and their alloys possess superior
activity for ORR and OER, they include high manufacturing fee and poor stability
during cycling. To achieve the target value of energy densities required for practical
metal–air batteries, inexpensive, abundance, lightweight, and porous material
should be chosen for the air electrode. In this regard, carbon itself has been con-
sidered a highly attractive candidate as the practical cathode material. In particular,
carbon could catalyze the oxygen reduction reaction very efficiently during dis-
charge with high electrical conductivity, leading high energy efficiency of metal–air
battery [46–49].

19.3.1 Metal-Free Nanocarbon-Based Electrodes

Recently, the nanocarbon-based structures, such as carbon nanotubes, carbon
nanofibers, and graphene have been investigated as air electrodes for metal–air
batteries [50–53]. Many attempts have been made to utilize carbon-based electrode
for the practical application by tuning the various surface properties including
surface area, surface functional groups, degree of disorder, pore distribution, and
the porosity. Especially, heteroatom-doped carbon materials with electroneutrality
breaks and charge relocation have been intensely studied due to their tunable
surface chemistry and fast electron transfer ability. It was already reported in many
literatures that nanocarbon materials doped with nitrogen could be an efficient
alternatives to Pt ORR catalyst [46, 48]. The incorporation of nitrogen into the
graphitic network of nanocarbon in the forms of graphitic, pyridinic, or
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pyrrolic-nitrogen multiplies the extent of defectiveness and edge-plan sites, thereby
enhancing the ORR catalytic activity.

Also, by introducing second heteroatom, e.g., B, S, P, O, or Si, etc., into the
nitrogen-doped carbon nanomaterials, the ORR activity can be further increased by
modulating the electronic properties and the surface polarity of nanocarbon [49].

Inspired by this point, in 2015, Zhang et al. developed three-dimensional
nitrogen and phosphorus co-doped mesoporous nanocarbon (NPMCs) foams,
which possess a large surface area of 1,663 m2 g−1 and excellent bifunctional
electrocatalytic properties including both OER & ORR, thus enhanced battery
performance and long-term durability can be achieved (Fig. 19.5) [54]. For the
synthesis of NPMCs, they followed solution polymerization followed
by template-free pyrolysis of polyaniline (PANi) aerogels in the presence of phytic
acid at the temperature of 1000 °C. The NPMCs catalyst consists of graphitic
carbon domains that are co-doped with N and P atoms from the PANi and phytic
acid, respectively, with a large number of edge-like graphitic nanostructures.
The ORR and OER activity of NPMCs are examined using three-electrode system.
It shows a high ORR onset potential of 0.94 V and a half-wave potential of 0.85 V
versus RHE comparable to those of Pt/C. Furthermore, it exhibits a lower onset
potential than that of OER electrode based on RuO2, however, still lower current
densities at higher potentials are obtained (*1.8 V at 10 mA cm−2). When applied

Fig. 19.5 a Preparation process of the N and P co-doped porous carbon (NPMCs) electrocat-
alysts. An aniline (i) phytic acid (ii) complex (iii) is formed (for clarity, only one of the complexed
anilines is shown for an individual phytic acid), followed by oxidative polymerization into a
three-dimensional PANi hydrogel crosslinked with phytic acids. The PANi hydrogel is
freeze-dried into an aerogel and pyrolyzed in Ar to produce the NPMCs. Adapted from Zhang
et al. with permission from Nature publishing group [Nature Nanotechnology], copyright (2015)
[54]
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NPMCs as a bifunctional air electrode in primary and rechargeable Zn–air batteries,
it exhibits an open-circuit voltage (OCV) of *1.48 V and an energy density of � 835
W h kgZn

−1. Also, the peak power density of � 55 mW cm−2 as well as excellent
durability for over 240 h of operation after two mechanical recharges are achieved.

Further research efforts have been directed toward the development of new
metal-free nanocarbon-based ORR/OER catalysts. For instance, Tang et al. reported
bifunctional graphene catalysts with numerous topological defects through the
carbonization of natural gelatinized sticky rice, and it is one of the best metal-free
bifunctional carbon catalysts ever reported [55]. Based on the DFT calculations,
they have first reported that edge-induced topological defects with nitrogen incor-
porated can deliver superior activity for both ORR and OER. The overpotential gap
is achieved with a value of only 0.90 V, an excellent ORR performance exceeding
to Pt/C regarding both activity and stability, and a remarkable OER activity (1.67 V
at 10 mA cm−2) comparable with Ir/C in 0.1 M KOH. Furthermore, a prototype
Zn–air battery cell based on the NGM catalysts is constructed, and it achieves a
high OCV of 1.42 V, a current density of �6.0 mA cm−2 and a peak power density
of �3.0 mW cm−2, respectively, which are comparable to those of a Pt/C electrode.

Nonetheless, enlarging the active catalytic sites of heteroatom-doped carbon still
remains challenging. One of the effective ways is the addition of metal species into
the heteroatom-doped carbon frameworks as active additives, which can be utilized
in metal–air batteries [56]. From this point of view, Chen et al. recently developed a
new way of involving S for the first time to achieve atomic dispersion of Fe-Nx

species on N and S co-decorated hierarchical carbon layers, resulting in single-atom
bifunctional OER/ORR catalysts with higher efficiency [57]. Taking advantage
from the plenty of atomically dispersed highly active Fe-Nx sites and unique
hierarchical structure to increase active site exposure, the obtained electrocatalyst
denoted as S, N-Fe/N/C-CNT shows excellent OER/ORR electrocatalytic activity
under alkaline conditions. Especially, further applying S, N-Fe/N/C-CNT into a
rechargeable Zn–air battery presents an open-circuit voltage of 1.35 V, a lower
charge overpotential compared to Pt/C, and higher stability (no visible voltage drop
over 100 cycles).

Apart from the physical and electrochemical properties which are demanded in
an air cathode, management of total electrode weight and the space in electronics
are also essential to enhance the battery performance. Typically, an electrode
fabricated with so-called “brick-and-mortar” route contains some ancillary materials
including polymeric binders and catalyst supports. Due to the presence of inactive
ancillaries, it provides an excess weight to the final electrode for almost 40% and
increases the interfacial resistance caused by the reduction of effective active sites
and the insulating binders [58]. Also, the decomposition or the oxidation of addi-
tives can cause the detachment of some active materials from the electrode surfaces
over extended cycling [59, 60]. Keeping this in mind, the electrode should be
fabricated with a minimized utilization of additives. In this regard, one of the
effective ways to enhance the performance of metal–air batteries is to design an
integration air cathode, which is free from the usage of the binder.
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For example, carbon nanofibers directly grown on a porous alumina substrate
can also be used as binder-free electrodes in Li–air battery provides gravimetric
energies of about 2500 Wh kgelectrode

−1 at the power of about 100 W kg−1 even
though an alumina substrate itself is inactive [51]. Instead of using an inert sub-
strate, the oxygen electrocatalysts directly grown on the conductive current col-
lector is the best way to get an entirely binder-free air electrode which can
efficiently facile the electron transfer between active materials and the current
collector. The current collectors consist of graphitic carbons such as carbon cloth,
and carbon paper can mainly reduce the total weight of electrode, as the employ-
ment of metallic mesh current collectors still occupy a significant portion of the
weight of traditional air cathode. The modified graphitic carbon acts as a diffusion
layer and bifunctional oxygen electrode with a high electrochemical catalytic
activity and electrical conductivity. Furthermore, it can simplify the three compo-
nents into one part only, thus, the modified graphite carbon can be a potential
candidate for the air electrode [61].

Liu et al. fabricated free-standing and flexible nitrogen-doped nanoporous carbon
nanofiber film (NCNF) via scalable method through pyrolysis of electrospun
polyimide [62]. The obtained electrodes possess a large specific surface area of
1249 m2 g−1, the high electrical conductivity of 147 S m−1, and moderate tensile
strength (1.89 MPa) as well as tensile modulus (0.31 GPa). In addition, it shows
superior electrocatalytic activities for both OER (onset potential = 1.43 V vs. RHE,
potential = 1.84 V @ 10 mA cm−2) and ORR (onset potential = 0.97 V vs. RHE;
limiting current density = 4.7 mA cm−2), respectively. Based on these excellent
properties, the air electrode was utilized in various types of zinc-air battery, such as,
primary liquid Zn–air battery, rechargeable liquid Zn–air battery, and particularly,
flexible all-solid-state rechargeable Zn–air battery. The OCV and the maximum
power density of the Zn–air battery applying NCNF catalyst were found to be as high
as 1.48 V and 185 mW cm−2, respectively, exceeding those of the Pt/C-based
counterpart. A slightly lower charge–discharge voltage gap was observed for the Zn–
air battery with the NCNF air cathode compared to that of Pt/C air cathode, indicating
a good rechargeability. In particular, after 500 cycling operation (about 83 h opera-
tion), the NCNF air cathode shows a slight performance loss with a small increase in
the voltage gap by 0.13 V, whereas Pt/C demonstrates a significantly higher increase
in the voltage gap (0.38 V) under the same condition. The observed performance
decay for the NCNF may due to the carbon oxidization and the loss of active sites.
Apart from liquid Zn–air battery, all-solid-state Zn–air micro batteries without binder
and current collector are fabricated and exposed to ambient air. Series-connected
all-solid-state Zn–air microbatteries can be used to power a blue LED (3.0 V) without
apparent decay in performance even when the cells are bent by human hand
movements, indicating possibilities for the all-solid-state NCNF cathode based Zn–air
microbatteries to be utilized in flexible and wearable optoelectronic devices.

In the nonaqueous based Li–O2 cell, graphene nanosheets result in high dis-
charge capacity exceeding 8000 mA h g−1. Furthermore, comparing discharge
characteristics of Li–air cells with different carbon material based cathodes, it is
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revealed that the mesopore volume of carbon materials gives a large contribution to
the capacity. For example, Guo et al. fabricated a 3D electrode that consists of
mesoporous/macroporous carbon sphere arrays [63]. The ordered mesoporous
channels and hierarchical structures provide enough space for discharge products,
which improving the electrochemical performance of Li–O2 batteries.

In point of fact, the most reported non-precious metal-based OER catalysts are
consisted of transition metal oxides with the support of carbon materials, and the
use of only carbon nanomaterials as bifunctional catalysts has rarely been discussed
to date.

19.3.2 Metal Oxide/Nanocarbon-Based Electrodes

Carbon can also be hybridized with other materials to improve electrode perfor-
mance. For instance, in our group, the 1D NiCo2O4 nanostructures with carbon was
successfully synthesized [64]. To further enhance the battery performance, the
morphology was tuned using a simple electrospinning technique. Usually,
one-dimensional (1D) nanostructure affords efficient transport pathways for elec-
trons and ions. The 1D NiCo2O4 cathode can deliver an oxygen electrode potential
(Eoxygen = EOER − EORR) of 0.84 V and a discharge capacity of *580 mA h g−1

for deep discharge process. Additionally, an overall overpotential for the battery
charge and discharge after 50 cycles of 1D NiCo2O4 was *0.84 V compared with
the initial value of *0.7 V with a small overpotential increase of *0.14 V. Our
results show that the manipulation of the architecture of NiCo2O4 plays a role in
enhancing the bifunctional activity without employing additional supports.

In the other hand, Liu et al. developed Li–O2 battery based on binder-free air
cathode catalyst made of hierarchical NiCo2O4 nanosheets grown on carbon
nanofiber films (NiCo2O4@CNFs) via a hydrothermal method followed by heat
treatment (Fig. 19.6a, b) [65]. Typically, porous carbon nanofiber films were
obtained by electrospinning followed by carbonization. Thanks to the integration of
an efficient bifunctional catalyst with rationally designed low-dimensional ultrathin
nanosheet structures, lightweight carbon networks with high conductivity, and
binder-free design, NiCo2O4@CNFs achieves extraordinary high energy density of
2110 W h kg−1 and excellent cycling durability for over 350 cycles (tested at a
current density of 200 mA g−1 with a fixed specific capacity of 1000 mA h g−1) as
shown in Fig. 19.6c.

Similarly, we developed a new hybrid material, 1D LaTi0.65Fe0.35O3−d

perovskite nanoparticle anchored on nitrogen-doped carbon nanorods (LTFO-C) by
an electrospinning method, and applied as an advanced hierarchical air cathode for
rechargeable metal–air batteries shown in Fig. 19.7. It is reported that perovskite
nanostructures possess noticeable physicochemical properties, with excellent elec-
trochemical stability, and eco-friendliness. Also, the enhanced electrocatalytic
activities toward both OER and ORR can be explained by the electron-occupancy
of, e.g., orbitals and high covalence of metal–oxygen bonds [66, 67]. Figure 19.7a,
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b show the LTFO-C is composed of ultrafine LTFO nanoparticles with an average
size of 10 nm, uniformly distributed at the surface and also embedded in the NCNR
(*200 ± 20 nm). The optimized LTFO-C electrode shows an excellent high sta-
bility and electrocatalytic performance toward both primary and rechargeable zinc–
air batteries even operated in an ambient air environment compared to the com-
mercial catalysts of Pt/C and IrO2. In detail, The LTFO-C catalyst shows a plateau
discharge voltage of 1.16 V with a specific capacity of 440 mA h g−1 for over 12 h
operation, whereas the NCNR presents a plateau discharge voltage of 1.13 V with a
specific discharge capacity of 230 mA h g−1 for 8 h operation (Fig. 19.7c). It

Fig. 19.6 a Schematic representation of the synthesis of the NiCo2O4@CNFs air cathode;
b structure of the rechargeable Li–O2 battery with NiCo2O4@CNFs air cathode c the terminal
discharge voltage versus cycle number for Li–O2 batteries fabricated with NiCo2O4@CNFs and
CNFs. Reproduced from Ref. [65] with permission of The Royal Society of Chemistry

468 S. Hyun et al.



should be noted that all the specific capacity of the primary zinc–air battery is
normalized to the used mass of zinc metal. When assembled a rechargeable Zn–air
cell, the potential gap does not change with increasing cycle number up to 6 cycles
for LTFO-C-based cathode, however, the commercial IrO2-based cathode degraded
quickly with a significant increase in the charge potential for IrO2 (Fig. 19.7d).
Moreover, the charge–discharge voltage profile of LTFO-C shows significantly
reduced overpotential over 60 cycles, and the voltage gap slightly increases from
0.57 to 0.83 V, while the precious catalyst-based electrode quickly degraded with a
considerable increment in overall overpotential (not shown).

Further, we also prepared Co-CoO nanoparticles embedded in mesoporous
N-doped carbon nanorod (Co-CoO/N-CNR) as air cathode via an electrospinning
for Li–O2 battery application [68]. While designing the cathode, diffusion of
oxygen, optimization of pore size, and distribution of cathode structures are the
critical issues as the ability of porous materials to accommodate the formation of
discharge products is closely related with a gravimetric energy density

Fig. 19.7 a FE-SEM images and b FE-TEM images of one-dimensional LTFO-C. c Discharge
profiles of primary zinc–air battery with the one-dimensional of NCNR and the perovskite LTFO
catalyst-embedded in carbon nanorod electrodes as air cathode and polished zinc plate as an anode
that consumes ambient air. (Current density: 5 A g−1, cutoff voltage: 0.5 V vs. Zn.) d galvanostatic
charge–discharge curves of various catalysts at a current density of 5 A g−1 in long (1 h) interval
cycles. Reproduced from Ref. [67], Copyright (2015), with permission from Elsevier
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(Wh kgdischarged
−1 ). Based on this aspect, the developed one-dimensional Co-CoO/

N-CNR electrode occupies uniform network nanostructure and huge voids between
the carbon nanofibers, which prevents the pore blockage during discharge and
facilitates oxygen transfer. Also, making a hybrid structure with cobalt metal/cobalt
metal oxide nanoparticles on CNR reduces the overall overpotential for both OER
and ORR and delays the carbon degradation, minimizing the unwanted side reac-
tion between Li2O2 and carbon surface during charge. Therefore, it leads to a
significant enhancement of the specific capacity (10,555 mA h g−1 at a current
density of 100 mA g−1) and cycling capability (over 86 cycles without any capacity
loss at a vast cutoff capacity of 1000 mA h g−1). Moreover, even at a high current
density of 500 mA g−1, an excellent metal-battery performance of 7514 mA h g−1

is achieved.
For the other example, we have tried developing a hybrid material composed of

CoMn2O4 nanoparticles covalently coupled with nitrogen-doped reduced graphene
oxide (denoted as CMO/N-rGO) as a highly active and durable air electrode for
zinc–air battery via hydrothermal approach [69]. The coupling interaction of
semiconducting metal oxides and carbon-based materials can create more active
sites and superior chemical stability, preventing the detachment and agglomeration
of metal oxide nanoparticles on the graphene surface. The CMO/N-rGO catalyst
presented the ORR onset potential of 0.90 V and half-wave potential at
−3 mA cm−2 of 0.80 V, respectively. Meanwhile, in case of OER, it could afford a
current density of 10 mA cm−2 at a potential of 1.66 V. So the overall potential for
oxygen electrode to catalyze both OER, and ORR was only 0.86 V, which out-
performs over the commercial catalyst of Pt/C. Based on the excellent oxygen
catalytic activities, zinc–air battery cell is assembled with CMO/N-rGO cathode,
and it showed an OCV around 1.5 V and the charge–discharge potential gap is
maintained to 0.71 V until 100 cycle’s battery operation. This work suggests that
the combination of N-doped reduced graphene oxide and mixed valence spinel
material is favorable to be an oxygen electrode which can be applied to Zn–air
batteries.

19.3.3 Metal Chalcogenide/Nanocarbon-Based Electrodes

Also, the CoS2 nanoparticles supported on a nitrogen and sulfur co-doped graphene
oxide (CoS2(400)/N, S-GO) was fabricated by solid-state thermolysis at 400 °C
using Swagelok from cobalt thiourea complex and the graphene oxide as precursors
[70]. The hybrid CoS2(400)/N, S-GO exhibits low overpotential gap about 0.78 V
versus Zn with remarkable and robust charge and discharge profile. Also, the
CoS2(400)/N, S-GO shows discharge specific capacity of 767 mA h g−1, which
almost achieved the theoretical capacity of 819.8 mA h g−1, and stability up to
7.5 h battery operation. This work demonstrated that the synergistic effect of N,
S-GO coupling reaction which improves the discharge capacity dramatically was
stem from a strong interaction between CoS2 (400) particles to the N, S-GO surface.
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Meng and his co-worker synthesized in situ coupling of ultrafine Co0.85Se and
nitrogen-doped carbon (Co0.85Se@NC) by one-step selenization of metal-organic
frameworks (zeolitic imidazolate framework-67) as a trifunctional catalyst for
overall water-splitting and Zn–air batteries (Fig. 19.8a) [71]. Recently, metal–or-
ganic framework (MOF)-derived materials have drawn large interest, as both the
precursor and template can provide abundant channels to transport the electron/ion
efficiently, and heteroatom-doped carbon incorporates with metal species via in situ
carbonization process to further increase active sites, conductivity, and adsorptivity
[72]. Thanks to the synergistic effect between Co0.85Se and NC, with conductive
carbon network and porous nature, Co0.85Se@NC shows high oxygen evolution
reaction (OER) catalytic activity with a very low overall overpotential of 0.80 V at
10 mA cm−2 current density, remarkable durability, and a high faradaic efficiency.
Furthermore, Co0.85Se@NC can also efficiently catalyze hydrogen evolution
reaction (HER) and oxygen reduction reaction (ORR). Specifically, when it is
applied as air cathode for Zn–air batteries, Co0.85Se@NC presents a current density
of 186 mA cm−2 at a voltage of 1.0 V, and the peak power density of
Co0.85Se@NC is as high as 268 mW cm−2 at 0.64 V, which is much higher than
those of Co0.85Se (139 mW cm−2) and Pt/C (173 mW cm−2) shown in Fig. 19.8b, c.
Specifically, Co0.85Se@NC presents a discharging potential superior to Co0.85Se,
and comparable to the Pt/C during the ORR, while for the charging process,
Co0.85Se@NC outperforms the commercial Pt/C electrode. Also, the voltage gap of
charge–discharge curves for a Co0.85Se@NC electrode at 20 mA cm−2 is only
0.88 V, which is much smaller than those of Co0.85Se (1.13 V) and commercial
Pt/C catalyst (0.96 V) (Fig. 19.8d). At the same time, it also shows high cycling
performance with no obvious voltage drop for over 180 cycles within 30 h, whereas
an apparent increase in both the charge and discharge voltages is detected after 120
cycles in 20 h for both Co0.85Se and Pt/C (Fig. 19.8e). Therefore, the bifunctional
Co0.85Se@NC air cathode is feasible in practical Zn–air batteries with enhanced
electrocatalytic performance and cyclic stability.

19.4 Nanocarbon-Based Electrode Catalyst for Water
Splitting

The water electrolysis (WE) is an emerging technology in the production of sus-
tainable hydrogen (H2) energy. The distinct advantage of WE is that it can use the
earth abundant water (H2O) molecule as a resource to produce the H2 energy
without much contribution to the greenhouse effect. It is an electrochemical process,
and the electrical energy acts as a driving force. In a water-splitting process, the
H2O is split into the oxygen and hydrogen molecules at the anode and cathode
electrodes, respectively. Based on the kind of electrolyte usage and the charge
carrier (OH−, H+, O2−), WE is classified into three main categories such as alkaline
[73], polymer electrolyte membrane (PEM) [74], and solid oxide electrolyzes
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Fig. 19.8 a Illustration of synthesis procedure for Co0.85Se@NC electrocatalyst. b Schematic of
rechargeable Zn–air battery based on Co0.85Se@NC air cathode. c Polarization curves and the
corresponding power density plots of primary Zn–air batteries using Co0.85Se@NC, Co0.85Se, and
commercial Pt/C catalyst as the air-breathing cathode. d Charge–discharge curves of the
rechargeable Zn–air batteries e cycling performance of rechargeable Zn–air batteries (10 min cycle
period). Reproduced from Ref. [71] with permission of The Royal Society of Chemistry
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(SOE) [75]. All the water electrolysis systems operating principles are presented in
Fig. 19.9.

The anode and cathode reactions are given as follows:
Alkaline electrolysis:

Anode: 4OH� ! O2 þ 2H2Oþ 4e�

Cathode: 4H2Oþ 4e� ! 4OH� þ 2H2

PEM electrolysis:

Anode: 2H2O ! 4H þ þ 4e� þO2

Cathode: 4H þ þ 4e� ! 2H2

Solid oxide electrolysis:

Anode: O2� ! 1
2
O2 þ 2e�

Cathode: H2Oþ 2e� ! H2 þO2�

The reactions mentioned above are the key reactions in the water splitting and
which can mainly decide the cell efficiency [76]. Interestingly, the above-mentioned
electrochemical reactions happen on the electrode material surface. So, the most
important component to construct the electrolysis cell is the adequate electrode
materials and which should not support the unwanted side reactions for avoiding

Fig. 19.9 Operating principles of different water electrolysis system (Alkaline, PEM and solid
oxide). OER occurs at the anode side, HER occurs at the cathode side. An O2− is the conducting
electrolyte in solid oxide electrolysis with a nickel/yttria-stabilized zirconia (cathode) and a
lanthanum strontium manganite (anode). Reproduced from Ref. [76], Copyright (2017), with
permission from Elsevier
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the cell efficiency loss and impurities in H2 gas, and it must only try to enhance the
necessary electrochemical reactions of OER and HER [77]. So, the electrode
materials design is not an easy task, and it received much attention worldwide. The
electrochemical reactions in WE can easily deviate from electrode materials
property and electrode design. So, in water electrolysis the choice of the materials
for the electrode construction is limited, particularly it has more limitations
according to their operating conditions. Because, if the cell operates at a higher
temperature in the harsh electrolyte the electrode materials can easily undergo the
deactivation or it may support the unwanted side reactions. In particular, most of the
electrode materials have been easily subjected to the corrosion at anodic potentials
due to the oxidation or reduction of electrode materials [78].

Each electrolyzer has their own pros and cons by their operating temperature and
types of electrode materials. Initially, the acid aqueous electrolyte-based electrolysis
has been widely used, but nowadays the alkaline WE has more attraction due to the
advantages and freedom in the selection of electrode materials [77]. Since in the
acid environments, the limitations on electrode design are very high, and widely the
noble metals such as Ru, Ir, and Pt and their derivatives have been considered as the
suitable active sites due to the high tolerance property. So, it does not require the
expensive acid-resistant electrode materials to avoid the self-corrosion in the acid
environments [79]. Most importantly, the cheaper and various kinds of
non-precious electrode materials are easily utilized in the alkaline WE. The
reduction of electrolysis unit cost is the ultimate goal of the industrial WE.

Normally, the metal electrodes are suitable for the gas evolving process.
According to the reaction kinetics, the nickel-related electrode materials have
shown reliable performance in the caustic electrolytes. So, both anode and cathode
in the industrial alkaline WE are typically nickel-coated iron, stainless steel, or
nickel-based electrode materials and the cell operates in 6–9 mol/L concentration of
potassium hydroxide solution with the operating temperature of 60–80 °C.
Unfortunately, during the electrolysis, the electrode materials undergo the extensive
deactivation due to the high initial electrochemical activity. This electrode deacti-
vation within the short period of electrolysis has strongly affected the water elec-
trolysis current/cell efficiency [80]. Initially, the nickel deactivation has been
stopped by dissolving the V2O5 in the electrolyte solution. They found that the
dissolved V2O5 reactivates the deactivated nickel efficiently in the cathode. Even
though, the electrocatalytic activity was not beyond the fresh nickel electrode
material [81]. Then, the cobalt- and tungsten-based ionic activators have been
utilized in the electrolyte to obtain the enhanced hydrogen production using the
nickel foam electrode materials. Interestingly, they reduced 15% of the energy
requirements per unit hydrogen production as compared with the non-activated
system [82]. Also, the addition of iron in the manganese-molybdenum oxides has
enhanced the electrode stability [83]. Furthermore, the active layer coating on the
oxides materials, alloy kind of materials formation, including the doping of pre-
cious metal and their oxides with non-precious electrode materials have been
studied to improve the different parameters of the electrode for the enhanced the
WE activity and stability as well [84, 85, 86].
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Recently, to increase the electrical conductivity, roughness, surface area, and
porosity of the electrocatalysts, the heteroatoms-doped carbon-based electrode
materials have been used widely as anode and cathode or both in the overall WE.
However, the stability of the carbon is not sufficient for the higher cell voltage WE.
Also, to improve the catalytic active sites and stability of the electrode materials, the
transition metal, metal oxides, metal chalcogenides, metal pnictides are combined
with carbon and introduced as a composite in the WE. Furthermore, the Li and La
metal have been doped with core electrode materials [87, 88]. Furthermore, the
nanostructured materials with the enlarged surface area and unique electrical
property also attained much attention in WE. Because, the increased surface area
has the more active sites and reduces the electrolyzer operating current density,
including the 25% overpotential reduction with 20% less-energy consumption [89].
Also, the nanostructured materials have increased the charge transfer of the applied
potential to the electrocatalysts surface during WE [90]. Apart from that the elec-
trocatalysts design and electrode preparation also play the key role in the electrode
activity and stability. Because, during the electrocatalytic performance the electrode
should facilitate the electrolyte diffusion and escape the formed gas bubbles. So,
several electrocatalysts have been designed to reduce the water electrolysis over-
potential and also to increase the stability of industrial WE.

To sum up, most importantly the electrode materials give the significant influ-
ence in the cell overpotential and current density. The physical and chemical
modifications of electrode materials improve the water electrolysis activity and
stability. By doping or coating of different elements, the electronic and surface
property of electrodes can be determined and the electrocatalytic performance is
decided. Widely, the nanostructured materials have multiple advantages toward the
enhanced and stable water electrolysis in the industrial-scale H2 production. Also,
the transition metals incorporation in the nanostructures could improve the
electrode materials activity.

19.5 Nanocarbon Electrodes in Water Electrolysis

The emerging electrocatalytic materials of nanocarbon and their composites have
great attraction and significant interest due to their unique properties and structural
integrity toward the multiple energy applications. Carbon is earth-abundant,
low-cost material and it has a tunable molecular structure, extremely high surface
area, more roughness, excellent electrical conductivity, and excellent surface tol-
erance in the harsh conditions [91, 92]. Remarkably, the various traditional
nanocarbon materials of nanorods, nanotubes, graphene, carbon black are widely
introduced as efficient electrode materials for the high-performance electrocatalytic
activities in water electrolysis [93].
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19.5.1 Heteroatoms-Doped Carbon Nanostructures

The pristine nanocarbon materials are not electrochemically active, or mostly it has
poor activity due to the insufficient active sites. So, it is widely used as a current
collector such as carbon cloth, glassy carbon, and carbon paper [94]. However, the
nanocarbon electrode materials activity and stability have been increased by
changing their morphology, chemical composition, and surface functional groups
using several advanced chemicals and physical modification approach. Mostly, the
chemical modification may strongly influence in the electronic state density of the
nanocarbon, and it enhances the electrocatalytic activity [95, 96]. For instance, the
oxygen functionalization on the nanocarbon also tries to modify the electronic
property of nanocarbon surface. The chemical modification has been done by the
doping of different heteroatoms in the nanocarbon chemical structure. However, the
doping of heteroatom in the structure of nanocarbon gives much more influence in
the electrocatalytic activity than that of functionalization. Because, the surface
functionalized groups may only have weak adsorption on the surface of the
nanocarbon, unlike the doping of heteroatom in the crystal structure which has
affected the whole nanocarbon chemical structure. So, the single heteroatom (N, B,
P, S, I, etc.) has been doped in the nanocarbon and strongly modified their elec-
tronic structure, and then the heteroatom-doped nanocarbon is introduced as an
efficient electrocatalytic material [97]. Moreover, the secondary heteroatom doping
has further disturbed the single-heteroatom-doped nanocarbon structure for the
enhanced electrocatalytic activity [98]. Overall, the two essential factors for the
performance of the carbon-based electrocatalysts are: (i) the chemical structure
modification by the heteroatom(s) doping in the nanocarbon; (ii) The nanocarbon
surface area and porosity, particularly micro and mesoporosity.

For example, the N-doping in the nanocarbon has been studied as a most effi-
cient electrocatalyst for overall WE. The introduced N-heteroatom in the
nanocarbon determines the intrinsic property of the active sites for the electrocat-
alytic activity. Most of the N-doped carbon nanomaterials are widely prepared from
the N-rich polymer precursors assisted by pyrolysis method and used as alternative
electrode materials for the OER and HER electrocatalysts in alkaline electrolyte
[99]. Generally, the three major kinds of N species exist in the carbon matrix such
as, pyridinic-N, pyrrolic-N and graphitic-N. Among all, the pyridinic-N plays a
crucial role in OER. At the first step, the adjacent carbon atoms to pyridinic-N
atoms are positively charged due to the electron-withdrawing nature of pyridinic-N
atom in the carbon matrix [100]. So, the positive charge attained carbon atoms in
the carbon matrix acts as an active site and which facilitates the adsorption of OER
intermediates of OH− and OOH−. This intermediates adsorption by the positively
charged carbon atoms is the first rate-determining step in the OER. From this, all
the positively charged carbon atoms in the carbon matrix provide the support for the
recombination of adjacent two Oads additives [101–103]. So, the carbon atoms also
act as active sites for the OER because of the N-doping in the nanocarbon. Also, the
pyridinic-N may be another possible active site for the OER, because the density

476 S. Hyun et al.



states of the nitrogen in the carbon matrix (sp2) locates very close to the Fermi level,
so the active nitrogen sites also possible during the OER [104, 105]. However,
according to the density functional theory (DFT) and first-principle calculation, the
real active sites are not yet confirmed for the OER. Similarly, the single-heteroatom
of N-doped graphene, N-doped carbon nanotube, N-doped coaxial carbon
nanocables are also exhibited the promising OER activity in the water splitting
[106–108]. Also, the N-doped nanocarbon materials are the most responsible for the
HER electrocatalytic activity. As next to the pyridinic-N the carbon atoms act as
active sites for the water molecules adsorption and which is the initial
rate-determining step for the HER in basic media [109]. It means, the heteroatoms
doping in the carbon matrix also show their strong influence in the HER
rate-determining steps.

For instance, the simply synthesized N-doped multiwall carbon nanotubes
(NMWNT) have studied as overall WE electrocatalyst by Davodi et al.
As-synthesized 20-NMWCNT catalyst shows the superior OER current density of
10 mA cm−2 with an overpotential of 360 and 320 mV in 0.1 and 1 M KOH
electrolyte, respectively. Moreover, the Tafel slope linearity and small values reveal
that the possibility of higher conductivity with fast electron transfer. Also, the
NMWCNT catalyst requires an overpotential of 340 mV to reach the HER current
density of −10 mA cm−2 in 0.1 M KOH. It reveals that the N-functionalities in the
MWCNT plays a key role in the OER and HER activities enhancement, particularly
the pyridinic-N acts as the real active site as compared with other nitrogen species.
Also, the NMWCNT exhibits the excellent electrochemical stability during the
long-term WE [110]. Further, Balogan et al. developed the monolithic 3D N-doped
porous carbon cloth (3D NiD-PCC) as shown in Fig. 19.10a with the high surface
area (135 m2 g−1) and explored as another metal-free and self-standing
water-splitting electrodes (Fig. 19.10b, c). It requires the OER overpotential of
360 mV to afford the 10 mA cm−2. The overall WE current density of 10 mA cm−2

has achieved with the cell voltage of 1.85 V, which is quite higher as compared to
the reported values (Fig. 19.10d, e) [111]. So, Zhang et al. reported that the
polydopamine analog derived defect-rich porous carbon acting as an efficient
bifunctional metal-free nanocarbon electrode for overall water splitting. This
defect-rich porous nanocarbon has a large surface area with micro- and meso-
porosity. Besides, the N-rich precursor provides the more pyridinic-N in the carbon
matrix, which is most responsible for the bifunctional activity in the water splitting.
It requires the low cell voltage of 1.74 V to deliver the current density of
10 mA cm−2. It has significantly lower cell voltage as compared with different
metal-based electrode materials. Furthermore, a self-powered WE system with Zn–
air battery also demonstrated successfully [112].

This single-heteroatom doping and their influence on the OER and HER
activities and stability provide a new way to design dual-heteroatoms-doped
nanocarbon electrode materials. So, co-doping of N with other heteroatoms can
improve the electrocatalytic activity significantly due to the synergistic effect
between the two different heteroatoms in the carbon matrix. The sulfur (S), boron
(B) and phosphorous (P) atoms are considered as secondary heteroatoms, which are
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doped with N-doped nanocarbon materials. The dual-heteroatoms-doped carbon
nanostructures also prepared from the single/multiple polymer precursors with
high-temperature pyrolysis or hydrothermal method. For instance, the N and P
co-doped graphene/carbon nanosheets tested as enhanced OER and HER
nanocarbon electrode materials. Comparatively, the electrocatalytic activity of
dual-heteroatoms-doped nanocarbon materials is much enhanced than
single-heteroatom-doped nanocarbon materials. The possible reported reason for
this enhanced electrocatalytic activity is that the additional doping of P in N-doped
nanocarbon may enhance the carbon atoms charge delocalization as well as
asymmetric spin density together. So, these altered carbon atoms are trying to

Fig. 19.10 a Schematic representation of monolith 3D NiD-PCC synthesis. b, c SEM and TEM
images of the NiD-PCC. Overall water splitting activities of the various alkaline electrolyzers.
d Polarization plots in 1 M KOH (scan rate of 10 mV s−1). e Optical photographic image shows
the hydrogen and oxygen bubbles generation from the electrodes. Reproduced from Ref. [111]
with permission of The Royal Society of Chemistry
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promote the N-doping mostly at the edge of the carbon matrix, which can increase
the more active sites and also provide the triggering synergistic effect [113–115]. In
addition to this, when the extra support can be provided to the
dual-heteroatom-doped nanocarbon, for example, the carbon fiber paper supported
N and P elements-doped graphitic-carbon nitrides attaining the higher OER activity
as well as stability. Because, the support increases the charge transfer and also
exposes the highly active surface area, including the synergistic effect of dual
heteroatoms [116].

For that, the polydopamine inspired dual heteroatom-doped carbon nanotubes
using graft and pyrolyze method. As-synthesized N, S co-doped carbon nanotube
shows the improved bifunctional activity in 1 M KOH electrolyte. In overall water
splitting the N, S co-doped nanocarbon electrode material needs 2.03 V to the
solar-to-fuel current density of 10 mA cm−2 in 1 M KOH solution. Almost all the
carbon atoms serve as active sites to adsorb the H* and OOH* due to the dual
doping, particularly S atoms [117]. Also, the N, S-co-doped graphitic sheets with
stereoscopic holes (SHG) was prepared by Hu et al., and reported as metal-free
electrocatalyst s for both OER and HER in 0.1 M KOH. This newly prepared
porous carbon has the larger surface area of 576 m2 g−1. Also, this 900 °C annealed
electrocatalyst show the more graphitization (IG/ID = 1.29) with defects which is
confirmed by Raman analysis, and it can improve the electrical conductivity.
During OER in 0.1 M KOH, the SHG electrocatalyst shows the OER potential of
1.56 V at the anodic current density of 10 mA cm−2 with lower Tafel slope value
of 71 mV dec−1. In the cathodic activity of HER, the same electrocatalyst needs
−0.31 V potential to provide the −10 mA cm−2 current density with smaller Tafel
slope value (112 mV cm−2). In overall WE, it requires 1.70 V cell voltage to
deliver the WE current density of 10 mA cm−2 in 1 M KOH with 30 h stable
activity. Hence, the stereoscopic holes in the electrocatalysts ensure the larger
surface area, abundant active sites with good electron/electrolyte transport during
the electrochemical reactions [118]. Interestingly, the tri-heteroatoms (N, P, and O)
co-doping in porous graphite carbon-oxidized carbon cloth has reported as full
water-splitting electrocatalysts. In 1 M KOH electrolyte, the WE shows a very low
cell voltage of 1.66 V at the current density of 10 mA cm−2, which is quite low as
compared with above-mentioned WE system [119].

Beyond the heteroatom doping effect on OER in water splitting, the two different
nanocarbon structures interaction also play the key role in the electrocatalytic
activity and stability. As, all the N-doped nanocarbon may have good electrocat-
alytic activity, but it suffers from the poor electron transfer during the OER activity,
so it is also a kind of barrier for the electrochemical applications. For that case, the
active carbon materials need the proper support by good interaction. For example,
the graphitic carbon nitride nanosheet is an N-doped carbon structure and good for
electrocatalytic applications, but the charge transfer is poor during the reaction. So,
the carbon nanotube or other conductive carbon materials may provide a support
and form the three-dimensional porous composite. It can show an excellent OER
and stronger durable electrocatalyst in the base environment (pH = 13) due to the
P-P stacking and strong electrostatic interaction between nanosheets and

19 Nanocarbons and Their Composite Materials … 479



nanotubes [120]. As we know, the OER takes place in the positive potential, and it
has the slow kinetics. So, the material stability is also a significant problem in the
water splitting. The major current density loss or overpotential comes from the
anode side due to the easy electrode material deactivation or corrosion.
Interestingly, the heteroatom-doped nanocarbon shows the excellent stability with
activity in the harsh electrolyte environments. Recently, the N-doped nanocarbon
electrode materials have been prepared and reported as metal-free electrocatalyst
with remarkable long-term stability [121]. Also, the coupled graphitic-carbon
nitride with nitrogen-doped graphene shows a good HER activity with the low
overpotential and Tafel slope as compared with the various metallic electrocata-
lysts. From the experimental results and DFT calculations, it is clear that the activity
originates from the coupling of intrinsic chemical and electronic properties. This
strong coupling leads the synergistic effect and promotes the proton efficiently for
the enhanced HER activity [122]. Also, the N and S co-doped nanoporous graphene
is one of the best metal-free nanocarbon electrodes for the HER. Because the N and
S co-doped graphene demonstrates that the catalytically active sites are associated
with the doped heteroatoms with around defects in the graphene. Furthermore, the
S-heteroatom is not influenced in the HER activity directly, which creates the
coupling effect with co-doped N atoms in the graphene [123]. The P co-doped with
N in the graphene also provides the synergistic effect towards the HER activity.
Here, both the heteroatoms together activate the neighbor carbon atoms in the
graphene sheet by tailoring the valance orbital energy levels of the carbon and
induce the more adsorption of water molecules. Also, the C-N and C-P in the
graphene matrix enhance the stability of carbon without any corrosion and easy
oxidation [124].

19.5.2 Transition Metal-Doped Carbon Nanostructures

Furthermore, the modified nanocarbon by various heteroatoms can easily couples
with different inorganic metal active sites, and the nanocarbon composite exhibits
more active sites toward the enhanced OER and HER activities, including their
synergistic effect during the electrochemical analysis. It is mainly due to the
existence of a chemical bond between the nanocarbon and metal, which enhances
efficient charge-transfer between them and also increasing the electrochemical
stability of the catalysts in the OER and HER [125]. For example, the
cobalt-embedded porous N-doped nanofibers prepared by the electrospun method
has introduced as an efficient catalyst for the overall WE in 1 M KOH. The mor-
phology analysis confirms the co-existence of metallic-Co and N elements in the
nanofibers. The Raman and Brunauer–Emmett–Teller (BET) analyses reveal that
the metal introduced nanostructure has more defects (ID/IG = 1.17) and much
higher surface area of 356 m2 g−1 as compared with the pristine nanostructures. It
shows the OER overpotential of 285 mV at 10 mA cm−2 with lower Tafel slope
value of 73 mV dec−1. In the case of HER, the −10 mA cm−2 current density has
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achieved with an overpotential of 249 mV (92 mV dec−1). Finally, the constructed
WE produce the water-splitting current density of 10 mA cm−2 with the cell
voltage of 1.66 V. Zhao et al. concluded that the obtained excellent electrochemical
performance (both OER and HER) is due to the unique encapsulated metallic-Co
with porous nanostructures [126]. Also, the nitrogen and cobalt co-doped CNFs
provide more active sites with synergistic effect on enhanced catalytic activity and
stability as well. Similarly, Hou et al. has pyrolyzed the graphene oxide (GO) with
zeolitic imidazolate framework (ZIF-67) and obtained a nitrogen-doped graphene/
cobalt-embedded porous carbon polyhedron (N/Co-doped PCP//NRGO) hybrid
electrocatalyst, followed by the etching (partially) of metallic-Co. It has unique
advantages of dodecahedral shape and more Co–N moieties. From the Raman
spectrum, the higher IG/ID value (1.12) of this hybrid catalyst confirms the existence
of more defects with a BET surface area of 375 m2 g−1. The hybrid exhibits the
superior water-splitting activity with an OER potential of 1.66 V (at 10 mA cm−2),
due to the synergistic effect of N/Co-doped porous carbon polyhedron and N-doped
reduced graphene oxide nanostructures [127]. Furthermore, the bi-metal incorpora-
tion in the carbon nanostructure also increases the number of multiple active sites and
tuning the electronic states of an existed metals/carbon. Accordingly, the Ni and Co
metals are coated on a porous nitrogen-doped carbon thin film by using two-step
pulsed laser deposition method and reported as a bifunctional OER and HER elec-
trocatalysts in 1 M KOH (Fig. 19.11a). The peaks shift (1 eV) in the high-resolution
XPS Co2p spectrum confirms the interaction between two different metals of Co and
Ni in the carbon nanostructures (Fig. 19.11b, c). As-prepared Ni0.5Co0.5/NC hybrid
electrocatalyst exhibits the HER overpotential of 176 mV at −10 mA cm−2. Besides,
it shows various double layer capacitance values by varying the Ni and Co ratio, as a
result, the change in OER and HER overpotential have been noticed (Fig. 19.11d).
The same electrocatalyst attains the OER current density of 10 mA cm−2 with
overpotential of 300 mV. The remarkable bifunctional activity (cell voltage of
1.75 V @ 10 mA cm−2) is due to the synergetic coupling interaction of nickel-cobalt
active sites with the porous N-carbon framework [128]. Similarly, the metal-organic
frameworks (MOFs)-derived FeNi alloy nanoparticles encapsulated in n-doped car-
bon nanotubes also exhibits the water splitting OER overpotential of 300 mV at the
anodic current density of 10 mA cm−2 in 1 M KOH [129].

19.5.3 Transition Metal Oxide–Carbon Composite
Nanostructures

The metal oxide supported on nanocarbon is considered as promising electrocata-
lysts for efficient and stable WE. The metal-based electrocatalysts show the
excellent HER activity than OER. To realize the overall WE, it is necessary to
improve the OER overpotential and their kinetics by introducing the oxide-based
active sites. Accordingly, the nickel, iron, and cobalt-based oxides are considering
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as the most promising OER catalysts, particularly with carbon support. Jin et al.
synthesized the cobalt–cobalt oxide/N-doped carbon hybrids (CoOx@CN) and
reported their bifunctionality. Here, the obtained hybrids consist of Co, CoO, and
Co3O4 which show the HER overpotential of 231 mV at a current density of
10 mA cm−2 and low charge-transfer resistance of 41 X. The excellent activity is
attributed form the high electrical conductivity of carbon and the synergistic effect
between the metallic-Co and Co oxides. The carbon encapsulation also provides the
strong stability to the active sites. Furthermore, the same catalysts require the OER
overpotential of 260 mV to reach the current density of 10 mA cm−2 in 1 M KOH
and which is due to the presence of more Co2+ proportion in the hybrids. The
constructed alkaline WE cell needs only 1.55 V to deliver the overall water splitting
current density of 20 mA cm−2 [130]. Moreover, the higher intrinsic OER and HER
activities are expected from the bimetallic oxides than the single metal-based oxide
electrocatalysts. Also, the electrochemical activities of those electrocatalysts have
been modified by controlled their electronic and valence states. For example, Li
et al. reported a highly ordered carbon-coated Co–Mn oxide nanoparticle super-
lattice (CoMnO@CN) as an efficient bifunctional electrocatalyst for the water
splitting. The as-prepared and uniform CoMnO nanoparticles have the smaller
bandgap, stronger and weaker adsorption of OH and O2 molecules, including an
excellent OER reagent during electrochemical activities than that of single metal
oxides of CoO and MnO. The authors claimed that the obtained activities are
mainly attributed to the synergistic effect of bimetals and N-doped carbon species.

Fig. 19.11 a synthesis process of NixCo1−x/NC catalytic electrodes and applied in overall water
splitting. b High-resolution Ni2p spectra of Ni/NC and Ni0.5Co0.5/NC. c High-resolution Co2p
spectra of Co/NC and Ni0.5Co0.5/NC. d Roughness factor and the HER/OER overpotential
relationships (at 10 mA cm−2). Reproduced from Ref. [128] with permission of The Royal Society
of Chemistry
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Also, the surrounding N-doped carbon framework acts as catalytic active sites for
HER and it provides an efficient pathway for electron/ion transport to the embedded
CoMnO nanoparticles. Besides, the ordered superlattice has increased the catalytic
sites and minimizes the adjacent CoMoO nanoparticles aggregation/dissolution.
Therefore, the CoMnO@CN superlattice structure serves as an efficient OER and
HER electrocatalysts in alkaline electrolyte. Finally, the bifunctional electrode was
coupled with the photovoltaic cell for solar water splitting, and it shows continuous
activity for almost 5 days with a solar-to-hydrogen conversion efficiency of 8%
[131].

Moreover, the rational design of bi-junction nanostructured catalyst of metallic
nickel-decorated transition metal oxides nanosheets vertically grown on ceria film
(ceria/Ni-TMO) is synthesized by Long et al. (Fig. 19.12a). They claimed that the
as-synthesized catalyst has an ideal electronic structure, abundant active sites with a
strong synergistic effect between carbon cloth, ceria, and Ni-TMO. This electro-
catalyst-introduced WE system requires the small cell voltage of 1.58 V to produce
the water splitting current density of 10 mA cm−2 (Fig. 19.12b), including the

Fig. 19.12 Overall water-splitting system using the ceria/Ni-TMO/CC as both anode and cathode.
a Digital image (left) displays H2 and O2 production on ceria/Ni-TMO electrodes at 1.60 V and
schematic description of the catalysts (inset). b LSV curves of water splitting by using ceria/
Ni-TMO and Pt nanowire in a two-electrode setup in 1 M KOH. c Durability (chronopotentiom-
etry) test of ceria/Ni-TMO in full water splitting at 10 mA/cm−2). SEM image (C inset) and
polarization curve (C inset) of ceria/Ni-TMO after the stability test. d EIS Nyquist plots of various
catalyst at the potential of 1.45 V (vs. RHE). Reproduced with permission from [132]. Copyright
(2018) American Chemical Society
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excellent stability (Fig. 19.12c). Through this work, the authors stated that (i) the
idealized electronic structure of metal ions obtained from the introduced Fe, Mn,
and Ni and which enhances the intrinsic activity, (ii) the hierarchical nanostructure
increases the active surface area and an intimated heterostructure promotes the
electron transfer between Ni-TMO and ceria film (Fig. 19.12d), (iii) the unique
property of oxygen storage-release in ceria can favor the intermediates adsorption
and desorption during the WE [132]. Another efficient method to improve the
catalytic activity of oxide catalysts is an electrochemical transformation of
nanoparticles (*20 nm) to ultra-small nanoparticles with a diameter of *2–5 nm
by lithium metal-induced conversion reactions and this approach was reported by
Wang et al. First they are grown the CoO nanoparticles with a diameter of*20 nm
on the carbon fibers (CoO/CNFs). Then, to reduce the size of CoO, the CoO/CNFs
catalysts was assembled in the lithium-ion pouch cell and they are carried out the
galvanostatic lithiation–delithiation process for several cycles in 1 M LiPF6 in 1:1
w/w ethylene carbonate/diethyl carbonate electrolyte (Fig. 19.13a–f). Likewise, the
various oxides of NiO/CNFs, Fe3O4/CNFs and the mixed oxides of NiFeOx/CNFs
have been prepared by using the similar approach to improve their catalytic activity
and stability in both 0.1 and 1 M KOH electrolyte. All the catalysts show the
promising electrocatalytic activities, particularly NiFeOx/CNFs exhibits the
remarkable and lower OER potential of 1.51 V at 200 mA cm−2 current density in
1 M KOH with small Tafel slope value of 31.5 mV dec−1. Also, the same catalyst
needs only 88 mV overpotential to deliver the HER current density of
−10 mA cm−2. By using this catalyst, the overall WE current density of
10 mA cm−2 was obtained with the lowest cell the voltage of 1.51 V with 200 h
long-term stability. It reveals that the excellent electrical interaction among
nanoparticles and the larger surface area with many catalytic active sites
(Fig. 19.13g, h) are the most responsible for the promising bifunctionality and
stability of the catalyst [133].

19.5.4 Transition Metal Chalcogenides/Pnictides-Carbon
Composite Nanostructures

Recently, the metal-sulfides, selenides or phosphides-carbon composites/hybrids
have received a great attention in the alkaline water splitting applications, including
excellent performance and durability as compared with above-discussed electro-
catalysts. Because, all of them have the optimal and favorable bandgap energy,
which can try to support both the OER and HER activities. Also, comparatively
these catalysts exhibit the high anti-corrosion nature in the harsh electrolyte envi-
ronments, which can improve their oxidative/dissolution (in electrolyte) ability.
Accordingly, tremendous progress has been made to develop the most promising
bifunctional catalyst, which can efficiently replace the precious metal-based
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electrodes in the real scale WE. Few examples are going to discuss in the following
section.

An integrated three-dimensional (3D) array electrocatalyst (carbon paper/carbon
tubes/cobalt-sulfide) has been introduced as a cost-effective electrode for both OER
and HER in alkaline solution by Wang et al. This electrode has been prepared by
using multiple synthesis steps including ZnO growth and etching on the CP sub-
strate. As-developed electrodes show the lower OER potential of 1.536 V
(Fig. 19.14a) for solar fuel synthesis (@ 10 mA cm−2) with more favorable kinetics
(72 mV dec−1) (Fig. 19.14b). Also, in the HER activity, it shows only −0.190 V at
the current density of −10 mA cm−2 in 1 M KOH (Fig. 19.14a), including good
stability (Fig. 19.14c). The two-electrode conventional WE with the same electrode
catalyst displays the overall cell voltage of 1.743 V, which is 64 mV higher than
the precious electrode-based WE. Also, this system shows more stability than that

Fig. 19.13 Schematic illustration of evolution of TMO morphology under galvanostatic cycles.
a–e Gradual change in the TMO particles from single crystalline to ultra-small interconnected
crystalline NPs. f The galvanostatic cycling profile of CoO/CNF. g High-resolution TEM image of
pristine CoO. h High-resolution TEM image of CoO after second cycle. Adapted from Wang et al.
with permission from Nature publishing group [Nature Communication], copyright (2015) [133]
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of precious electrode-based system. Obtained stable and outstanding bifunctionality
originates from the unique 3D arrays architecture with more exposure and uti-
lization of vast active sites, perfect electron transport in the vertical carbon nan-
otubes on the carbon paper and fast gas movement in the porous structure
(Fig. 19.14d) [134]. Similarly, Sun et al. studied the overall water splitting activity
for the MOFs derived-CoSe2 nanoparticles anchored on carbon fibers (CoSe2/CF)
in the same electrolyte environment. Two-step synthesized electrode has the cata-
lyst loading of 2.9 mg cm−2. Interestingly, the electrode exhibits the OER current
density of 10 mA cm−2 at overpotential of 297 mV. Also, the smaller Tafel slope
(41 mV dec−1) than the RuO2/CF catalyst, it explains that the non-precious elec-
trode has more favorable OER kinetics/rate-determining step than the precious
electrode. In addition, the same electrode with the same loading delivers the HER
current density of −10 mA cm−2 with an overpotential of 95 mV, which is very
less as compared with many other reported catalysts. Finally, the self-made
two-electrode WE system with this CoSe2/CF electrode gives the overall electrol-
ysis current density of 10 mA cm−2 at the cell voltage of 1.63 V, including
excellent durability in alkaline electrolyte conditions. Here, the formed catalyst has
more rough surface nature, which can utilize more electrolytes and increase the
active sites exposer to adsorb the reaction intermediates from the electrolyte [135].

Fig. 19.14 a Polarization curves for HER and OER in 1 M KOH (scan rate of 2 mV s−1).
b Corresponding Tafel plots. c Chronoamperometric durability tests of CP/CTs/Co-S, Pt/C, and
RuO2 electrodes at a fixed HER and/or OER potentials. d Schematic representation of the
operating principle of CP/CTs/Co-S. Reproduced with permission from [134]. Copyright (2016)
American Chemical Society
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Furthermore, to improve the intrinsic activity and anti-oxidation of mono-metal
sulfide, the Fe has doped in NiS2 and developed on the carbon fiber (Fe-NiS2/CF)
by using sulfurization method. Because the active oxygen species formation during
the in situ electrochemical tuning at the OER potential may inhabit the decoupling
of their intrinsic activity. So, Yu et al. mainly focus the OER activity and stability
on this catalyst. The developed Fe-NiS2/CF catalyst shows the improved OER
activity with a lower overpotential of 243 mV at 10 mA cm−2, and it is quite lower
than the mono-metal sulfide and selenide catalysts as discussed above. Also, it
shows the good OER stability even at 100 mA cm−2 current density for over 30 h
with only 24 mV increment. For the overall, WE system was constructed with the
same catalyst and tested their overall water splitting cell potential, which delivers
the 10 mA cm−2 current density with reasonable cell voltage with good stability
[136]. Comparatively, the bi-metal-based chalcogenides/pnictides are improving
the electrocatalytic activities than that of single metal-based catalysts. Accordingly,
Liu et al. explained the bifunctional activity of NiCo2S4 nanowire arrays on the
carbon cloth substrate (NiCo2S4/CC) and compared with NiCo2O4/CC catalyst. In
1 M KOH, this obtained catalyst produces a promising OER and HER current
density of 100 mA cm−2 at an overpotential of 340 and 305 mV, respectively,
which is quite less than NiCo2O4/CC. Importantly, in the overall water splitting the
NiCo2O4/CC catalyst need 300 mV (1.71 V) higher overpotential than NiCo2S4/
CC catalyst (1.68 V). Because, the in situ grown nanowire arrays have more
electrochemical surface with bimetal active sites and direct electron pathways for
the fast electron transfer within the catalyst [137].

Also, some researchers introduced the cobalt-molybdenum sulfides/phosphides
as a remarkable catalyst with enhanced OER and HER activities to the overall water
splitting. For example, an amorphous phosphorus incorporated cobalt-molybdenum
sulfide with the support of carbon cloth (P-CoMoS/CC) has reported by Ray et al.
In the bifunctional activity test, the catalyst exhibits the lower overpotential with
higher mass activity in 1 M KOH. Such electrode-based overall water splitting
system split the water and produce the current density of 10 mA cm−2 at a cell
voltage of 1.54 V (Fig. 19.15a, b). As-prepared catalyst shows the very low OER
and HER charge-transfer resistances of 8.41 and 6.99 X, respectively (Fig. 19.15c,
d), and very high electrochemical surface area (Fig. 19.15e). Also, the significant
activity and very good electron conductivity are due to the more unsaturated active
sites presents in the P-CoMoS as compared with P-CoS catalyst [138].

Recently, Wang et al. fabricated the self-supported NiMoP2 nanowires on carbon
cloth (NiMoP2/CC) by using in situ P/O exchange process (Fig. 19.16) and
explored as an efficient and durable catalyst for full water splitting. Here, the
NiMoP2 nanowire consists of small nanocrystallites, which provides the large
amounts of active sites for the enhanced catalytic activities, including more defects/
dislocations. Also, each nanocrystallite is strongly interconnected and promote the
electron movements during the water-splitting reactions. The NiMoP2 nanowire
catalyst delivers the HER and OER current density of 100 mA cm−2 at 199 and
330 mV overpotential. In two-electrode system, it shows the cell voltage of 1.67 V
at 10 mA cm−2. The reason behind this excellent activity and stability are: (a) in
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Fig. 19.15 a Overall water splitting (Digital image). b Overall water splitting polarization curves
of different two electrode systems in 1 M KOH. Electrochemical impedance spectroscopy
(Nyquist plots) of the various catalysts at a potential of c 1.50 (OER) and d −0.2 V (HER) versus
RHE. Reproduced with permission from [138]. Copyright (2017) American Chemical Society

Fig. 19.16 Schematic illustration of the synthesis of NiMoP2 nanowires on carbon cloth (NiMoP2
NW/CC). Reproduced from Ref. [139] with permission of The Royal Society of Chemistry
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ternary metal phosphide, the Ni and Mo elements merging together has integrated
the oxygen-containing substance; (b) the direct growth on 3D carbon cloth using
in situ method increases the active surface and it is binder-free hierarchical archi-
tecture. So, the fast electron and mass transport with less disintegration tendency
during the reactions; (c) more electroactive sites availability in grain boundary
nanowire structure (NiMoP2). Among all the above discussed catalysts, it shows the
remarkable OER and HER overpotential in alkaline electrolyte [139].

Apart from this, carbon-coated non-precious metals have been reported as
electrocatalyst in acid conditions. For example, carbon-shell-coated FeP nanopar-
ticles has reported as the robust HER electrocatalyst in acid electrolyte environ-
ment. The transition metal-based electrocatalysts are not stable in the acid
conditions. But, the carbon-shell protects the core active sites of FeP from the
oxidation and hold the stable catalytic activity for a long-time [140].

19.6 Summary

Hence, the nanocarbon composites/hybrids are considered as the key non-precious
electrode catalysts in metal–air batteries and water splitting for alternative energy
conversion and production due to their bifunctional electrochemical activity and
excellent stability. So, the widely available electrode materials are helping to attain
the cost-effective energy conversion and production.
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Chapter 20
Applications of Carbon Nanotubes
in Solar Cells

Feijiu Wang and Kazunari Matsuda

20.1 Introduction

Recently, carbon nanotubes (CNTs) have been used in many types of solar cells
with high photovoltaic performance [1–7]. Initially, the CNTs were incorporated
into solar cells as electron acceptors in organic photovoltaic (OPV) devices.
Single-walled carbon nanotubes (SWCNTs) form a heterojunction with the
employed polymer, poly(3-hexylthiophene) used for the effective dissociation of
excitons (bound electron–hole pairs) and the creation of long-lived free charges for
the carrier extraction. Suzuki et al. reported the integration of CNTs into
dye-sensitized solar cells (DSSCs) as a counter electrode material, where the
SWCNTs were deposited onto Teflon membrane filter cells, resulting in a device
with a promising photovoltaic conversion efficiency (PCE) of 4.5% [8]. Moreover,
CNTs have been incorporated into photoelectrochemical cells as additives in
donor–acceptor pairs in conjunction with quantum dots, fullerenes, and many other
photoactive polymers [9, 10].

Progressive studies of CNTs combined with Si, which is a well-understood
semiconductor used in electronic devices, have recently been conducted to elucidate
the mechanisms of photocarrier generation, exciton dissociation, and electron and
hole transport. The typical architecture of a CNT and Si heterojunction (CNT/Si)
device is similar to that of a single-junction crystalline Si solar device except that
p-type or n-type Si is replaced with a thin CNT film to form p-type CNT/n-type Si
(p-CNT/n-Si) or n-type CNT/p-type Si (n-CNT/p-Si) solar cells. The Si in the cells
mainly absorbs photons and generates electron–hole pairs, which diffuse to the
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space-charge region. The electron–hole pairs are separated into free charge carriers
(electrons and holes) under the driving force of the built-in voltage [11]. Through
improvements in CNT films stemming from improvements in fabrication and
chemical modification processes, the photovoltaic conversion efficiency (PCE) of
CNT/Si solar cells has been improved from 1.3 to 17% in p-CNT/n-Si and from
0.01 to 4.62% in n-CNT/p-Si photovoltaic devices within less than a decade
[12–15]. Notably, the p-CNT/n-Si cells show better performance than the n-CNT/
p-Si devices because of their greater open circuit voltage (Voc) and fill factor (FF),
suggesting that the p-CNTs are more promising for use in solar cells.

Organic–inorganic hybrid perovskite solar cells (PSCs), which are a new class of
photovoltaic (PV) device, have shown excellent photovoltaic performance (a cer-
tified efficiency of 22.1%) thus far [16]. However, one of the critical problems with
this type of solar cell is poor stability under ambient and light illumination con-
ditions. The devices typically include a hole transport layer (HTL) between a
perovskite-structured light absorber and a hole-collecting electrode for efficient
charge extraction. However, the performance of HTLs composed of either poly
(triarylamine) (PTAA) or 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9′-
spirobifluorene (spiro-OMeTAD) commonly used in organic–inorganic hybrid
PSCs decays within a very short time under ambient conditions. CNTs are potential
alternative HTL materials for PSCs. Cells fabricated with SWCNTs wrapped with
P3HT as a hole transporter exhibit a power conversion efficiency (PCE) as high as
15.3% with better stability than cells with PTAA or spiro-OMeTAD [17]. In pre-
vious work, we designed a hole transport/electron blocking layer based on an
SWCNT network film combined with graphene oxide (GO) and poly(methyl
methacrylate) (PMMA) to reduce shunt recombination and improve hole-selective
transport. A PCE of 13.3% was attained in PSCs with a SWCNT/GO/PMMA layer,
which is substantially greater than the PCE of the corresponding hole-transport-free
device (3.3%) [18]. This SWCNT/GO/PMMA layer also improved the device
stability by inhibiting the interaction between ambient moisture and the perovskite
layer. In addition to their application as a hole transport material, CNTs have also
been used as flexible transparent electrodes to replace the fluorine-doped tin oxide
(FTO) substrates used for the film devices in PSCs [19].

CNTs have also been used as light absorber and photocarrier generation mate-
rials in solar cells. Yang et al. used semiconducting SWCNTs asymmetrically
contacted with Pd and Sc (or Y) electrodes. Ohmic contact between the Pd electrode
and the valence band (VB) of the SWCNTs as well as between Sc (or Y) and the
conduction band (CB) contributed to barrier-free carrier extraction from the
SWCNTs under illumination and resulted in a PCE of 0.11% in the fabricated solar
cells [21]. The performance of polychiral semiconducting SWCNT/fullerene-based
solar cells also suggests that the SWCNTs participate in both light absorption and
carrier generation [23]. Moreover, Zhou et al. reported that a plasmonic nanos-
tructure effectively promotes the photoelectric response in CNT-based devices [20].
A large number of advanced properties have stimulated interesting studies on solar
cells with CNTs. We here provide an overview of the CNT-based solar cells, with
particular emphasis on CNT/Si- and CNT-based PSCs.
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In this review, we survey the roles of CNTs in solar cells and in CNT/Si- and
CNT-based PSCs, in particular. In Sect. 20.2, we discuss the fundamentals of solar
cells and the general evolution of CNT-based solar cells. In Sect. 20.3, we focus on
CNT/Si solar cells, where the roles of CNTs are discussed in detail. In Sect. 20.4,
PSCs in which CNTs are incorporated as electrodes, HTLs, or effective additives
are demonstrated. In Sect. 20.5, we review the important research related to organic
solar cells and sensitized solar cells with incorporated CNTs. Finally, we summa-
rize the current state of CNT-based photovoltaic devices and future challenges
facing the advancement of CNT-based optoelectronic devices.

20.2 CNTs in Solar Cells

20.2.1 Principle of Solar Cells

A photovoltaic device is designed to convert incident solar energy into electric
power. The photons of the solar light with energy beyond the absorption edge are
absorbed by the semiconducting materials. The electrons in the CB are excited to
the VB, and holes are generated in the VB (Fig. 20.1). The electrons in the CB
quickly decay to the lowest available energy state of the CB, whereas the holes in
the VB decay to the highest energy state of the VB on a timescale on the order of
100 fs (10−13 s). The cooled electrons and holes are separated by the built-in
electric field, and the electrons and holes as carriers are fed to the external circuit as
photogenerated current. Note that the band gap is very important for maintaining
the excited electrons at a sufficiently high energy level long enough to be ejected by
the electrodes. The performance of a photovoltaic device is strongly dependent on
the absorbing materials and on how effectively the carriers are extracted by the
external circuit.

In photovoltaic devices, the junction between two electronically different
materials introduces an electrostatic dipole field at the interface. The electrostatic
dipole field induces a built-in voltage (Vd), which drives the photoexcited electrons

Solar light

< 100 fs
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Conduction

Valence
Eg
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Fig. 20.1 Schematic of light
absorption and carrier
generation in a semiconductor
with a bandgap of Eg. The
electron in the conduction
band is excited to the valence
band, creating a hole in the
valence band. The electrons
(holes) thermalize to the band
edges and are then extracted
by the electrode under the
built-in electric field
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and holes in opposite directions. A built-in voltage can be generated by either a
Schottky (semiconductor/metal) or a p–n (p-type semiconductor/n-type semicon-
ductor) junction. A band diagram of n-type semiconductor/metal Schottky junction
is presented in Fig. 20.2a, where the work function (Un) of the semiconductor is
smaller than that of the metal (Um). The Fermi levels are realigned because of
carriers exchanged across the junction when the interfaces (metal and semicon-
ductor) are connected to each other, resulting in a barrier difference of Um − Un

between the semiconductor and the metal. If no surface states exist, the electrostatic
field generated by the built-in voltage Vd directly corresponds to the energy dif-
ference of Um − Un. The potential difference Vd is shared between the two materials
according to their dielectric permittivities. A p–n junction, as another important
heterojunction, is formed between p-type and n-type semiconductors. Figure 20.2b
shows a schematic of a p–n junction. A dipole electric field is established at the
heterojunction interface because of the difference in work functions, which drives
photoexcited electrons toward the n-type semiconductor side and holes toward the
p-type semiconductor side. In photovoltaic applications, a p–n junction has
advantages over a Schottky barrier junction with low defect densities and a large
built-in voltage.

The excited electron–hole pairs in the photovoltaic process are transported,
collected, and extracted to an external circuit. A mechanism for charge carrier
separation is required, and the intrinsic potential asymmetry for electrons and holes
drives the electrons (holes) away from their point of origin in the solar cell. The
separated electrons and holes as the carriers are extracted and transported to an
external circuit to generate the photocurrent. The photocurrent density of the device
is described as

Jsc ¼ q
Z
QE Eð Þbs Eð ÞdE; ð20:1Þ

where q is the electronic charge, bs(E) is the incident spectral photon flux density,
and QE(E) is the probability that an incident photon with energy E will deliver an
electron to the external circuit, which depends on the absorption coefficient of the
photoactive material and on the efficiency of charge separation and charge col-
lection. A dark current Idark(V), which acts in the opposite direction to the
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Fig. 20.2 a Band diagram of an n-type semiconductor/metal junction in equilibrium under dark
conditions. b Band diagram of the p–n junction in equilibrium
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photocurrent, is generated by the potential difference between the terminals of the
cell. Most of the cells exhibit diode behaver under dark conditions. The dark current
Jdark(V) flowing across the diode under an applied voltage V is given by

Jdark ðVÞ ¼ J0ðeqV=nkBT � 1Þ; ð20:2Þ

where J0 is a constant, n is an ideality factor, kB is Boltzmann’s constant, and T is
the absolute temperature.

The overall current–voltage characteristic can be approximated as the sum of a
short-circuit current and the dark current (Fig. 20.3). Therefore, the net photocur-
rent density in the cell is

J ¼ J0 eqV=nkBT � 1
� �

� Jsc ð20:3Þ

At open circuit, Jdark(V) = Jsc. We obtain an equation for the Voc:

Voc ¼ kT
q
ln

Jsc
J0

+ 1
� �

: ð20:4Þ

In an actual solar cell, the resistance of materials, the resistance between con-
tacts, and the leakage current result in power losses. These resistances are electri-
cally equivalent to two parasitic resistances in series (Rs) and in parallel (Rsh) (inset
of Fig. 20.3). The current density is described as follows if we include the
resistances:

J ¼ J0 eqðV�JARsÞ=nkBT � 1
� �

þ V � JARs

ARsh
� Jsc ð20:5Þ

where A is the effective area of the solar cells. Figure 20.3 shows a typical J–
V curve based on Eq. (20.5). The power density of the solar cell is defined by
P = JV in the bias range from 0 to Voc. The maximum value of P is the cell’s

J
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Jmp
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Fig. 20.3 Current–voltage
curves of a diode under light
and dark conditions. The inset
shows the equivalent circuit
of a solar cell with both series
and shunt resistances
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operating point, at which the voltage and current density are labeled as Vm and Jm,
respectively. The FF is defined as

FF ¼ JmVm

JscVoc
: ð20:6Þ

The efficiency (η) of a solar cell is the power density delivered at the operating
point as a fraction of the incident light power density (Pin):

g ¼ JmVm

Pin
¼ JscVocFF

Pin
; ð20:7Þ

where Jsc, Voc, FF, and η are the important parameters used to characterize the
performance of solar cells.

20.2.2 Roles of CNTs in Solar Cells

20.2.2.1 Carrier Generation

The photocarrier generation in semiconducting SWCNTs (s-SWCNT) has been
extensively studied over the past decade. Figure 20.4 shows a schematic of pho-
tocarrier generation in an s-SWCNT. Freitag et al. investigated the infrared-
laser-excited photoconductivity of individual s-SWCNTs [21]. The mechanism of
photocurrent generation involves resonant excitation of the E22 exciton state in an
s-SWCNT. In particular, the phenomenon of multiple electron–hole pair generation
has also been reported in SWCNTs, where efficient multiple carrier generation from
a single hot E22 exciton occurs [22]. This interesting property, in principle, could
contribute to a higher PCE that overcomes the Shockley–Queisser limit, which is
defined on the basis of the assumption that an absorbed single photon generates a

Fig. 20.4 Schematic of
photocarrier generation in an
s-SWCNT. Reprinted with
permission from Ref. [21].
Copyright 2003 American
Chemical Society
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single electron–hole pair (exciton) in a semiconductor. Shockley and Queisser used
a detailed balance calculation to derive a fundamental limit of photovoltaic con-
version efficiency (PCE) of a single-junction solar cell [23].

The photocurrent quantum efficiency (QE), which is the most important factor in
assessing the incident light conversion to electric power, was calculated as initial
values of 1–5% [24]. Aspitarte et al. reported that a p–n junction device with a
suspended carbon nanotube with a diameter of 2–3 nm could yield a photocurrent
QE of 20–40% [25]. Aspitarte et al. speculated that the CNTs were excited by high
photon energies at the fourth sub-band (S44) and fifth sub-band (S55) states and that
large-diameter CNTs contribute to the high QE, which is consistent with the
increase of QE with increasing nanotubes diameter and decreasing exciton binding
energy [26]. Lee et al. demonstrated the photovoltaic effect in individual SWCNTs
using a p–n junction diode, which demonstrated a PCE of 0.2% [27]. Calculations
predicts that a high PCE of CNT solar cells will be achieved by further improve-
ments of the quality of SWCNTs and of device architecture in the future [28].

Recently, researchers have developed CNT/Si heterojunction solar cells by
taking advantage of the high mobility, conductivity, and transparency of CNTs.
Ong et al. reported the photocurrent response of an SWCNT/Si heterojunction solar
cell fabricated using SWCNTs with a narrow chirality distribution [29]. They
observed a small photocurrent response peak at the E11 exciton band, which
demonstrates that the SWCNTs contribute to the photoconversion process not only
as a charge separator/transporter/collector but also as a light absorber in the
SWCNT/Si heterojunction solar cell.

20.2.2.2 Carrier Transport Material

Because of their high carrier mobility, CNTs show great promise for use as carrier
transport materials in optoelectronic devices. The initial success in the application
of CNTs in solar cells was achieved with organic solar cells in which the CNTs
were used as electron acceptors wrapped with a conjugated polymer [30]. However,
the CNTs yielded relatively low PCEs when used as electron acceptors in photo-
voltaic devices because the Fermi level between the polymer and the nanotubes
realigned to energetically favor hole transfer from the polymer to the nanotubes [31,
32]. Dabera et al. applied CNTs as the hole extraction layer in organic solar cells,
resulting in improved device performance [33].

In principle, the CNTs in organic solar cells mainly play the role of a “bridge” to
facilitate carrier transfer among the organic semiconducting molecules [34]. Three
important factors for carrier transport have been identified:

(1) Metallic CNTs (m-CNTs) are not appropriate for improving the performance
of OPV devices because they induce short circuits, undergo aggregation, introduce
impurities, and exhibit low charge mobility when introduced into organic solar cells
[7, 35]. The carrier mobility is dominated by Schottky barriers from the junctions
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between the m-CNTs and the semiconductors (M–S junctions), leading to poor
solar cell performance. This result is similar to that reported by Topinka et al. for m-
and s-CNT Schottky barriers [36]. However, the chirality separated m- and
s-SWCNTs exhibit higher performance than the mixed m- and s-SWCNTs [37].
The contribution of s-CNTs to the electron charge transfer has been elucidated
through ab initio calculations of polymer/CNT heterojunctions [38]. Moreover, the
CNTs serve as an effective HTL in CNT/Si and PSCs [18].

(2) The morphology and structure of CNTs greatly affect their carrier transport
properties. Highly oriented and isolated SWCNTs coated with a P3HT layer exhibit
high carrier transfer ability [39], which strongly suggests that controlling the dis-
persion of SWCNTs in the polymer is a critical factor affecting photovoltaic
performance.

(3) The chemical doping or surface modification of CNTs can considerably
improve their carrier transport ability because the carrier density can be improved,
reducing the resistance in each individual CNT. Nogueira et al. attempted to mit-
igate the aggregation of SWCNTs through covalent functionalization with thio-
phene moieties and achieved a PCE of 1.48% using functionalized SWCNTs and
P3OT polymer under 1.55 mW/cm2 illumination [40].

20.2.2.3 Transparent Conducting Electrodes

CNTs are considered promising transparent conducting electrode (TCE) materials
because they are fabricated from an abundant raw material; exhibit excellent con-
ductivity, high specular transmittance over a wide spectral range, superior flexi-
bility, and high chemical stability; and are cost-effective to fabricate [41–44]. Ago
et al. first reported the replacement of indium tin oxide (ITO) electrodes with CNTs
in polymer solar cells. They observed an enhanced external quantum yield (EQE),
which they attributed to the interpenetrating network between the polymer and the
MWCNTs and to a higher built-in electric field resulting from the higher work
function of the MWCNTs (5.1 eV) compared with that of ITO [45]. Wu et al.
demonstrated that conductive thin films made from high-purity SWCNTs represent
a promising alternative to ITO [46]. An improved PCE was reported when a
SWCNT layer was substituted for the common ITO electrode [47]. However, the
photovoltaic performance was very low because of the high sheet resistance of the
SWCNT film.

An ideal TCE should exhibit very high light transmission in a broad range from
the UV to the NIR region while simultaneously exhibiting low sheet resistance.
However, a trade-off exists between these two parameters. Ellmer et al. presented a
useful method to judge the properties of a transparent electrode on the basis of the
ratio between its dc electrical conductivity (rdc) and its optical conductivity (rOP),
which is expressed as [48]
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rdc

rOP
¼ 1

2Rsheet

l0
e0

� �1=2

T 0�1 � 1
; ð20:8Þ

where l0 and ɛ0 are the free-space permeability and free-space permittivity,
respectively, T 0 is the transmittance, and Rsheet is the sheet resistance. We can
calculate the rdc/rOP ratio by measuring T 0 and Rsheet and obtain a value for
comparison with the properties of a CNT film. Different rdc/rOP ratios are required
depending on the application. Solar cells usually require high transmittance and low
sheet resistance of the CNT films to ensure efficient energy harvesting and trans-
port. A transfer-printing method was used to produce low sheet resistance CNT
films (200 X/sq) with a high optical transmission of 85% in the visible range [49].
Muramoto et al. fabricated an SWCNT/Si solar cell with a PCE of 10.4% by
utilizing a low sheet resistance (268 X/sq) and high-transmission (90%) CNT film
deposited via vacuum filtration. An SWCNT/Si solar cell with the same window
area and similar transmittance (88%) was fabricated using spray-coated CNTs; the
resultant film exhibited a very high sheet resistance (7600 X/sq) and resulted in a
low PCE of 0.83% [50]. These results strongly suggest that the properties of CNTs
are critical factor affecting the performance of CNT-based solar cells.

Yu et al. [1] fabricated CNT TCEs by various approaches and compared their
performance. To realize the practical applications of CNT electrodes in optoelec-
tronic devices, especially solar cells, further modification of CNTs toward low
resistance but high transparency is needed. The chemical doping of CNTs has been
extensively studied and could drastically improve their electrode performance.
Numerous p-type dopants (e.g., NO2, Br2, HNO3, SOCl2, HCl, AuCl3, FeCl3,
metallic particles, and metal oxides) and n-type dopants (e.g., poly(ethyleneimine)
(PEI), benzyl viologen, and potassium) have been reported. In practice, the p-type
dopants are more promising because the CNTs are slightly p-doped by oxygen
under ambient conditions [51]. In addition to chemical doping, the hybridization of
CNTs with other materials as electrodes has also been investigated. The hybrid
electrodes tend to exhibit improved stability and conductivity.

20.3 Carbon Nanotube/Silicon Solar Cells

Solar cells based on CNT and Si (CNT/Si) heterostructures have been extensively
studied as model devices [52–54]. PCEs greater than 10% have been realized in
CNT/Si solar cells by many groups, and a record efficiency of 17% has been
reported (see Table 20.1). These large improvements in the performance of the
CNT/Si solar cell devices have mainly resulted from various postprocessing tech-
niques and modified device architectures; examples include improvements in the
quality of CNT films [55], carrier doping of CNT films by infiltration of acid [50],
controlling the electronic junctions [56, 57], and coating the CNT/Si surface with an
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Table 20.1 Selected important results of CNT/Si heterojunction solar cells. Note that Si
represents n-type doped Si unless otherwise noted and that rf-SWCNTs refers to
redox-functionalized SWCNTs [59]

Solar cell structure Jsc
(mA/
cm2)

Voc

(V)
FF
(%)

PCE
(%)

Rs (X
cm2)

Active
area
(cm2)

Note

DWCNT/Si [15] 13.8 0.5 19 1.31 14.4–
98

0.49 H2O2 and HCl
rinsed

DWCNT/Si [60] 26 0.54 53 7.4 6.4 0.49 H2O2 and HCl
rinsed

Aligned DWCNT/Si
[61]

33.4 0.54 58 10.5 1.72 0.12 Well-aligned
nanotubes

FCCVD-SWCNT/Si
[55]

30.2 0.59 70 12.5 1.41 0.008 Without doping

SWCNT/textured Si
[62]

33.1 0.55 57.3 10.4 – 0.0314

Pristine-SWCNT/Si
[63]

29.7 0.54 68 10.8 2.48 0.09

MWCNT/Si [64] 30.2 0.55 49 8.1 0.44 0.04

SOCl2-doped
SWCNT/Si [53]

26.5 0.49 35 4.5 4.00 0.25

HNO3/AuCl3-doped
SWCNT/Si [52]

28.6 0.53 74.1 11.2 – 0.09 Super-acid slide
coating method

Acid-doped SWCNT/
Si [65]

36.3 0.53 72 13.8 2.25 0.09 Wet state

Cp2Co-doped
SWCNT/p-Si [12]

24.2 0.43 45 4.62 – 0.09

HF/AgNWs/SWCNT/
p-Si [66]

24.8 0.50 61 7.53 – 0.09 High PCE of the
PV cell with p-Si

AgNWs/SWCNT/Si
[67]

31.0 0.51 69 10.8 – 0.49

GO/CNT/
spiro-OMeTAD/Si
[68]

26.15 0.55 66 9.49 5.48 0.087 Without doping
and antireflective
layer

Electronic-induced
SWCNT/Si [57]

29.8 0.55 73 12.0 – 0.08 Ionic liquid gated
in devices

TiO2/acid-doped
SWCNT/Si [69]

25.32 0.63 52 10.1 – 2.15 Large area

PMMA/acid-doped
aligned DWCNTs/Si
[70]

35.6 0.60 62 13.1 2.00 0.13

rf-SWCNT/Si [59] 36.1 0.54 72.3 14.1 0.51 0.09 Highly stable

TiO2/acid-doped
SWCNT/Si [58]

32 0.61 77 15.1 – 0.15

MoOx-coated
SWCNT/Si [14]

36.6 0.59 78 17.0 1.92 0.008 Record PCE

506 F. Wang and K. Matsuda



antireflection layer [58]. Some important research and the obtained photovoltaic
performances of various CNT/Si solar cells are summarized in Table 20.1.

20.3.1 Effects of CNT Films

The physical properties of CNT films strongly affect the photovoltaic performance of
CNT/Si heterostructure solar cells. The CNT films have been demonstrated to serve
as a semitransparent carrier transport layer in CNTs/Si solar cell devices [71]. Hence,
one of the major factors limiting the photovoltaic efficiency of previously reported
CNT solar cells is likely related to the carrier transport properties of the CNT films.

Wei et al. [15] first reported the application of CNTs in planar solar cells based
on a double-walled carbon nanotube (DWCNT)/Si heterojunction in 2007. An n-Si
wafer with a window of insulating layer was used to pick up a floating DWCNT
film for fabricating DWCNT/Si heterojunction solar cells. The nanotubes function
as both a photocarrier generator and a collection layer in the fabricated devices.
Figure 20.5a shows the prepared nanotube network film, and (b) displays the
photovoltaic performance of a fabricated DWCNT/Si heterojunction solar cell.
A PCE of only 1.3% was achieved in the DWCNT/Si heterojunction solar cell. This
low PCE was caused by a high sheet resistance, which resulted in a low
short-circuit current and a low FF. The same group later achieved a high PCE of
7.4% by reducing the thickness of native silicon oxide on the n-Si window [60]. Di
et al. reported aligned DWCNT films (Fig. 20.5c), which were drawn from a
spinnable nanotube array, for solar cell fabrication [61]. They compared both
aligned and random CNTs and concluded that aligned CNTs prefer to densely cover
the Si substrate to form a high CNT–Si junction density, whereas the random CNTs
result in discrete junctions between the CNTs and Si (Fig. 20.5d). As a result, the
aligned-CNT-film-based solar cells showed a substantially higher PCE than the
randomly dispersed CNT-based devices (Fig. 20.5e). Because of the superior per-
formance of a densely covered CNT network deposited onto a Si substrate to
achieve a high DWCNT–Si junction density, a PCE of 10.5% was achieved without
chemical treatments or other postprocess modifications.

SWCNTs show a competitive conversion efficiency even in the absence of
chemical modifications. Kozawa et al. fabricated solar cells by directly coating a
CoMoCAT (6,5)-rich SWCNT solution onto n-type Si and demonstrated that the
PCE was strongly dependent on the thickness of the SWCNT film [54]. The highest
efficiency of 2.4% achieved at a transmittance of approximately 70% was mainly
attributed by the balance between the effective p–n junction area and the light
intensity based on an equivalent circuit model. The authors noted that the pho-
tocurrent of the devices was mainly generated in the n-Si layer. With the further
optimization, a PCE of 3.4% was achieved by the same group [50]. This relatively
low PCE value was attributed to the high sheet resistance and low transmittance of
the SWCNTs. Our group improved the PCE of SWCNT/Si solar cells by using a
floating-catalyst chemical vapor deposited SWCNT (FC-CVD SWCNT) network
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film, which exhibits a higher rdc/rOP than spray-cast SWCNT films (Fig. 20.6b)
[55, 72]. The fabricated devices showed increased PCEs with a decrease of the
active window area (Fig. 20.6d), which indicates that the sheet resistance of the
SWCNT films plays a critical role in determining the solar cells’ performance. The
SWCNT-thickness-dependent PCE for the different active window areas also
indicates that thicker SWCNTs are preferred in solar cells with a larger window size
to retard the decay of the PCE. These results suggest that we should carefully select
suitable CNT films for a designated window size in solar cells to achieve the best
performance. With the optimization of both the SWCNT film thickness and the
window size of solar cells, the highest PCEs of 12.5, 11.6, 10.6, and 7.2% were
achieved with devices with 1-, 1.5-, 2-, and 3-mm windows, respectively
(Fig. 20.6d). Moreover, the high reproducibility and stability of the photovoltaic
performance of these devices in air were demonstrated (Inset of Fig. 20.6c). These
insights reveal promising strategies for further improving the PCE of cells and
fabricating large-scale CNT solar cells with high PCEs.

MWCNTs have also been used for CNTs/Si solar cells because they are less
expensive than SWCNTs. Castrucci et al. reported a MWCNT/Si device in which

Fig. 20.5 a Scanning electron microscopy image of a DWCNT film. b J–V curves of DWCNT/Si
solar cells. (a and b) adapted with permission from Ref. [15]. Copyright 2007 American Chemical
Society. c Optical image of aligned CNTs on an Si substrate. d Schematic of the connection
between the aligned and random CNTs. e J–V curves of the aligned-CNT/n-Si solar cells and
random-CNT/Si solar cells. (c–e) Reprinted with permission from Ref. [61]. Copyright 2013 John
Wiley & Son, Inc
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MWCNTs served as both a photocurrent generator and a semitransparent electrode
[73]. However, the reported PCE was very low. Nicola et al. reported MWCNT/Si
heterojunction solar cells with a high reproducible PCE of 8 ± 1% by tailoring the
optical and electrical properties of CNTs [64]. The heterojunction between the
MWCNTs and Si extended the spectral absorption from the near-infrared to the
near-UV region, which facilitated charge dissociation and the transport of electrons
to the Si layer.

A comparison of the properties of MWCNTs and SWCNTs and their selection
for further applications is important because many types of CNTs have been used in
solar cells. Grace et al. used suspensions of single-walled, double-walled, and
multiwalled CNTs for a reliable comparison of the differences in cell properties
[74]. The rdc/rOP ratios for all of the films were approximately the same, and a
detailed comparison of the cells was carried out after they were treated with HF and
SOCl2. Their comparison shows that cells with SWCNTs and DWCNTs exhibited
similar PCEs that differed by less than 0.5%, whereas the MWCNT-based devices
exhibited lower PCEs. Grace et al. also noted that large-diameter SWCNT films

(a) (b)

(c) (d)

Fig. 20.6 a Schematic of the structure of a CNT/Si solar cell. b Optical micrograph and scanning
electron microscopy image of an SWCNT film (T 0 � 91%). c Best solar cell performance of
SWCNT/Si solar cells using FC-CVD SWCNT films. The inset shows the reproducibility of the
SWCNT/Si solar cells. d PCEs as a function of window size for devices fabricated using SWCNT
films with various thicknesses. Reprinted with permission from Ref. [55]. Copyright 2014
American Chemical Society
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tended to exhibit the best performance in the CNT/Si solar cells. Harris et al. further
demonstrated that, when chirality purified SWCNTs were used in devices,
different-type and -chirality SWCNTs strongly affected the solar cell performance
[37]. These results strongly suggest that SWCNT properties such as purity, chi-
rality, type, and diameter will strongly affect device performance.

20.3.2 Chemically Functionalized CNTs

The PCE of CNT/Si solar cells can be improved to greater than 10% by the
selection of appropriate CNTs. However, the application of pristine CNTs in solar
cells is still restricted by the mixtures of both s- and m-CNTs and poorly conductive
CNT bundles. Chemical modification effectively improves their properties for solar
cell applications. The conductivity of CNT films is determined by the conductivity
of the individual CNTs and by the contact resistance between CNTs. Chemical
doping improves both aspects by shifting the Fermi level to increase the charge
carrier density and reducing the Schottky barrier height between s- and m-SWCNTs
[7]. Numerous efforts to modify CNTs through chemical doping to improve the
performance of solar cells have been reported, including modification with acids,
metal oxides, gold, and ionic liquid electrolytes.

Li et al. used SOCl2 to modify SWCNT films for an SWCNT/Si solar cell that
showed a 45% improvement in PCE because of modification of the Fermi level and
increases in the carrier concentration and mobility [75]. Hall-effect measurements
demonstrated that the carrier density increased from 3.1 � 1015 to 4.6 � 1017 cm−2

after the SOCl2 treatment. Another effective doping method was reported by Jia
et al.; their process is shown in Fig. 20.7a. The HNO3 infiltrated into the CNT
network and into the interface of the CNT/Si heterojunction, resulting in an increase
of the PCE of doped CNT/Si cells to 13.8 from 6.2% in the pristine cell
(Fig. 20.7c). They also investigated the acid doping effect on the performance of
CNT/Si solar cells and concluded that both a decrease in sheet resistance and an
increase in heterojunction density after HNO3 doping contributed to an increase of
the PCE of the solar cells [65]. Nicola et al. also reported the fabrication of pho-
tovoltaic devices with CNTs treated using HNO3 vapors for 10 s; the devices
exhibited a PCE as high as 12% and a record internal quantum efficiency of 100%
[76].

In addition to acids, gold(III) chloride (AuCl3) has also been reported to enhance
the PCE of CNT/Si solar cells. Li et al. prepared SWCNT films by a super-acid
sliding method and transferred them onto patterned Si wafers to fabricate SWCNT/
Si solar cells [77]. A high PCE of 11.5% was achieved using SWCNTs treated with
the nitric acid and AuCl3 because of a large increase in the Jsc. The Au has been
proposed to function as a precursor for Cl adsorption to effectively improve electron
extraction from the CNTs [78].

Although the wet state doping with acids can increase the performance of solar
cells, the stability of such devices is problematic because of the volatility of the
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acids. The dry-state doping was introduced as an alternative method for improving
both performance and stability. We deposited a layer of molybdenum oxide (MoOx)
onto SWCNTs, which can effectively dope carriers into the CNTs (Fig. 20.7b) [14].
Figure 20.7d shows the IðdV=dIÞ plots for the pristine-SWCNT/Si and MoOx-
SWCNT/Si (SWCNTs with MoOx coating) solar cells as a function of the current
(I). The series resistance (Rs) of the solar cells without and with the MoOx coating
was evaluated from the slope of this plot, and the resistance of the MoOx-SWCNT/
Si solar cell (244 X) was substantially lower than that of the pristine-SWCNT/Si
(360 X). This decrease in series resistance was also confirmed independently by the
two-probe method, indicating that the MoOx could effectively dope carriers into the
CNTs. This result is also consistent with the results of a previous report [79].

Chemical doping can also change the electronic properties of CNTs from p-type
to n-type. CNT films functionalized with PEI to form n-type semiconductors have
been reported [13]. Li et al. introduced cobaltocene (Cp2Co) to improve the n-type
(electron) doping of CNT films, resulting in a PCE of 4.62% with assistance from
the current-stimulated oxygen removal process [12]. Li et al. emphasized that the
oxygen removal process is critical for n-type CNTs and reported a record PCE of
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Fig. 20.7 a Illustration of the CNTs/Si solar cell and infiltration of nitric acid into the CNT
network to form Si-acid-CNT photoelectrochemical units at the interface. b Process of vacuum
evaporation of MoOx onto a CNT film. c J–V curves of the CNTs/Si solar cell. (a and c) Reprinted
with permission from Ref. [65]. Copyright 2011, American Chemical Society. d Series resistance
before and after MoOx coating. Reprinted with permission from Ref. [14]. Copyright 2015, Nature
Publishing Group
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7.53% for SWCNT/p-Si cells when an HF treatment was used to remove the
oxygen [66]. We reported that zinc oxide (ZnO)-assisted b-nicotinamide adenine
dinucleotide (NADH) enabled effective n-type doping into SWCNTs, which we
subsequently used to fabricate n-SWCNT/p-Si solar cells. The PCE of these cells
increased from 1.3% in the absence of ZnO to 4%. This increased performance
arises from a reduction in the loss of solar light reflectance, the efficient extraction
of electrons to the contact, and a decrease in the series resistance of the SWCNTs
[14].

20.3.3 Interfacial Engineering

The performance of a solar cell is not only determined by the materials quality but
also by the structure of the devices. In particular, the interface between different
layers can result in a large recombination loss in the solar cells. In CNT/Si solar
cells, interfacial optimization between the CNTs and the Si was achieved through
comparing the CNT/Si solar cells with and without the native silicon oxide layer.
A low PCE of 1.3% was obtained for CNT/Si solar cells with a native silicon oxide
layer [15]. In the oxide-free CNT/Si solar cells, more efficient heterojunctions were
formed between the CNTs and the Si, resulting in a higher PCE of 7.4% [60]. Jia
et al. also reported the CNT/Si solar cells with a thin oxide layer (1 nm) grown by
immersing the CNT/Si heterojunction into acid to create a CNT-oxide-Si structure.
A PCE of 10.1% was achieved, which is more than 1% greater than that achieved
with a structure without a thin oxide layer (PCE = 8.9%) [80]. The oxide layer in
the solar cells could suppress the dark saturation current, inhibiting recombination
and leading to an increase of both the Voc and the minority carrier lifetime. An
organic interlayer between the SWCNTs and the Si also could minimize the
recombination loss at the interface [68]. Spiro-OMeTAD was used as an interlayer
between a GO/SWCNT/Si heterojunction. The authors speculated that the organic
interlayer improves the diode properties and increases the Schottky barrier height,
resulting in a large Voc. Moreover, the spiro-OMeTAD interlayer could improve the
stability of devices by avoiding the formation of SiO2 on the Si substrate under
ambient conditions, which could drastically reduce the performance if the SiO2

thickness exceeded 2 nm [68].
Wadhwa et al. reported a novel method for improving CNTs/Si solar cells

through electronic junction control using an ionic liquid gate of 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-BTI) (Fig. 20.8a, b).
The device exhibited a PCE of 8.5%, which was dynamically and reversibly
adjustable between 4 and 11% via the ionic liquid gating [56]. The mechanism of
the electronic junction control was explained by considering the gate-induced
modulation of the CNTs’ Fermi level and the gate-modulated control of the
interface dipole at the junction (Fig. 20.8c). The interface dipole also could be
controlled by inserting materials between the SWCNTs and the electrode of Au via
the effective hole extraction layer. The deposition of MoOx between the SWCNT
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and the Au electrode in SWCNT/Si solar cells was reported to modify the SWCNT
surface potential and to optimize the SWCNT/Au band alignment. The change in
the band alignment due to the insertion of the MoOx layer promoted photocarrier
extraction from the SWCNTs to the Au electrode. The MoOx could enhance the
photovoltaic performance by preventing current leakage and consequent
counter-diode formation [81]. SWCNT/Si solar cells with and without insertion of
the MoOx layer between the SWCNT network and the Au have been reported.
Figure 20.9a shows the performance of both pristine-SWCNT/Si and MoOx-
SWCNT/Si solar cells. The pristine-SWCNT/Si solar cell shows a Jsc of 29.4 mA/
cm2, an FF of 65%, and a Voc of 0.58 V, which results in a PCE of 11.2%. For the
MoOx-SWCNT/Si solar cell, the Jsc, FF, and Voc were 31 mA/cm2, 78%, and
0.59 V, respectively, and an improved PCE of 14.2% was attained. The enhance-
ment in the PCE mainly arises from a reduction of the energy barrier (Fig. 20.9b, c)
for charge carrier (hole) extraction and efficient transport over the interface between
the SWCNT film and the Au contact, which increases the Jsc and FF values.
Because of the interfacial modification, both the recombination loss and the contact
resistance of the MoOx-SWCNT/Si solar cells were reduced.

20.3.4 Optical Absorption in Solar Cells

The large difference in the refractive index between air and Si results in a sub-
stantial power loss by a high reflectance of approximately 30–40% in the range
from the UV to the visible region [14]. Thus, a strategy to improve the optical
absorption is quite important to improving the performance. A mature technology is

Fig. 20.8 a Structure of an electrically gated nanotube/Si solar cell. b Cross-section of the solar
cell structure. c J–V curves of the device with variation of the gate voltage. The inset shows the
change in built-in potential Vbi due to more or less Si band bending with the gate voltage.
Reprinted with permission from Ref. [56]. Copyright 2010, American Chemical Society
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to etch the Si surface with an alkaline solution to form a random pyramid to
improve the light scattering and absorption. Muramoto et al. reported, for the first
time, microsized pyramids formed on a CNT/Si active window using a dilute
sodium hydroxide solution [62]. The pyramid effectively improved the incident
light absorption, leading to a high PCE of 10.4%, which is a substantial
improvement (*27%) compared with that without pyramid textures. This sub-
stantial improvement of PCEs mainly arises from an increase of the Jsc. Moreover,
the polymer coating on the CNT films to improve the optical absorption has also
been investigated. The PMMA was used in the CNT/Si solar cells as an
antireflection layer, which reduces the reflectance up to less than 10% in the
wavelength range from 600 to 1000 nm and results in an increase of the Jsc from
24.3 to 35.6 mA/cm2 [70]. Other polymers such as PDMS and polystyrene have
also been reported as antireflection coatings for CNT/Si solar cells [82].
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Numerous researchers are interested in the polymers used in CNT/Si solar cells
because they not only reduce the reflectance to increase the PCE but also protect the
CNTs and the Si from moisture and oxygen to improve device stability [82]. In
addition to polymers, metal oxides have also been used to enhance the optical
absorption of CNT/Si solar cells. Shi et al. reported the effect of TiO2 uniformly
dispersed onto the SWCNT/Si solar cells to reduce the solar light reflection
(Fig. 20.10a) [58]. The Jsc of the cell improved from 24.4 to 32.2 mA/cm2 after the
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TiO2 coating was applied; the enhanced Jsc is very similar to the calculated values
before (23.8 mA/cm2) and after (31.7 mA/cm2) the antireflection layer coating was
applied (Fig. 20.10f). Note that the optimized layer thickness of TiO2 for best
optical absorption is 68 nm, in agreement with the reported value (70 nm) to
minimize the light reflection (Fig. 20.10d).

MoOx can also contribute to an increase of the optical absorption in solar cells
(Fig. 20.10b, c) [14]. The reflectance spectra of the SWCNT/Si solar cells without
and with an MoOx layer are shown in Fig. 20.10e. The reflectivity (R) of the
SWCNT/Si was approximately 30% and was reduced to less than 20% over the
entire spectral region from 300 to 1100 nm by the MoOx coating. The Jsc of the
device, therefore, was improved from 29 to 35 mA/cm2. The substantial increase in
the short-circuit current density is due to the deposition of the MoOx on the active
area of the cell as an antireflection layer, contributing higher PCE than without
MoOx (Fig. 20.10g). The increase in the Jsc of 5.9 mA/cm2 was calculated on the
basis of the difference in reflectivity of the pristine-SWCNT/Si and the MoOx-
SWCNT/Si; this increase in the Jsc was approximately the same as the experi-
mentally obtained value of 6 mA/cm2. The role of the MoOx layer was to reduce the
refractive index mismatch between the Si and the air because MoOx has an inter-
mediate refractive index (n0 = 2.2) [83]. The increase of the optical absorption in
the MoOx-SWCNT/Si solar cell reduces the loss of solar light and increases the
photocarrier generation because the MoOx layer operates as an antireflection layer.

20.4 Carbon Nanotubes in Perovskite Solar Cells

The organo-lead halide perovskites CH3NH3PbX3 (X = Cl, Br, I) have attracted
much interest since the first report of their use in solar cells [84]. Their direct
bandgaps, large absorption coefficients, and high charge carrier mobilities render
them very promising photoactive layers in photovoltaic devices. PSCs constructed
from mesoporous scaffolds, perovskite light absorbers (such as CH3NH3PbI3), and
organic HTLs have exhibited outstanding performance [85]. The continuous
improvement and engineering of interfaces [86, 87], solvents [88], and materials
[89] have led to a substantial increase in the PCEs of PSCs from the first reported
value of 3.8% to greater than 20% [16, 84]. However, many problems remain
unsolved for the realistic application of organo-lead halide PSCs, such as the
instability of both the perovskite and the organic transport layer when exposed to
the atmosphere. By contrast, CNTs, being a chemically stable, flexible, and highly
conductive material, have the prospect of wide application as the flexible electrode,
HTL, and additives in the PSCs. A schematic of the typical device structure
includes FTO, a dense TiO2 layer, a mesoporous TiO2 layer, the perovskite, a
HTM, and a metal electrode, as shown in Fig. 20.11a. The CNTs could replace the
HTM in the PSCs, as shown in Fig. 20.11b. Although different operating principles
of PSCs have been reported, the most widely accepted one is similar to the oper-
ating principle of DSSCs, where the electron injection from the dye molecules is
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Table 20.2 Performance of PSCs functioned by CNTs

Configuration of PSC Jsc
(mA cm−2)

Voc

(V)
FF
(%)

PCE
(%)

Note

FTO/cTiO2/TiO2/MAPbI3/Al2O3/
SWCNT + carbon [92]

21.26 1.01 69 14.7 CNTs doped in
carbon electrode

FTO/c-TiO2/TiO2/MAPbI3/Al2O3/
I-CSCNT/PMMA [93]

17.22 0.853 71 10.54

FTO/c-TiO2/TiO2/MAPbI3/CNT [94] 15.46 0.88 51 6.87 First publication on
the use of CNTs in
PSCs

FTO/c-TiO2/TiO2/(FAPbI3)0.85
(MAPbI3)0.15/SWCNT [95]

20.3 0.97 46 9.1

FTO/c-TiO2/TiO2/(FAPbI3)0.85
(MAPbI3)0.15/spiro-OMeTAD/
SWCNT [95]

20.3 1.1 61 13.6 Without metal
electrode

FTO/c-TiO2/TiO2/MAPbI3/CNT [96] 18.54 0.703 60 7.83

FTO/c-TiO2/TiO2/Cs5(MA0.17FA0.83)
Pb(I0.83Br0.17)3/spiro-OMeTAD/
SWCNT [97]

21 1.12 71 16.6 Very high PCE

Ti/TNT/MAPbI3/spiro-OMeTAD/
CNTs [98]

14.36 0.99 68 8.31 Ti-foil-based flexible
devices

FTO/c-TiO2/TiO2/MAPbI3/MWCNT
[99]

15.6 0.88 75 10.3 Negligible hysteresis

ITO/c-TiO2/MAPbI3/CNT [100] 15.9 0.91 65.6 9.49 Fiber-type solar cells

FTO/c-TiO2/TiO2/MAPbI3/
CNTs@P3HT [101]

22.7 0.91 65 13.43

FTO/cTiO2/TiO2/MAPbI3/SWCNT/
GO/PMMA/Au [18]

20.1 0.95 61 11.7 All carbon for hole
transport

FTO/c-TiO2/TiO2/MAPbBr3/CNTs/
PMMA/Au [102]

5.86 1.31 75 5.76

FTO/c-TiO2/Al2O3/perovskite/P3HT/
SWCNT-spiro-OMeTAD(stratified)/
Ag [103]

21.4 1.02 71 15.4

FTO/c-TiO2/MAPbI3/spiro-OMeTAD/
MWCNTs/Au [104]

21.6 1.1 69.2 15.1

FTO/c-TiO2/MAPbI3/s-SWCNTs/Au
[105]

20.8 1.07 73 16.1 Semiconducting
carbon nanotubes

FTO/c-TiO2/TiO2/MAPbI3/
spiro-OMeTAD/
spiro-OMeTAD + MWCNTs/Au
[106]

22.13 0.76 62 10.42

FTO/c-TiO2/TiO2/MAPbI3/
SWCNT-PhOMe/P3HT/Au [107]

22 0.854 62 11.6

FTO/c-TiO2/MAPbI3/
spiro-OMeTAD + f-SWCNTs/Ag
[108]

16.6 1 58 9.6 (7,6)-enriched
SWCNTs

FTO/c-TiO2/TiO2/MAPbI3/
P3HT-BCN(1 w%)/Au [109]

18.75 0.86 52 8.3 Doped in HTL
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driven by the energy level gradient between the TiO2 and dye interface [90]. The
detailed mechanism has been reported in other papers [90, 91]. Here, we mainly
focus on recent progress in elucidating the roles of CNTs in PSCs. Table 20.2
presented major results of PSCs by using CNTs.

20.4.1 CNT-Based Electrodes

CNTs have been extensively used as electrode materials in PSCs because they can
realize a high PCE with greater stability than PSCs with a metal electrode even in
the absence of an expensive organic HTM. In the first studies where CNTs were
used as the counter electrode in mesostructured PSCs, a free-standing SWCNT film
was laminated onto the perovskite layer as a cathode (Fig. 20.12a) [94]. In the
resulting device, the CNT film plays the roles of both hole transporter and electrode,
and the obtained PCE of the PSCs with a CNT cathode was 6.87% (Fig. 20.12b),
which is higher than that of an otherwise identical PSC with an Au electrode
(5.14%). This result indicates that CNTs can outperform precious metals as elec-
trode materials in PSCs. Moreover, the efficiency of the PSC fabricated with the
CNT cathode was improved to 9.9% when the CNTs were doped with
spiro-OMeTAD. Wei et al. reported that MWCNTs could be used to replace the
metal as the back electrode in PSCs [99]. They achieved a PCE of 12.67% with a
very high FF of 0.80, which is attributed to the superior conductivity of the
MWCNTs and low recombination loss at the CH3NH3PbI3/MWCNT interface. The
devices with MWCNTs display a negligible hysteresis of only 1.53%, which is
much smaller than those of devices with spiro-OMeTAD and HTM-free PSCs. Wei
et al. attributed the very low hysteresis in the devices with MWCNTs to the
extraordinary charge transport along the MWCNTs.

In addition to improving the solar cell efficiency, upgrading the CNT properties
is another effective approach to improving solar cell performance. The use of
chirality-sorted CNTs in PSCs would bring a remarkable improvement in perfor-
mance because the chirality-sorted CNTs could improve the carrier selectivity
[110]. Another simple method is chemically doping CNTs to improve their con-
ductivity, thereby enabling a high charge extraction rate. Thus, the chemical

Au
Spiro-OMeTAD

Perovskite/m-TiO2

FTOc -TiO2 c -TiO2 FTO

CNT filmAu

Perovskite/m-TiO2

(a) (b)

Fig. 20.11 a Structure of a typical PSC with a spiro-OMeTAD HTL. b Structure of a PSC with a
CNT HTL
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functionalization of CNTs to further improve the performance of solar cells is a
promising approach. Zheng et al. doped boron (B) into CNTs for use as the counter
electrode in a PSC [111]. The devices fabricated using the B-MWCNTs as the back
electrode for hole collection and transport showed a PCE (14.6%) substantially
greater than that of devices without B-MWCNTs (10.7%). They further improved
the PCE to 15.23% (Fig. 20.12d) by depositing a thin Al2O3 layer between the TiO2

and the perovskite layer; the Al2O3 layer functions as an insulating barrier to avoid
possible leakage between the m-TiO2 and the B-MWCNTs and further reduces the
charge carrier losses by restraining the charge recombination processes

Fig. 20.12 a Schematic of a PSC with a CNT film. b J–V curves. (a, b) Adapted with permission
from Ref. [94]. Copyright 2014, American Chemical Society. c Schematic of B-doped MWCNT
solar cells. d J–V curves. (c, d) Adapted with permission from Ref. [111]. Copyright 2017,
American Chemical Society. e Structure of a fiber solar cells with CNTs as electrode. Reprinted
with permission from Ref. [112]. Copyright 2014, John Wiley & Son, Inc
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(Fig. 20.12c). The PSCs with MWCNTs show negligible hysteresis behavior and
also impressive durability and stability, as also reported by other groups [99].
The SWCNT films infiltrated with spiro-OMeTAD were used as electrodes in
PSCs, which yielded a PCE greater than 16% with better stability than PSCs with
metal electrodes [97]. Li et al. introduced SWCNTs into a hole-collecting carbon
electrode composed of graphite and carbon black. Their study showed that the
addition of 0.05 wt% SWCNTs to the carbon composite improve the PCE of the
device from 9.9 to 14.7%, mainly by improving the Voc and the FF [92].

CNTs are considered an ideal transparent electrode material for flexible devices
because of their extraordinary network properties. Jeon et al. fabricated inverted
PSCs using HNO3-functionalized SWCNTs as a front transparent conductive
electrode to replace the commercial ITO transparent electrode. They achieved a
PCE of 5.38% in PSCs on polyethylene terephthalate (PET) substrates [19]. Wang
et al. demonstrated a solid-state, flexible PSC based on an electrode composed of Ti
foil and transparent CNTs, where the CNTs were laminated on top of a perovskite
layer as the hole collector and the transparent electrode for light illumination [98].
The best PCE of 8.31% was attained using spiro-OMeTAD covered by CNTs. The
device’s tolerance to mechanical bending was tested, and the device was found to
operate at approximately 85% of its initial PCE after 100 bending cycles.
A coaxial-fiber-shaped PSC with excellent flexibility was fabricated using stainless
steel wires with a TiO2 blocking layer, CH3NH3PbI3, spiro-OMeTAD, and CNTs as
the anode, absorber, HTL, and cathode, respectively (Fig. 20.12e) [112]. The CNTs
function as a flexible and conductive electrode in the flexible solar cell, which
yields a PCE of 3.3%. A PCE of 6.8% was realized by improving the coverage of
the perovskite layer, which prevents direct contact between the electron transport
material and the CNT sheet electrode. Because of the high series resistance of the
CNT electrode, Ag was introduced to increase its conductivity; a 7.1% of PCE was
attained upon optimization of the Ag thickness [113]. With further improvements in
the perovskite crystal size, a 9.49% PCE was attained because of a substantial
improvement of the lifetime of charge carriers [100]. The fabricated devices
maintained better than 90% of their initial PCE after 500 bending cycles at a
bending curvature radius of 7.5 mm. More interestingly, the photovoltaic param-
eters Jsc, Voc, and FF were independent of the incident light illumination angle
because of the symmetric coaxial structure of the devices.

20.4.2 CNT-Based Carrier-Selective Layer

Spiro-OMeTAD, PTAA, and P3HT are effective HTMs in PSCs. However, the
high cost and poor long-term stability of many organic hole conductors prompts the
further development of hole collection and transport layers. CNTs are an ideal
alternative material because of their high stability and high hole conductivity. The
initial use of CNTs as a hole-collecting layer was reported by Habisreutinger et al.,
who directly deposited the polymer-wrapped SWCNTs onto the perovskite surface
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and then coated them with an inert polymer layer [17]. The polymer-wrapped
SWCNTs act as a carrier-selective transport layer, which results in a PCE as high as
15.3%. The SWCNTs effectively extract the photogenerated holes from the per-
ovskite to the cathode, while the inert polymer matrix could eliminate shunting
pathways and reduce recombination losses between the perovskite film and the
metal electrode. The best performance device yielding a PCE of 15.4% with a low
series resistance of 1.8 X/cm2 was achieved by replacing the inert polymer with an
organic matrix (spiro-OMeTAD). The photovoltage decay of devices with the
spiro-OMeTAD and the SWCNTs/spiro-OMeTAD demonstrated that the charge
extraction rate was approximately one order of magnitude greater when the CNTs
were present [103].

The CNT network filling with PMMA without HTM for improving the stability
of devices has also been reported [33]. Figure 20.13a exhibits the architecture of
CH3NH3PbI3/SWCNT/GO/PMMA PSC devices, which could yield a Jsc of
20.1 mA/cm2, a Voc of 0.95 V, and an FF of 61%, resulting in a PCE (η) of 11.7%
(Fig. 20.13e). The SWCNT layer functions as an efficient carrier dissociation and
hole extraction layer. The photoluminescence (PL) and time-resolved PL of per-
ovskite and perovskite/SWCNT thin films were compared to elucidate the charge
extraction properties. The PL intensity in the perovskite/SWCNT is drastically
quenched, and the time-resolved PL shows shorter carrier lifetime for the
perovskite/SWCNT than for a perovskite layer without the CNTs, which suggests
that the SWCNT layer plays an effective role in charge carrier dissociation and
extraction across the interface between the perovskite and the SWCNTs. However,
the SWCNTs, whose bandgap is narrower than that of CH3NH3PbI3, cannot block
the electron leakage, resulting in recombination losses at the interface. By contrast,
the much larger bandgap of the GO compared with that of the perovskite and the
SWCNTs may enable the GO to serve as an effective electron blocking layer.
Figure 20.13c shows the energy levels of a perovskite/SWCNT/GO solar cell,
where the bandgaps for CH3NH3PbI3 and s-SWCNT films (diameter: 1.6 nm) were
approximately 1.6 and 0.9 eV, respectively [14, 114]. The energy barrier between
the perovskite and the GO layer effectively limits the electron diffusion, preventing
carrier recombination loss at the anode and increasing the Voc value. The stability of
the perovskite/SWCNT/GO/PMMA solar cell is much better than that of the
perovskite/spiro-OMeTAD solar cell because of the inert PMMA layer, which
functions as an effective barrier to moisture and oxygen penetration and prevents
degradation of the organo-lead perovskite.

Ihly et al. reported highly enriched s-SWCNT films as a hole extraction layer for
PSCs, where the enriched s-SWCNT films provide a material-specific spectroscopic
signature that enables tracking of the charge extraction and recombination and
enables very long-lived charge separation [105]. The carrier transport dynamics in
the CH3NH3PbI3 layer with the SWCNTs were demonstrated; the process is shown
in Fig. 20.13b. The processes of both photogenerated carriers in the pristine
CH3NH3PbI3 layer extracted by the SWCNTs and extracted carrier back transfer or
recombination at the SWCNT/perovskite interface were investigated using
time-resolved spectroscopy. Figure 20.13d shows that the generated hole was
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extracted from the perovskite to the s-SWCNTs extremely fast (sub-picosecond
after carrier generation). Once transferred into the SWCNTs, the holes show a long
lifetime, which is several orders of magnitude longer than that in the perovskite
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Fig. 20.13 a Schematic of a perovskite/SWCNT/GO/PMMA solar cell. c Band alignment and
e typical J–V curve of a perovskite/SWCNT/GO solar cell. The inset shows a histogram of the
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from Ref. [105]. Copyright 2016, The Royal Society of Chemistry
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layer (Fig. 20.13f). These results indicate that s-SWCNTs establish the appropriate
interfacial energetics to facilitate fast charge extraction and very slow recombina-
tion. A 5-nm-thick SWCNT film was used as the HTL between the perovskite and
doped spiro-OMeTAD to enhance the charge extraction, resulting in an improve-
ment of the PCE from 14.7 to 16.5%.

Wang et al. used MWCNT/spiro-OMeTAD as the HTL in PSCs to improve the
devices’ performance [106]. The electron lifetime was improved by the MWCNTs,
resulting in a low recombination in the PSCs with the MWCNTs. They also
demonstrated that MWCNTs in the HTL could reduce current loss during the
charge transfer process and result in an enhanced Jsc. Acid-treated MWCNTs for
improving device performance were reported by the same group [115]. A PCE of
8.7% was achieved because the acid treatment improved the dispersibility of
MWCNTs because of the p–p interactions between the –COOH groups and the
spiro-OMeTAD.

20.4.3 CNTs as Additives

The CNTs have been also used in organic solar cells and DSSCs as dopants to
improve the carrier dissociation, extraction, and transport [116]. This strategy has
also been applied in PSCs. Batmunkh et al. incorporated SWCNTs into the TiO2

nanofiber (NF) photoelectrode for the PSCs, which significantly improved the PCE
of the devices [3]. The SWCNTs provide fast electron transport pathways within the
TiO2 NF photoelectrode, resulting in an increase in the Jsc. Simultaneously, the
energy level of the photoelectrodes was optimized by the introduction of SWCNTs,
which improved the Voc of the devices. Furthermore, SWCNTs introduced into the
TiO2 NFs reduced the hysteresis effect and improved the stability of the PSCs.
A best PCE of 14.03% was achieved using an optimized concentration of SWCNTs
both in the compact TiO2 layer and in the photoelectrode. In subsequent work, the
same group [117] reported a best PCE of 16.11% for PSCs with 0.10 wt%
SWCNTs incorporated into their TiO2 photoelectrode. The obtained PCE is sig-
nificantly higher than the highest PCE of 13.53% for a control PSC fabricated
without SWCNTs in its photoelectrode.

The SWCNTs functionalized with oligophenylenevinylenes drastically
improved the performance and reproducibility of the PSCs. Cai et al. used CNTs to
improve the charge transport properties in the P3HT hole transport material for
PSCs [109]. The SWCNTs effectively enhance the crystallization of the polymer,
whereas the MWCNTs enhance its conductivity. The CNTs used in the studies were
a mixture of SWCNTs and MWCNTs for structural reasons; these mixtures were
dubbed “bamboo-like carbon nanotubes.” The performance of the P3HT solutions
with low concentrations of CNTs was investigated in devices, and the highest PCE
obtained was 8.3% for the device with a CNT loading of 1 wt%. The improvement
resulting from the incorporation of the CNT additives was ascribed to the improved

20 Applications of Carbon Nanotubes in Solar Cells 523



crystallinity and grain size of P3HT for effective hole extraction and transport,
which is consistent with the findings of previous reports [118].

Gatti et al. reported the incorporation of both organic functionalized SWCNTs
and reduced GO in the P3HT matrix for PSCs [107]. A PCE of *11% was attained
in a device with 2 wt% SWCNTs in the P3HT blend used as a hole extraction layer.
The observed results indicate that the improvement of the performance could be
linked with the enhancement of local contacts at the hybrid interfaces, such as the
perovskite/HTM and the HTM/top electrode interfaces, leading to an effective
extraction of the photogenerated carriers from the HTM in the presence of CNTs.
They also noted that the stability of the solar cells was remarkably improved by the
incorporation of CNT-doped P3HT.

The enriched semiconducting (7,6)-SWCNTs with chemical functionalization
were used to dope the spiro-MeOTAD as the HTL in PSCs, which yielded a
maximum PCE of 9.6% [108]. MWCNTs were also used as additives to improve
the conductivity of spiro-OMeTAD; however, because of back-electron transfers,
cell performance suffered when the CNTs were allowed to contact the perovskite
layer directly [104]. The authors coated an additional layer of spiro-OMeTAD
between the perovskite and the MWCNT/spiro-OMeTAD hybrid layer as a barrier
to improve the performance of PSCs. When the concentration of CNTs was con-
trolled and the structures were optimized, the loading of 2 wt% of MWCNTs in the
spiro-OMeTAD solution improved the PCE from 12.8 to 15.1%.

The CNTs have also been doped into the perovskite layer for improving the
grain size and reducing recombination losses. Bag et al. reported the incorporation
of MWCNTs into the perovskite layer, which drastically reduced the recombination
losses and the charge accumulation at the perovskite/PEDOT:PSS interface [119].
Zhang et al. demonstrated that the incorporation of sulfonate CNTs could enhance
the grain size and reduce the grain boundary of the perovskite layer [120].

20.5 CNTs in Other Solar Cells

20.5.1 Organic Photovoltaics

The typical structure of an OPV device is shown in Fig. 20.14a; it is composed of a
transparent conductive electrode (ITO or FTO glass), an HTL, an active layer, and a
back electrode with a lower-work-function metal such as Al. In the OPV systems,
CNT films have been incorporated into devices as the transparent anode, the
cathode, the hole extraction layer, and the electron acceptor [4, 7]. Chaudhary et al.
incorporated CNT films into OPVs and found that the use of SWCNTs as the anode
or HTL improved the devices’ performance [10]. These findings indicate that the
SWCNTs can be made suitable for use in the HTL either through tuning the
nanotube Fermi level [31] or through p-type doping effects. Barnes et al. reported
using an SWCNT film as the transparent electrode to replace both the ITO electrode
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and the HTL. However, Lagemaat et al. found that an HTL was still required for
efficient charge extraction [121]. Nevertheless, the SWCNTs have displayed several
advantages such as the flexibility of nanotubes much better than conventional
transparent electrodes of ITO and FTO [49]. However, the CNTs could be also used
as the electron acceptor in polymer solar cells, which always exhibit poor perfor-
mance [30, 122–124]. The observed low PCEs are caused by large connections
between m-CNTs and polymers; these connects result from the stronger electro-
static interaction induced by the charge transfer, which results in large recombi-
nation and inefficient performance [38]. Moreover, the use of CNTs as an additive
dispersed in P3HT to enhance the P3HT:PCBM solar cell performance has been
reported [125]; this approach increases the hole mobility and reduces carrier
recombination [126].

The utilization of SWCNTs as additives in PTB7:PCBM OPVs results in a high
PCE of 6.3%, suggesting that the SWCNTs can be used as additives in modern
OPV blends. The SWCNTs were utilized as light-harvesting materials in OPV
devices for the exciton dissociation and the electron transfer [127, 128]. The authors
initially used a polyfluorene sorting route to achieve a monochiral dispersion of
SWCNTs and a PCE of *1% [4]. An EQE of 43% was achieved but only at the
sharp van Hove singularities of SWCNTs, which could harvest the energy only in a
fraction of the solar spectrum [129]. Thus, a polychiral distribution of s-SWCNTs
was used to broaden the solar light-harvesting, resulting in an average certified PCE
of 2.5% and a highest PCE of 3.1% [130]. Moreover, Ihly et al. demonstrated that
the driving force and reorganization energy could result in efficient photoinduced
electron transfer between the SWCNTs and fullerene derivatives, indicating that
further improvements to the SWCNT/acceptor systems could be realized through
the selection of appropriate of SWCNT donor materials and fullerene derivatives
[131]. Notably, the CNT active layer in the solar cells strongly absorbs light in the
near-infrared region, which enables the harnessing of a portion of the solar spec-
trum that is currently inaccessible to many other thin-film OPV technologies.

(b)(a)

Active layer Electrolyte
Dye/TiO2

Pt

TCO glassglass
TCOETM

HTL
Metal electrode

Fig. 20.14 a Structures of organic photovoltaics; ETM and HTL represent the electron transport
material and HTL, respectively. b Structure of dye-sensitized solar cells
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20.5.2 Sensitized Solar Cells

A typical DSSC geometry is shown in Fig. 20.14b; it consists of a thin mesoporous
TiO2 layer with adsorbed dye molecules, a catalytic counter electrode [Pt-coated
transparent conducting oxide (TCO)], and a redox-active electrolyte. CNTs have
been used as the transparent conductive film in either the counter electrode or the
photoanode. Aitola et al. deposited a SWCNT film onto a PET substrate as a
counter electrode (ITO and Pt free) in the DSSC, resulting in a PCE of only 0.74%.
The PCE of 1.53% was obtained using nitrogen (N)-doped CNTs as the counter
electrode, which generates free electrons for easy reduction of the electrolyte and
enhances the performance. Recently, Arbab et al. reported a textile fabric counter
electrode containing activated charcoal (AC)-doped MWCNTs for N719-dye
DSSCs [132]. They confirmed that the carbon composite exhibited a high elec-
trocatalytic activity and showed a low charge transfer resistance, which resulted in a
high PCE of 7.29%. A reference solar cell prepared using an FTO counter electrode
exhibited a PCE of 7.16%, suggesting that the carbon fabric composite electrode is
promising as a counter electrode for DSSCs. The CNTs function as an alternative
electrode material to conventional TCOs in Pt-based counter electrodes for DSSCs,
where the CNTs and the Pt salts can be dispersed well with the assistance of poly
(oxyethylene)-backboned polyimide. The fabricated DSSC showed a PCE of
6.96%, which is similar to PCE of the cell fabricated with a Pt/FTO counter
electrode [133].

CNTs are a promising candidate to replace the catalyst layer (Pt) in DSSCs
[134–136]. Both SWCNTs and MWCNTs have been investigated as the catalyst
layer in devices, which show comparable performance to the Pt-based cells [8, 137].
These results are ascribed to the excellent electrocatalytic activity, low charge
transfer resistance, and high conductivity of CNTs. The presence of defects in
CNTs is one of the critical factors for the electron transfer to enhance the catalytic
rate at the counter electrode–electrolyte interface [137]. Thus, the “bamboo”-
structured MWCNTs with abundant defects was used as the counter electrode
material of a DSSC, which yielded a high PCE of 7.67%. Moreover, highly purified
and well-aligned CNTs on an FTO substrate as the counter electrode for a DSSC
have been reported; the resultant devices show a high PCE of 10.04%, which is
even higher than the PCEs of devices fabricated with benchmark Pt-counter elec-
trodes of 8.8% [138]. These results strongly suggest that CNTs are a promising
material for use in counter electrodes to realize higher PCEs in DSSCs.

CNT films are also a potential alternative to TCO-coated glass used as the
photoanode in DSSCs. Wei et al. reported a flexible solid-state DSSC with
CNT-coated PET as the transparent electrode [139]. Because of the high sheet
resistance (250 X/sq) and low transmittance (T 0 = 65%), the PCE of the resultant
devices was less than 0.5%. Du et al. improved the PCE of DSSCs to 2.5% by
employing the electrodeposited CNT film (Rs = 470 X/sq at 86% transmittance) as
the photoanode [140]. Compared with the PCE of 3.7% for ITO/PET-based devices
(15 � Rs � 70 X/sq at T 0 � 85%), the CNT-based photoanode is promising
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because the optoelectronic properties of CNTs could be much improved. Kyaw
et al. proposed TiOx coating onto sulfuric-acid-doped CNT films to reduce the
charge recombination between the nanotubes and the electrolyte [141]. A PCE of
1.8% was achieved in a DSSC with a TiOx/CNT electrode, which was substantially
higher than that of devices fabricated using CNT films without TiOx (PCE of
0.004%).

CNTs have been incorporated into the semiconducting layer of DSSCs to reduce
recombination and improve electron transport. Sawatsuk et al. reported a high PCE
of 10.29% for CNT/TiO2 photoelectrode-based DSSCs, which is higher than the
PCE of benchmark cells with a TiO2-only electrode (6.31%) [142]. The concen-
tration of CNTs doped into the semiconducting layer plays a critical role in
determining the performance of the DSSCs. Grace et al. reported that typical
concentrations with and without chemically modified CNTs range from 0.1 to 0.3
wt% and from 0.01 to 0.03 wt%, respectively [143]. Dang et al. achieved an
impressive result by first doping the TiO2 to semiconducting SWCNTs in the
DSSCs and achieved a record PCE of 10.6% [144]. The s-SWCNTs with a band
gap could transport the electrons from the conduction band to the electrode quickly
without recombination. Moreover, the electron diffusion length was also improved
after incorporation of the s-SWCNTs. These results indicate that the collection of
electrons from dye molecules to the electrode can be more effective if s-SWCNTs
are incorporated into the semiconducting layer.

20.6 Summary and Future Outlook

CNTs have many superior structural, electronic, and optical properties that render
them suitable for solar cell applications. First, they have been extensively used as
transparent conductive electrodes in several types of solar cells because of their
excellent conductivity, superior flexibility with low brittleness, and high transmit-
tance over a broad spectral range. Although solar cells with a CNT electrode usually
show a slightly lower PCE than those fabricated using convectional electrodes, they
are still very promising as transparent electrodes because the properties of the CNTs
can be further improved. Second, the CNTs also play the role of an HTL in the
photovoltaic devices, especially PSCs, where the CNTs enable the rapid extraction
of holes with suppression of recombination and raise the quasi-Fermi level in the
perovskite, thereby increasing the driving force for electron injection into the TiO2

[105]. The CNTs associated with GO or spiro-OMeTAD for both the HTL and the
electron blocking layer could further improve the performance. However, the
CNT HTL improves the stability of solar cells, which is strongly required for the
commercialization of devices. Third, CNTs can be doped into the photoelectrode to
improve the electron injection to the TiO2 and can be doped into the active layer of
a solar cell to effectively dissociate the excitons and to collect and transport the
carriers to the external circuit. The s-SWCNTs with a bandgap that enables the
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effective transport of electrons from the conduction band to the electrode quickly
improve the diffusion length of the holes. Finally, the photocurrent generation in
s-SWCNTs is quite interesting for solar cells. Theoretical estimations suggest that
the PCE of CNT p–n junction devices will increase with decreasing tube diameter,
irrespective of the exciton diffusion length [47]. Moreover, carrier multiplication in
the CNTs is, in principle, highly promising for solar cells whose performance
exceeds the thermodynamic limitation.

Although CNTs have been intensively studied and have been shown to exhibit
numerous superior properties, many problems toward the industrial application of
CNTs in solar cells remain to be solved. First, most of the CNTs used in investi-
gations are mixtures of both s- and m-nanotubes, which causes Schottky barriers
because of their different bandgaps and work functions, resulting in a high contact
resistance. Moreover, in some specific applications, high-quality single-chirality
nanotubes are strongly required. Second, most of the synthesis methods of CNTs
are energy-intensive, and producing large area CNT films is still expensive.
Moreover, the issue of long-term stability in CNT-based devices remains unre-
solved. In particular, chemically doped CNTs do not maintain adequate long-term
performance for use in solar cell applications. Also, UV light could de-dope or
cause traps in the CNTs, which would result in high sheet resistance. Thus, the
controlled and precise synthesis of high-quality single-chirality CNTs via a
low-cost fabrication process will be important not only for solar cells but also for
many other devices. Despite the great challenges, the future of CNTs is very
promising because of their unique properties for many applications.
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Chapter 21
Photon Energy Up-conversion
in Carbon Nanotubes

Yuhei Miyauchi

21.1 Introduction

Single-walled carbon nanotubes (SWNTs) [1] (Fig. 21.1) are nanostructures in
which graphene is rolled up in a cylindrical shape with a diameter of the order of 1
to several nanometers and a length of several hundred nanometers or more. Their
physical properties are determined by their structures. In particular, their band gaps
can be in the range from zero (metal) to more than 1 eV (semiconductor),
depending on their diameter and the roll-up direction [2]. The structure of a
nanotube can be specified by two integers (n, m) called chiral indices; for example,
the indices (6, 5) refer to a semiconducting SWNT with a diameter of about 0.8 nm.
Semiconducting SWNTs show photoluminescence (PL) that originates from the
recombination of excitons [3–5] (hydrogen-like bound states of electrons and holes
via Coulomb interaction that are generated via photon absorption). The emission
wavelength of semiconducting SWNTs with a diameter of the order of 0.6–1.3 nm
is within the near-infrared wavelength range of about 800–1600 nm [5, 6].

Attempts to apply near-infrared PL of SWNTs for luminescent imaging of the
deep inside of the living animal’s body [7–12] and brain tissues [13] have recently
attracted much attention. Using the PL of SWNTs in the near-infrared region of
about 1000–1700 nm, which is called NIR-II, the observable depth in biological
tissues can be maximized via a combination of relatively small light absorption of
water constituting the living body and low light scattering of the biological tissues
for the near-infrared light. Thus far, this concept has been demonstrated, for
example, by the injection of aqueous dispersion of SWNTs into blood vessels of
small animals such as mice [7, 8], which enables the luminescence imaging of the
vessels and organs in the deep inside of the small animal’s body. A long-term
monitoring of nitrogen oxide generation in living mice using the PL of SWNTs has
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also been proposed [12]. However, near-infrared light with the wavelengths of
1000 nm or more can hardly be detected using conventional silicon-based image
sensors. Therefore, these applications require to newly introduce an expensive
compound semiconductor-based near-infrared image detector, which has prevented
the widespread application of SWNTs as luminescent probes for deep-tissue PL
imaging.

21.2 Up-conversion Photoluminescence Phenomenon

PL phenomena found in typical materials follow Stokes’ law of luminescence [14]
(empirical rule that the wavelength of emission is longer than that of excitation
light). In contrast, up-conversion PL (UCPL) [15] (also called anti-Stokes PL) is a
luminescence phenomenon that does not follow Stokes’ law. In the up-conversion
light-emission process, light emission with a wavelength shorter than that of the
light irradiated on the material can be obtained. The wavelength and energy of a
photon are inversely proportional to each other. Therefore, in a UCPL process, the
photons of higher energy are emitted from the material compared to the photon
energy that was initially given to it.

Figure 21.2 schematizes the difference between (a) normal Stokes PL and
(b) UCPL. In the usual Stokes light-emission process, electrons in the material
absorb the energy of the irradiated high-energy (short wavelength) photons and are
launched into a high-energy state; then, they release heat to lose energy and finally
emit lower energy (long wavelength) photons than the irradiated photons. In con-
trast, in the case wherein up-conversion luminescence that is capable of obtaining
high-energy (short wavelength) luminescence via light irradiation with low-energy
(long wavelength) photons exists, electrons in the material absorb low-energy
photons and are excited to an intermediate energy level; thereafter, they are excited
to a higher energy state (energy up-conversion) by obtaining additional energy via
some internal mechanism. Then, the electrons (or excitons) experience the process
of releasing energy as light from a higher energy state.

Fig. 21.1 Schematic of a
single-walled carbon
nanotube
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Such a unique light-emission phenomenon may seem to be strange at first
glance. However, special materials that exhibit outstanding UCPL are equipped
with specific mechanisms that enable efficient UCPL. For example, in ceramics
doped with rare earth elements, UCPL occurs when two or more photons are
absorbed in multiple stages because of the discrete energy level structure of rare
earth ions [15]. Some organic dye molecules can emit photons with higher energy
than incident photons via a process called triplet–triplet annihilation in which
electrons can be excited to a higher energy singlet state via the diffusion-collision of
molecules in the excited triplet state [16, 17]. Furthermore, in some semiconductors,
thermal up-conversion occurs owing to the excitation of photoexcited electrons to a
high-energy state by receiving thermal (phonon) energy in solids [18, 19].

Several unique applications have been proposed for materials exhibiting efficient
UCPL. For example, energy harvesting in the unused light wavelength region
below the bandgap of silicon in photoelectric conversion [16, 17, 20], biological
tissue imaging using the advantage of UCPL with strongly suppressed
autofluorescence [21], application of up-conversion multicolor luminescence to
color display [22], application to laser [23], and optical cooling of solid using
thermally pumped UCPL of semiconductors [18, 24] have been proposed.

21.3 Up-conversion Photoluminescence of Carbon
Nanotubes

As already mentioned, the biological tissues have high transparency for the light in
the near-infrared wavelength region (wavelength of about 700–1700 nm); if a
material that generates efficient UCPL in this region can be realized, it is optimum

(a) (b)

Fig. 21.2 Energy diagram of a Stokes PL and b up-conversion PL. The horizontal dashed lines
represent the intermediate levels that are initially photoexcited in each process. |X〉 and |0〉 are the
excited states that emit PL and ground states, respectively
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for biological imaging through the deep tissue of the living body with suppressed
autofluorescence. Thus, developing new up-conversion luminescent probes in this
wavelength range has been considered to be an important issue [21]. Recently, we
found that when light with long wavelength (low energy) of about 1100–1200 nm
is irradiated to an aqueous dispersion of (6, 5) SWNTs, UCPL with a short
wavelength (high energy) of 950–1000 nm can be efficiently obtained [25].
Figure 21.3 shows the near-infrared UCPL of a nanotube dispersion photographed
using a silicon-based electron multiplying (EM) CCD camera. SWNTs dispersed in
D2O using a surfactant were used as the sample. Light with a wavelength of about
1100 nm (photon energy of about 1.13 eV) was irradiated to the dispersion con-
tained in the quartz cuvette, and light with a wavelength of 950–1000 nm (photon
energy of about 1.24–1.3 eV) was selected using optical filters and photographed
from the front. Although the wavelength of the irradiated light (1100 nm) is
sufficiently longer than the light wavelength (950–1000 nm) observed, the light
emission of 1000 nm or less could be clearly observed.

Figure 21.4 shows the spectra of Stokes PL (referred to as PL in the figure)
[under irradiation with a wavelength of 568 nm (photon energy 2.18 eV)] and
UCPL [under light irradiation with a wavelength of 1100 nm (photon energy
1.13 eV)] of the SWNTs dispersion. For comparison, the vertical axis is normal-
ized. The peak of the UCPL feature was observed at almost the same wavelength

Fig. 21.3 Optical image of aqueous dispersion of SWNTs in a quartz cell (left) and UCPL image
(Right). The excitation power density was 200 mW/cm2. Reproduction from [25] (Licensed under
CC BY 4.0) https://creativecommons.org/licenses/by/4.0/
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(photon energy) as in the case of normal PL from (6, 5) SWNTs. Furthermore,
recent microscopic spectroscopy observations have confirmed that each individual
SWNT emits UCPL [26].

21.4 Mechanism of the Up-conversion

First, the possibilities of multiphoton absorption or anti-Stokes Raman scattering
are conceivable as mechanisms for the up-conversion light emission. Therefore, we
measured the dependences of excitation energy and excitation strength for verifying
the possibility of the above mechanisms [25]. As a result, these possibilities were
denied from the following experimental results (i) and (ii): (i) Excitation intensity
dependence showing weak saturation behavior was observed. This eliminates the
possibility of coherent multiphoton absorption because in the case of multiphoton
absorption, excitation intensity dependence should exhibit nonlinear behavior of
either second or higher order. (ii) Even when the excitation photon energy changed,
the energy of the emission peak remained almost constant. From this result, the
possibility of being anti-Stokes Raman scattering is excluded, because the energy
difference between emission and excitation photons should be constant in the case
of Raman scattering.

If neither multiphoton absorption nor Raman scattering takes place, the next
mechanism to be suspected is the possibility of energy up-conversion caused by the
absorption of the thermal (phonon) energy. If the energy up-conversion is caused by
the thermal (phonon) energy absorption, the up-conversion emission intensity is

Fig. 21.4 Comparison of
Stokes PL (dotted curve) and
UCPL spectra (solid curve) of
SWNTs dispersion. The
photon energy of emission is
shown on the lower horizontal
axis, and the corresponding
optical wavelength is shown
on the upper horizontal axis.
Reproduction from [25]
(Licensed under CC BY 4.0)
https://creativecommons.org/
licenses/by/4.0/
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expected to exhibit characteristic temperature dependence. Therefore, we examined
the temperature dependence of the up-conversion emission intensity. Figure 21.5
shows the results of measurements performed at different temperatures.
Figure 21.5a shows up-conversion emission spectra measured at the temperatures
of 281 and 297 K; even with a slight temperature difference, if the temperature is
high, the up-conversion emission intensity increases. Figure 21.5b is a plot of
Stokes PL intensity (peak integrated intensity) (IPL) and UCPL intensity (peak
integrated intensity) (IUCPL) as functions of temperature, respectively. As shown in
Fig. 21.5b, IPL and IUCPL show completely different temperature dependence.

Figure 21.5c shows the semilogarithmic plot of the up-conversion emission
intensity normalized by the Stokes emission intensity (IUCPL/IPL) under the same
temperature condition as a function of reciprocal temperature (Arrhenius plot). The
dotted line in Fig. 21.5c shows the dependency that is well reproduced using the
Arrhenius equation [/ exp (−Ea/kBT)] when the activation energy Ea is about
120 meV (where kB and T are Boltzmann constant and temperature, respectively).
The experiment in Fig. 21.5 is performed under the excitation energy of 1.13 eV,
and the energy gain (difference in excitation and emission photon energy) in UCPL
is about 130 meV. Therefore, the result in Fig. 21.5c conforms to the Arrhenius
equation for the activation energy Ea, which is almost equal to the energy gain. This
strongly suggests that UCPL of SWNTs is enabled by the absorption of thermal
energy (phonons). Considering a large energy gain of 120 meV or more, there is a
high possibility that optical phonons with high energies more than 100 meV are
involved.

One of the remaining mysteries is the identity of the intermediate energy level
(the level shown by the horizontal dotted line in Fig. 21.2b), which is the starting
point of the energy up-conversion process. The near-infrared photoexcitation
energy (*1.1 eV or less) used for the observation of UCPL is sufficiently lower
than the lowest free exciton energy (E11 at *1.26 eV) in (6, 5) SWNTs; however,

Fig. 21.5 a Comparison of UCPL spectra at temperatures of 297 and 281 K. b Temperature
dependence of UCPL intensity (IUCPL) and Stokes PL intensity (IPL). Arrows are guides to the eye.
c Arrhenius plot of IUCPL/IPL. The dotted line is a fit according to Arrhenius equation with the
activation energy Ea = 120 meV. Reproduction from [25] (Licensed under CC BY 4.0) https://
creativecommons.org/licenses/by/4.0/
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in this energy region, there is no intrinsic exciton level that can be excited by light.
In principle, the anti-Stokes process accompanied by nonresonant excitation to the
virtual level and phonon absorption could occur. However, the excitation intensity
dependence of the up-conversion emission showed a weak saturation behavior [25],
and it is rather suspected that there is a real state that causes absorption saturation
because of the state-filling effect.

As a candidate for such a low-energy intermediate level, optically active mid-gap
localized states [27–36] that could be introduced by the formation of point defects
on the nanotube wall could be considered. Such a localized state is known to be
introduced by either oxygen-atom doping [27, 29, 31, 34] or sp3 defect generation
[30, 33, 35, 37]. Although, the SWNTs used in the experiments shown in
Figs. 21.3, 21.4, and 21.5 were not subjected to special defect introduction treat-
ment, due to accidental defect generation in the sample preparation process, the
possibility of introducing a certain type of mid-gap localized state is conceivable.
Therefore, the hypothesis that the localized state originating from the point defect
functions as an intermediate state serving as the starting point of the UCPL is
worthy of verification.

To verify the aforementioned hypothesis, we intentionally introduced point
defects (oxygen-atom dope [27] and sp3 defect [30]) by applying the chemical
treatments to carbon nanotubes; owing to this, changes in UCPL spectra were
observed. Figure 21.6a shows the Stokes PL spectrum (2.18 eV excitation) of (6, 5)
SWNTs in which localized states were introduced by oxygen-atom doping on the
nanotube wall. As shown in Fig. 21.6a, in SWNTs after the localized state intro-
duction, new emission peaks appear around 1.05–1.15 eV because of the formation
of optically active localized exciton states. Figure 21.6b shows the UCPL spectrum
at the excitation photon energy of 1.08 eV before and after the introduction of the
localized states. The UCPL intensity after the introduction of the localized state is
clearly larger than that before the introduction. Experiments using various excita-
tion light energies have confirmed that the enhancement rate of the UCPL intensity
is the greatest around the excitation photon energy of 1.08 eV [25]. Since this
photon energy substantially coincides with the energy of the luminescence peak
newly appeared at *1.1 eV after the introduction of the localized state shown in
Fig. 21.6a, the result strongly suggests that the localized exciton states function as
an intermediate state at the starting point of the energy up-conversion process. The
enhancement of the UCPL by intentional defect introduction suggests a possibility
of engineering the efficiency of UCPL by controlling the density and nature of the
localized state that acts as an intermediate state [36].

From the detailed analysis, the quantum efficiency of the up-conversion from the
intermediate localized level to the free exciton level has been estimated to be on the
order of 10−1 at room temperature for an energy gain of 120 meV [25]. However, it
is still unclear as to how such a large energy upward conversion of about five times
or more than the energy of the room temperature (about 26 meV) is possible with
such efficiency under room temperature conditions. With regard to this question, we
have reported that a quantitatively consistent explanation is possible by considering
a model incorporating the one-dimensional diffusion motion of excitons on an

21 Photon Energy Up-conversion in Carbon Nanotubes 543



SWNT [25]. Although details are omitted herein, after the excitons are photogen-
erated at the localized intermediate level, they are up-converted to the
one-dimensional free exciton state by the absorption of thermal energy (phonons),
and low-energy acoustic phonon scattering immediately induces rapid diffusive
exciton migration along the nanotube axis direction, and most of the excitons that
are up-converted can be immediately transported to positions spatially separated
from the localized state (Fig. 21.7). Once the excitons are up-converted to the free
exciton states, the possibility of these excitons returning to the original localized
state can be reduced. This unique exciton dynamics may significantly suppress the
process of returning the excitons to the initial localized state; as a consequence,

(a)

(b)

Fig. 21.6 a Comparison of
Stokes PL spectra before and
after introduction of localized
state by oxygen-doping
procedure. Excitation photon
energy was 2.18 eV.
b Comparison of UCPL
spectra before and after the
introduction of the localized
states. The excitation photon
energy was 1.08 eV.
Reproduction from [25]
(Licensed under CC BY 4.0)
https://creativecommons.org/
licenses/by/4.0/
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Fig. 21.7 Schematic of the
photoexcitation at a localized
state induced by a point
defect, exciton up-conversion
to the intrinsic free exciton
state, its migration along the
nanotube axis, and light
emission from the free exciton
state at the higher energy than
the excitation photon energy
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exciton energy up-conversion that jumps over the energy difference more than five
times of the thermal energy of the room temperature can be realized with relatively
high efficiency.

21.5 Outlook

At the end of this chapter, the applicability of the UCPL of SWNTs will be
discussed by focusing on the results that we have examined so far. With regard to
the application of luminescence of SWNTs, two major directions have been pro-
posed. One is the application as a light source in near-infrared optoelectronics [6,
38–42], whereas the other application corresponds to biosensing or imaging [7–13,
43]. We expect that the discovery of the efficient UCPL of SWNTs has an important
impact, particularly on the latter. By utilizing the PL of SWNTs in the NIR-II
biological window under irradiation with excitation light at a wavelength of about
800 nm (photon energy of about 1.55 eV), successful PL imaging of blood vessels
and organs in deep tissues have been reported [7, 8, 11]. However, for photoex-
citation at around 800 nm, autofluorescence of living tissues cannot be avoided up
to about 1050 nm. Thus, for high contrast observation, luminescence signals in the
wavelength range shorter than *1100 nm must be removed using optical filters.

However, as described above, to perform PL imaging in the long wavelength
region exceeding 1100 nm, image sensors based on a widely used silicon semi-
conductor (such as CCD and CMOS sensors) cannot be used; an expensive com-
pound semiconductor-based detector should be introduced to perform PL imaging.
Using UCPL of SWNTs, it is possible to swap the wavelength regions of excitation
and emission light for avoiding the above problem. For example, using an inex-
pensive continuous wave solid-state laser with a wavelength of 1064 nm as a light
source (since UCPL of SWNTs is a one-photon process, an expensive ultrashort
pulse laser as commonly used in multiphoton microscopy is unnecessary), a
silicon-based camera can be used for the image acquisition because UCPL in
SWNTs (for example, (6, 5) nanotubes) has a wavelength of free exciton emission
of less than 1000 nm. Using SWNTs with smaller diameters such as (5, 4) nan-
otubes [44], it is expected that UCPL can also be generated at the wavelength of
around 800 nm with excitation light in the wavelength range of *850–1000 nm;
even a standard photomultiplier tube can be used to detect UCPL for this case.

Herein, we demonstrate the results of UCPL imaging of SWNTs embedded in a
mock tissue [25] to confirm the potential applicability of the UCPL for the
deep-tissue imaging. Figure 21.8a shows an image of a sample in which the
SWNTs dispersion is confined in a “7” shape (a region surrounded by dotted lines)
in a transparent resin spread over the bottom of a glass dish. In addition, as shown
in Fig. 21.8b, a white mock tissue (1% Intralipid® [8] with light scattering
parameters similar to those of a biological tissue) is placed on the surface to embed
the SWNTs inside the mock tissue.

In the visible image (Fig. 21.8b), the mock tissue is completely opaque, and the
nanotube dispersion sample embedded behind it or the background honeycomb grid

21 Photon Energy Up-conversion in Carbon Nanotubes 545



pattern (printed on a paper for comparison) could not be observed. Figure 21.8c
shows a UCPL image of the sample before it was covered by the mock tissue. Here,
incident light with a wavelength of 1064 nm (photon energy: 1.165 eV) was irra-
diated, and an emission image with a wavelength of 950–1000 nm was acquired
using a silicon EMCCD camera. The UCPL from SWNTs that is placed in the
center of the glass dish is clearly observed (“7” shape). Figure 21.8d shows an
up-conversion emission image after coating with the 4-mm-thick mock tissue, and
the figure shows the UCPL from the SWNTs embedded behind the mock tissue.
These results suggest the usefulness of the UCPL of SWNTs in imaging deep inside
light scatterers such as a living body.

21.6 Summary and Remaining Issues

In this chapter, the recent discovery of efficient UCPL phenomenon in SWNTs, its
mechanism, and its applicability to deep-tissue bioimaging were outlined.
The UCPL is a new optical function of SWNTs triggered by the existence of
defect-induced localized states that lead to conversion of thermal energy to exciton
energy, which consequently enable photon energy up-conversion in SWNTs.
Although the basic mechanism of the UCPL phenomena in SWNTs has been
proposed and confirmed as outlined in this chapter, the precise value of the
up-conversion quantum yield and its dependence on the nanotube structure still
remain to be clarified. An optimal engineering method to enhance the efficiency of

10 mm

(a)

(b) (d)

(c)

Fig. 21.8 a Optical image of a nanotube dispersion (a region surrounded by a black dotted line)
encapsulated in a resin spread on the bottom of a transparent glass dish. b An image of the glass
dish covered with light scatterers imitating living tissue. c A UCPL image of the sample (without
light scatterer) in (a). d UCPL image of SWNTs dispersion placed behind light scatterer with
thickness of 4 mm. The wavelength of the incident light in (c) and (d) was 1064 nm, photographed
using a silicon-based EMCCD camera. The excitation light power density was about 6 mW/cm2.
Reproduction from [25] (Licensed under CC BY 4.0) https://creativecommons.org/licenses/by/4.0/
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the UCPL also remains to be developed. Based on the various findings introduced
in this chapter, the next challenge will be to further improve the efficiency of the
UCPL of SWNTs and to apply it to deep-tissue imaging of actual biological targets.
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Chapter 22
Carbon Nanotube-Based Thermoelectric
Devices

Tsuyohiko Fujigaya

22.1 Introduction

Thermoelectric (TE) conversion is one of the key technologies to realize a sus-
tainable society since large quantities of energy [1, 2] have been wasted as heat [3];
therefore recovery of heat into electricity via TE technology is quite attractive.
A number of semiconducting materials including inorganic [4, 5] and organic
materials [6–8] function as TE materials that directly convert heat into electricity
via a carrier movement in the materials based on the Seebeck effect. Especially,
inorganic materials such as bismuth telluride (Bi2Te3), Si/Ge, and PbTe have been
intensively studied due to their high power factors that originated from the large
Seebeck coefficients ranging from 100 to 45,000 lV K−1 [4, 5] and high carrier
conductivity. Recently, TE system is also attracting strong interests for flexible
batteries with increasing needs for the wearable devices using our body as a heat
source [9–15]. For such applications, especially, transition metal dicharcogenite
[16], conducting polymers [6–8, 17–21] including poly(3,4-ethylenedioxythiphene)
(PEDOT) doped with poly(styrenesulfonate) (PSS) [26] and acid-doped polyani-
lines (PANi), and carbon materials such as carbon nanotubes (CNTs) [22–25]
together with their composites [26–30] are extensively studied due to their flexi-
bility, lightness, nontoxicity to our skin, material abundance, production scalability,
and so on. Since the conversion efficiency of TE materials can be evaluated by the
dimensionless figure of merit, ZT = S2rT/j, where S, r, T, and j denote the
Seebeck coefficient, electrical conductivity, absolute temperature, and thermal
conductivity, respectively [6, 7], the materials with a high Seebeck coefficient, high
electrical conductivity, and low thermal conductivity are desired for an effective TE
conversion [31]. In the conventional inorganic TE materials such as Bi2Te3, ZT
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value often exceeds 1 near room temperature [32]. Among these candidates, CNTs
are considered as the most promising materials primally because of their high
electrical conductivity (104–105 S/cm) even without doping. Although thermal
conductivity of single CNT is quite high (more than 3000 W/m K), the films made
of many CNTs, so-called buckypapers, have a rather low thermal conductivity due
to the thermal resistance at the CNT–CNT contact, thus the CNT sheets have been
used for the TE studies.

In the CNT family including single-walled CNTs (SWNTs), especially
semiconducting-type SWNTs, are quite promising due to their large Seebeck
coefficient [33–36]. Indeed, Maniwa et al. reported that a sorted semiconducting
SWNT film shows a very large Seebeck coefficient (170 lV K−1 at 300 K) [37]. So
far, most of the reported polymer-based and CNT-based TE materials have a
positive Seebeck coefficient, i.e., p-type TE materials, while fewer reports have
been published on the n-type TE materials since the n-type polymer- and
CNT-based materials are usually unstable and easily react with oxygen and/or water
in air. The CNTs shows p-type nature in atmospheric condition because of
oxygen-doping and, therefore, needs electron doping with electron donors. Up to
date, electron donors such as alkali metal [38], hydrazine [39–41], and sodium
borohydride (NaBH4) [42, 43], polyethyleneimine (PEI) [44–48], coenzyme [49],
viologen [50], 1H-benzoimidazole derivatives [51], triphenylphosphine [17],
amino-substituted Rylene dimide [52], n-type Bi2Te3 [53], and silver telluride
nanowires [54] were reported to form the n-type CNTs [55, 56]. However, air
stability of the n-type SWNTs had been insufficient and was an obstacle to develop
SWNT-based TE devices [57–59]. In order to solve such a problem, several
approaches including polymer wrapping [42, 60] and deposition of inorganic layer
[59] were tried but the stability was only shorter than a month under atmospheric
condition.

22.2 N-Doping of SWNT by Cobaltocene
and Benzimidazole Derivative

In our study, we chose two types of dopants, cobaltocene (CoCp2), Fig. 22.1a) [61,
62] and 2-aryl-1,3-dimethyl-2,3-dihydro-1H-benzo[d]imidazole (o-MeO-DMBI,
Fig. 22.1b). We chose CoCp2 since it was reported that the stability of the mole-
cules was improved by encapsulation inside SWNTs [63] and o-MeO-DMBI was
chosen since n-doping of the SWNT by o-MeO-DMBI has already been reported
[64–67]. The CoCp2@SWNTs were synthesized according to a previous method
[61], the non-doped SWNT film was dipped in an ethanol solution of
o-MeO-DMBI (50.0 mM) for 10 min, followed by vacuum drying at room tem-
perature for 12 h. The encapsulation of CoCp2 and the doping of o-MeO-DMBI
were confirmed by X-ray photoelectron spectroscopy (XPS) measurements. We
clearly observed peaks at around 780 and 795 eV assignable to Co3+, while no such
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peak was recognized in the empty SWNTs. For o-MeO-DMBI-doped, a peak at
401.5 eV ascribable to N+ [68] was detected in N 1s region, indicating the o-
MeO-DMBI formed cation species after the SWNT doping as proposed by Bao
et al. [29]. The non-doped SWNT film showed a positive (45.3 lV K−1 at 320 K)
Seebeck coefficient due to the p-type nature of the pristine SWNT film under
atmospheric conditions [69]. On the other hand, the CoCp2@SWNT film and o-
MeO-DMBI-doped SWNT film showed a negative Seebeck coefficient of ca. −41.8
and −43.0 lV K−1 at 320 K, respectively, which was maintained in the tempera-
ture range of 30–90 °C, indicating the successful n-doping of the film. On the other
hand, electrical conductivity was increased to 43,200 S m−1 and 62,000 S m−1 for
CoCp2@SWNT and o-MeO-DMBI SWNT, respectively, at 30 °C These values
allowed us to calculate the power factor (S2r [W m−1 K−2]). The power factor of
the CoCp2@SWNT and o-MeO-DMBI SWNT were 75.4 and 129.0 lW m−1 K−2

at 320 K, which is much larger than that of the SWNT film due to its higher
electrical conductivity than that of the empty SWNT film, and the value was larger
than any other reported n-type SWNT-based materials.

22.3 Air Stability of N-doped SWNT Films

In order to evaluate the air stability of the n-type nature, the Seebeck coefficient of
the film was monitored. As plotted in Fig. 22.2 (red dots), the Seebeck coefficient of
the o-MeO-DMBI-doped SWNTs shows a constant negative value of ca.
−43 lV K−1 during the stability test [70], while that of the CoCp2@SWNT
gradually turned to p-type Fig. 22.2 (blue dots) [71]. We assumed that remarkable
air stability of o-MeO-DMBI-doped SWNT film was due to the stable coverage of
the negatively charged n-doped SWNT by the air-stable o-MeO-DMBI cation
through a strong Coulomb interaction to suppress the access of oxygen. On the
other hand, in the case of CoCp2@SWNT, oxygen molecules can be adsorbed on
the SWNT surface to oxidize the n-doped SWNT gradually. DMBI derivatives are
known to act as a reducing agent via either hydride, hydrogen atom + 1 electron or
2 electron + proton transfer pathways. In addition, DMBI derivatives themselves
are stable under atmospheric conditions and the cationic form of DMBI derivatives
after the above transfers are also stable under atmospheric conditions [64]. Owing
to their unique reactivity and stability, DMBI derivatives have been used as a
reducing agent for various organic syntheses [72, 73] such as hydrogen evolution
[74], artificial photosynthesis [75], organic semiconductor [76], and solar cell [77].

Co
N

N H
MeO

(a) (b)Fig. 22.1 Chemical
structures of a CoCp2 and
b o-MeO-DMBI
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We believe that the DMBI derivatives are promising candidates for SWNT TE
application.

Before our report, Nonoguchi and Kawai et al. reported the pioneering work of
the air-stable SWNTs based on the doping by salt anions, such as Cl−, BH4

−, and
OH−, in which the counter cations were stabilized by a tetraalkylammonium
(R4 N+) or crown ether [78]. They pointed to the importance of the size of the
counter cation to compensate the negatively charged SWNTs to realize a good air
stability [78]. They found that KOH-doped SWNT stabilized by benzo-18-crown
ether provided stable n-type nature even under 100 °C for over 600 h. In this case,
hydroxide donated electron to SWNTs to provide negative charge to the SWNT and
this negative charge was then stabilized with the cationic crown ether complex
through electrostatic attraction. Therefore, it is considered that larger crown ether
complexes likely block adsorption of atmospheric O2 effectively improving the
n-type lifetime of the CNTs either through electrostatic rejection by the oxygen in
the crown ether or by simple physical blocking. After our report [70], they also
reported air-stable n-type SWNT (over an 800 h) using triphenylmethane carbinol
base (TPM-CB) generated from malachite green. Although malachite green also
possesses a positive charge that is able to resonate throughout its structure, they
demonstrated the advantage of the TPM-CB over regular malachite green. It was
found that while malachite green did partially n-type dope the SWNTs (only
2.5 lV K−1), doping with TPM-CB drastically altered the Seebeck coefficient to
−59 lV K−1. In the pH-controlled basic solution, insoluble TPM-CB nanoparticles
were formed and the stability of the cationic TPM-CB nanoparticles contributed to
the n-type air stability [79].

Finally, in order to evaluate the in-plane ZT value (ZT) of the n-doped SWNTs,
we determined the in-plane thermal conductivity (j = Cpaq) by measuring the
in-plane thermal diffusivity (a), specific heat capacity (Cp), and density (q). The
thermal diffusivity of organic TE materials has been measured in the through-plane
direction, since the precise measurement of the thermal conductivity of thin films in
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the in-plane direction is not easy, and ZT of the organic film has been traditionally
calculated using the Seebeck coefficient and electrical conductivity in an in-plane
direction and the thermal conductivity in a through-plane direction. Recently, it was
pointed out that conducting polymer such as PEDOT–PSS films [38] and SWNT
films are known to show a large anisotropy of the thermal conductivity and elec-
trical conductivity between in-plane and through-plane directions, sometimes over
100 times [80]. Therefore, traditional calculation contained overestimation of the
ZT value. Indeed, we reported the j values of through-plane direction as
0.15 W m−1 K−1 for CoCp2@SWNT film and ZT value as 0.157 at 320 K, which
was largely overestimated. Recently, after establishing the measurement condition
of in-plane thermal diffusivity, we measured in-plane thermal conductivity to be
20.7, which was much larger than the typical through-plane thermal conductivity of
SWNT films (0.1–0.2 W m−1 K−1) [17, 81] and found that the in-plane ZT value of
CoCp2@SWNT was 1.17 � 10−3. The value was quite similar to the value for o-
MeO-DMBI-doped SWNT film (1.70 � 10−3) and the other n-doped SWNT film
[78]. Our studies revealed that the ZT values of the SWNT film were smaller than
that of inorganic TE materials and need to be improved.

22.4 Perspective

Recently, to improve the ZT value of the SWNT films, many approaches to
improve Seebeck coefficient and electrical conductivity and to suppress thermal
conductivity have been investigated both experimentally and theoretically. To
improve the Seebeck coefficient, an enrichment of semiconducting SWNT [59], use
of SWNT with smaller diameter [34, 58, 59, 82], and tuning the doping level are
studied. On the other hand, to enhance the electrical conductivity, removal of
dispersant [59], control of bundle size [83–85] were known as the promising
strategy. Moreover, to lower the thermal conductivity, controlling of junction
structure [86, 87], polymer wrapping [88, 89], and carrier doping [34] are now
studied. These researches will improve the ZT values of SWNT-based TE materials
and many efforts for an effective assembly of these materials will further improve
the efficiency of the device [15].
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