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Electrochemical Reduction of Carbon Dioxide on Cu/CuO

Core/Shell Catalysts

Yangchun Lan,®®' Chao Gai,"” Paul J. A. Kenis,*® and Jiaxing Lu*®

We investigate the electrochemical behavior of different load-
ings of a Cu(core)/CuO(shell) catalyst in a standard three-elec-
trode cell, which reveals transformations between Cu, Cu', and
CuO species. The electroreduction of CO, on the catalyst is
performed in an aqueous solution within a flow reactor. CO
and HCOOH are the main products, with H, as a byproduct.
When the catalyst loading is 1.0 mgcm™2, the faradaic efficien-
cies of CO and HCOOH are higher than those with other cata-

1. Introduction

Carbon dioxide (CO,) is the most notorious greenhouse gas,
which is released by both natural and artificial processes, lead-
ing to atmospheric CO, levels rising and contributing to global
warming. One possibility is to trap CO, and to convert it into
fuels and organic materials.? Photochemical and electro-
chemical reductions of CO, are potential cost-effective process-
es for chemical production, which simultaneously take advant-
age of this sustainable energy source.” Electrochemical reduc-
tion of CO, has generated substantial interest as a potential
method for producing valuable chemicals by using CO, as the
sole carbon source. Potential products obtained from the elec-
troreduction of CO, generally include CO, HCOOH, HCHO,
CH;OH, CH,, and other hydrocarbons. The selectivity of CO,
electroreduction depends heavily on the reaction conditions
and the catalysts used.””

CO, is an abundant and potentially low-cost carbon source
for the production of fuels and organic chemicals. However,
a major hurdle in CO, reduction is the kinetic inertness of CO,.
The reduction of CO, to CO,™ has a standard potential (E°) of
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lyst loadings, with a short reaction time. This paper also focus-
es on the experimental and kinetic details of the electroreduc-
tion process of CO, to CO and HCOOH when using the Cu/
CuO catalyst. Reactions are modeled by using an in-series, first-
order reaction, and the models are verified to reasonably de-
scribe the two products formed during the electroreduction of
CO,. According to the kinetic analysis, the rate constant for
HCOOH production is higher than that of CO.

—1.9V versus a normal hydrogen electrode (vs. NHE) at pH 7
in water.” Over the past three decades, researchers have uti-
lized both homogeneous molecular catalysts”® and heteroge-
neous catalysts®"" to electrochemically reduce CO, in aqueous
solutions, which could overcome kinetic barriers and poor sta-
bility. The Bocarsly group reported a system for electrochemi-
cal catalytic”® and photoelectrocatalytic’? CO, reduction to
HCOOH, HCHO, and CH,0H, which used a homogeneous pyri-
dinium catalyst. In 2011, Masel and co-workers used a flow re-
actor with silver nanoparticle catalysts suspended in an ionic
liquid to electrochemically reduce CO,." This electrocatalytic
system reduced CO, to CO at overpotentials below 0.2V, and
the faradaic efficiency was as high as 96 %.

In heterogeneous catalysis, copper and copper oxide cata-
lysts are capable of selectively producing hydrocarbons from
CO,, but are very inefficient, owing to high overpotentials.
Recent literature reports,”'*"” including those demonstrating
the pathway for electrochemical reduction of CO, at a copper
electrode based on density functional theory (DFT) and com-
putational hydrogen electrode (CHE) models proposed by Pe-
terson et al.,"® confirmed that carbon monoxide is an impor-
tant intermediate in the formation of hydrocarbons and alco-
hols. In the electroreduction process, the desired hydrogen
evolution reaction competes with other reactions that produce
undesired side products. Characterizing the electroreduction
kinetics of all reactions, desired and undesired, will determine
the undesired reactions that are the primary source of faradaic
loss. Previous work has studied silver and gold nanoparticles as
well as other transition-metal catalysts to produce CO and H,
from CO,."*?? Electroreduction of CO, on a catalyst with the
same metal core/shell structure has not previously been re-
ported. In this study, we investigated the electroreduction of
CO, on different loadings of a Cu(core)/CuO(shell) catalyst in
a flow reactor. Furthermore, we investigated the variation of
electroreduction kinetics in the long-term reaction. These data

ChemElectroChem 2014, 1, 15771582 1577



ELECTRO

provide a more in-depth understanding of the electroreduction
of CO, in aqueous solutions.

Experimental Section

Cu(core)/CuO(shell) nanopowder (Alfa Aesar, APS 20-40 nm, 99.9%,
metal basis) inks were prepared by mixing Millipore water (200 pL),
the catalyst (4 mg), Nafion solution (5.2 uL, 5 wt%, Fuel Cell Earth),
and isopropyl alcohol (200 pL, Fisher scientific, 99.9%). To fabricate
the cathode for flow-reactor experiments, the mixed inks were sub-
jected to sonication (Vibra-Cell ultrasonic processor, Sonics & Mate-
rials, Inc.) for 15 min and, then, they were hand-painted onto a mi-
croporous Sigracet 35 BC gas-diffusion layer (lon Power, Inc.). The
cathodes in the flow-reactor experiments were loaded with either
0.5, 1.0, 1.5, or 2.0 mgcm 2 Cu(core)/CuO(shell) catalyst on Sigracet
35 BC. However, all of the anodes (platinum black, Alfa Aesar, with
a high surface area) used in the flow reactor were loaded with
1 mgcm ™2 on the Sigracet 35 BC.

Electroanalytical experiments (Autolab potentiostat, PGSTAT-302N,
EcoChemie) were conducted in 1M KHCO; (Sigma Aldrich, Granu-
lar, ACS reagent, 99.7%). A standard three-electrode electrochemi-
cal cell was used, equipped with a glassy carbon electrode as the
working electrode, a platinum gauze as the counter electrode, and
a Ag/AgCl reference electrode in 3m NaCl. All experiments were
performed at 25°C under atmospheric pressure. Catalyst inks were
prepared by using the same method described above. The catalyst
layer for the three-electrode-cell experiments was prepared by de-
positing a drop (5 L) of the catalyst ink on a glassy carbon rotat-
ing-disk electrode (Metrohm 6.1204.300; polished with 0.05 um
alumina), which was dried under a flow of N,.

The electroreduction in the flow reactor was performed at 25°C
under atmospheric pressure, and a Nafion 117 membrane was
used to separate the cathode and anode compartments to prevent
oxidation of the reduced CO, products. An Autolab potentiostat
(Autolab PGSTAT-302N, EcoChemie), operating on chronoampero-
metric mode, measured the resulting current, as previously report-
ed.”” The individual electrode potentials were measured by using
multimeter devices that were connected to each electrode and
a Ag/AgCl reference electrode in the exit stream. A mass-flow con-
troller (MASS-FLO, MKS instrument) was used to flow CO, from
a cylinder at 7 sccm. 1M KHCO; was injected into the flow reactor
at 0.5 mLmin™" by using a syringe pump (PHD 2000, Harvard Ap-
paratus). The cathode gas products were detected by using gas
chromatography (Thermo Finnegan Trace GC), and the results
were consistent with previously reported values.'”?" Cathode
liquid products were detected by a 'H nuclear magnetic resonance
(NMR) spectrometer (VARIAN UNITY INOVA 500, 500 MHz), and di-
methylsulfoxide (DMSO, Fisher Scientific, 99.9%) was added to
samples (1 mwm final concentration) as an internal standard.*** The
water peak was suppressed by using a presaturation sequence.
The NMR parameters were identical for all collected spectra,
making standard curves to allow the quantification of products in
the electrolyte. After each CO, reduction reaction, the electrolyte
(200 pL) was mixed with 1 mm DMSO (100 pL) and D,0O (400 pL;
Cambridge Isotope Laboratories, Inc., D 99.9%) for NMR analysis.

3. Results and Discussion
3.1. Cyclic Voltammetry

The electrochemical behavior of different loadings of a Cu-
(core)/CuO(shell) catalyst was studied in a standard three-elec-
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trode cell with 1M KHCO; solution. As shown in Figure 1, the
cyclic voltammograms for different catalyst loadings in the
presence of Ar were similar to those in the presence of CO,
after two continuous scans. Nevertheless, the first scan was
clearly different from the second scan. In the first scan, in the
presence of Ar (Figure 1a1), the reduction peak (peakl) was
close to —1.0V, and the peak | current increased with increas-
ing catalyst loadings. Peak | may be attributed to the reduction
reaction of CuO to Cu, as the structure of the catalyst was
core/shell. However, there were just two reduction peaks
(peaks Ill and 1V) located between —0.25 and —0.5V in the
second scan (Figure 1a2). Two successive oxidation peaks (ll)
indicated transitions between the different valence states of
copper, that is, Cu, Cu', and Cu". In general, the cyclic voltam-
metry results for Cu(core)/CuO(shell) indicated transformations
between Cu, Cu', and Cu", which was in agreement with previ-
ous work.”¥ When the 1m KHCO; solution was saturated with
CO, (Figures 1b1 1b2), the peak currents were much higher
than under an Ar atmosphere when the catalyst loadings were
between 0.5 and 1.5 mgcm ™2 After the CO, had dissolved into
the solution, the CO, reacted with the catalyst or the protons
at the surface of the electrode, leading to the current im-
proved.” The current increased linearly with respect to cata-
lyst loading.

3.2. Electrolysis

Chronoamperometric electrolysis was carried out in a divided
flow reactor, equipped with gas-diffusion electrodes (GDEs), in
the presence of CO, to further understand the effect of differ-
ent Cu(core)/CuO(shell) catalyst loadings on the electroreduc-
tion of CO,. Figure 2 shows the current density as a function of
the cathode potential for different loadings of the catalyst (0.5,
1.0, 1.5, and 2.0 mgcm™ The current densities increased with
increasing catalyst loading in the sequence 2.0~1.5>1.0>
0.5 mgcm™2 At a cathode potential of —1.65 V versus Ag/AgCl,
the current density observed for a catalyst loading of
2.0 mgcm™? was approximately 65 mAcm™2 These results sup-
ported the hypothesis that the conversion of CO, would be im-
proved by increasing the catalyst loading from 0.5 to
2.0 mgcm 2

The faradaic efficiency of CO, electroreduction, in a short re-
action time, in 1M KHCO; is shown in Figures 3a and b. The
experimental results indicate that different catalyst loadings
impact the faradaic efficiencies of CO and HCOOH, and that
the electroreduction of CO, to CO on the Cu(core)/CuO(shell)
catalyst occurs at a low overpotential (—1.2V vs. Ag/AgCl).
Specifically, the faradaic efficiency of CO when using a catalyst
loading of 2.0 mgcm ™2 was usually higher than the other cata-
lyst loadings, whereas a reverse trend existed for HCOOH,
which demonstrated that the faradaic efficiency could be
higher at smaller catalyst loadings. However, by using the
lower catalyst loading of 1.0 mgcm™ at —1.78 V versus Ag/
AgCl, the faradaic efficiency of HCOOH was highest with maxi-
mum value of about 20%, whereas the faradaic efficiency of
CO was around 21 %.

ChemElectroChem 2014, 1, 1577-1582 1578


www.chemelectrochem.org

ELECTRO

(a1) 2
| Ar in the first scan L I —
7 |
0 et
3
< 21
-
c
=
3 4
—— 0.5mgcm™
6- — — 1.0mgcm>
++- 1.5mgcm™
—-— 2.0mgcm?
-8 ] L} L] ] L]
-1.5 -1.0 -0.5 0.0 05 1.0
Potential (V vs.Ag/AgCl)
(b1) 2
o I ey
LT
o, = =t
£
£ n ‘
o AUy .
';./ '\/'l — 0.5mg cm
-6 i iy - — 1.0mgcm™
! - -+ 1.5mgcm™
—-— 2.0mgcm?
-s 1 I 1 T )
-1.5 -1.0 0.5 0.0 05 1.0
Potential (V vs.Ag/AgCl)

(a2) 2
Ar in the second scan I
— 0-
<
E
kS
E 2]
3
(3]
’ — =2
i [ 0.5mg cm_2
— — 1.0mgcm
--- 1.5mgcm™
—-— 20mgcm?
-6 | Al Al T L
-15 -1.0 -0.5 0.0 05 1.0
Potential (V vs.Ag/AgCl)
(b2) 2
COz in the second scan o.-—-
-~ £ e ¥-
0+ Oy el — 7
—_ Yi” N TT N
RIS A
ool
= "y, v .y
‘E 24 A ,"/ \
s m
3 ','I’ v/
(5] .:,'
4 jf —— 0.5mgcm™
- — 1.0mgcm™
--- 1.5mgem™
—- = 2.0mg cm’
-6 T T T T T
-1.5 -1.0 0.5 0.0 0.5 1.0
Potential (V vs.Ag/AgCl)

Figure 1. Cyclic voltammograms for the cathodes with different Cu(core)/CuO(shell) loadings in 1M KHCO; and in the presence of Ar (al1,a2) and CO, (b1,b2).
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Figure 2. Effect of cathode potential and Cu(core)/CuO(shell) catalyst loading
on the current density in a flow reactor,

The effect of catalyst loadings on the partial current density
of different products was also investigated. Plots of the partial
current density versus the cathode potential for the production
of CO and HCOOH are shown in Figures3al and b1. The
values for the partial current density were produced by multi-
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plying the current density (Figure 2) at a given potential by
the faradaic efficiency. The partial current densities of CO and
HCOOH always increased with increasing catalyst loadings. At
—1.78 V versus Ag/AgCl, the partial current densities of CO and
HCOOH were around 12 and 11 mAcm™, respectively, when
the catalyst loading was 1 mgcm™ and the current density
was as high as 58 mAcm™. The result revealed that the selec-
tivity towards both CO and HCOOH was almost the same
during the electroreduction of CO, on the Cu(core)/CuO(shell)
catalyst. Interestingly, some methanol (ca. 1-3%) was also pro-
duced, indicating that the catalyst was capable of reducing
CO, further.

3.3. Kinetic Analysis

Variations in the faradaic efficiencies and partial current densi-
ties for the products indicated that the two products have dif-
ferent reaction rates during the electroreduction of CO,, also
indicating that the multiple proton-coupled electron transfers
to CO, were thermodynamically facile, which require a large
overpotential even with the help of a catalyst®?” Therefore,
we investigated the electroreduction kinetics. The possible re-
action pathway of the electrochemical reduction of CO, on the
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Figure 3. Faradaic efficiency of CO (a) and HCOOH (b)with different Cu(core)/CuO(shell) loadings in a flow reactor. Partial current densities of CO (a1) and

HCOOH (b1) with different loadings of the Cu(core)/CuO(shell) catalyst.

2

H* e CO —> (..) — CH4OH
co, ———<_
catalyst k2 HCOOH

Scheme 1. The possible reaction pathway for the electroreduction of carbon
dioxide on a Cu(core)/CuO(shell) catalyst.

Cu(core)/CuO(shell) catalyst is proposed in Scheme 1. Competi-
tion existed between the two reactions.

The electroreduction process of CO, could be described by
a series of first-order differential equations [Egs. (1)-(3)]:*

d[CO,] d[CO] d[HCOOH]
e E gt T (1)
d[CO] ot
d[H(;j(?OH] — [HCOOH]e ! (3)

where t is the reaction time and k; and k, are the reaction rate
constants of CO and HCOOH, respectively. According to the
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long-term experimental results, the initial conditions are:
[CO,l,=3.12x 10"* mol and [CO],=[HCOOH],=0.

Comparison of the product formation profiles between the
proposed first-order model and the experimental data are
shown in Figure 4. The results indicate that the theoretical
values of the moles of CO and HCOOH at different catalyst
loadings are consistent with the experimental data. The model
fits well with the experimental data, especially for CO. The re-
sults in Figure 4 illustrate that the predicted CO concentration
increased in the first 20 min and then reached a constant
value for the rest of reaction time, whereas the predicted
HCOOH concentration increased quickly within a few minutes
and then reached a constant value. Nevertheless, the mea-
sured amount of HCOOH increased sharply with an increase in
the reaction time to 80 min, and then tended to decrease. No-
tably, when the catalyst loading was 1.5 mgcm™? the mea-
sured amounts of CO and HCOOH were higher than with other
catalyst loadings with the long reaction time. The experimental
results confirmed that the proposed mathematical model can
predict the first-order model to a reasonable extent for the
electroreduction of CO, to CO and HCCOH, and they show
that an increase in reaction time could enhance the formation
of the CO, reduction products.

ChemElectroChem 2014, 1, 1577-1582 1580
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Figure 4. Comparison of the experimental results with the predicted values
for CO (a) and HCOOH (b), based on differential first-order models. The lines
are predicted based on a simulated first-order model and the dots represent
the experimental data. Working electrode = Cu(core)/CuO(shell) catalyst on

a GDE, counter electrode =Pt black loaded on a GDE, reference electro-
de=Ag/AgCl (3 m NaCl), electrolyte solution=1m KHCO,, and tempera-
ture=25°C.

Figure 5 displays the rate constants for the two main prod-
ucts (CO and HCOOH) as a function of catalyst loading during
the electroreduction of CO,. The rate constants were calculated
by using the first-order differential equations for k, and k,, re-
spectively. Notably, k; is smaller than k,. A small rate constant
indicates a lower reactivity. The small rate constant explains
the low faradaic efficiency of CO compared with that of
HCOOH during the long-term electroreduction process of CO,
on the Cu(core)/CuO(shell) catalyst in this study. When increas-
ing the catalyst loadings, the rate constants increased sharply;
however, k, reached a constant and k, tended to decrease at
1.5 and 2.0 mgcm ™ loadings on the GDE. These changes sug-
gest that the different Cu(core)/CuO(shell) catalyst loadings af-
fected the rate of electroreduction of CO, in aqueous solution.
The catalyst loading was 1.5 mgcm 2, which aided the electro-
chemical reduction of CO, with the long reaction time.
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4. Conclusions

A study of the electrochemical behavior of the Cu(core)/CuO-
(shell) catalyst in Tm KHCO; revealed that the catalyst trans-
formed between the various oxidation states of copper,
namely Cu, and Cu', and Cu". The current peak intensity in-
creased with increased catalyst loading. Chronoamperometric
electrolysis was performed in a flow reactor to further investi-
gate the effect of the catalyst loading on the process of CO,
electroreduction. Faradaic efficiencies of CO and HCOOH were
higher at a loading of 1.0 mgcm™ on the GDE than with other
catalyst loadings, when a short reaction time was used. Reac-
tions were then modeled by using an in-series, first-order reac-
tion, and the differential equations deduced from the models
were compared to the experimental data. It was verified that
the models could reasonably describe the evolution of prod-
ucts during the electroreduction of CO,. Kinetic analysis indi-
cated that the two products had different rate constants, lead-
ing to different reactivates and, therefore, different faradaic ef-
ficiencies. With a long reaction time, different catalyst loadings
affected the rate of CO,electroreduction, and 1.5 mgcm™ cata-
lyst loading was favored for the electrochemical reduction of
CO, to CO and HCOOH. Our results suggest that the interplay
between the Cu core and the CuO shell is beneficial for the
electroreduction of CO,, but the catalyst requires further modi-
fication to suppress the pathways leading to other products,
such as H,.

Acknowledgements

We gratefully acknowledge financial support from the Depart-
ment of Energy through an STTR grant to Dioxide Materials and
UIUC (DE-SC0004453), and from the International Institute of
Carbon Neutral Energy Research (WPI-I2CNER) sponsored by the
World Premier International Research Center Initiative (WPI),
MEXT, Japan. The study was also financed by the National Natu-

ChemElectroChem 2014, 1, 1577-1582 1581


www.chemelectrochem.org

ELECTRO

ral Science Foundation of China (21173085) through the award
of a China Council Scholarship to Y.L

Keywords: carbon dioxide - copper - core-shell materials -

heterogeneous catalysis - kinetics

[1]1 M. Aresta, A. Dibenedetto, Dalton Trans. 2007, 28, 2975-2992.
[2] C.S. Song, A. M. Gaffney, K. Fujimoto, ACS Symp. Ser. 2002, 809, 2-30.
[3] K. P. Kuhl, E.R. Cave, D.N. Abram, T.F. Jaramillo, Energy Environ. Sci.
2012, 5, 7050-7059.
[4] H. Yoneyama, Catal. Today 1997, 39, 169-175.
[5] R.P.S. Chaplin, A. A. Wrangg, J. Appl. Electrochem. 2003, 33, 1107 -1123.
[6] Y. Oh, X. Hu, Chem. Soc. Rev. 2013, 42, 2253 -2261.
[7] G. Seshadri, C. Lin, A. B. Bocarsly, J. Electroanal. Chem. 1994, 372, 145-
150.
[8] E. Barton Cole, P.S. Lakkaraju, D. M. Rampulla, A.J. Morris, E. Abeley,
A. B. Bocarsly, J. Am. Chem. Soc. 2010, 732, 11539-11551.
[9] Y. Hori, K. Kikuchi, S. Suzuki, Chem. Lett. 1985, 1695 - 1689.
[10] Y. Hori, Modern Aspects of Electrochemistry, vol. 42, Springer, New York,
2008, 42, 89-189.
[11] Y. Chen, M. W. Kana, J. Am. Chem. Soc. 2012, 134, 1986 - 1989.
[12] E.E. Barton, D. M. Rampulla, A. B. Bocarsly, J. Am. Chem. Soc. 2008, 130,
6342-6344.
[13] B. A. Rosen, A. Salehi-Khojin, M.R. Thorson, W. Zhu, D.T. Whipple,
P.J. A. Kenis, R. Masel, Science 2011, 334, 643 -644.
[14] Y. Hori, A. Murata, T. Tsukamoto, H. Wakebe, O. Koga, H. Yamazaki, Elec-
trochim. Acta 1994, 39, 1833-1839.
[15] M. Gattrell, N. Gupta, A. Co, J. Electroanal. Chem. 2006, 594, 1-19.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

S. Kaneco, K. liba, H. Katsumata, T. Suzuki, K. Ohta, Chem. Eng. J. 2007,
128, 47 -50.

S. Kaneco, Y. Ueno, H. Katsumata, T. Suzuki, K. Ohta, Chem. Eng. J. 2006,
119,107 -112.

A. A. Peterson, F. Abild-Pedersen, F. studt, J. Rossmeisl, J. K. Narskov,
Energy Environ. Sci. 2010, 3, 1311-1315.

C.E. Tornow, M.R. Thorson, S. Ma, A. A. Gewirth, P.J. A. Kenis, J. Am.
Chem. Soc. 2012, 134, 19520-19523.

E. J. Dufek, T. E. Lister, M. E. Mcllwain, Electrochem. Solid-State Lett. 2012,
15, B48-B50.

E.J. Dufek, T.E. Lister, S. G. Stone, M. E. Mcllwain, J. Electrochem. Soc.
2012, 159, F514-F517.

H. R. Jhong, F. R. Brushett, P. J. A. Kenis, Adv. Energy Mater. 2013, 3, 589-
599.

J.J. Wy, F. G. Risalvato, F. S. Ke, P. J. Pellechia, X. D. Zhou, J. Electrochem.
Soc. 2012, 159, F353-F359.

W. Z. Teo, A. Ambrosi, M. Pumera, Electrochem. Commun. 2013, 28, 51—
53.

R. M. Hernéndez, M. Kalaji, J. Chem. Soc. Faraday Trans. 1996, 92, 3957 -
3962.

H.R. Jhong, S. Ma, P.J. A. Kenis, Curr. Opin. Chem. Eng. 2013, 2, 191-
199.

C. Costentin, S. Drouet, G. Passard, M. Robert, J. M. Savéant, J. Am.
Chem. Soc. 2013, 135, 9023-9031.

Y.P. Peng, Y.T. Yeh, S. Ismat Shah, C. P. Huang, Appl. Catal. B 2012, 123,
414-423.

Received: June 9, 2014
Published online on August 8, 2014

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemElectroChem 2014, 1, 1577-1582 1582


http://dx.doi.org/10.1021/bk-2002-0809.ch001
http://dx.doi.org/10.1021/bk-2002-0809.ch001
http://dx.doi.org/10.1021/bk-2002-0809.ch001
http://dx.doi.org/10.1039/c2ee21234j
http://dx.doi.org/10.1039/c2ee21234j
http://dx.doi.org/10.1039/c2ee21234j
http://dx.doi.org/10.1039/c2ee21234j
http://dx.doi.org/10.1016/S0920-5861(97)00098-9
http://dx.doi.org/10.1016/S0920-5861(97)00098-9
http://dx.doi.org/10.1016/S0920-5861(97)00098-9
http://dx.doi.org/10.1039/c2cs35276a
http://dx.doi.org/10.1039/c2cs35276a
http://dx.doi.org/10.1039/c2cs35276a
http://dx.doi.org/10.1016/0022-0728(94)03300-5
http://dx.doi.org/10.1016/0022-0728(94)03300-5
http://dx.doi.org/10.1016/0022-0728(94)03300-5
http://dx.doi.org/10.1021/ja1023496
http://dx.doi.org/10.1021/ja1023496
http://dx.doi.org/10.1021/ja1023496
http://dx.doi.org/10.1246/cl.1985.1695
http://dx.doi.org/10.1246/cl.1985.1695
http://dx.doi.org/10.1246/cl.1985.1695
http://dx.doi.org/10.1021/ja2108799
http://dx.doi.org/10.1021/ja2108799
http://dx.doi.org/10.1021/ja2108799
http://dx.doi.org/10.1021/ja0776327
http://dx.doi.org/10.1021/ja0776327
http://dx.doi.org/10.1021/ja0776327
http://dx.doi.org/10.1021/ja0776327
http://dx.doi.org/10.1126/science.1209786
http://dx.doi.org/10.1126/science.1209786
http://dx.doi.org/10.1126/science.1209786
http://dx.doi.org/10.1016/0013-4686(94)85172-7
http://dx.doi.org/10.1016/0013-4686(94)85172-7
http://dx.doi.org/10.1016/0013-4686(94)85172-7
http://dx.doi.org/10.1016/0013-4686(94)85172-7
http://dx.doi.org/10.1016/j.jelechem.2006.05.013
http://dx.doi.org/10.1016/j.jelechem.2006.05.013
http://dx.doi.org/10.1016/j.jelechem.2006.05.013
http://dx.doi.org/10.1016/j.cej.2006.10.002
http://dx.doi.org/10.1016/j.cej.2006.10.002
http://dx.doi.org/10.1016/j.cej.2006.10.002
http://dx.doi.org/10.1016/j.cej.2006.10.002
http://dx.doi.org/10.1016/j.cej.2006.03.030
http://dx.doi.org/10.1016/j.cej.2006.03.030
http://dx.doi.org/10.1016/j.cej.2006.03.030
http://dx.doi.org/10.1016/j.cej.2006.03.030
http://dx.doi.org/10.1039/c0ee00071j
http://dx.doi.org/10.1039/c0ee00071j
http://dx.doi.org/10.1039/c0ee00071j
http://dx.doi.org/10.1021/ja308217w
http://dx.doi.org/10.1021/ja308217w
http://dx.doi.org/10.1021/ja308217w
http://dx.doi.org/10.1021/ja308217w
http://dx.doi.org/10.1149/2.010204esl
http://dx.doi.org/10.1149/2.010204esl
http://dx.doi.org/10.1149/2.010204esl
http://dx.doi.org/10.1149/2.010204esl
http://dx.doi.org/10.1149/2.011209jes
http://dx.doi.org/10.1149/2.011209jes
http://dx.doi.org/10.1149/2.011209jes
http://dx.doi.org/10.1149/2.011209jes
http://dx.doi.org/10.1002/aenm.201200759
http://dx.doi.org/10.1002/aenm.201200759
http://dx.doi.org/10.1002/aenm.201200759
http://dx.doi.org/10.1149/2.049207jes
http://dx.doi.org/10.1149/2.049207jes
http://dx.doi.org/10.1149/2.049207jes
http://dx.doi.org/10.1149/2.049207jes
http://dx.doi.org/10.1016/j.elecom.2012.12.006
http://dx.doi.org/10.1016/j.elecom.2012.12.006
http://dx.doi.org/10.1016/j.elecom.2012.12.006
http://dx.doi.org/10.1016/j.coche.2013.03.005
http://dx.doi.org/10.1016/j.coche.2013.03.005
http://dx.doi.org/10.1016/j.coche.2013.03.005
http://dx.doi.org/10.1021/ja4030148
http://dx.doi.org/10.1021/ja4030148
http://dx.doi.org/10.1021/ja4030148
http://dx.doi.org/10.1021/ja4030148
http://dx.doi.org/10.1016/j.apcatb.2012.04.037
http://dx.doi.org/10.1016/j.apcatb.2012.04.037
http://dx.doi.org/10.1016/j.apcatb.2012.04.037
http://dx.doi.org/10.1016/j.apcatb.2012.04.037
www.chemelectrochem.org

