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associated optimum operating conditions to produce hydrocarbons at high energetic efficiency (low
overpotential) remains a challenge. In this study, four Cu nanoparticle catalysts of different morphology
and composition (amount of surface oxide) are synthesized and their activities towards CO, reduction
are characterized in an alkaline electrolyzer. Use of catalysts with large surface roughness results in a
combined Faradaic efficiency (46%) for the electroreduction of CO, to ethylene and ethanol in combi-

Ic(gv‘;zgﬁétion nation with current densities of ~200 mA cm 2, a 10-fold increase in performance achieved at much
Cu nanoparticles lower overpotential (only < 0.7 V) compared to prior work. Compared to prior work, the high production
C2 hydrocarbons levels of ethylene and ethanol can be attributed mainly to the use of alkaline electrolyte to improve
Alkaline electrolyzer kinetics and the suppressed evolution of Hy, as well as the application of gas diffusion electrodes covered
Carbon-neutral energy with active and rough Cu nanoparticles in the electrolyzer. These high performance levels and the gained

fundamental understanding on Cu-based catalysts bring electrochemical reduction processes such as
presented here closer to practical application.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Prior work suggests that multiple approaches including
switching to renewable energy sources, increasing energy effi-
ciency of buildings, increasing the fuel efficiency of vehicles, and
applying underground carbon sequestration need to be imple-
mented at a large scale in order to significantly reduce global CO,
emissions, which, in turn, may help curb the undesirable effects of
climate change [1-4]. Another approach, the electrochemical
reduction of CO, to various value-added chemicals such as carbon
monoxide (CO), formate (HCOO™), methane (CHy), ethylene (C;Hy)
and alcohols offers promise to suppress CO; emissions while it at
the same time utilizes excess electrical energy from intermittent
renewable sources [5—8]. Of these products, C2 or higher hydro-
carbons are preferred over products such as CO because they are
either important industrial raw materials or high energy-density
fuels [8,9].

Among the many metal cathode catalysts that have been
investigated for reduction of CO,, Cu is the only metal that catalyzes
the production of short hydrocarbons at considerable high Faradaic
efficiency (FE) [7—10]. However, the overpotentials for hydrocarbon
production are usually high (0.7—1 V) on Cu electrodes, which re-
duces the energetic efficiency of the system [7,11—13]. Meanwhile,
when using Cu the production rate is quite low under ambient
conditions (current density typically less than 35 mA cm™2 at
cathode potentials positive of —1 V vs. RHE) [9,12,14—18]. These
challenges are mainly due to low catalyst activity as well as lack of
ideal electrolysis conditions for this process. More active cathode
catalysts as well as optimum electrolysis conditions are needed to
make electroreduction of CO, a process to be considered as an
efficient approach for energy storage from intermittent sources or
for the synthesis of chemicals that are used as raw materials at
scale.

Recently, significant improvements have been made towards
achieving high performance in the reduction of CO, on Cu-based
electrodes. Several studies have shown that oxide-derived Cu
films or cubes exhibit substantial improvement in overpotential
and selectivity for CO, reduction compared to plain Cu metal cat-
alysts [12,16,18,19]. However, the overpotential for C;H4 production
is still unacceptably large and the total current densities do not
exceed 55 mA cm™2 at all applied potentials. A variety of electro-
lytes has been used, ranging in pH from neutral to alkaline [20,21].
A complication of CO, reduction under alkaline conditions is the
reaction of KOH with CO; to form carbonates. Through the use of CO
instead of CO, as the reactant, improved selectivity for CobH4 or
C,H50H formation could be observed under alkaline conditions
[21,22]. However, an additional step would be needed to first
reduce CO to CO before further reduction of CO, making the whole
process more complex while increasing energy consumption.
Sammells et al. were able to overcome this issue by using a gas
diffusion electrode (GDE), covered with Cu particles, to separate a
stationary alkaline electrolyte solution (KOH) from the CO; reactant
[20]. A total current density as high as 400 mA cm~2 was obtained
to produce a mixture of CHy (9.1% FE) and C,Hy4 (69% FE), however, a
relatively high cathode potential of —1.98 V vs. RHE had to be
applied, probably due to the low activity of the Cu particles used.

Here, we report on the efficient electroreduction of CO, to Co;Hy
and CHs0H at much lower overpotentials achieved with Cu
nanoparticles (CuNPs) with high surface roughness deposited on
GDEs in an alkaline flow electrolyzer. Remarkably, Cu catalysts
deposited on GDEs exhibited relatively stable performance for 4 h
under the alkaline condition. Here we investigate the effect of
morphology (roughness) and the amount of Cu oxides present in
the different catalysts on the observed product distribution and
current density. Also, by comparing the performance of the Cu

catalysts studied here to the performance of previously reported Cu
catalysts [9,12,14—16,18,23], we elucidate reasons for the high
production of ethylene and ethanol under remarkably mild con-
ditions. Based on the observed trends in product distribution we
suggest a reaction pathway for CO, reduction on CuNP catalysts.

2. Experimental
2.1. Preparation of CuNP catalysts

Four CuNP catalysts (Cu-1, Cu-2, Cu-3 and Cu-4) were synthe-
sized at an ambient temperature using a solution based method in
which solvent composition was varied in the absence or presence of
citric acid [24—26]. The reaction solution was prepared by dis-
solving 3 mmol copper acetate (Wako) in 250 ml solvent. The black
precipitates of CUNPs were immediately obtained after the addition
of the NaBH4 solution to the reaction solution regardless of the
presence of citric acid, an additive known to enhance production of
uniform nanoparticles [27,28]. The solvent and additive used for the
preparation of each CuNPs are tabulated in Table 1. Prepared CuNPs
were dried in vacuum. For comparison, a commercially available Cu
(20—40 nm, Alfa Aesar, Cu-comm) was also used in this study.
Detailed synthetic procedures for all the CuNP samples can be
found in the Supplementary material.

2.2. Physical characterizations

X-ray powder diffraction (XRPD) measurements of the Cu cat-
alysts were performed at room temperature using a Rigaku Mini-
Flex 600 (A = 1.54059 A, Cu-Ka.). Lattice constants, crystallite sizes,
and weight ratio of each phase in the five samples (Cu-1, Cu-2, Cu-3,
Cu-4, and Cu-comm) were estimated by Rietveld analyses per-
formed using a Topas software package (Bruker AXS Inc.). All pat-
terns were successfully fitted using a combination of simulated
patterns for Cu (with the space group of Fm-3m), Cu,0 (Pn-3m), and
CuO (C2/c).

X-ray photoelectron spectroscopy (XPS) measurements of the
Cu catalysts were performed at ambient temperature using PHI
5000 VersaProbe II (ULVAC-PHI Inc.) with Al-Ka X-ray source.

The morphologies of the Cu samples are examined using
transmission electron microscopy (TEM, JOEL 2100 CRYO) operated
at 200 kV. The TEM sample was prepared by suspending the cata-
lyst in isopropanol and placing a drop of the suspension onto a
holey carbon-coated 200 mesh grid followed by solvent evapora-
tion overnight at room temperature.

2.3. Electrolyzer

An electrochemical flow cell reported previously [29—34] is
used as the CO, electrolyzer. A schematic of the flow cell used in
this study is shown in Fig. 1. In this work, an anion exchange
membrane (Fumatech®) is inserted between the catholyte and
anolyte chamber to prevent the liquid products from diffusing to
the anode where they may get oxidized. Stainless steel plates
(5.5 x 2.5 cm) serve as current collectors to hold the flow cell
together via a squeeze-action toggle plier clamp (McMaster Carr

Table 1
Solvents and additives used for the preparation of Cu nanoparticles.
Samples Solvent Additive
Cu-1 2—ethoxyethanol No
Cu-2 Water No
Cu-3 Water Citric acid (30 mmol)
Cu-4 2—ethoxyethanol/water (v/v: 50/50) Citric acid (30 mmol)
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5062A63) and provide electrical contact between the GDE and an
external potentiostat (Autolab, PGSTAT-30, EcoChemie). Two 1.5-
mm thick polyether ether ketone (PEEK) spacers with a precisely
machined 0.5-cm wide by 2.0-cm long window provide the cath-
olyte and anolyte flow fields, respectively. The cathode current
collector has a precisely machined 0.5-cm wide by 2.0-cm long
window with 0.5 cm depth behind the GDE to allow for the flow of
gases. The anode is open to air, allowing oxygen to escape.

2.4. Electrodes preparation

The cathodes were prepared using an air-brush method as
previously reported [33]. Cathode catalyst inks were prepared by
mixing tetrahydrofuran (200 pL), catalyst (3.4 mg), Nafion® solu-
tion (4.4 pL, 5 wt%, Fuel Cell Earth), and isopropyl alcohol (200 pL).
The inks were then sonicated (Vibra-Cell ultrasonic processor,
Sonics & Materials) for 15 min and air-brushed [33] on a gas
diffusion layer (GDL, Sigracet 35 BC, lon Power) to create a GDE
covered with catalyst over a geometric area of 2.5 x 0.8 cm?. A PTFE
spacer with a 2.5 x 0.8 cm? window was placed on top of GDL
during the deposition process to avoid catalyst being deposited
outside of the expected area on the GDL. The actual loading was
determined by weighing the GDL before and after deposition. The
weight loss was found to be on the order of 50% for the air-brushed
cathodes since a fraction of the catalyst ended up on the spacer, or
was left behind in the air-brush. The anodes were prepared by
hand-painting of IrO; catalyst inks comprised of Millipore water
(200 pL), IrO; catalyst (2.5 mg, non-hydrate, Alfa Aesar), Nafion®
solution (6.5 pL, 5 wt%, Fuel Cell Earth), and isopropyl alcohol
(200 pL) over a geometric area of 1.0 x 2.5 cm?. Both the cathode
and anode loading were determined to be 1.0 + 0.1 mg cm™2. A
fresh cathode was used for each flow cell test.

2.5. Electrolysis and product analysis

The flow cell shown in Fig. 1 was used to perform the electrolysis
of CO,. A potentiostat (Autolab PGSTAT-30, EcoChemie) was used to
control the cell potential (-1.6 V, -1.75V, -2V, —2.25V, 25V,
-2.75V, -3V, —3.5 V) in the potentiostatic electrolysis mode to
measure the activity of each catalyst [29]. For each potential, the
cell was allowed to reach steady state, after which the gaseous
product stream was analyzed using a gas chromatography (Thermo
Finnegan Trace GC). The current at a given condition was obtained
by averaging the current over 180 s before stepping to the next
potential.

Individual electrode potentials were recorded using multi-
meters (AMPROBE 15XP-B) connected to each electrode and a
reference electrode (Ag/AgCl; RE-5B, BASi) placed in the electrolyte
exit stream. 1 M KOH (pH = 13.48) or 0.5 M KHCO3 (pH = 8.35) was
used as the catholyte, while 1 M KOH was used as the anolyte. The
measured potentials (vs. Ag/AgCl) were converted to the RHE
reference scale using E (vs. RHE) = E (vs. Ag/AgCl) +

Cathode

0.209 V + 0.0591 V/pH x pH as previously reported [18,22]. The
electrode potentials were corrected for iR drop as previously re-
ported [32,35]. A mass flow controller (MASS-FLO®, MKS instru-
ment) was used to set the CO; (S.J. Smith Welding Supply) flow rate
at 7 SCCM. A syringe pump (PHD 2000, Harvard Apparatus) flowed
the electrolyte to minimize boundary layer depletion effects and
supply fresh electrolytes thereby helping to maintain the pH on the
electrode surface. The flowing stream provides flexibility in oper-
ation conditions, minimizes water management issues at the
electrodes, and facilitates online sample collection followed by
product analysis [31]. The flow rate was set at 0.5 mL min~! when
applying cell potentials of —2 to —3.5 V as done previously [31],
while a flow rate of 0.1 mL min~! was used for cell potentials
between —1.6 and —2 V to increase the concentration of the liquid
products at low current density operation conditions. The pH of the
electrolyte was measured using a calibrated pH meter (Thermo
Orion, 9106BNWP). A pressure controller (Cole—Parmer, 00268TC)
downstream from the cell was used to keep the gas pressure in cell
lower than the atmosphere, allowing gas products formed on the
catalyst surface of the GDE to leave through the GDE to the gas
stream.

Periodically, for product analysis, 1 mL of the effluent gas stream
was sampled automatically and diverted into a gas chromatograph
(Thermo Finnegan Trace GC) equipped with both the thermal
conductivity detection (TCD) and flame ionization detector (FID),
with a Carboxen 1000 column (Supelco) and Helium as the carrier
gas at a flow rate of 20 SCCM. Meanwhile, the exit catholyte was
collected at each applied potential and analyzed using 'H NMR
technique reported previously [17,36,37]. 100 pL of the catholyte
was mixed with 400 pL D0 (99.9% deuterium atom, Sigma-
—Aldrich) and 100 pL of an internal standard consisting of 1.25 mM
DMSO (99.98%, Calbiochem) in D20. The results presented here are
from 32 scans (UI500NB, Varian) after solvent suppression, and
processed using the MestReNova software (MestReLab).

For the long-term electrolysis, we controlled the total current in
the galvanostatic electrolysis mode. In the galvanostatic mode, the
flow cell was tested at total current of —150 mA. Cathode potential
was recorded every 15 min and products were analyzed every 1 h.

The onset potential is defined as the lowest cathode potential at
which we observe gas products in GC or liquid products from NMR.

The Faradaic efficiency for a specific product is calculated using
the following equation:

z-n-F
EFaradaic = T

where
z = the number of electrons exchanged (for example, z = 2 for
reduction of CO, to CO)

n = the number of moles for a specific product
F = Faraday's constant (F = 96485 C/mol)

Stainless Steel

] to GC

COy ——

Electrolyte:
1M KOH or
0.5 M KHCO,

PMMA/ PEEK oy
Window

~ = | analysis

Liquid products
analysis: NMR

Anion exchange
GDE membrane

Stainless Steel

Fig. 1. Schematic representation of the electrochemical flow cell used in this study.
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Q = the charge passed (C)

The partial current density for a specific product equals total
current density multiplies Faradaic efficiency for this product.

2.6. Relative surface roughness measurement

The relative surface roughness factor of each catalyst was
determined by the double-layer capacitance [12,38] in a three
standard electrode cell with a catalyst-covered 3-mm glassy carbon
rotating disk electrode (RDE; Metrohm 6.1204.300) as the working
electrode, a Pt gauze (100 mesh, 99.9% metals basis, Sigma—Aldrich,
25*25 mm?) as the counter electrode, and a Ag/AgCl as the refer-
ence electrode (RE-5B, BASi). The cyclic voltammetry (CV) was
measured in an Ar-saturated 0.1 M HCIO4 aqueous solution. Catalyst
ink was prepared using the same method as described above. 4 pL
catalyst ink was deposited on the RDE and then dried under flowing
Ar. The CV was measured in the potential range of —0.41 to —0.1 V
(vs. Ag/AgCl), where only double-layer charging/discharging oc-
curs. The capacitance is the slope from the plot of current density
Vs. scan rate.

3. Results and discussion
3.1. Composition, structure and morphology analysis

XRPD was used to characterize the structure and composition of
solid phases formed in the catalysts. The XRPD patterns of the as-
synthesized CuNP catalysts Cu-1 to Cu-4 as well as the commer-
cial sample (Cu-comm) are shown in Fig. 2a. All synthesized Cu
catalysts are composed of Cu and Cuy0, but in different relative
amounts. The Cu-comm sample also contains a fraction of CuO. The
presence of CuO is also evident from the characteristic shake-up
peaks at 940 eV and 944 eV [39] in the XPS pattern shown in
Fig. 2b. Small shake-up peaks were also found for Cu-2. However,
the characteristic peak for CuO is absent in the XRPD pattern for Cu-
2, probably because only a very small amount of CuO is present on
its surface. Rietveld analysis of the XRPD patterns determined the
specific composition and crystallite size of each sample (results
summarized in Table 2, final fit plots combined in Fig. S1). Cu-1 and
Cu-3 have a lower amount of Cu;0, while Cu-2 and Cu-4 contain a
higher amount of CuyO. This result suggests that the use of
2—ethoxyethanol (as used in the synthesis of Cu-1) and citric acid
(as used in the synthesis of Cu-3) helps prevent oxidation, while use
of a water/2—ethoxyethanol mixture increases the oxidation of Cu.
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b | |
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Cu is known to oxidize to Cu,0 under ambient condition [9,39], but
the extent of oxidation is affected by the synthetic conditions, as
shown in this study. Further analysis of the XRPD data using the
Scherrer equation indicates that Cu-3 is composed of smaller
crystallites than the other samples, presumably a consequence of
the use of citric acid as an additive. In the preparation of Cu-4 citric
acid is also used as an additive, resulting in larger crystallites in Cu-
4 compared to those in Cu-3. This difference is probably due to the
presence of 2—ethoxyethanol in the solvent mixture used for the
preparation of Cu-4, with the additional 2—ethoxyethanol
decreasing the solubility of citric acid and therefore its dispersion
into the solvent during synthesis.

The morphologies of the five samples were characterized using
TEM (Fig. 3). The catalysts exhibited very different morphological
features: The Cu-1, Cu-2, and Cu-3 catalysts are comprised of
irregular particle shapes with interconnected nanocrystalline net-
works and grain boundaries, while the Cu-4 and Cu-comm samples
mostly feature spherical particles that overlap with each other. TEM
histograms of the five Cu catalysts are summarized in Fig. S2
(Supplementary material). The particle size of Cu-comm sample
is non-uniform, ranging from about 5 nm to 90 nm. In contrast, the
particles of the four synthesized catalysts are more uniform and
smaller, in the 10—50 nm range. Comparing the TEM results with
the XRPD results reveals that the average particle size of Cu-1, Cu-2,
and Cu-3 from TEM (~20—30 nm) is significantly bigger than the
crystallite size determined from analysis of the XRPD patterns us-
ing the Scherrer equation (~5—15 nm). This discrepancy can prob-
ably be attributed to the fact that each particle in Cu-1, Cu-2, and
Cu-3 is comprised of several crystallites. For the Cu-comm and
Cu-4 samples the particle sizes obtained from TEM are similar to
the crystallite sizes obtained from XRPD analysis.

The relative surface roughness factor of each catalyst was
determined by CV measurement of the double-layer capacitance
for each sample. If we assume the surface roughness factor for Cu-
comm to be 1, then the relative surface roughness factors for other
Cu catalysts are calculated according to their double-layer capaci-
tances (Fig. S3 in the Supplementary material). The results of
double-layer capacitances as well as the surface roughness factors
for all the catalysts (Table 3) reveal that catalysts Cu-1, 2, 3 have
rougher surfaces than catalysts Cu-4 and Cu-comm.

3.2. COy electrolysis

We compared the activities of the Cu catalysts towards CO,
electrolysis in the flow cell described above. Single electrode

(b)

Cu-1
Cu-2
Cu-3

—Cu-4
Cu-comm

Intensity / a.u.

970 960 950 940 930 920
Binding energy / eV

Fig. 2. (a) XRD patterns of the four synthesized Cu nanoparticles and commercially obtained Cu nanoparticles (Cu-comm); and (b) XPS high resolution scans of the Cu 2p peaks of

the five samples.
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Table 2
Refined parameters of Rietveld analyses for the five samples.

. Crystallite . Crystallite
Lattice parameter (A) size (nm) Lattice parameter (A) size (nm) Ry, R,
Cu(fce): 47.8% Cu,0: 52.2%
Cu-1 2.67 1.88
3.6161 +0.0004 153+0.2 4.2645 +0.0006 10.1£0.1
Cu(fec): 13.9% Cuw,0: 86.1%
Cu-2 2.12 1.64
3.6251 +0.0003 12.3+0.3 4.2705 £ 0.0002 7.2+0.1
Cufec): 42.8% Cu,0: 57.2%
Cu-3 1.94 1.34
3.6219 +0.0009 7.9+0.1 4.242 +0.002 3.1+0.1
Cu(fec): 2.2% Cu,0: 97.8%
Cu-4 2.28 1.64
3.595 +0.003 12.5+2 4.2679 £ 0.0005 11.8+0.1
Cu(fce): 47.6% Cu,0: 26.7%
3.6155 +0.0002 259+0.2 4.2515+0.0009 49+0.1
Cu-comm Cu0:25.7% 1.88 | 1.29
a=4.681+0.003,
b=3.432+0.002,
¢=5.133 +0.004, 91402
£=99.25+0.04°

(a) Cu-1

Fig. 3. TEM micrographs of the Cu catalysts: (a) Cu-1; (b) Cu-2; (c) Cu-3; (d) Cu-4; (e) Cu-comm.

polarization curves (electrode potentials plotted against the total
current density) from each sample measurement are summarized
in Fig. 4. All electrode potentials are reported with respect to RHE
and are iR-corrected as previously reported [32]. Current densities

are calculated based on geometric surface area of the electrode. As
shown in Fig. 4, the Cu-1, 2, 3 catalysts achieve higher total current
densities than Cu-4 and Cu-comm, which is in agreement with the
measured trends in relative surface roughness: a rougher catalyst
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surface results in higher total current density.

The FE and partial current density for all major products (CO, Hy,
CyHy, and C;H50H) using all Cu samples in 1 M KOH are plotted as a
function of cathode potential in Fig. 5. Specific values for cathode
potential, total current densities and Faradaic efficiencies for all
products are listed in Table S1 (Supplementary material). Fig. 5a
and c show that Cu-1, Cu-2, and Cu-3 achieve higher FE for CO and
lower FE for H than Cu-4 and Cu-comm. Although Cu-1, Cu-2, and
Cu-3 contain different amount of oxides, their FEs for CO and H; are
almost identical, suggesting that Cu,0 was first reduced to metallic
Cu before CO; reduction, similar to previously reported work
[18,19]. The effect of the initial amount of oxide in each of the
samples on product distribution seems minimal. The differences in
selectivity for CO and H, observed for the different catalysts
probably can be attributed to differences in morphology.

In this study, relatively high FEs and partial current densities for
CyH4 and CyH50H are achieved at low cathode overpotentials. For
all Cu samples, the FEs for C;Hy are in the range of 27%—46%
(Fig. 5e), while the FEs for C;HsOH are in the range of 7%—17%
(Fig. 5g). The observed significant Faradaic efficiencies for C;H4 and
CyHs0H is probably due to the formation of newly reduced Cu
surfaces composed of favorable steps and edges. These steps and
edges with under-coordinated Cu atoms are known to be selective
for C;H4 and C,HsOH formation as they promote the adsorption of
C1 intermediates and facilitate their dimerization [9,15,18,19].
Compared with polycrystalline Cu foils, rough CuNPs may have a
larger concentration of these steps and edges [9], as well as high-
index crystal surfaces [7,40], which are favorable for C;H4 and
C,H50H formation. While similar FEs for C;H4 have been reported
previously, here these FEs are achieved at overpotentials in the
range of 0.66—0.87 V, which is at least 0.20 V—1 V lower than the
overpotentials needed to achieve the same FE for C;H4 in the
aforementioned prior work [9,14,16,18,20,21,23]. The partial current
densities for CHs; and CHsOH on the Cu-1 electrode
are —150 mA cm™2 (Fig. 5f) and —48 mA cm~? (Fig. 5h), respec-
tively, at —0.58 V vs. RHE. These values are at least one order of
magnitude higher than most previously reported partial current
densities for C;H4 and CoHs0H on Cu electrodes evaluated at
similar potentials under ambient conditions [9,12,14,16—18,23,41].
The use of GDEs minimizes CO, mass transfer limitations and en-
ables better control of the three-phase interface where the re-
actions take place. The use of alkaline electrolyte (as opposed to
often used neutral electrolytes such as KHCO3 or KCl) minimizes
ohmic resistance of the electrolyte. Together, these two factors
explain the one order of magnitude improvement in current den-
sity. We also found that the FEs for C;H4 and C;H50H are similar for
all the five Cu catalysts (Fig. 5e and g). This is probably due to the
formation of similar amounts of steps and edges with under-
coordinated Cu atoms on all five catalysts upon application of the
reducing potentials.

For all catalysts, the FE for CO decreased from —0.3 Vto —0.5V,
while C;H4 and C;Hs0H started to be produced in the same po-
tential range (Fig. 5a, e, and g). This trend implies that adsorbed CO
is an important intermediate for electroreduction of CO, before it is
further reduced to hydrocarbons such as C;H4 and C;Hs50H, as

Table 3
Capacitance and surface roughness factors for Cu catalysts in this work.

Catalysts Capacitance (mF) Surface roughness factor
Cu-1 0.57 1.5

Cu-2 0.52 14

Cu-3 0.52 14

Cu-4 0.43 1.2

Cu-comm 0.37 1

2.3

':'I:J Anode

z 1.8

¢

S 1.3 1 #Cu-comm

= ] #Cu-1

g 98] #Cu-2

% 0.3 4 4-Cu-3

o 1 oCu-4

$ -0.2

o

8 0.7 4

[
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-1.2 r v r .

0 100 200 300 400

Total Current Density / mA cm-2

Fig. 4. iR-corrected single electrode polarization curves of the experiments using five
Cu catalysts: Cu-1, Cu-2, Cu-3, Cu-4 and Cu-comm. Electrolyte: 1 M KOH.

suggested previously by others [7,11,17,42]. Based on the high FEs
for C2 products observed in this work, as well as information from
prior work [17,18,42—44], a possible reaction pathway (Fig. 6) that
favors C2 products over CHy is proposed. Adsorbed CO is first
formed after two steps of proton and electron transfer. Moderately
adsorbed CO species then are hydrogenated to adsorbed CHO, COH,
or C species, of which CHO is mainly converted to CHg4, while COH
and C are mainly converted to C;Hsg or C;Hs50H through the
dimerization of CH; or insertion of CO, respectively. We postulate
that the much lower Faradaic efficiency for CH4 (<2%) compared to
the Faradaic efficiency for C2 products (~50%) in this study can be
explained by the relative low amounts of adsorbed CHO interme-
diate compared to the amount of adsorbed COH or C intermediates.
This proposed pathway lacks direct dimerization of adsorbed CO
because prior work suggests that this step is kinetically unfavorable
compared with the dimerization of hydrogenated species [45].

3.3. Comparison to prior work

To further study the benefit of alkaline electrolyte, and to allow
for better comparison with prior work, we also tested the Cu-1
catalyst using 0.5 M KHCOs3 as the catholyte. Fig. 7 presents our
data obtained using Cu-1 in both 1 M KOH and 0.5 M KHCO3, as well
as data sets from previous CO, reduction studies that used a Cu-
based cathode catalyst [9,12,14—16,18,23]. Most of the previous
studies used CuNPs as catalysts in close to neutral electrolytes such
as KHCOs, NaHCOs, and KClO4 [9,14,15,18,23,46,47], while other
studies used oxide-derived Cu materials [12,16]. Specific informa-
tion on the catalyst, electrolyte and cell configuration in each of the
previous reports can be found in Table 4. An earlier onset is
observed for all major products when using Cu-1 in KOH instead of
other catalysts and/or electrolytes (Fig. 7). Specifically for hydro-
carbon production, Cu-1 exhibits improvements of 140 mV and
80 mV in overpotential for CO, reduction to C;H4 and CoHs0H,
respectively, compared to prior data (Fig. 7c and d) [12,16]. This
improvement is probably due to the faster reaction kinetics when
using alkaline electrolyte [19,22,32], which is further supported by
the fact that conducting the experiment in 0.5 M KHCO3 does not
show similar improvements in the onset potential. The FEs
observed for H, when using Cu-1 in KOH are below 22%, which is
much lower than typical levels reported previously (Fig. 7b).
However, when using Cu-1 the FEs for H; are higher in KHCO3
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Fig. 5. Faradaic efficiencies as well as corresponding partial current densities for CO (a,b), Hy (c,d), C;H4 (e,f), and C;HsOH (g,h). Electrolyte: 1 M KOH. Each data point represents the

average of three measurements.

electrolyte than when using KOH as the electrolyte. This drop in FE
for H; can be attributed to the much lower H concentration when
using alkaline electrolyte [32]. Cu-2, Cu-3, Cu-4 and Cu-comm
exhibit similar trends with respect to the suppression of
hydrogen evolution when used in KHCO3 vs. KOH (data not shown).

3.4. Durability measurement

We also compared the durability of the Cu-1 and the Cu-comm
catalysts under electrolysis conditions (galvanostatic mode, at a
constant current of —150 mA). Fig. 8 indicates that the cathode



-
H
H,0

226 S. Ma et al. / Journal of Power Sources 301 (2016) 219—228
(o) H
o ¢
¢ _ CH
- e (o
© d) —> -
H,0 /
e | H,0
“ Key intermediate or €
o we CH
B ok | OH / 2
¢ y J: CH, J:o
—_— —
H,O

Desorption

C
S

l Hy0
Dimerization

CH;CHO

e | H0

[ C,H, } [ CH3CH20H]

Fig. 6. Proposed reaction pathway for the CO, reduction to various products (mainly C;H4 and C,HsOH) on Cu nanoparticles. Dashed line with arrows indicates the step that is less

likely to happen.

(a) 100

<#-Cu-1, KOH
<@-Kanan et al., Na2C0O3
Mul et al., KHCO3

«0-Cu-1, KHCO3
=#-Baturina et al., KHCO3
<¢Yeo et al., KHCO3

T
S

-#-Cu-1, KOH

<@-Kanan et al., Na2CO3
Mul et al., KHCO3

=¢*Yeo et al., KHCO3

=8-Cu-1, KHCO3

=#=Baturina et al., KHCO3
-@-Alivisatos et al., NaHCO3
=¢-Chorkendorff et al., KCIO4

100 4

g 80 o =¢=Chorkendorff et al., KCIO4 =-Lee et al., KHCO3 &\o, L I KHCO3
T = 80 ~-Lee etal.,
e 2
g 8
‘c 60 4 L
= £ 60
] w
0 9
‘® 40 o
3 g %
S ©
' |18
o 20 < 20
(&)
0 0 T T T T T
(C) 50 -@-Cu-1, KOH =0-Cu-1, KHCO3 (9\) 15 -#-Cu-1, KOH
-@-Kanan et al., Na2CO3 =#-Baturina et al., KHCO3 X =*#Yeo et al., KHCO3
@ =o-Chorkendorff et al., KCl04 Mul et al., KHCO3 St 0-Cu-1, KHCO3
=2 40 4 %#Yeo et al., KHCO3 ~#-Lee et al., KHCO3 5 12 A -#-Kanan et al., Na2CO3
g 8
g S
2 30 1 o9
i 9
[T 1]
T 20 - T 6
© ©
E I8
[T o
+10 4 O-o 3
& X
o o
0 T T — T 0 T T T T T
-1.20 -100 -080 -060 -040 -020 0.00 -1.20 -1.00 -080 -060 -0.40 -0.20 0.00

Cathode Potential / V vs. RHE

Cathode Potential / V vs. RHE

Fig. 7. The Faradaic efficiencies of this study when using 1 M KOH (red curves) or 0.5 M KHCOj3 (green curves) compared to those obtained in prior work using Cu-based cathode

catalysts [9,12,14—16,18,23]. (For interpretation of the references to colour in this figure

potential remains stable for both catalysts over 4-hr electrolysis
test. Similarly, only very small changes in product distribution were
observed. This data suggest that both Cu-1 and Cu-comm exhibit
significant stability under electrolysis conditions, but longer ex-
periments are needed to determine their durability over extended

legend, the reader is referred to the web version of this article.)

periods of time.

4. Conclusions

In summary, we report high conversion of CO, to C;Hs and
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Table 4

227

A summary of experimental conditions used in several previous reports of carbon dioxide conversion using copper-based catalysts.

Sample name Catalyst Electrolyte pH Cell Configuration Ref in the main text
Alivisatos et al., NaHCO3 Cu nanoparticle 0.1 M NaHCO;3 6.8 Two compartment flow cell [15]
Baturina et al., KHCO3 Cu nanoparticle 0.1 M KHCO3 6.8 Standard RDE set-up [23]
Chorkendorff et al., KClO4 Cu nanoparticle 0.1 M KClO4 6 Standard 3-electrode cell [9]
Kanan et al., Na,CO3 Cu,0 derived electrode 0.5 M Na,COs3 7.2 Two compartment cell [12]
Yeo et al., KHCO3 Cu,0 derived films 0.1 M KHCO3 6.8 Two compartment cell [18]
Mul et al., KHCO3 Cu nanoparticle 0.1 M KHCO3 6.8 Standard 3-electrode cell [14]
Lee et al., KHCO3 Cuy0/Cu 0.5 M KHCO3 N.P. H-type electrolytic cell [16]
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Fig. 8. (a), (c) Cathode potential and (b), (d) Faradaic efficiency as a function of time when using Cu-1 or Cu-comm as the catalyst in a galvanostatic experiment (current kept

contestant at —150 mA) over a total of 4 h.

C,H50H using active CuNP catalysts in a single alkaline electrolyzer
in this work. Compared to prior studies, significantly higher partial
current densities for C;Hy (as high as —150 mA cm’z) and Co;HsOH
(as high as —48 mA cm™2) in combination with lower over-
potentials (at least 140 mV lower for C;H4 production and 80 mV
lower for C;Hs0H production) were obtained for the Cu-1 catalyst
in alkaline electrolyte. The high current densities are attributed to
the use of GDEs covered with high surface roughness Cu catalysts
and the use of alkaline electrolyte in the flow cell (lower ohmic
resistance), while the decreased overpotential is attributed to the
use of active CuNP catalysts in combination with improved kinetics
due to the alkaline pH.

We also found that catalyst morphology rather than the amount
of surface oxide affects the product distribution. However, whether
reconstructing of the catalyst upon applying a reducing potential
[48] plays a role in this system is unclear. Further investigations
using in situ microscopic techniques would potentially reveal
structural transformation of the CuNPs under electrolysis condi-
tions. Also, further mechanistic studies, both in an experimental
and computational context, could further elucidate the reaction
mechanisms and differences in kinetics associated with use of
alkaline electrolyte.
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