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ABSTRACT: The electrochemical carbon dioxide reduction reaction (CO,RR) toward

Modulating product selectivity
C, products is a promising way for the clean energy economy. Modulating the structure

of the electric double layer (EDL), especially the interfacial water and cation type, is a - ®¢
useful strategy to promote C—C coupling, but atomic understanding lags far behind the gog C 2 (ﬂ %
experimental observations. Herein, we investigate the combined effect of interfacial water fo o ’
and alkali metal cations on the C—C coupling at the Cu(100) electrode/electrolyte % WV \ & 't @
interface using ab initio molecular dynamics (AIMD) simulations with a constrained MD ’ 2 %f“ ‘
and slow-growth approach. We observe a linear correlation between the water-adsorbate

stabilization effect, which manifests as hydrogen bonds, and the corresponding alleviation

in the C—C coupling free energy. The role of a larger cation, compared to a smaller

cation (e.g, K" vs Li*), lies in its ability to approach the interface through desolvation

and coordinates with the *CO+*CO moiety, partially substituting the hydrogen-bonding stabilizing effect of interfacial water.
Although this only results in a marginal reduction of the energy barrier for C—C coupling, it creates a local hydrophobic
environment with a scarcity of hydrogen bonds owing to its great ionic radius, impeding the hydrogen of surrounding interfacial
water to approach the oxygen of the adsorbed *CO. This skillfully circumvents the further hydrogenation of *CO toward the C,
pathway, serving as the predominant factor through which a larger cation facilitates C—C coupling. This study unveils a
comprehensive atomic mechanism of the cation—water—adsorbate interactions that can facilitate the further optimization of the
electrolyte and EDL for efficient C—C coupling in CO,RR.

B INTRODUCTION dynamic process of H,O at the EDL is an extremely significant
topic in electrochemistry.'”~>* The interfacial water molecules
play diverse roles in CO, electroreduction. On the one hand,

The electrochemical carbon dioxide reduction reaction
(CO,RR) into fuels and chemicals is a promising approach

to close the carbon cycle and to store electricity generated by they exhibit a significant stabilizing effect on intermediate
renewable energy." Among the various reduction products, C, species iils_tzgle CO,RR, which could benefit the C,
products have attracted substantial attention due to their high selectivity. However, on the other hand, they serve as
economic value that can act as the building blocks for long- the proton donors for the hydrogenation steps, thereby
chain hydrocarbons, oxygenates, and polymers.” Copper (Cu) possibly facilitating the deep reduction of CO, toward C,
is the only transition metal capable of the electrochemical products and undergoing the side reaction of hydrogen
reduction of CO, to multicarbon products.”* However, it faces evolution reaction (HER), impeding the generation of C,
the bottleneck of product selectivity with concurrent formation products.””*" Reducing the activity of water molecules can
of HCOOH, CO, CH,, C,H,, CH3CH,OH, etc,, hindering its effectively suppress the HER, enhancing the selectivity of C,
industrial application.5 products.*”

To improve the efficiency of C—C coupling toward C, As for cations, the Faradaic efficiency of C, products from
products on copper, enormous efforts have been devoted to CO, or also CO as reactants exhibits a surprising size
the chemical modification of catalysts by doping, alloying, and dependence,>™** following the order Li* < Na* < K* < Rb* <

morphology optimization.”"" Essentially, these strategies aim
to regulate the solid side of the solid—electrolyte interface, also
known as the electric double layer (EDL). In recent years, the
management of the solution side has received increasing -
attention due to its ease of manipulation and its universal Recfnved: December 3, 2023
application across different electrode materials.'*~"* Revised:  January 9, 2024
Under the ambient conditions of the CO,RR, the main AccePted: January 31, 2024
solution components present at the electrode interface are Published: February 16, 2024
interfacial water molecules and cations. H,O is the most
practical solvent molecule. Understanding the structure and

Cs". Bell and co-workers demonstrated that larger cations can
be better enriched at the outer Helmholtz plane and stabilize
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Figure 1. C—C coupling in the vacuum and solvent environment. (a) Free energy profiles for *CO+*CO, *CO+*CHO, *CO+*COH, and *CO
+*C coupling reactions. Error bars (standard deviation) were calculated for the solvent environment based on five independent simulations. (b)
Representative structures depicting the initial, transition, and final states during the CO dimerization reaction. Color code: Cu, brown; O, red; H,

white; C, gray.

intermediates through electrostatic dipole interactions.”> Chan
et al. suggested that the cations can affect CO,RR by adjusting
the interfacial electric field.>® Large cations (e.g, K') often
have small hydrated radius and tend to be partially
desolvated.”” Yang and co-workers highlighted that the direct
coordination interaction between the intermediates with
cations is key to stabilize the *CO dimer. However, the
calculated difference in the kinetic barrier for C—C coupling
with different cations is minor within 0.1 eV.*® Rossmeis] et al.
demonstrated that the different alkali metal cations negligibly
change the thermodynamics for C, products while may affect
the kinetics of the protonation step.39 Notably, the presence of
cations may alter the configuration of the interfacial water
molecules and the distribution of the hydrogen bond
network”"*” and thus exert influence on the CO, reduction.
Cheng’s group suggested that the cation with a higher
Helmholtz capacitance can result in higher negative surface
charge density under the same electrode potential, which
further manifests in the different number of hydrogen bonds
on the adsorbed *CO to lower the activation of C—C
coupling.*' Despite these advances, the influence of interfacial
water and cations on C—C coupling remains elusive and
controversial, in particular, the distinct roles of interfacial
waters and cations in C—C coupling and their potential
interchangeability, given they both have the ability to stabilize
intermediates, as demonstrated by previous works.”*** Recent
studies indicated that the cation coordination is essential for
the CO, activation, while there is no reduction activity without
metal cations,*** but does this hold for C—C coupling? The
understanding of how cations regulate the diverse roles of
interfacial water and the impact of such regulations on C—C
coupling is also lacking.

5533

In this work, we theoretically investigate the combined effect
of interfacial water and alkali metal cations on the C—C
coupling at the Cu(100) electrode/electrolyte interface using
ab initio molecular dynamics (AIMD) simulations with a
constrained MD and slow-growth approach. We identified the
stabilizing effects of interfacial water on various C—C coupling
reaction modes, demonstrating a linear correlation between
water—adsorbate interactions, which manifests as hydrogen
bonds, and the associated alleviation in the coupling barrier.
Water molecules exhibit the most pronounced stabilizing effect
in the CO dimerization mode for C—C coupling due to the
strong electron localization effect on the oxygen of *CO+*CO
intermediates. The energetic impact of different cations on the
*CO dimerization is subtle. A larger cation (e.g, K* vs Li*) can
desolvate and approach the interface, coordinating with *CO
+*CO species and thus partially substituting the role of
hydrogen bonds. Concurrently, it creates a local hydrophobic
environment with the absence of hydrogen bonds for *CO
+*CO owing to the large ionic radius, thereby mitigating the
adverse effects of interfacial water molecules, that is, preventing
the hydrogen atoms of surrounding water from attacking the
oxygen atoms of adsorbed *CO, which helps disrupt the
further hydrogenation toward C; products and consequently
boosting the efficiency of C—C coupling toward the C,
pathway. Collectively, we demonstrate a complete atomic
mechanism of the cation—water—adsorbate interactions for
steering the C—C coupling in the electrochemical CO,RR on

copper.

B COMPUTATIONAL DETAILS

The Cu(100) surface represents a primary facet of polycrystal-
line copper™ and is acknowledged for its elevated selectivity

https://doi.org/10.1021/jacs.3c13602
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Figure 2. Solvation effect in C—C coupling reactions. (a) Changes in the number of hydrogen bonds associated with the adsorbate and solvent—
adsorbate interaction energies during the reaction. (b) Planar-averaged differential charge density and differential charge density isosurface contours
for initial, transition, and final states during the CO dimerization reaction. Ap, = Pcyiaderwat — PCutwat — Pads Yellow and cyan denote electron
accumulation and depletion, respectively (isovalue = 0.0075 e A™). (c) The linear relationship between changes in solvent—adsorbate interaction
energies compared to the initial state (AAE,,) and free energy difference between the vacuum and solvent environment (AAEJ%Z).

toward C, products.” In this article, atomic-scale simulations
were conducted on a three-layer 3 X 4 Cu(100) slab with the
bottom layer fixed in bulk positions. A vacuum region of 30 A
thickness separates the surface from its periodic image in the z-
direction. The Cu(100) electrode—electrolyte interface was
modeled by adding 32 explicit water molecules above the slab,
resulting in an approximate water film thickness of 15 A. A full-
size visualization of this model is shown in Figure S1. Ions are
introduced into the system through the substitution of a
corresponding number of H,O molecules.

All DFT-based calculations were performed using the
Vienna ab initio Simulation Package (VASP)*** employing
the projector-augmented-wave (PAW) method.** The Per-
dew—Burke—Ernzerhof (PBE) functional within the general-
ized gradient approximation (GGA) framework® was utilized
to describe electron exchange—correlation interactions. The
D3 dispersion correction of Grimme®’ was added to consider
the van der Waals interaction. Transition states in the vacuum
model were located by combining the climbin§ image nudged
elastic band (CI-NEB)”' and dimer methods.”* We performed
AIMD simulations to investigate the dynamic nature of liquid
water. The slow-growth approach®>>* implemented in VASP
was utilized to obtain the free energy profile in the solvent
model. The structures of transition and final states were
extracted from the slow-growth trajectories and confirmed by
conducting an additional S ps AIMD simulation (constrained
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MD is applied for the transition state). Further details of our
calculations can be found in the Supporting Information.

B RESULTS AND DISCUSSION

Interfacial water molecules can interact with adsorbates
through hydrogen bonds, electrostatic interactions, and
possibly even chemical binding, with different adsorbates
displaying distinct types of interactions.'”*”**™>7 Under-
standing these interactions and how they evolve over the
course of a catalytic reaction is an important step in
quantifying the energy landscape and reaction rates. Thus,
we started with the investigation of the role of interfacial water
molecules in the stabilization of C—C coupling. Prior research
suggested various C—C coupling modes on copper surfaces.”
We choose the four most plausible patterns, including *CO-
#C0O,** 7! #*CO-*CHO,”> *CO-*COH,* and *CO-*C*** to
study the water—adsorbate interactions. The activation energy
and reaction energy of different coupling modes in vacuum and
pure water solution environments are presented in Figure la.
Interestingly, water molecules do not always show a strong
stabilizing effect. For *CO+*CHO and *CO+*C coupling
modes, the solvent environment slightly elevates their
activation energy. The CO dimerization is significantly
regulated by the arrangements of surrounding water molecules,
with the activation energy decreasing from 1.31 eV to 0.62 eV
and the reaction energy decreasing from 1.07 eV to 0.38 eV.

https://doi.org/10.1021/jacs.3c13602
J. Am. Chem. Soc. 2024, 146, 5532—5542
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Figure 3. Influences of cations on the CO dimerization step. (a) Snapshots of M*+F~ and M*+e™ (M = Li/K) models and their planar-averaged
differential charge density. Ap, = Pcyiaderwatiion — PCuswatrion — Pads FOI clarity, Li'+F~ and Li*+e™ models are presented, while K'+F~ and K'+e™
models exhibit similarity to Li*+F~ and Li*+e™ (Figure S14). To clearly show the local structure of cations and adsorbates, we extracted only a
portion of the entire model (Figure S1). (b) Free energy profiles of the CO dimerization under different conditions. (c) Distance of M*—O¢, along
the collective variable. For clarity, Li*+e™ and K'+e™ models serve as illustrative examples, with Li"+F~ and K'+F~ models having similar behavior
(Figure S15). The solid line and dashed line, respectively, represent the distances between the cation and each of the two *CO molecules. (d)
Variations in the number of hydrogen bonds during CO dimerization. Color code: Cu, brown; O, red; H, white; C, gray; Li, green; K, purple; F,

cyan.

Figure 1b illustrates the snapshots of the initial, transition, and
final states of CO dimerization in both vacuum and solvent
environments (other coupling modes are presented in Figures
S4—S6). Evident configurational disparity is observed in the
CO dimer, which does not appear in other reaction modes. In
the vacuum environment, *OCCO adopts a hook-like shape,
with one CO parallel to the interface and the other CO
oriented diagonally toward the vacuum. In the solvent
environment, abundant hydrogen bonds form between
surrounding water molecules and the O in *OCCO, leading
to a notable transformation of the *OCCO configuration into
two CO units both tilted toward the solvent. This result is
consistent with previous works that computed the CO
dimerization in the vacuum or solvent environment.>*>¢"%~%

The rearrangement of the *OCCO configuration suggests
that hydrogen bonds may be the primary contributor to
solvation effects. Therefore, we conduct a statistical analysis of
the number of hydrogen bonds in the initial, transition, and
final states for the four different coupling modes in the solvent
environment following the criterion in previous literature”’
(upper panel of Figure 2a). At the initial state, the *CO+*CO
exhibits minimal hydrogen bonds (Np,,g = 0.29) due to the
hydrophobic nature of CO. During the evolution to the final
state, the merging of the electron clouds of the two *CO units

5535

results in electron transfer from C to O (Figure 2b, other
coupling modes are shown in Figures S$7-S9). The
accumulation of charges on O gives rise to an anionic
character, exerting strong electrostatic attraction to hydrogens
in the surrounding water, thus forming abundant hydrogen
bonds with Ny,.s = 2.68 in the transition state and Nyy,,g =
4.02 in the final state. In other coupling modes, the variation in
hydrogen bonds is relatively gradual between different states
(top panel of Figure 2a). For *CHO and *COH, hydrogen
bonds only increase during the course from the transition state
to the final state, and thus the kinetic barrier may not be
effectively tuned, while *C lacks the ability to form hydrogen
bonds in the whole coupling process. The solvent—adsorbate
interaction energies (AE,,;) are calculated to quantify the
hydrogen-bonding-induced stabilization effect (the calculation
details are presented in the Supporting Information).”> The
results from the lower panel of Figure 2a demonstrate that the
AE,, of *OCCO indeed increases dramatically during the
coupling process compared to other coupling modes. The
variation in the number of hydrogen bonds physically
correlates with the changes in AE,;. Thus, a great majority
of the water—adsorbate interaction comes from those H,O
molecules that are hydrogen-bonded to the adsorbate. A larger
change in AE,, compared to the initial state may be

sol*

https://doi.org/10.1021/jacs.3c13602
J. Am. Chem. Soc. 2024, 146, 5532—5542


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13602/suppl_file/ja3c13602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13602/suppl_file/ja3c13602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13602/suppl_file/ja3c13602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13602/suppl_file/ja3c13602_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13602?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13602?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13602?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13602/suppl_file/ja3c13602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13602/suppl_file/ja3c13602_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13602/suppl_file/ja3c13602_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13602?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c13602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

a

3.51
— Lit+e~

3.0 — K*+e~
2.51

2.0 A

g(r)

1.51
1.01
0.5 A

OO h T T T

1 2 3 4
[0co - H, (A)

(o3

e

N

o
|

— Lit+e~
— Kt+e~

e

HA

%
L

0.10 A

0.05

H,, Density (mol/cm?3)

0.00 A

T T T

2 4 6 8
Distance to surface (A)

10

Probability of ¢

Probability of 6

60 90 120

0 30 150 180
Angle (deg)
1.2 4 === Li* with Hbond 3 BT
= K* without Hbond ~ ___——— —
1.0 et
/
— [
> /
2 081 /
> 7
o 4 0.60 + 0.03
@ 0.6 / s —_—
e / #%
o] ,/ ///
8 0.4 [
bt 1/
- 1,0
¥4
0.2 1 /" *CO + Hy0 + e~ - *COH + OH~
17
0.00 *
0.0 4 ——
*CO *COH

Figure 4. Statistical analysis of interfacial water and the protonation of *CO in Li*+e” and K'+e~ models. (a) Radial distribution functions (RDFs)
between the O atoms of *CO and the H atoms of water. (b) Profiles illustrating the concentration distribution of H atoms in water along the z-
direction. (c) Probability distributions of the angle between the surface normal and the bisector of the water (¢) and the angle between the surface
normal and the direction of the O—H bond direction (6). The interfacial water is defined as being within a 4 A distance from the metal surface. (d)
Typical configurations representing the initial state and the free energy diagram of *CO protonation. To clearly show the local structure of cations

and adsorbates, we only extracted a portion of the entire model.

responsible for a more significant reduction in the free energy
required for C—C coupling in a solvent environment compared
to a vacuum environment (AAE,,). This is confirmed by the
results shown in Figure 2¢, where AAE,; and AAE;,,, exhibit a
linear relationship for both the activation energy and the
reaction energy. To the best of our knowledge, we have, for the
first time, quantified the relationship between water—adsorbate
interactions and the coupling energy between two carbon
species, which can be generalized to analyze the evolution
trends on other coupling modes, such as electrochemical C,—
C, coupling toward the C; product”®’® and C—N coupling
toward N-containing products.”' ="

Given that the *CO+*CO is the most energetically
favorable C—C coupling mode, which is in accordance with
*” we investigate the influence of different
cations on its energetics to explore the cation-dependent C,
products selectivity observed in experiments. Four models
consisting of M*+F~ and M*+e~ (M = Li/K) are constructed

. 2
previous works,
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(Figure 3a). In the ion pair models of M*+F~, no net charge is
introduced into the system, allowing for a direct comparison
with the conditions of the pure water model. Thus, they are
employed to investigate the potential interchangeability of
cations and interfacial water molecules on the course of CO
dimerization. Differential charge density is used to examine the
net charge hypothesis. The results indicate that the
introduction of ion pairs (both Li*+F~ and K'+F~) has
negligible impacts on the charge distribution of the *CO+*CO
configuration (Figure 3a). It is intriguing that, whether it is
Li*+F~ or K'+F~, the activation energy and reaction energy for
C—C coupling are nearly identical with that of the pure water
conditions (Figure 3b). However, Li* and K* exhibit different
spatial characteristics and solvation shell evolution at the
interface (Figure 3c, Figure S10, and Figure S11). The Li*
consistently stays away from the *CO+*CO species with
complete first and second hydration shells (Figure S11);
therefore slight effects on the C—C coupling energetics can be

https://doi.org/10.1021/jacs.3c13602
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expected since its interface is qualitatively similar to that of the
pure water environment. In contrast, the partly desolvated K,
evidenced by the radial distribution functions (RDFs) and the
evolution of the cation—surface distance (Figure S10 and
Figure S11), can steadily coordinate with the O in the *OCCO
moiety along the C—C coupling process with the distance of
M*—OCO less than 3.5 A (Figure 3c). The difference in
desolvation behavior of cations is qualitatively consistent with
previous results and mainly depends bz the nature of the cation
solvation shell size (Figure S12).”*’® The coordination of
intermediates with the K* cation markedly reduces the number
of hydrogen bonds required for the transition state of C—C
coupling (Figure 3d), indicating that K coordination can
partially replace the role of hydrogen bonds. This also suggests
that cation coordination only marginally impacts the energetics
of C—C coupling, and the stabilizing effects of K* and water
molecules can be mutually substituted, which differs from the
CO, activation process. By introducing metal cations,
researchers found the energy barrier is significantly reduced.”
Without the cation coordination, no products of CO were
experimentally observed.*”

Subsequently, we examined the scenarios involving the
simultaneous introduction of cations and electrons, namely,
the Li*+e” and K*'+e™ models. Lithium and potassium will
undergo automatic ionization, and the equal number of
electrons to that of Li*/K" will go into the Fermi level of
the metal surface, adjusting the electrode potential. They can
mimic an ambient electrochemical condition, where the
enrichment of cations at the interface is accompanied by a
change in electrode potential."”** The electrode potentials
(Table S1) of Li*+e™ and K*+e™ models are both around —0.6
V vs RHE (pH = 7), roughly corresponding to the potential
that has a maximum yield of C, products at Cu(100).**”°
Thus, the following discussions are based on these charged
models. Based on the analysis of differential charge density, the
Li*+e” and K'+e™ models both induce a pronounced and
almost nearly uniform charging effect on the *CO+*CO
configuration (Figure 3a). The additional electrons would
occupy the 27* orbital of *CO and thus induce an anionic
character of ¥*CO. Because the CO dimer also tends to be an
anionic form as mentioned above, increasing the electron
density on *CO+*CO will modulate the energy landscape of
the C—C coupling process. The energy calculation results
(Figure 3b) indicate that, for both Li*+e” and K'+e”, the
activation energies of the C—C coupling reaction exhibit an
evident decrease, with average values of 0.56 and 0.54 eV,
respectively. However, the difference between them is still
minor, suggesting that the reduction in the energy barrier is
primarily attributed to the charging and activation of *CO
induced by the electrode potential, and the response to
electrode potential is consistent between Li* and K'. Taking
the standard deviation caused by the fluctuation of the
molecule dynamics into consideration (Figure 3b), the
difference in the free energy for C—C coupling under the Li*
and K* environments will be even more difficult to distinguish.

The above results indicate that considering only the
influence of cations on the energetics of C—C coupling may
be insufficient to account for the observed variations in the
selectivity of C, products among different cations in the
experimental observations (K* > Li*).>” It should be noted that
the yield of C, products is also significantly influenced by
competition from the C,; pathway and HER. Both of these are
closely related to the configuration and distribution of
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interfacial water molecules. The adsorbed *CO can obtain
protons from H,O to generate *COH, which is considered as
the rate-determining step for the formation of C, products on
Cu(100).”7*" The hydrogenation step can be accelerated by
the shortening proton transfer distance between the adsorbate
and water.”' ~** Thus, it can be anticipated that if the oxygen in
*CO forms hydrogen bonds with the interfacial water, the
protonation of *CO will be energetically favorable. In the pure
water environment, *CO, as a hydrophobic molecule, has
negligible interactions with interfacial water molecules. In the
condition of Li*+e”, both the hydrogen-bonding count
statistics and the radial distribution function of hydrogen
around the oxygen of *CO+*CO (Figure 3d and Figure 4a)
suggest that a significant number of protons are distributed in
the first solvation shell of *CO, forming two hydrogen bonds
on average. This can be attributed to the anionic character of
oxygen in charged *CO (Figure 3a), exerting a stronger
electrostatic attraction to the surrounding protons. Contrarily,
in the K*+e™ model, the partly desolvated K* will approach the
interface closely and coordinate with *CO+*CO (~3—3.5 A),
which does not occur in the Li*+e” model (~4—5 A, Figure
3c) and is similar to that of the ion pair model. The larger
radius of the potassium ion employs significant repulsion on
the surrounding water, reducing the probability of protons
appearing around *CO and thus the absence of hydrogen
bonds according to the hydrogen-bonding count statistics, the
radial distribution function, and also the hydrogen density
distribution along the z direction (Figure 3d, Figure 4a, and
Figure 4b).

The configuration of interfacial water, which is quantified by
the angle between the surface normal and the bisector of the
water (¢) and the angle between the surface normal and the
O—H bond direction (0), is further statistically analyzed to
illustrate the different influences of Li* and K' on the
protonation of *CO (Figure 4c). In the Li*+e” environment,
two obvious peaks at ~60° and ~140° in the ¢ distribution
and two main peaks at ~100° and ~150° in the € distribution
are observed. This indicates that there are two types of
interfacial water molecules in the Li*+e™ model. The first type
adsorbs at the interface, with its two hydrogens slightly
oriented toward the bulk solution (¢ &~ 60°). The second type,
being the dominant one, experiences electrostatic repulsion,
causing the oxygen to move upward and slightly elevate above
the position of the hydrogen atoms (¢ ~ 140°, Figure 4d). In
either configuration, the OH bonds possess the ability to form
hydrogen bonds with *CO and can act as proton donors for
the *CO hydrogenation. For the K'+e™ environment, the
approach of K" at the interface exerts stronger disturbances to
the interfacial region and diminishes the presence of adsorbed
water with @ at ~60°. A main peak at ~130° in the ¢
distribution and two evident peaks at ~90° and ~150° in the 8
distribution are observed. This distribution clearly corresponds
to the “one-H down” water configuration, where one OH bond
is parallel to the interface and the other OH bond orients
toward the interface. In the one-H down water, the hydrogen
atom pointing toward the interface is challenging in forming
hydrogen bonds with *CO and serving as the proton sources
for *CO hydrogenation due to the required configuration flip.
The other OH bond is prone to deviate from *CO due to the
repulsion from K* and thus is also difficult for the protonation
of *CO (Figure 4d). Summarily, the interfacial water
configuration under the Li* condition will create a hydrogen-
bond-rich environment, while that under K* conditions will
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Figure S. Schematic representation of the integrated mechanism elucidating the cation-dependent C, selectivity through the combination effects of

interfacial water molecules and cations.

result in weak hydrogen-bond interactions (Figure S20), which
is consistent with recent experimental SEIRAS results carried
out on Pt with different cations.”*

Based on these qualitative understandings, the typical
interfacial water molecules are selected for evaluating the
kinetic barrier of *CO protonation to *COH. Under the
condition of Li*, most of the interfacial water molecules near
*CO are located in the second solvation shell of Li* without
direct cation—water coordination interaction (Figure 4d and
Figure $22). For K*, there are interfacial water molecules that
coordinate with K" and those that do not coordinate with K*
in the vicinity of *CO due to its smaller solvation shell (Figure
4d and Figure S22). The calculation results show that the
lowest activation energy is 1.10 €V in the K'+e™ model, while
it is only 0.60 eV in the Li*+e” model (Figure 4d), which is
comparable to the activation energy of CO dimerization (0.56
eV). This implies that under a Li'+e” environment, the
protonation of *CO toward the C,; pathway is highly probable
and will significantly compete with the course of C-C
coupling. The relatively high activation energy in the K'+e™
model ensures that the adsorbed *CO is less likely to be
hydrogenated while tending to undergo C—C coupling. To
further corroborate this trend, we investigated the case of
Cs™+e™. Cs" has a larger ionic radius and is more prone to
approach the interface and also coordinate with the *CO
+*CO. Results from free energy calculations of CO
dimerization, radial distribution functions, the distribution of
interfacial water configuration, and the activation energy
calculations for *CO protonation (Figures S18, S19, and
S21) demonstrate that Cs" is actually more effective than K* in
preventing the protonation of *CO with fewer interfacial water
molecules.

One may wonder whether the “one-H down” configuration
of interfacial water in the M*+e™ model will benefit the HER
due to the orientation of partial hydrogen toward the interface.
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We calculate the activation energy for the Volmer step (H,O +
e~ — *H+ OH") of the HER process. The results (Figure
S24) reveal that the activation energies in M*+e”™ (M = Li*,
Na*, and Cs*) environments are both about 1.1 eV. Our
calculations do not reveal a discernible trend in the cation-
dependent activation energy. Due to the larger hydrogen
density associated with Li* at the interface (Figure 4b), the
Li*+e™ model is more likely to undergo the HER process from
a probabilistic standpoint. A more detailed investigation that
integrates experimental and theoretical approaches is necessary
to decipher cation-dependent HER activity under the CO,RR
in the future. However, it can be observed that the activation
energy of the Volmer step is greater than that of C—C
coupling. Therefore, C—C coupling remains the favorable one
in the competition with the HER. Additionally, the challenges
associated with the Volmer step imply that the formation of
surface-adsorbed hydrogen (*H) is difficult. This further leads
to another hydrogenation mode of *CO that is hard, which
typically involves the reaction between *H and *CO to form
*CHO.*" Obtaining an H atom directly through interfacial
water to form *CHO is even more energy prohibited (Figure
S25).

Figure 5 describes the full picture of cation—water—
adsorbate interactions to tune the selectivity of the C,
pathway. The smaller cation (Li*) tends to stay away from
the interface, making it difficult to coordinate with *CO+*CO.
This C—C coupling beyond the cation solvation shell is
primarily stabilized by the hydrogen bonds provided by
surrounding interfacial water molecules. However, besides
stabilizing the coupling intermediates, the hydrogen bonds also
tend to favor the formation of * COH. While the possibility of
C—C coupling between *COH and *CO cannot be
completely excluded, it is kinetically more difficult than CO
dimerization. Simultaneously, the further protonation of
*COH toward C, products can be more readily anticipated
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since the rate-limiting step of the C,; pathway has already been
surmounted. Thus, the ability to generate C, products is
severely weakened. The larger cation (K') manifests its
modulation effect in its ability to coordinate with *CO+*CO
within its solvation shell. Although this inner-sphere
coordination negligibly contributes to the reaction barrier for
C—C coupling, it reshapes the distribution around interfacial
water, reducing the concentration of interfacial protons and
creating a hydrophobic microenvironment with the absence of
hydrogen bonds, thereby acting as a protective role for the
initial state of the C—C coupling course. This prevents *CO
from following the C, pathway, serving as the primary factor of
the cation-dependent increasing trend in C, product
selectivity.

Finally, we discuss the consistency with the experiments.
Koper et al. demonstrated the C,/C; is higher with K* than
that of Li*, around —0.6 V vs RHE.** The above mechanism
can directly offer a rationale for their observations. In our
theory, the partially desolvated larger cation (e.g, K") can
coordinate with the *CO+*CO to stabilize it and concurrently
repulse the interfacial water to avoid *CO protonation and to
enhance C, selectivity. We can infer that if the interfacial water
is further excluded through activity regulation, the C, product
will further increase, which has been confirmed by recent
experiments.”” However, if the cation cannot coordinate with
the *CO+*CO but repulses the interfacial water, the C—C
coupling will also be forbidden with high activation energy due
to the lack of stabilization effect (Figure 1). The introduction
of large alkylammonium cations, which cannot coordinate with
the adsorbate due to its chain-like molecular structure but
blocks the supply of interfacial water, suppresses the
production of ethylene experimentally.*> If the K* cannot
coordinate with the *CO+*CO and thus the water molecules
can approach the intermediates (like the situation in Li*), the
selectivity of C,/C, will also change according to our scenario.
A recent experimental work anchored K" into the cavity of the
18-crown-6 molecule, and thus the K' cannot serve as a
protector to directly coordinate with the *CO+*CO, which
indeed facilitates the hydrogenation of *CO, resulting in a
decrease in C, products and an increase in C, products.”® It is
noteworthy that this work was conducted under acidic
conditions. Similar experimental results have also been
reported under alkaline conditions, although with Na*.*’
Combined with the calculation results that the location of Li*
and K* cations and their interaction with adsorbates near the
interface are similar under typical acidic and alkaline
conditions with the neutral condition (Figure S$26), we
speculate that our mechanism may be applicable across a
wide range of pH.

B CONCLUSION

To summarize, we have investigated the combined effect of
interfacial water and alkali metal cations on the C—C coupling
at the Cu(100) electrode/electrolyte interface using AIMD
simulations with constrained MD and a slow-growth approach.
We observe a linear correlation between the hydrogen bond
stabilization effect of interfacial water on the carbon-containing
intermediates and the corresponding alleviation in the C—C
coupling free energy. Larger cations can coordinate with
*OCCO, partially replacing the hydrogen bond stabilization of
water. However, the energetic impact of different cations on
the CO dimerization is minor, regardless of whether the
cations coordinate with the *OCCO species. The primary

contributor to lower the energy barrier in C—C coupling is the
charging of *CO induced by the electrode potential. Larger
cations, upon coordination with *CO+*CO, can repel
surrounding water molecules, creating a local hydrophobic
environment with a scarcity of hydrogen bonds for the *CO
+*CO configuration. This effectively mitigates the risk of *CO
protonation toward the C, pathway, representing the primary
factor through which larger cations facilitate C—C coupling.
Our work proposes a new mechanism for the understanding of
the cation promoting effect by comprehensively considering
the cation—water—adsorbate interactions at the atomic level.
We anticipate that this study will provide useful insights of
cations tuning the structure of the electric double layer for
improving activity and selectivity of the CO,RR toward
multicarbon products.
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