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Hydroxide is not a promoter of C.:. products formation in
electrochemical reduction of CO on Copper

Jing Li, Donghuan Wu, Arnav S. Malkani, Xiaoxia Chang, Mu-Jeng Cheng, Bingjun Xu,* and Qi Lu*

Abstract: Highly alkaline electrolytes have been shown to improve
the formation rate of C2+ products in the electrochemical reduction of
carbon dioxide (COz) and carbon monoxide (CO) on copper surface,
with the assumption that higher OH concentrations promote the C-C
coupling chemistry. In this work, we demonstrate that higher
concentrations of cations (Na*), rather than OH, exert the main
promotional effect on the production of C2. products by systematically
varying the concentration of Na* and OH- at identical absolute
electrode potential. The impact of the nature and the concentration of
cations on the electrochemical reduction of CO is supported by
experiments in which a fraction or all of Na* is chelated by a crown
ether. Chelation of Na* leads to drastic decrease in the formation rate
of C2+ products. The promotional effect of OH determined at the same
potential on the reversible hydrogen electrode scale is likely caused
by larger overpotentials at higher electrolyte pH.

Introduction

The electroreduction of CO, to energy-dense products in aqueous
solution is an attractive strategy to store the intermittent
renewable electricity in a sustainable fashionl'l. A near-neutral
electrolyte is typically employed to conduct CO. electrolysis
because (a) CO; reacts with alkaline solution, and (b) many active
catalysts are thermodynamically not stable in acidic
environment'?. However, the use of near-neutral electrolyte poses
great challenges in achieving high energy efficiency in
commercial CO, electrolyzers (e.g., in a membrane electrode
assembly configuration) due to the current lack of a high-
performance membrane and anode material, i.e., electrocatalyst
for the oxygen evolution reaction (OER), at neutral pHP. The
microfluidic flow cell developed by Kenis’ group®, as well as more
recent advancements reported by othersl®, enables the usage of
alkaline electrolyte for CO; electrolysis, in which the gas-phase
CO is not directly purged into the electrolyte but is in contact with
the electrolyte at the catalyst surface, i.e., tripe-phase-boundaryi“2:
%. 6 This configuration effectively extends the pH range of the
electrolyte for CO; electrolysis and also greatly enhances the
reaction rate by improving the mass transport!-5.,
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Adapting this flow cell configuration, a recent study reports that
the C, product formation in CO; electrolysis using Cu catalyst can
be significantly improved by using a more concentrated alkaline
electrolytel®a. A similar phenomenon is also observed in the
electroreduction of COUl, a reduction reaction that is believed to
share the same pathway as CO- electroreduction after CO- is
converted to the surface adsorbed CO (CO,us)®. While these
results seem to suggest a quite feasible way to promote CO,
electroreduction towards more valuable products, i.e., to increase
the electrolyte pH, major inconsistencies exist between this
hypothesis and the current mechanistic understanding of the
formation of C,. products!® 9. As revealed by recent experimental
and computational investigations, the rate determining step
(RDS) of Cy: product formation is the dimerization of two COgqs
through Langmuir-Hinshelwood process which does not include
a proton transfer® %I, Thus, the C,. product formation rate is not
expected to show such a strong dependence on the electrolyte
pH.

The increase of alkaline electrolyte concentration does not
merely increase the concentration of hydroxide, but also the
concentration of the balancing cations, which also could impact
the electrode-mediated reactions. Although the cation effect in
electrocatalysis has been reported recently', molecular
pathways through which cations exert impact remain debated.
According to the classical Gouy-Chapman-Stern (GCS) model,
cations reside at the outer Helmholtz plane (OHP) and the diffuse
layer!"l. Thus, a higher cation concentration of cations in the
electrolyte could increase the density of cations at the OHP, which
may induce a stronger electrostatic field at the interfacel'% 104,
Strong field has recently been proposed to stabilize the key
intermediate of CO; electroreduction and lower the energy barrier
of C, products formationl'®l. However, recent work from Koper
and co-workers show, at least in a specific case, the strength of
electrostatic field does not change with the concentration of
protons!'d. Thus, the classical picture could be too simplistic to
describe the complexity of the electrochemical interface. In
addition, the formation rate of C,. products at different electrolyte
pH should be compared at potentials referenced to the standard
hydrogen electrode (SHE) instead of the reversible hydrogen
electrode (RHE) because the RDS does not include any proton
transferl®® 9. Otherwise the reactions performed at a higher
electrolyte pH are actually subjected to a larger overpotential by
ApHx59 mV at room temperature, i.e., 2.3kTApH, which would
lead to an increase in the reaction rate. Thus, systematic
investigations are highly desired to deconvolute the influence of
the electrolyte pH, the concentration of cations and the reference
scale with which overpotentials are calculated on the formation
rate of C,. products in CO; electroreduction.

Mechanistic studies of CO, electroreduction in an aqueous
electrolyte is challenging because the multitude of chemical
equilibria among CO,, hydroxide, bicarbonate and carbonate
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make the isolation of roles of any specific ion in the reaction
difficult and in many cases lead to contradictory conclusions!'?.
The electrochemical CO reduction reaction (CORR) is more
straightforward because CO does not participate in any
electrolyte reactions. The CORR is generally believed to share
the same reaction pathways and the RDS as the electroreduction
CO, reduction reaction (CO,RR) on Cu surfaces!®, making it a
more appropriate probe reaction for mechanistic investigations.
Using polycrystalline Cu foil electrodes, Wang et al. performed
reactivity studies of CORR with an electrolyte pH of 7 and 13,
respectively, and reported that the onset potentials for C,.
products were similar®l. To rationalize these experimental data,
Liu et al. performed computational studies using a microkinetic

model to obtain further insights into the formation of C, products®.

However, the experimental results could be convoluted by the
sluggish mass-transport in their system due to the low solubility of
CO (~ 1 mM), making the kinetic analysis different than those
obtained in systems without mass-transport limitations!®® 1.
Herein, we use our recently developed polycrystalline Cu
electrode that employs a gas diffusion mechanism in a standard
three-electrode H-cell® to systematically investigate the Co.
product formation in (a) electrolytes with an equal amount of
hydroxide and different amounts of cations and (b) electrolyte with
different amounts of hydroxide and an equal amount of cations at
both the RHE and the SHE scales. We demonstrate that the
increase in concentration of Na*, rather than OH-, promotes the
formation rate of C,. products when the CORR is conducted at
the same absolute potential.

Results and Discussion

Differentiating the Impact from Hydroxide and Cation on
CORR. Reactivity studies based on the linear sweep voltammetry
(LSV) curves (Supporting Information, Figure S3) and
chronoamperometry measurements on the RHE scale show that
the CORR rate increases with the Na* concentration and. the
alkalinity of electrolytes. The CORR rate on micron-size Cu
particles supported on carbon paper at-0.7 Vgyne increases almost
linearly with the concentration of NaOH in the electrolyte from 0.1
to 0.5 M, and then more gradually when the NaOH concentration
increases to 1 M (blue trace in Figure 1; Supporting Information,
Figure S4). An approximately 3-fold increase in the total current
density for the CORR (jcorr) is observed as NaOH concentration
is increased from 0.1 M to 1 M. The change in the resistance of
the electrolyte at different ion strengths has been accounted for in
the reactivity studies. This is consistent with several literature
reports that CORR is more favored at higher electrolyte pHL": &,
To isolate the impact of the concentration of Na* on the CORR,
reactivity studies are also performed on the same catalyst and
potential in 0.1 M NaOH + (x-0.1) M NaClO, electrolyte (x = 0.1,
0.25, 0.5, 0.75, 1; Supporting Information, Figure S5). NaClOy is
selected for matching the cation concentration because the ClO4
anion does not change the electrolyte pH and is known not to
adsorb on the electrode surface!'®a 14, Further, the high solubility
of NaClO, in water (17.1 M at room temperature) affords a wide
range of Na* concentration. jcorr increases roughly linearly with
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the concentration of Na* from 0.1 to 1 M at the same pH of 13.1.
However, the increase (ca. 2-fold) is less drastic than its
counterpart in pure NaOH electrolytes. Importantly, jcorr is
consistently lower in the less alkaline electrolyte with the same
Na* concentration, which again appears to indicate the positive
effect of the higher OH- concentration on the CORR performance.

20
——x M NaOH
—8—0.1 M NaOH + (x-0.1) M NaCIO,
& 154
€
o
<
€
~ 101
©
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o
<
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Figure 1. CO electroreduction in various electrolytes. Partial current density
of the CORR in a series of x M NaOH electrolyte (x = 0.1, 0.25, 0.5, 0.75, 1) and
0.1 M NaOH + (x - 0.1) M NaClO4 electrolyte at -0.7 Vrue. The error bars
represent the standard deviation from at least three independent
measurements.

Comparing the rate of C,. products in the CORR at the same
absolute potential, i.e., on the SHE scale, reveals that the
concentration of Na*, rather than OH-, plays the dominant role in
promoting the reactivity. At -0.7 Vgryg, the formation rates for all
Co+ products are clearly enhanced by the higher Na*
concentration when x increases from 0 to 0.9 in 0.1 M NaOH +
xM NaClO, (Figure 2 a), indicating a promotional effect of the
cation. Again, the increase is more pronounced in 1 M NaOH than
that in 0.1 M NaOH + 0.9 M NaClO,, which seems to imply that
the cation concentration is not solely responsible for the increase
of the formation rate of C,. products in more concentrated alkaline
electrolytes. Recent reports have shown that the rate determining
step (RDS) is the formation of C,. products is the C-C coupling of
adsorbed CO on Cu,®® °! which is independent of the H* or OH-
concentration. Thus, the choice of comparing the cation effect in
the formation of C,. product in the CORR at different pH with the
identical potential on the RHE scale is not justified, because the
driving force in the C-C coupling chemistry is the absolute
potential of the electrode. Strikingly, formation rates for all Ca.
products are nearly identical at the same absolute potential (-1.47
V vs. SHE) with 1 M of Na* regardless of the OH- concentration in
the electrolyte (Figure 2 a). Similar results are obtained at
intermediate concentrations of NaClOy, i.e., x=0.1 and 0.4, in the
NaOH + xM NaClO, electrolyte when comparing with the pure
NaOH electrolyte with the identical Na* concentration (Supporting
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Figure 2. CO electroreduction potential at SHE scale. Partial current densities of C2+ products, including ethylene, HERM. At -0.7 Vree, the
acetate, ethanol, acetate and n-propanol. a) Comparison of CO electroreduction conducted in 0.1 M NaOH, 0.1 M NaOH concentrated NaOH

+0.9 M NaClOs and 1 M NaOH, respectively. The reference potentials are chosen to be the same in RHE scale (-0.7 VrHE)
and SHE scale (-1.47 Vshe), separately. b) Hydroxide ion concentration dependence with a fixed 1.0 M cation concentration
at -1.5 Vsue. The error bars represent the standard deviation from at least three independent measurements.

Information, Figures S6 and S7). These results strongly indicate
that the improvement of C,. product formation in
concentrated alkaline electrolytes could be largely, if not
completely, attributed to the high concentration of cations
rather than OH".

To confirm the decisive role of the Na* concentration in the
formation of C,. products, reactivity studies are conducted at the
identical Na* concentration (1 M) while systematically varying the
OH- concentration in a series of xM NaOH + (1-x)M NaClO4
electrolytes (x = 0.1, 0.25, 0.5, 0.75, and 1) . At -1.5 Vsgpg, all Cas
products exhibit nearly identical formation rates as the electrolyte
[OH1] is increased from 0.1 to 1 M (Figure 2 b; Supporting
Information, Figure S8), which provides further evidence that
hydroxide has a very weak, if at all, promotional effect on the
formation of C,. products in the CORR. In contrast, the
formation rates of methane and hydrogen do increase quite
substantially with the increase of either Na* or OH" concentration
(Figure 3). The RDS of CH4 formation the has been confirmed to

electrolyte shows a clearly

higher CH, formation rate
than those in both cation
compensated and

uncompensated electrolytes (Figure 3 a-c).

Impact of Cation Chelation by Crown Ether on CORR. The
impact of Na* on the formation of Cy.: products in the CORR is
further highlighted by its systematic removal through chelation
with a crown ether while maintaining the OH- concentration in the
electrolyte. 15-Crown-5 is a crown ether known to effectively
and completely chelate an equimolar Na* to form a bulky
organic cation!'’, referred to as C-Na* in this work, which is
employed to change the nature of the cation in the electrolyte
(Figure 4 a). jcorr in 1 M NaOH at -1.53 Vsue (or -0.7 Vgrue)
decreases substantially with the increase of the fraction of Na* in
the electrolyte chelated to C-Na*, from 16.6 mA/cm? without
adding any crown ether to 4.1 mA/cm? with all Na* chelated to C-
Na* (Figure 4 b). Further, the FE for C,. products decreases from
62.3 % to 31.3 % with the increasing fraction of Na* chelated. It is
worth noting that the potential on neither the SHE or the RHE
does not change when the increasing amount crown introduced
to the electrolyte, as the OH" concentration is not affected by the

12 070V, ]/ -1.47 V.. [ 0.1 M NaOH 10 070 V] -1.47 V. [ 0.1 M NaOH [0.70 V| -1.47 v, [ 0.1 M NaOH
-0.70 Vil -1.47 V.. I 0.1 M NaOH + 0.9 M NaCIO, T [0.70 Ve -1.47 v, IR 0.1 M NaOH + 0.4 M NaCIO, 74 070V ]/-1.47 V.. B 0.1 MNaOH + 0.1 M NacIO,
-0.70 Vil -1.53 Vs, I 1.0 M NaOH -0.70 Vy, |/ -1.52 V. [ 0.5 M NaOH 0.70 V,, |/ -1.50 V., [ 0.2 M NaOH
101 6
8
—~ —~ —~
S 8 & & 51
G G 6+ G 4]
g° £ E
= = 4 = 31
4] 2
2 21 1]

Hydrogen Methane Hydrogen

Methane Hydrogen Methane

Figure 3. pH dependence of CH4 and H: formation rate. Partial current densities of hydrogen and methane production in 0.1 M NaOH, 0.1 M NaOH + x M
NaClO4 and 0.1 + x M NaOH electrolyte (x = 0.9 a), 0.4 b) and 0.1 ¢)) at -0.7 Vrue. The error bars represent the standard deviation from at least three independent

measurements.

be the hydrogenation of COa4s by Hags through a Langmuir—
Hinshelwood type mechanism!® %I, and thus rate comparison at

chelation. This demonstrates that the nature of cations could have
a major impact on the reactivity and selectivity for electrode

3
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Figure 4. Cation chelation with crown ether. a) A schematic shows the decrease of cations in OHP due to the chelation
of 15-Crown-5. IHP and OHP represent inner Helmholtz plane and outer Helmholtz plane, respectively. b) CO
electroreduction current densities and Faradaic efficiencies compared at 1 M NaOH electrolyte chelated with different
amount of 15-Crown-5 at -0.7 Vrue/-1.53 Vshe. €) CO electroreduction current densities and Faradaic efficiencies
compared in 0.5 M NaOH and in 1 M NaOH chelated with 0.5 M 15-Crown-5 at -1.53 Vskxe. The error bars represent the

standard deviation from at least two independent measurements.

surface mediated reactions. This is consistent with previous
reports showing that different alkali metal cations lead to
significantly different rates and product distributions in CO,RRI"%
10dl C-Na* is much bulkier than Na*, and thus not expect to get
as close to the electrode surface as Na*. This is confirmed by the
reduced Stark tuning rate of the adsorbed CO on polycrystalline
Cu from 34 cm™/V in 0.1 M NaOH to 25 cm™'/V in 0.1 M C-NaOH
determined with attenuated total reflectance surface enhanced
infrared absorption spectroscopy (ATR-SEIRAS) (Supporting
Information, Figure S9). A lower Stark tuning rate within the Gouy-
Chapman-Stern (GCS) model suggests that the distance between
the outer Helmholtz plane (OHP) and the electrode surface is
larger, presumably due to the larger cation size of C-Na* as
compared to Na*l"®l. It is worth noting that the presence of 0.5 M
of C-Na* in the presence of 0.5 M of free Na* still exerts a major
impact on the reactions occurring on the electrode surface (Figure
4 c), with jcorr being only roughly half as much in 1 M NaOH with
50% of Na* chelated into C-Na* as in 0.5 M NaOH (Figure 4 c).
The FE for C,. products is also lower than the latter by 20.6 %.
This suggests the bulkier C-Na* still have access to and impact
the surface mediated reactions.

Potential Pathways for Cations to Affect Surface Mediated
CORR. Although multiple mechanisms through with cations could
influence the electrode surface mediated reactions have been
proposed in the literature, results presented in this work highlight
the drastic impact and complexity of the cation effect in
electrocatalysis. Site blocking during specific adsorption of ions

0.5MNaOH with 0.5 M
15-Crown-5

C-Na*® in addition to Na* if
specific adsorption is
responsible for the cation
effect. This is in contradiction
to the data presented in
Figure 4 c. We note that the
lack of specific adsorption of
C-Na* is confirmed by the lack
of Stark tuning of any bands
associated with the crown ether (Supporting Information, Figure
S10). Another commonly invoked mechanism to explain the
cation effect is modification of the interfacial electric field due to
the different cation sizes!'% 10¢. 18 However, we do not observe
any detectable change in the Stark tuning rate in adsorbed CO on
Cu in the Na* concentration range of 0.1 to 1 M (30-33 cm™'/V;
Supporting Information, Figure S11). The lack of change in the
Stark tuning rate of adsorbed CO on Pt at different pH values, i.e.,
H* concentrations, has been reported recently by Koper and co-
workers!'?, This is likely because that the concentration of cations
in neither the bulk nor the diffuse layer has any significant impact
on the Helmholtz capacitance, as suggested by a recent
computational study!'®@. The average electric field between the
OHP and the electrode surface within the framework of the GCS
model does not change appreciably in the Na* concentration
range investigated in this work, and thus cannot explain the
enhanced production of C,. products in the CORR at higher Na*
concentrations. Modified local electric field, as suggested by Bell
and coworkers!'%2 1041 at higher cation concentrations could lead
to higher densities of “hot spots” that favor the formation of C..
products. Another possibility is that interfacial water structure is
modified at higher concentrations of cations!'® 22, which could
facilitate the C-C coupling pathway by better solvating the
transition state complex. We stress that these speculative
rationalizations of the cation effect highlight the gap in the
molecular level understanding how the nature and concentration
of cations impact surface-mediated electrocatalytic reactions.
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Conclusion

By comparing the formation rate of C,. products in two sets of
CORR experiments in electrolytes containing (a) an identical
concentration of OH" and varying concentrations of Na*; and (b)
varying concentrations of OH and an identical concentration of
Na* by controlling the electrode potential at both the RHE and the
SHE scales, we show that higher concentrations of Na*, rather
than that of OH-, promote the formation of C,. products in the
CORR on Cu. Although this conclusion goes against a common
assumption made in the CO,RR and CORR community, it is
reasonable upon close consideration and in light of recent
mechanistic insights. The identification of the coupling of two
adsorbed CO as the RDS entails the overpotential should be

referenced to the absolute potential, rather than on the RHE scale.

Concentrations cations and anions (OH") in the same type of
electrolyte are always varied together. Thus, the modified
reactivity results at different electrolyte concentrations could be
attributed to either the effect of cations or anions, unless
experiments, such as those described in this work, are specifically
designed to delineate the effect of cations and anions.

It should be noted that highly alkaline electrolytes could be
beneficial in improving the performance of CO, or CO
electroreduction at the device level due to engineering
considerations, because the current ion-exchange membrane
and OER catalysts favor alkaline over neutral conditions. In
addition, higher pH environment could reduce the required
voltage in full cell operations because the equilibrium potential of
the OER would shift to less positive values but the C-C coupling
chemistry will be unaffected.

Experimental Section

Methods: Details of experimental methods are provided in the Supporting
Information.

Acknowledgements

This work is supported by the National Key Research and
Development Program of  China (grant number
2017YFA0208200) and the National Natural Science Foundation
of China (grant number 21872079, 21606142).

Conflict of interest
The authors declare no conflict of interest

Keywords: CO, reduction « copper ¢ electrochemistry « energy
conversion « solar fuels

[1] a) S. Nitopi, E. Bertheussen, S. B. Scott, X. Liu, A. K. Engstfeld, S.
Horch, B. Seger, |. E. L. Stephens, K. Chan, C. Hahn, J. K. Norskov,
T. F. Jaramillo, I. Chorkendorff, Chem. Rev. 2019, 119, 7610-7672;
b) C. Costentin, M. Robert, J. M. Saveant, Chem. Soc. Rev. 2013,
42, 2423-2436; c) Q. Lu, F. Jiao, Nano Energy 2016, 29, 439-456;

(2

131

41

151

(6]

(7]
8]

1l

[10]

(1]

[12]

[13]

[14]

10.1002/anie.201912412

WILEY-VCH

d) N. S. Lewis, Science 2016, 351, aad1920; e) D. Raciti, C. Wang,
ACS Energy Lett. 2018, 3, 1545-1556; f) Z. Weng, Y. S. Wu, M. Y.
Wang, J. B. Jiang, K. Yang, S. J. Huo, X. F. Wang, Q. Ma, G. W.
Brudvig, V. S. Batista, Y. Y. Liang, Z. X. Feng, H. L. Wang, Nat.
Commun. 2018, 9, 415; g) X. L. Zheng, P. De Luna, F. P. G. de
Arquer, B. Zhang, N. Becknell, M. B. Ross, Y. F. Li, M. N. Banis, Y.
Z. Li, M. Liu, O. Voznyy, C. T. Dinh, T. T. Zhuang, P. Stadler, Y. Cui,
X. W. Du, P.D. Yang, E. H. Sargent, Joule 2017, 1, 794-805.

Y. Hori, in Mod. Aspects Electrochem., Vol. Vol. 42 (Eds.: C. G.
Vayenas, R. E. White, M. E. Gambao-Aldaco), 89-189 Springer,
2008, pp. 89-189.

a) J. L. Yan, M. A. Hickner, Macromolecules 2010, 43, 2349-2356;
b) N. T. Suen, S. F. Hung, Q. Quan, N. Zhang, Y. J. Xu, H. M. Chen,
Chem. Soc. Rev. 2017, 46, 337-365; c) K. Xu, H. Cheng, L. Q. Liu,
H. F. Lv, X. J. Wu, C. Z. Wu, Y. Xie, Nano Lett. 2017, 17, 578-583;
d) M. W. Kanan, D. G. Nocera, Science 2008, 327, 1072-1075.

a) D. T. Whipple, E. C. Finke, P. J. A. Kenis, Electrochem. Solid-
State Lett. 2010, 13, D109-D111; b) S. C. Ma, M. Sadakiyo, R. Luo,
M. Heima, M. Yamauchi, P. J. A. Kenis, J. Power Sources 2016,
301, 219-228.

a) C. T. Dinh, T. Burdyny, M. G. Kibria, A. Seifitokaldani, C. M.
Gabardo, F. P. Garcia de Arquer, A. Kiani, J. P. Edwards, P. De
Luna, O. S. Bushuyey, C. Zou, R. Quintero-Bermudez, Y. Pang, D.
Sinton, E. H. Sargent, Science 2018, 360, 783-787; b) J. J. Lv, M.
Jouny, W. Luc, W. Zhu, J. J. Zhu, F. Jiao, Adv. Mater. 2018, 30,
1803111; c) C. Xia, P. Zhu, Q. Jiang, Y. Pan, W. Liang, E. Stavitsk,
H. N. Alshareef, H. Wang, Nat. Energy 2019, 4, 776-785.

M. Bevilacqua, J. Filippi, H. A. Miller, F. Vizza, Energy Technol.
2015, 3, 197-210.

M. Jouny, W. Luc, F. Jiao, Nat. Catal. 2018, 1, 748-755.

a) Y. Hori, A. Murata, R. Takahashi, S. Suzuki, J. Am. Chem. Soc.
1987, 109, 5022-5023; b) Y. Hori, A. Murata, R. Takahashi, J. Chem.
Soc. Faraday Trans. 11989, 85, 2309-2326; c) L. Wang, S. A. Nitopi,
E. Bertheussen, M. Orazov, C. G. Morales-Guio, X. Y. Liu, D. C.
Higgins, K. R. Chan, J. K. Norskov, C. Hahn, T. F. Jaramillo, ACS
Catal. 2018, 8, 7445-7454; d) X. Liu, P. Schlexer, J. Xiao, Y. Ji, L.
Wang, R. B. Sandberg, M. Tang, K. S. Brown, H. Peng, S. Ringe, C.
Hahn, T. F. Jaramillo, J. K. Norskov, K. Chan, Nat. Commun. 2019,
10, 32; e) H. Xiao, T. Cheng, W. A. Goddard, 3rd, R. Sundararaman,
J. Am. Chem. Soc. 2016, 138, 483-486.

a) M. Schreier, Y. Yoon, M. N. Jackson, Y. Surendranath, Angew.
Chem. Int. Ed. Engl. 2018, 57, 10221-10225; b) J. Li, K. Chang, H.
C. Zhang, M. He, W. A. Goddard, J. G. G. Chen, M. J. Cheng, Q.
Lu, ACS Catal. 2019, 9, 4709-4718; c) F. Calle-Vallejo, M. T. M.
Koper, Angew. Chem. Int. Ed. Engl. 2013, 52, 7282-7285; d) J. H.
Montoya, C. Shi, K. Chan, J. K. Norskov, J. Phys. Chem. Lett. 2015,
6, 2032-2037.

a) S. Ringe, E. L. Clark, J. Resasco, A. Walton, B. Seger, A. T. Bell,
K. Chan, Energy Environ. Sci. 2019; b) M. R. Singh, Y. Kwon, Y.
Lum, J. W. Ager, 3rd, A. T. Bell, J. Am. Chem. Soc. 2016, 138,
13006-13012; c) E. Perez-Gallent, G. Marcandalli, M. C. Figueiredo,
F. Calle-Vallejo, M. T. M. Koper, J. Am. Chem. Soc. 2017, 139,
16412-16419; d) J. Resasco, L. D. Chen, E. Clark, C. Tsai, C. Hahn,
T. F. Jaramillo, K. Chan, A. T. Bell, J. Am. Chem. Soc. 2017, 139,
11277-11287.

A. J. Bard, L. R. Faulkner, J. Leddy, C. G. Zoski, Electrochemical
methods: fundamentals and applications, Wiley, New York, 1980.
M. C. Figueiredo, D. Hiltrop, R. Sundararaman, K. A. Schwarz, M.
T. M. Koper, Electrochim. Acta 2018, 281, 127-132.

a) A. Wuttig, Y. Yoon, J. Ryu, Y. Surendranath, J. Am. Chem. Soc.
2017, 139, 17109-17113; b) M. Dunwell, Q. Lu, J. M. Heyes, J.
Rosen, J. G. Chen, Y. Yan, F. Jiao, B. Xu, J. Am. Chem. Soc. 2017,
139, 3774-3783; ¢) M. Dunwell, W. Luc, Y. S. Yan, F. Jiao, B. J. Xu,
ACS Catal. 2018, 8, 8121-8129.

a) K. J. P. Schouten, E. P. Gallent, M. T. M. Koper, J. Electroanal.
Chem. 2014, 716, 53-57; b) Y. Chen, C. W. Li, M. W. Kanan, J. Am.
Chem. Soc. 2012, 134, 19969-19972; c) J. Rosen, G. S. Hutchings,
Q. Lu, S. Rivera, Y. Zhou, D. G. Vlachos, F. Jiao, ACS Catal. 2015,
5, 4293-4299.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

(18]

[16]

17

(18]

[19]

[20]
[21]

[22]

a) J. Zheng, W. Sheng, Z. Zhuang, B. Xu, Y. Yan, Sci. Adv. 2016, 2,
€1501602; b) W. Sheng, Z. Zhuang, M. Gao, J. Zheng, J. G. Chen,
Y. Yan, Nat. Commun. 2015, 6, 5848.

a) J. K. Norskov, T. Bligaard, A. Logadottir, J. R. Kitchin, J. G. Chen,
S. Pandelov, J. K. Norskov, J. Electrochem. Soc. 2005, 152, J23-
J26; b) W. C. Sheng, M. Myint, J. G. G. Chen, Y. S. Yan, Energy
Environ. Sci. 2013, 6, 1509-1512.

F. A. Christy, P. S. Shrivastav, Crit. Rev. Anal. Chem. 2011, 41, 236-
269.

J. Y. Li, X. Li, C. M. Gunathunge, M. M. Waegele, Proc. Natl. Acad.
Sci. U. S. A. 2019, 116, 9220-9229.

J. M. Bockris, A. K. N. Reddy, M. Gamboa-Aldeco, Vol. Vol. 2a,
Kluwer Academic Publishers. Springer, 2002.

D. C. Grahame, Chem. Rev. 1947, 41, 441-501.

a) X. T. Chen, I. T. McCrum, K. A. Schwarz, M. J. Janik, M. T. M.
Koper, Angew. Chem., Int. Ed. 2017, 56, 15025-15029; b) J. N. Mills,
I. T. McCrum, M. J. Janik, Phys. Chem. Chem. Phys. 2014, 16,
13699-13707.

a)J. Zheng, J. Nash, B. J. Xu, Y. S. Yan, J. Electrochem. Soc. 2018,
165, H27-H29; b) T. Ludwig, J. A. Gauthier, K. S. Brown, S. Ringe,
J. K. Narskov, K. Chan, J. Phys. Chem. C 2019, 123, 5999-6009.

This article is protected by copyright. All rights reserved.

10.1002/anie.201912412

WILEY-VCH



Angewandte Chemie International Edition 10.1002/anie.201912412

WILEY-VCH
Entry for the Table of Contents
RESEARCH ARTICLE
The nature and concentrations of Jing Li, Donghuan Wu, Arnav S.
cations have drastic impact on the 4 Malkani, Xiaoxia Chang, Mu-Jeng
electroreduction of CO. The ) : kﬁ Cheng, Bingjun Xu,* and Qi Lu*

experimental measurements by i “©“ &
systematically varying the s& SJ i Page No. — Page No.
concentration of Na* and OH-

8 . Hydroxide is not a promoter of Cy.
revealed that higher concentrations of

products formation in electrochemical

. . . & o & (e
cations (Na*), rather than OH-, exert g@’j 6\393 g££ g\_%? reduction of CO on Copper

the main promotional effect on the
production of C?* products at identical
absolute electrode potential.

This article is protected by copyright. All rights reserved. 7



