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During the electrochemical conversion of CO to acetate on copper-based catalysts, the electrolyte

concentration plays a crucial role in acetate selectivity. However, the correlation between the electrolyte
concentration and the local microenvironment as well as the reaction kinetics remains unclear. In this

work, we report for the first time the impact of KOH concentration on the solvent structure and reaction

kinetics for CO reduction to acetate using advanced operando computational methods. With increasing

KOH concentration, we find that the interfacial solvent structure becomes dense and the hydrogen bond
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network becomes more stable which benefits the directional transfer of protons/hydroxides. In terms of

reaction kinetics, high-concentration KOH not only promotes the generation of *OH, but also
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1 Introduction

The electrochemical conversion of carbon dioxide (CO,) into
value-added chemicals and fuels using renewable electricity is an
attractive strategy to achieve carbon-neutral sustainable devel-
opment and mitigate climate change caused by the excessive
demand for fossil fuels."® Among the products of CO, electro-
reduction, carbon monoxide (CO) is one of the most economi-
cally feasible intermediates due to its high selectivity of up to
99%.>**¢ Utilizing CO directly as a reactant can significantly
enhance C-C coupling reaction, enabling the efficient synthesis
of multi-carbon products (C,, n = 2).”** Therefore, the electro-
chemical CO reduction reaction (CORR) has emerged as a key
technology for the efficient conversion of CO, into high-value-
added chemicals via a cascade pathway (CO, — CO — C,).*>*

For multi-carbon products, acetate is highly desired since it
is a raw material for many important industrial products and
has a large market demand."***® Under highly alkaline condi-
tions, high selectivity for acetate is usually achieved, which is
higher than the faradaic efficiency (<5%) in CO, reduction.'”*®
This can be attributed to several important factors. Firstly, the
increased coverage of *CO as a key intermediate promotes the
C-C coupling step, which improves acetate selectivity."
Secondly, at high concentrations of alkaline electrolytes, OH™
near the electrode-electrolyte interface can be used as a reactant
in the process of acetate production.”” In addition, mass
transport can control the competition between the desorption
and the further reduction of stable intermediates with
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accelerates its combination with surface *CO to form *COOH, a key step in the production of acetate.
These insights offer a practical strategy for tuning electrolytes to boost catalyst performance.

a corresponding impact on selectivity.** It is worth noting that
all of these factors are closely related to the local microenvi-
ronment at the electrode-electrolyte interface. Although some
studies have reported the relationship between the local
microenvironment and performance in CO,RR,”*?® an in-
depth understanding of the effect of the local microenviron-
ment on reaction kinetics in CORR is still lacking at the atomic
level.

In terms of the reaction mechanism, it has been proposed
that the formation of acetate is a nucleophilic reaction of OH™
directly attacking adsorbed ketene (*H,CCO or other early
intermediates).’”*** Electrostatic repulsion and the limited
accessibility of OH ™ near the intermediates make this step seem
unlikely. Subsequently, Chan et al. proposed that acetate
formation occurs via a solution-phase reaction after C-C
coupling,* but it is still difficult to explain the selectivity of
ethylene and acetate.” Given these findings, we have proposed
a new mechanism for explaining acetate formation in CORR
that is consistent with experimental results and we find that
prioritized coupling between adsorbed *CO and *OH is a key
step.”® Very recently, Yeo et al. verified the feasibility of our
proposed mechanism.”* However, the issues regarding the
source of *OH and the increase in acetate yields with increasing
concentration of alkaline electrolyte have not been resolved.

Here, we explore the effects of different KOH concentrations
on the local microenvironment at the electrode-electrolyte
interface, proton or hydroxide transfer, and the reaction
kinetics of key steps under working conditions. A “constant-
potential hybrid solvation-dynamic model” (CP-HS-DM) is
implemented to investigate in detail the changes in the
dynamic surface charge and local microstructure with varying
KOH concentrations to obtain more detailed Kkinetic
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information. Different KOH concentrations include one K with
F~ (KF), one K' with one OH™ (KOH), and two K" with two OH™~
(2KOH). The results reveal that a high KOH concentration can
enhance the stability of the solvent structure. It is due to the
increased coordination number of cations with the surrounding
water molecules and the weak hydrogen bonding provided by
OH in the solution. Furthermore, the surface charge is reduced
and the electrostatic repulsion is weakened compared to the KF
and KOH environment, resulting in preferential adsorption of
an *H,O molecule and OH™ closer to the surface. Under this
condition, *H,O spontaneously undergoes deprotonation, and
H' is transported through the water network to the solution to
form H,O with one OH ™, resulting in one *OH remaining on the
surface. Classical molecular dynamics simulations are
employed to further elucidate the microstructural evolution in
the diffusion layer. The results show that higher KOH concen-
trations extend the hydrogen bond lifetimes, leading to a more
stable hydrogen-bond network that promotes directional
proton transfer. We also evaluated the kinetic barriers for key
steps at different KOH concentrations, including proton trans-
port in solution, *CO dimerization, and the coupling of *CO
with surface *OH. At higher KOH concentrations, all of these
kinetic barriers are reduced. Therefore, this work not only
reveals the influence of electrolyte concentration on the local
microenvironment and the regulation of reaction kinetics in key
steps, but also provides theoretical guidance for the rational
design of electrocatalytic systems to further improve acetate
selectivity.

2 Theoretical methods

All periodic density functional theory (DFT) calculations were
carried out using the Vienna ab initio simulation package
(VASP)***  with the projector-augmented-wave (PAW)
method.”?* The generalized gradient approximation (GGA)
framework with the Perdew—Burke—Ernzerhof (PBE) functional
was used to describe electron exchange-correlation interac-
tions.** Empirical Grimme's D3 method** was adopted to
account for van der Waals (vdW) forces to liquid water solvents.
Ab initio molecular dynamics (AIMD) simulations were per-
formed to investigate the dynamic effects of different electrolyte
concentrations on the local microenvironment at the electrode-
electrolyte interface during CO reduction to acetate. The slow-
growth (SG) approach®»** was employed to obtain free energy
profiles, providing information on mass transport and reaction
kinetics of key reaction steps. Both AIMD and SG are embedded
in a constant-potential hybrid solvation-dynamic model (CP-HS-
DM) to fully account for the effects of surface charge and explicit
solvents.**® The cutoff energy was set to 400 eV. The canonical
ensemble condition (NVT) was used through a Nosé-Hoover
thermostat® set at 300 K with a time step of 0.5 fs. The gamma
point of the Brillouin zone was considered in all AIMD simu-
lations. An applied potential of —0.65 V (vs. RHE) based on
experimental conditions'**® was preset for the equilibrium
AIMD simulations and free energy computations.

A four-layer 4 x 4 Cu(100) surface was constructed with the
two bottom layers fixed. Explicit water molecules (39H,0) were
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introduced on the Cu(100) surface to simulate the aqueous
solution environment. The simulation cell size of the Cu-water
interfacial models was 10.22 A x 10.22 A x 30 A, where a ~10 A
vacuum region in the Z-direction was added to avoid periodic
effects. Two CO molecules were adsorbed on the surface to
explore the reaction kinetics of key steps. To investigate the
effect of different local concentrations on the performance of
CO reduction to acetate, three different electrolyte environ-
ments were considered, including KF, KOH, and 2KOH. The
calculation details of classical molecular dynamics and other
details are described in the SI.

3 Results and discussion

Fig. 1a illustrates the performance of CO reduction to acetate at
varying KOH concentrations reported in several recent experi-
mental studies."*>*71%3%4% A clear trend is observed in which the
faradaic efficiency (FE) of acetate increases with increasing KOH
concentration. A recent study has shown that high *OH cover-
ages confine CO adsorption to a bridge configuration.”® In the
meantime, they verified that the reaction mechanism we
proposed is feasible through DFT simulations. This provides
a deeper understanding of the complex reaction mechanisms
involved in the formation of acetate. However, the clarification
of the reaction mechanism alone is not enough to explain the
trend in Fig. 1a, because the microenvironment and reaction
mechanism are equally important in influencing the overall
performance. Therefore, we constructed three Cu(100)/
electrolyte interface models to explore the effects of different
KOH concentrations on the microenvironment and reaction
kinetics, as shown in Fig. 1b.

3.1 Assessing stability

The stability of the structure is critical for the evaluation of
proton transport and reaction kinetics. To obtain the response
of the microenvironment to different KOH concentrations at
the electrode—electrolyte interface, we constructed three inter-
face models with nearly identical cation and anion heights on
the Cu(100) surface and equilibrated them for up to 20 ps at
—0.65 V vs. RHE, as shown in Fig. S1 and S2. The radial distri-
bution function (RDF) of the oxygen-hydrogen of liquid water
was obtained from the last 2.0 ps of the AIMD equilibrium
trajectory (Fig. S3). It was found that the positions of the first,
second and third maximum for the three systems studied are
0.95, 1.75 and 3.15 A, respectively. This is consistent with
previous experimental and theoretical results,*** demon-
strating that the solvent structure is stable, but the differences
in solvent structure between the three concentrations were not
clearly distinguished. Therefore, we compared the ensemble
similarity of 4000 structures using Jensen-Shannon divergence
(JSD) in Fig. 2a-c.” Structurally, all curves eventually converge
to zero, but as the KOH concentration increases, the trajectories
of the K' ions drop to low ensemble divergence faster, indi-
cating that the conformation can cover the same region of
conformational space as the entire 2.0 ps simulation sooner.
Root-mean-square deviation (RMSD) is another measure used

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Electroreduction of CO to acetate on Cu-based catalysts. (a) The experiments determined the faradaic efficiency of the acetate product as
a function of KOH concentration on Cu-based catalysts. Data from ref. 1, 12, 17, 19, 39 and 40. (b) Well-equilibrated interface models at different
KOH concentrations including one K* with one F~, one K* with one OH™, and two K* with two OH™. The orange, pink, white, gray, green, and
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0.7

064 %
054
04
0.34
02
0.1

Jensen—Shannon divergence

0.0+

~u

v

v ~e
MR S 2

xTog

-0.1

3500

3000

2500

2000

Frame

1500

1000

20 30 40

Window

1000

2000
Frame

3000 4000

3.0

25

20

RMSD (4)

Jensen—Shannon divergence o~

Frame

0.7

0.6+
0.5+
0.4+
0.3
0.2+
0.14
0.0+

-0.1

3500

3000

2500

2000

1500

1000

0.7

0.1

Jensen—Shannon divergence €

1000

2000
Frame

-0.1

20 30 40
Window

Frame

3000 4000

0.6
0.5
0.4
0.34

0.2

0.0

2KOH

4«rem

all

K1
K2

3.0 f 4000

1000

2000
Frame

20 30

Window

3000

40

4000

Fig. 2 Stability assessment of the three studied systems. (a)—(c) Jensen—Shannon divergence of all atoms, O, H, and K atoms over the last 2.0 ps
(equivalent to 4000 frames) of the AIMD simulation trajectories for the KF, KOH, and 2KOH interface models at U = —0.65 V vs. RHE. The window

is set to 100. (d)—(f) Pairwise RMSD of all atoms in the KF, KOH, and 2KOH interface models.

to track conformational changes and evaluate stability relative
to the initial structure during simulation, where a lower value
indicates a more similar structure.** Fig. S4 shows the RMSD
changes of all atoms, oxygen atoms, hydrogen atoms, and K"
ions at KF, KOH, and 2KOH concentrations compared to their
initial conformations, revealing that the solvent structure is
most stabilized at the 2KOH concentration with the smallest
RMSD value, which is consistent with the JSD observation.
However, RMSD only captures the overall deviation of atomic
positions with varying simulation time and ignores the detailed
arrangement or local conformation. Two structures with the
same RMSD can differ significantly in shape due to local
distortions, rotations, or rearrangements. RMSD alone may
mislead our judgment of structural similarity. Therefore, to
more accurately assess the global convergence of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

simulations, pairwise RMSD**¢ between each snapshot was
considered. Comparing the three studied systems, we found
that as the KOH concentration increases, the blue region
decreases and the red region increases, as shown in Fig. 2d-f
and S5-S7. These results indicate that more similar conforma-
tions are generated during equilibration at higher KOH
concentrations. Therefore, the local microstructure is indeed
most stable at the 2KOH concentration.

3.2 analysis

To understand the reason for the solvent structure stability at
high KOH concentration, a statistical analysis of the coordina-
tion of K" and F~/OH ™ ions with surrounding water molecules
was performed through the RDF and coordination number (CN)

Chem. Sci., 2025, 16, 17461-17469 | 17463
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Local solvent structure in the 2KOH system.

obtained by integrating the RDF, as shown in Fig. 3. In the first
solvation shell, the number of O atoms surrounding the cation
(including O atoms of H,O and *CO) increases with increasing
KOH concentration(Fig. 3a—c), while the number of H atoms in
the water molecules surrounding the anion (F~ and OH™) is
equal to four (Fig. S8). Notably, we observed that the hydrogen
of OH ™ occasionally approaches the oxygen of a water molecule
to form a weak hydrogen bond at a distance of about 2.0 A from
the H atom of OH™ at 2KOH concentration (Fig. 3e and f). This
phenomenon was not observed at the KOH concentration
(Fig. 3d). Therefore, the synergistic effect of the high O coordi-
nation number surrounding the cation and the weak hydrogen
bond provided by OH™ results in a more stable solvent structure
under 2KOH than under KF and KOH conditions.

Next, we turn our attention to the effect of different KOH
concentrations on the interfacial water structure. The density
distributions of hydrogen and oxygen atoms of water molecules
along the Z-direction at different KOH concentrations are
shown in Fig. 4a and b. For hydrogen atoms, the first distinct
peak appears at 2.0 A from the surface and becomes sharper
with increasing KOH concentration. For oxygen atoms, the
position of the peak shifts toward the surface as the KOH
concentration increases. Specifically, the first peak appears at
1.8 A at 2KOH concentration, with very low intensity, which is
attributed to the fact that only the O-terminus of one *OH is
chemisorbed. The second and third peaks exhibit the highest
density distribution of oxygen atoms at 2.7 and 3.0 A, respec-
tively, corresponding to non-chemisorbed water molecules.
However, for both KF and KOH, only one highest peak occurs at
2.7 A, indicating that the interfacial water concentration is less
than that of 2KOH. Meanwhile, we observed that the solvent
structure in the Z direction became more compressed with
increasing KOH concentration, from 16 A to 14 A (Fig. 4b),

17464 | Chem. Sci, 2025, 16, 17461-17469

indicating that the solvent structure of the electric double layer
at the interface is denser.”

In addition, we calculated the total average cosine (¢)
distribution curve based on AIMD trajectories with a width of
0.2 A along the Z direction and analyzed the orientation of water
molecules at the interface at different KOH concentrations
(Fig. 4c). Here, ¢ is the angle between the water bisector (b) and
the surface normal (77) of the water molecule. ¢ < 90, and cos(¢)
>0, which means that the water molecules are arranged in an O-
down configuration. In contrast, for ¢ > 90 and cos(¢) < 0, the
water molecules are arranged in an H-down configuration as
shown in Fig. $9. Within a range of about 2.7 A from the first
layer of the Cu surface, the number of interfacial water mole-
cules in the O-down configuration increases with increasing
KOH concentration. This is caused by a reduction in the
number of negative charges on the surface and the weakening
of the electrostatic repulsion, as shown in Fig. 4d. Therefore, the
OH™ under the 2KOH condition is closer to the surface than
under the KOH concentration. For the KF condition, since F—
has strong hydration with surrounding water molecules, it
exhibits lower mobility in aqueous solution and therefore keeps
moving near the initial position as shown in Fig. S10. In the
region of 2.7 A < Z < 16 A from the surface, the interfacial water
in the KF environment alternates between O-down and H-down
orientations along the Z-direction, which suggests that the
interfacial water is disordered, resulting in a more relaxed
solvent structure.® In contrast, in the region of 6.5 A< Z <12 A
from the surface, the O-down orientation predominates in the
KOH environment, while the region from 12 to 15 A is domi-
nated by the H-down orientation. At the 2KOH concentration,
the O-down dominated interfacial water distribution is further
towards the surface, located in the range of about 4.0 to 9.0 A,
while H-down predominates in the range of 11 to 14.5 A.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Therefore, as the KOH concentration increases, the arrange-
ment of interfacial water molecules tends to be more orderly,
making the solvation structure of the electric double layer
denser, which may be beneficial for transfer of hydrogen or
hydroxide.

3.3 Solvent structure in the diffuse layers

The above section analyzed the solvent structure near the elec-
trode surface. Next, we will study the effect of different KOH
concentrations on the solvent structure in the diffuse layer. This
is because the hydrogen bond network structure of solvent
molecules, proton transfer behavior, and the local distribution
of ions in the diffuse layer undergo significant changes with
electrolyte concentration, thereby affecting the reaction
behavior at the interface. We constructed 1 M KF, 1 M KOH, 2 M
KOH and 5 M KOH bulk phase solvent models shown in Fig. 5a,
S11 and Table S2. The radial distribution functions (RDFs) for
K'—WO (O of water) and F/OH™—WO are shown in Fig. 5b and
c. Our results show the first peaks at approximately 2.80 and
2.72 A for K'~WO and OH —WO, respectively, which is
consistent with previous study results.** As the electrolyte
concentration increases, the coordination number of K'—H,0,
OH —H,0 and H,0-H,0 decreases (Fig. S12 and S13). We
further analyzed the mean square displacement (MSD) as
a function of time and the self-diffusion coefficients of K" and
OH™ at different KOH concentrations (Fig. 5d and S14). With
increasing KOH concentration, the self-diffusion coefficients of

© 2025 The Author(s). Published by the Royal Society of Chemistry

K" and OH~ decreased significantly, indicating that the solvent
structure is more stable, which leads to restricted migration of
ions. To further reveal the microscopic mechanism underlying
the stability of the solvent structure, we analyzed the intermo-
lecular interactions of the systems from the perspective of
hydrogen bonding. Fig. 5e, f and S15 show the number and
lifetime of hydrogen bonds between F/OH -H,O and H,O-
H,O0 at different KOH concentrations. The results show that as
the KOH concentration increases, the number of hydrogen
bonds decreases slightly, but the lifetime of the hydrogen bonds
is extended, indicating that the hydrogen bond network tends
to be stable over a short period of time, which is conducive to
the directional transfer of protons or hydroxide. This is
consistent with the influence of the solvent structure near the
surface.

3.4 Assessing reaction kinetics

The above results reveal the evolution trend of the solvent
structure in the diffuse layer at different KOH concentrations.
Next, we evaluate the effect of different KOH concentrations on
H'/OH™ transfer kinetics at the electrode-electrolyte interface.
As shown in Fig. 6a and S16-S18, we set up five, five, and four
pathways to calculate the kinetic barriers for the transport of
OH™ ions from the solution to the Cu surface of the first layer in
KF, KOH, and 2KOH environments, respectively. There are only
four pathways at 2KOH concentration as shown in Fig. 6b
because OH™ is located near the surface as mentioned above,

Chem. Sci., 2025, 16, 17461-17469 | 17465
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The OH™ transfer roadmap under the 2KOH interface model. Among them (1), (1)+(2), (1)+(2)+(3), and (1)+(2)+(3)+(4) correspond to 1-path, 2-
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librium. Calculated activation energies for the (d) *CO and *CO coupling step, (e) *CO and *OH coupling step, and (f) HER-Volmer step in three
interface models.

and four H-transfers are sufficient for the formation of surface
OH ™. The distance between the transferred H" and O atoms
along the longest reaction path for each model is summarized
in Fig. $19. Under the KF condition, H' is transferred to the
solution to form H;O" because the bond lengths of H,~0, and
Hs-Os5 do not converge to ~0.96 A, whereas H" is transferred to

17466 | Chem. Sci, 2025, 16, 17461-17469

OH™ in solution to form water under KOH and 2KOH condi-
tions. The results obtained by the SG method showed that the
barriers for H' transfer from water molecules to the solution
follow the order KF > KOH > 2KOH, indicating that mass
transport of H' is the most difficult at the KF concentration as
shown in Fig. 6a. It is worth noting that one water molecule

© 2025 The Author(s). Published by the Royal Society of Chemistry
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preferentially adsorbs on the surface during structural equili-
bration and spontaneously splits into one *OH and H' at 10 ps
at the 2KOH concentration, and then H' is quickly transferred
to the solution through the water structure to combine with
OH" to form H,O as shown in Fig. 6c¢. This results in one OH™
remaining adsorbed on the surface, while the other OH™ stays
in solution as the initial structure for the calculated H' trans-
port at a 2KOH concentration. Therefore, the increase in OH™
concentration at the electrode-electrolyte interface can promote
the deprotonation of H,O, reduce the barrier for forming
surface OH™ or *OH, and provide a fast channel for the transfer
of OH™ from solution to the catalyst surface.

As mentioned in our previous work on the CO reduction to
acetate, high CO pressure can induce coupling of *CO with
surface *OH, producing *COOH, opening the pathway for the
formation of acetate.*® Recently, this mechanism has also been
verified to be feasible.”® Therefore, we evaluated the competi-
tion between *CO-*CO coupling and *CO-*OH coupling at
different KOH concentrations as shown in Fig. 6d, e and S20-
S23. Under the KF condition, the solution is OH -free and thus
the adsorbed H,O molecules react with *CO, whereas *OH
couples with *CO under KOH and 2KOH conditions. The kinetic
barriers for both reactions decrease with increasing KOH
concentration. The barrier for *CO and *CO coupling is lower
than that for the formation of *COOH by the coupling of *CO
with *OH, which is due to the fact that the presence of *OH
promotes the dimerization of *CO.*® Although *CO and *CO
coupling is favorable, the barrier for *CO-*OH coupling is
further reduced when more *OH and *CO species are adsorbed
on the surface.”

We also considered the Volmer step of the HER that
competes with CO reduction as shown in Fig. 6f and S24-S26.
We chose two interfacial water molecules, one coordinated to K*
and the other uncoordinated. We found that the barriers for
water splitting are greater than 1.00 eV, and the kinetic barrier
for HER does not show significant changes at different KOH
concentrations, which is consistent with the experimental
results.” This may be attributed to the surface charge and
density of the solution structure. For example, under the KF
condition, the more negative surface charges lead to an H-down
configuration in the interfacial water molecules, but the water
structure is loose, and the mass transport of H' is difficult,
making the water splitting to form adsorbed *H difficult. Under
the 2KOH condition, although the water structure is dense, it is
more favorable for *OH adsorption, resulting in difficult *H
adsorption. Therefore, based on the above results, it is sug-
gested that the changes in the local microenvironment induced
by different KOH concentrations are crucial for reaction
kinetics in CORR.

4 Conclusions

In this study, we revealed the effect of electrolyte concentration
on the local microenvironment and reaction kinetics using ab
initio molecular dynamics simulations under constant electrode
potential as well as effective analytical methods. We demon-
strated that the water molecules near the electrode-electrolyte

© 2025 The Author(s). Published by the Royal Society of Chemistry
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interface become ordered and the solvent structure changes
from loose to dense with increasing KOH concentration, due to
the increased coordination of K* ions with the O atoms of the
surrounding water molecules and the weak hydrogen bonding
provided by OH™. To further elucidate microstructural evolu-
tion in the diffusion layer, we performed classical molecular
dynamics simulations. We found that an increase in KOH
concentration can extend the hydrogen bond lifetimes of OH -
H,O and H,0-H,0O, which is conducive to the directional
proton transfer. The effect of electrolyte concentration on
reaction kinetics was also explored at the electrode-electrolyte
interface, including the proton transfer and the coupling of *CO
and surface *OH. These kinetics became favorable with
increasing KOH concentration, leading to a quick transfer of
OH ™ from solution to the catalyst surface and subsequent
reaction with *CO, thus promoting high selectivity of CO
reduction to acetate. Since OH™ transport and coverage are
crucial for the formation of *COOH by *CO and *OH coupling,
we believe that rationally designing the electrolyte and electro-
catalyst structure to accelerate the rate of OH™ capture to form
*OH on the surface and anchoring it around *CO would be an
effective strategy to improve the yield of acetate. The interfacial
electrolyte effects discussed here are not limited to acetate
formation. Similar mechanisms are likely involved in CO
reduction to other C," products such as ethylene and ethanol.
This broader impact of electrolyte conditions on product
selectivity presents an important direction for future studies.
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