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ABSTRACT: Engineering the interfacial distribution of electrolytic ions can aid in modulating the
electrocatalyst performance and efficiency. Using a hybrid quantum-classical modeling approach, we
describe how predictive tuning of the solution microenvironment on copper can enhance the efficiency
of CO, reduction (CO,R) to C, products. We elucidate how competing electrolyte constituents in
mixed electrolyte solutions stimulate restructuring of the electrochemical double layer (EDL) and
stabilize the OCCO* dimer (* denotes surface adsorbed), with predictions validated in flow reactors
using copper gas diffusion electrodes (Cu-GDEs). Our findings highlight how molecular-scale
electrolyte engineering with informed models of the EDL can be leveraged to tailor CO,R activity and

selectivity toward C, products.

1 Enhanced [K*] [K*]

J c2 (MA/cm?)

U (V-SHE)

KEYWORDS: CO coupling, copper, electrochemical reduction, catalysis, modeling, CO, reduction, density functional theory

B INTRODUCTION

Heterogeneous solid—aqueous interfaces are essential to
various technologies, including energy storage, catalytic
upgrading, corrosion protection, and environmental chemistry.
For instance, catalytic upgrading of distributed carbon
feedstock, including CO,'™* or low volatility biomass
compounds,”™® is often conducted at electrified solid—liquid
interfaces and it enables valuable chemical transformations at
low operational temperatures using renewable energy inputs.
Compared to gas phase-catalyzed reactions, liquid-phase
reactions are more complex due to the strong interactions
between the catalyst surface, substrates, and the solvent.” ! In
an electrochemical setting, such as CO,R, these interactions
can be strongly altered by polarization-induced restructuring of
the EDL that can influence the rate of charge transfer between
target reaction intermediate and the electrode surface. Several
studies show that the identity and concentration of electrolytic
ions impact the energetics of adsorbates, intermediates, and
transition states leading to modified rates and selectivities."*~"*
Periodic trends in multi- versus single-carbon products (e.g.,
C,H,/CH,) have primarily been rationalized based on ionic
radius, specific adsorption, hydration shell size, or buffering
capacity of the ions."”'”'*~*° Other studies show ions having a
more direct influence in modifying the structural morphology
and local oxidation state of the catalytic sites” ' with
pronounced effects reported on oxide-derived Cu nanostruc-
tures.”> > These studies offer robust evidence that electrolyte
solutions strongly influence CO,R activity and selectivity.
The exact way ions affect CO,R activity, and selectivity is
still being actively investigated. Previous studies have
rationalized trends in CO,R reactivity with ion size via

noncovalent interactions.”*” Density functional theory (DFT)
calculations have shown that specifically adsorbed ions can
impact adsorbate binding and alter key energy barriers.'®'”"”
The impact of ions has also been attributed to a buffering effect
that alters the local interfacial pH.”® Recently, studies have
demonstrated how the local electric field-induced buildup of
electrolytic ions can promote stabilization of reaction
intermediates, particularly those with strong dipole moments
including CO,’~ or OCCO.""'®*® The fact that these
enhancements can occur without the consideration of buffering
or adsorption effects highlights that solution microenviron-
ment restructuring can be a crucial parameter in evaluating ion
effects in CO,R. Furthermore, it motivates the development of
realistic ensemble representations of the interface that include
statistical distributions for an operational understanding of
how ions govern the interfacial response.

Several simulation methods attempt to address the aspects of
accuracy and realism of the electrochemical interface by
explicitly including static ions but ignoring solvent dynam-
icity'®"” or adopting implicit solvation approaches®’™* that
pose as a feasible alternative to large-scale molecular dynamic
simulations.”*~*” Recently, hybrid solvation approaches that
couple explicit atomistic features with implicit continuum
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solvation schemes have garnered increasing interest due to
their ability to retain atomistic-scale features with thermody-
namic averaging of the solvent that is computationally
tractable.'”**~>* All these models envelop unique capabilities
toward describing subtle yet crucial aspects of the interface.

In this work, we utilize a recently developed hybrid
quantum-classical approach based on DFT and the effective
screening medium method and reference interaction site
model (ESM—RISM).***°™%* This unique approach can
explicitly describe the charge—voltage response of electrified
interfaces by modeling the electron density and classical
electrolyte species within a grand canonical ensemble.
Moreover, ESM—RISM directly describes the electrostatics of
these charged interfacial systems with the appropriate open
electrochemical boundary conditions with the aid of Green’s
function techniques via the ESM portion of the method. We
apply this approach to understand the impact of electrolyte
concentrations on CO* coupling at the Cu (100) surface, a
key reaction toward generating C,, products during CO,R.
Although the correlated impact of the electrostatic potential on
CO dimerization and subsequent bifurcation toward ethanol/
ethylene has been previously demonstrated,”* >’ these studies
either apply an external electric field or utilize an adjusted
Poisson—Boltzmann (PB) distribution to approximate the ion
distributions without explicitly accounting for concentration
polarization of the electrolyte. The ESM—RISM method
describes spatial distributions of the electrolyte components
with a concomitant spatial variation of the electrostatic
potential, providing a detailed statistical description of the
EDL for a given applied electrode potential and electrolyte
concentration. Furthermore, PB-based models are typically
sensitive to the definitions of a dielectric cavity and cannot
discriminate between electrolyte solutions containing several
ionic species and multivalent ions, which are likely to provide
the most desired results.”””*® ESM—RISM instead relies on a
classical description of the electrolyte and can incorporate
various concentrations and combinations of electrolytic ions.

In this work, we demonstrate how the potential-dependent
distribution of the ions can impact the energetics of CO*
coupling. Our results identify that interactions between ionic
species within the EDL can exhibit complex responses to
applied potentials in mixed electrolytes that influence relative
distributions of anionic and cationic species and the resulting
charge in the vicinity of the surface. Specifically, we address the
impact of ion-resolved electrolyte concentrations and inter-
facial fields within the EDL on the CO* coupling energetics
using a combination of single and mixed ion electrolyte
solutions by leveraging the uniqueness of the ESM—RISM
approach. We show that the energetics exhibit a strong
concentration effect that is nonuniform across all electrolyte
compositions; instead, it crucially relies on the ion identity.
The results are consistent with experimental measurements in
flow reactors using copper gas diffusion electrodes (GDE) and
provide insights on engineering the fundamental interplay
between the electrolyte and double layer response for
electroreductive CO* coupling on copper.

B COMPUTATIONAL METHODS AND DETAILS

Aqueous electrolyte composition effects on CO coupling energetics
were investigated using a hybrid quantum-classical approach based on
planewave DFT and the ESM—RISM.**%%*%% Calculations were
performed using the ESM—RISM-enabled version of the PWscf code
as implemented by Otani and co-workers in the Quantum

ESPRESSO*”® software suite. We have recently employed the
ESM—RISM method to investigate the potential- and pH-dependent
binding modes of CO at the electrified Cu-solution interface,12
finding good agreement with the bindin$ modes reported from a
recent in-situ infrared spectroscopy study.’” In this work, we describe
a unique application of this approach to engineer the reactivity of a
key C, selective reaction in CO, reduction. Calculations are
performed for the Cu (100) surface in line with previous experimental
studies that report this facet to be a dominant surface in
polycrystalline Cu under reducing conditions®> and specifically the
only copper facet where electrolyte-dependent direct spectroscopic
signatures of the CO dimer have been observed.”®

The Cu electrode and the adsorbates were described at the level of
DFT, using the nonlocal BEEF-vdW exchange—correlation func-
tional®* to describe the quantum electronic interactions within the
system. Ultrasoft pseudopotentials sourced from the GBRV
pseudopotential library were used to represent the ionic cores. The
kinetic energy and charge density cutoffs were truncated at 36 and
360 Ry, respectively. The self-consistent electronic convergence limit
was set to 1 X 107 €V, and the forces converged to within a tolerance
of 0.02 eV A™". A periodic 3 X 3 asymmetric slab consisting of four
layers was used to model the Cu (100) surface, for which the bottom
two layers were frozen, while the top two layers and the adsorbates
were allowed to relax. The slab supercell included a 15 A vacuum
region to ensure compatibility with the modified Poisson solver
associated with the ESM portion of the method. The Brillouin zones
of the surface cells were sampled using unshifted 3 X 3 X 1
Monkhorst—Pack grids.® The electronic occupations were smeared
using the Marzari—Vanderbilt scheme®®®” with a Gaussian width (o)
of 0.2 eV for all surface cells.

The Cu (100)-solution interface was simulated at 300 K with the
following salt solutions: 0.1 M KI, 1 M K1, 0.1 M KHCO;, and 1 M
KHCO;. The aqueous solutions were represented using the implicit
RISM solvation approach, providing a detailed statistical description
of the simulated electrical double layer structure. The atomic charge
and ion-solvent interactions were described using the optimized
potentials for liquid simulations all-atom force field."**" Solvent
interactions were described using a modified transferable five-point
intermolecular potential (TIPSP) force field.”® The RISM equations
were solved using the Kovalenko—Hirata closure relation”' and with a
planewave cutoff of 300 Ry for computing the liquid interaction site
spatial distributions. Beyond the electrostatic interaction between the
quantum charge density and the classical interaction sites, a Lennard—
Jones (LJ) potential was additionally employed to describe the
interactions between the explicit Cu atoms in the system and the
classical electrolyte solution. The L] parameters (o, = 3.0 A, ec, =
1.0 kcal/mol) were obtained from an ab initio molecular dynamics
simulation of the Cu (100)—water interface and have been shown to
reproduce the main structural features of interfacial water at the Cu
(100)—water interface.'”> We refer to the reader to our recent work for
a detailed description of the force field fitting procedure."

The CO—CO coupling process was simulated under the influence
of an externally applied electrical bias using a grand canonical DFT
algorithm.*>”* In this approach, a target Fermi level of the hybrid
quantum-classical system is specified, and the requisite number of
electrons and classical electrolyte species is determined self-
consistently until the Fermi level of the system is within a specified
tolerance of the target Fermi level. The net result of this grand
canonical treatment of the electronic charge and the ionic charge
within the classical electrolyte region is an electrically and
concentration-polarized electrode-solution interface model with the
proper open electrochemical boundary conditions. Because the ionic
countercharge within the interfacial region serves to screen the
electrode surface charge, the electrostatic potential deep within the
classical electrolyte converges to a constant value (i.e., zero electric
field), providing a suitable reference level for the Fermi level of the
hybrid system. The latter is taken to be the inner potential of the
solution and is aligned to zero in each ESM—RISM calculation.>" The
electrode potential relative to the inner potential is then directly
obtained as @ = —E, where Eg is the Fermi level of the hybrid system
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relative to the inner potential of the solution. The electrode potential
is converted from the inner potential scale to the standard hydrogen
electrode (SHE) scale by subtracting a reference SHE potential that
has been computed relative to the inner potential of the solution.*” In
this work, we obtained a reference SHE potential of ®gy = =531V,
which was computed relative to the inner potential of a 1 M HCI
solution over a Cu (100) surface. The potential-controlled CO—CO
coupling simulations were carried out in 0.1 M KHCOj;, 1 M KHCO;,
0.1 M K1, and 1 M KI solutions. The resulting distribution of the ions
near the electrode is comparative to distributions frequently obtained
from equilibrated molecular dynamics simulations except that these
offer an averaged equivalent and do not contain dynamical effects on
the distribution. This saves the computational time and resources that
are normally dedicated toward MD equilibration and allows for rapid
assessment of the effect that these distributions have on the reaction
phenomena.

The potential-dependent reaction free energies AGocco(U) and
corresponding relative current densities joccorelative(U) for CO*
dimerization were calculated as shown in equations eqs 1—3. Here, U
is the electrode potential, R is the ideal gas constant, and T is the
absolute temperature. The relative current density in eq 3 provides a
theoretical estimate for the activity enhancement of CO coupling on
Cu(100) for a given mixed electrolyte solution relative to pure 1 M
KHCO;.

AGocco(U) = Gocco(U) = Georycox(U) (1)

j (U) ¢~AGocco(U)/RT
OCCO

@)

(U)[XKHCO, + YKI]
(U)[1 MKHCO,] (3)

relative(U) = Jocco

Jocco ;
occo

Here, in computing the relative current densities for CO*
dimerization on Cu (100) across all electrolyte compositions, the
prefactors and corresponding active site density are approximated to
be similar in magnitude. Moreover, we assume that the trends
computed using reaction energies can provide reasonable estimates of
relative activities across different electrolyte compositions. Figure S4
shows the computed activation energy profile for the CO—-CO
coupling reaction on Cu (100) in 1 M KBr solution at U = —0.9 V-
SHE performed using grand canonical potentiostatic nudged elastic
band calculations. Our calculations show that the dimerized transition
state is close to the final state leading to a symmetry factor (f8) value
of 0.79 as detailed in Figure S4 of the Supporting Information. This
value is in line with previous literature reports that find the dimerized
transition state to be close to the final state (symmetry factor § —
1)."*7% The symmetry factor () in this context is defined using the
relative change in the C—C bond distances between the initial,
transition, and final state f = (drg — dig)/(dgs — dis). The effect of
electrolyte compositions on the symmetry factor should be more
deeply considered in future assessments to understand the validity of
reaction-transition state scaling correlations.”* The reported ener-
getics are computed in a low surface coverage limit and assume that
lateral adsorbate interactions have a low contribution to the
energetics. Furthermore, these assumptions are valid under CO,
reduction conditions wherein the surface coverage of CO* is not
depleted and the rate of CO* formation is not limiting but rather
relatively facile compared to the rates of CO* coupling. While the
zeroth order approximation may likely not hold across a broad sweep
of electrochemical reducing potentials, the comparative analyses
performed in this study offers useful insights by decoupling these
dependencies and providing theoretical footprints on the extent of
effect that electrolyte organization and surface charging can have
toward the rate of CO* dimerization under reducing conditions.

The free energies of adsorbates (AG) in eq 1 were calculated via
zero-point energy (Epg), entropic (TS,;), and heat capacity (CV)
gas-phase corrections applied to the electronic energy as shown in
Table S1 of the Supporting Information. The corrections were
determined from vibrational frequencies of the adsorbates treated

within the harmonic oscillator approximation assuming no significant
changes in the vibrational state of the copper surface.

B EXPERIMENTAL METHODS AND DETAILS

Different concentrations and compositions of electrolytes were
prepared by dissolving the appropriate amount of salt in Millipore
water. The following salts were used: K,CO; (purity: 99.997% min,
supplier: Alfa Aesar) and KI (purity: 99.998%, supplier: Alfa Aesar).
High purity carbon dioxide gas was bubbled for 1 h into both
carbonate and KI solutions. Then, Chelex 100 (sodium form, 50—100
mesh size, C7901, supplier: Sigma-Aldrich) was added to the
electrolyte (1 g/100 mL) and purified prior using in electrolyzers.

A modified version of the literature reported GDE cell”” with in-
house fabricated (3-D printed materials and Teflon) cell housing parts
were assembled to test 1 cm” area electrodes. 3D printed frames
(Formlabs Form 3 printer, Clear resin) were used in between two end
plates to assemble the GDE cell, as shown in Figure S8 of the
Supporting Information. The cathodes were prepared by an electron-
beam physical vapor deposition of copper at 2 A per second (total
thickness 275 nm) on expanded polytetrafluoroethylene sheets.
Carbon paper coated with the iridium oxide/ionomer (dioxide
materials) was used as the anode. The Nafion 115 membrane (fuel
cell store) was used to separate the anode and cathode chambers. A
Ag/AgCl reference electrode was used to measure the potential of the
cathode. The reference electrode was placed near the inlet stream of
the electrolyzer. 3D printed cubes were used for storing the electrolyte
solution. The electrolyte was circulated using a peristaltic pump (Cole
Palmer, Masterflex L/S) at 20 mL/min. The CO, gas flow rate (10
cm®/min) to the system was controlled by a mass flow controller
(MKS-P4B MFC).

The performance of electrochemical CO, conversion in all the
electrolytes was tested at a range of potentials from —2 to —3 V versus
Ag/AgCl. All electrode potentials recorded versus reference electrode
were converted to SHE and contributions from the solution resistance
(R,) between working electrode and the reference electrode at any
observed total current (o) were compensated using the following
relationship in eq 4. The solution resistance measurements were made
using electrochemical impedance spectroscopy at open circuit
voltages during experiments.

ENHE = 0210 + EAg/AgCl + Itotal*Ru (4)

The efficiency gain in the working electrode potential (V) with
different 1 M KI, additives to the 1 M KHCO;(_, electrolyte
solutions (x = 0.25, 0.50 and 1.00 M) during CO, reduction was
calculated using eq S. In all instances, the total ionic strength of the
electrolyte solution with and without KI additive was maintained at 1
M. The voltaic efficiency was calculated by measuring the voltage
change at 200 mA/ cm? relative to the working electrode potential
with 1 M KHCO; (Expg_1m kco,)- The current density of 200 mA/

cm? was selected based on the highest faradaic efficiency values for C,
products in both KI and KHCOj electrolytes. The ionic strength of 1
M was fixed while varying the ratios of KI and KHCOj; to measure the
change in operating overpotential with electrolyte composition. The
extent of change was evaluated in the form of a voltaic efficiency as
shown in eq 5. All measured potentials were corrected for Ohmic
resistance using eq 4.

Exne 1M KHCO; — Exbe s« M

Ve = z
NHE_1 M KHCO, (s)

All electrochemical testing and characterizations were carried out
using VMP-300 Biologic potentiostat. Experiments were performed in
the potentiostatic electrolysis mode at ambient conditions. A fresh
cathode, a fresh anode, a fresh piece of separator (soaked in the
electrolyte for 1 h), and fresh electrolyte (20 mL in each chamber)
were used for all the experiments. The gaseous product stream was
diverted into the gas chromatograph (SRI 8610C) operating in the
thermal conductivity detection mode for detecting carbon products
and flame ionization detection mode for detecting hydrogen gas.
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Figure 1. (a) Computed potential-dependent reaction free energy (eV) for CO* coupling on Cu (100) for 0.1 and 1 M electrolyte concentrations
using eq 1 and (b) measured current densities (mA/cm?) for C, products (ethylene, ethanol, and acetate) using Cu-GDEs. Standard deviation
(SD) represents an average over four data points. fiico, = 10 mL/min, #yeolye = 20 mL/min.

Nitrogen gas was supplied as the carrier gas. Auto sampling and
analysis were carried out using GC in 15 min intervals. Liquid
products were collected after 60 min of electrolysis and analyzed using
an NMR instrument (500 MHz, AVANCE III HD Bruker with
Prodigy cryoprobe, 64 scans, 'HNMR). DMSO (purity: 99.0%,
supplier: Sigma-Aldrich) in D,O (purity: 99.8%, supplier: Sigma-
Aldrich) was used as an internal standard for quantification of liquid
products. Partial current densities and partial Faradaic efficiencies of
individual C,, C}, and H, products were calculated using GC and
NMR peak area integration’® and are reported in Figures S9, $10, and
Table S2 of the Supporting Information respectively. The potential
window is limited in this study to minimize the effect for C,
production from HER and methane (onset potentials for HER from
water is found to be <—1.2 V versus RHE and methane evolution
spiked at —1.1 V versus RHE, see Figure S10).

B RESULTS AND DISCUSSION

To isolate the effects of the electrolyte and the EDL on the
reaction energetics of CO* dimerization, we focus on adsorbed
CO* in the absence of other surface coverage effects, such as
from specifically adsorbed electrolyte ions. In Figure la, we
show the thermodynamic reaction free energies (AGgcco) for
CO* coupling on Cu (100) for KHCO; and KI electrolyte
solutions computed as a function of applied potential (U)
using eq 1. We evaluated the energies as a function of potential
and electrolyte composition using the described ESM—RISM
framework. The CO* molecules were assumed to be adsorbed
at the bridge sites and dimerized over the hollow sites of Cu
(100),°*”7 as shown in Figure S1 of the Supporting
Information. KHCO; and KI electrolytes were chosen, as
KHCO; is among the most commonly studied electrolytes in
CO,R and KI has been observed to induces favorable
selectivity toward C,, products on Cu.*”’®”” Our calculated
dimerization energies for all electrolytes are approximately 0.7
eV corresponding to the onset potentials of ethylene on Cu
(100) at —0.72 V versus SHE at pH 7 and consistent with
previous studies on the CO* dimerization.'>'#**°%%* We note
that while electrolyte ions, and particularly the anionic species,
have been previously identified to adsorb at substantial surface
coverages for various potential windows,'®'”*"*? the dominant
anionic species are highly destabilized under reducing
conditions typical of CO,R, and also exhibit unfavorable
interaction energetics with adsorbed CO*.'® Our calculated
reaction energetics thereby focus on CO* dimerization
energetics in the absence of contributions of other coverage
effects, such as due to adsorbed anion and/or cation species, as
well as the influence of dynamical fluctuations of the EDL that

may further decrease reaction energies but require suitable
sampling best treated with molecular dynamics.**** The ability
to isolate effects of potential and electrolyte-dependent
restructuring of the EDL with the ESM—RISM approach
provides evidence that this effect can substantially influence
reaction energetics that ultimately dictate both activity and
selectivity in CO,R.

At increasingly negative potentials, AGocco decreases due
to a field-induced stabilization of the OCCO* dimer as its
dipole moment aligns with the potential-controlled interfacial
electric field.”® This decrease, however, is not systematic across
electrolyte compositions and concentrations, but rather
exhibits a nontrivial variation. For instance, at —0.7 V—SHE,
the net electronic charge on Cu (100) surfaces that stabilizes
the dimer is —0.17 e/nm* in 1 M KI and —0.26 e¢/nm” in 1 M
KHCO;. This excess net surface charge present on the Cu
(100) surface in 1 M KHCO, serves to stabilize the dimer and
lowers the reaction energy in relative to 1 M KI. This trend is
inversed at increasing negative potentials where a 1 M KI
provides a higher energetic stabilization of the dimer.
Interestingly, while higher electrolyte concentrations increase
the thermodynamic driving force to couple CO*; the effect is
strongly composition-dependent. The coupling reaction energy
is lowered to a greater extent when the concentration increases
from 0.1 to 1 M in KI solutions compared to KHCO; solutions
translating to approximately 1 to 2 orders of magnitude
variation in the reaction rate as shown in Figure S3, assuming
that the reaction rates follow the Arrhenius behavior and have
similar pre-exponential factors. Increasing the KHCO,
concentration has a more subdued effect and is expected to
alter the reaction rate by less than 1 order of magnitude (see
Figure S3). In line with these theoretical predictions of
improved dimerization energetics, experimental measurements
in Figure 1b also show higher current densities for all identified
C, products with KI electrolytes compared to KHCO;. The
effect is enhanced with increasingly negative potentials similar
to the theoretical trends reported in Figure la. Figures S9 and
S10 show partial current densities of specific C, products
including ethylene, ethanol, and acetate and C, products
including methane, formate, and carbon monoxide. While the
partial current densities for all C, products are higher with KI
compared to KHCO;, that of C; products and H, seem
unaffected with electrolyte composition (Figures S9 and S10).
These results provide evidence that tuning the C—C coupling
step is critically linked to the type and concentration of
electrolytic ions considered.
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Figure 2. (a) Planar distribution (mol/L) of interfacial K" ions over Cu (100) in electrolyte solutions at —1.3 V—SHE with OCCO* adsorbed at
the hollow site. (b) Integrated charge density variation (pq in e/A) due to the presence of adsorbed OCCO* on the Cu (100) surface. Charge
variations are computed at U = —1.3 V—SHE. z-distance denotes the distance from the first (top) Cu layer.
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Figure 3. (a) Relative theoretical current density of CO* coupling normalized to 1 M KHCO; on Cu (100) using mixed KI and KHCOj solutions
computed using eq 3, (b) measured gain in cathodic voltaic efficiency at 200 mA/cm? with KI additive to KHCOj; (total K* concentration = 1 M)
using Cu-GDEs calculated using eq S. SD represents an average over 4 data-points. #itco, = 10 mL/min, rielectrolyte = 20 mL/min, fejectrolyte = 1 M.
(c—e) Calculated interfacial ion distributions (mol/L) at —1.3 V—SHE, where x = 0 denotes position of Cu surface layer with OCCO*. Vertical
dashed lines in (c—e) denote equilibrated average distance between the nearest interfacial layer of the electrolyte ion and Cu (100) surface.

Figure 2a shows the computed EDL distributions near the
surface with OCCO* present at —1.3 V—SHE. A higher
concentration of interfacial K is observed in the 1 M relative
to 0.1 M electrolyte solutions which screens the excess negative
charge on the Cu (100) surface. This polarizing effect is
enhanced in 1 M versus 0.1 M KI due to a denser packing of
K" in the EDL region, while the I” distributions exhibit a broad
diffuse arrangement adjacent to the surface, as shown in Figure
SSa of the Supporting Information. The concentrated buildup
of K' in the locality of the OCCO* dimer is lower in 1 M
KHCO; than 1 M KI due to the different interactions with the
surface and anionic species dependent on the electrolyte, as
discussed further below. Figure 2b provides additional insights
into the consequences of K* buildup adjacent to the surface by
way of an integrated charge density distribution (pq) across the
interfacial EDL region. A local accumulation of positive
charges in the EDL (z ~ S A) is noted in the order 1 M KI

> 1M KHCO; > 0.1 M KI ~ 0.1 M KHCO;, consistent with
the electrolyte-dependent trend in CO—CO coupling reaction
energetics reported in Figure la. The features in the charge
profile are attributed to the local distribution of charged/
polarized species within the EDL. Figure S6 shows
deconvoluted contributions from individual EDL components
including, cationic (K*), anionic (I” or HCO;"), electronic,
and polarized water species. An enhanced polarization effect is
observed in the water charge density distributions of 1 M
electrolytes as shown in Figure S6. These results point to a
complex coupling between the electrode surface charge and
resulting electrolyte’s response. The coupling is dominantly
responsible for aligning the dipole moment of the OCCO*
dimer along the local electrostatic field and stabilizing its
presence on Cu (100). The stabilization serves to lower the
energy of dimerized state, thereby improving the coupling
reaction efficiency. Moreover, these observations signify the
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extent to which the interfacial charge transfer and local
adsorbate—catalyst bonding environments rely on the electro-
lyte distribution within the EDL. Although trends in
electrolyte-based enhancement have been previously reported,
the ESM—RISM approach provides an atomically resolved
viewpoint of the microenvironment across a wide range of
relevant solution compositions and its consequent impact on
key reaction phenomena. This offers a two-fold advantage of
enabling assessment of critical reaction intermediates and their
susceptibility to the solvent environment and rapid screening
of potential electrolytes for their effect on reaction efficiency.
Additionally, the validated modeling framework provides a
reliable first-principles guided approach to evaluate intrinsic
activity using electrolyte design in the absence of other
convoluting factors, including mass transport and catalyst
dynamicity.

B ELECTROLYTE-GUIDED DESIGN FOR THE C,,
GENERATION USING MIXED ELECTROLYTE
SOLUTIONS

Here, we emphasize that the premise of electrolyte-guided
design may be based on modulating the surface charge and
collective ion distribution within the EDL that maximize
reactivity of critical reactions rather than computing activity
and selectivity correlations that vary periodically with the
identity of the anion/cation. This serves to shift the focus of
electrolyte-based design from iterative experimental screening
toward a more predictive descriptor-based approach of
interfacial electrochemistry that relies on understanding EDL
restructuring under active reaction conditions. We demon-
strate this concept using a mixed electrolyte design strategy to
boost the C,, reaction efficiency in 1 M KHCO;. We utilize
eqs 1 and 3 to compare the relative variation in activity toward
CO—-CO coupling in the mixed electrolyte series. Figure 3a
shows the relative variation in CO—CO coupling activity
(jocco) with respect to the 1 M KHCO; electrolyte for a series
of electrolyte mixtures of KHCO; and KI that maintain the
same ionic strength of 1 M solution. The computations show
that adding a small quantity of KI to KHCOj solution can lead
to an enhanced effect at more reducing potentials. For
example, the relative current density is more than quadrupled
for a 0.25 M KI addition (with 0.75 M KHCO;) at —1.5 V
versus SHE. Additional increases in the KI concentration and
subsequent decrease in the KHCO; concentration can improve
this factor even more with an enhanced effect at more negative
cathodic potentials. These relative variations only consider
CO—CO coupling reaction specifically. In practice, the net
change in activity toward C, products is likely dictated by the
relative variations in activity toward other simultaneous
reactions including CO adsorption and subsequent hydro-
genation events. Figure 3b shows the change in voltage at 200
mA/cm?” due to addition of KI to the electrolyte solution while
maintaining an ionic strength of 1 M. Similar to the
computational predictions, an enhanced activity reported in
the form of voltaic efficiency gain (calculated using eq S)
toward C, products is observed. The voltaic efliciency at the
cathode is higher with KI additive relative to bare KHCO;
electrolyte, and the effect is systematically enhanced with
increased 1™ concentration. Observation of partial current
densities for individual C,, C,;, and H, products with KI
compared to KHCO; (see Figures S9, S10, and Table S2)
verifies theoretical simulations that predict KI additive
increases the activity of C—C coupling. We note that the

buffering reactions in solution associated with KHCO; have a
more complex effect on the local pH, specific ion adsorption
and resulting surface coverage than for non-buffering electro-
lytes like KI; these effects are not captured in the simulations.
While our observed reactivity trends toward C, products
match in both the calculations and experimental measure-
ments, the secondary effects resulting from buffering versus
non-buffering electrolytes should be more deeply considered in
future assessments of the complex interplay between electro-
Iyte composition, local pH, and specific ion adsorption that
may further influence reaction energetics. The observed
enhancement can be explained based on the ratio of K*, I7,
and HCO;™ ions in the EDL region, as reported in Figure 3c—
e. In 1 M KHCO;, HCO;™ ions inhibit the buildup of K" near
the Cu surface, as evident by the larger concentration of
HCO;™ anions near the surface (Figure 3e). As KI salt is added
to the mixture, the relative interfacial concentration of HCO;~
is lowered due to the presence of competing I” ions, which
preferentially reside farther from the surface (Figure 3d) and
also modulate the concentration of K* in the vicinity of the
surface. This competition works synergistically to increase the
charge (see Figure 2b) and the interfacial field in the EDL
region at a given potential, leading to a larger voltage response
of the reaction energies of CO* coupling for electrolytes that
contain higher concentrations of I anions which manifests as
lower reaction energies for CO* coupling (see Figure S7 of the
Supporting Information). These results highlight the critical
influence that the solution microenvironment can have on the
reactivity of key steps in CO,R and give additional insights into
the previously reported selectivity trends observed in I”
containing electrolytes."”’

B CONCLUSIONS

In summary, we have used the ESM—RISM approach to isolate
the effects of the solvation environment and applied potential
on specific surface reaction energetics that ultimately dictate
both activity and selectivity in CO,R toward value-added C,,
products. We find that the potential and electrolyte-dependent
restructuring of the EDL can dramatically influence reaction
energetics of chemical steps such as CO* dimerization that
strongly depend on the surface charge and interfacial fields. We
validate theoretical predictions associated with mixed KHCO,
and KI electrolytes that identify how electrolyte compositions
and concentrations richer in I” collectively increase the
interfacial charge and field variation and can yield higher
activity toward CO* coupling and subsequent generation of C,
products during CO,R. These variations stimulate the
competitive distributions of electrolytic ions causing the EDL
to uniquely restructure, which can be advantageously leveraged
for field-susceptible reactions such as CO* coupling. Reactivity
enhancement is observed when the anion—cation combina-
tions and their associated distribution within the EDL allow for
a higher net charge concentration near the metal surface for a
given applied potential. While we focused on specific
electrolytes and CO-coupling on Cu, the findings presented
here are applicable toward other electrolytes and reactive
species that are prone to field stabilization. Notably, we
highlight here the importance of understanding the coupling of
interfacial charge and ion distributions in any considered
electrolyte system. While the effective reactivity consequen-
tially relies on additional physicochemical processes such as the
mass transfer of reactants and rate of competing reactions such
as hydrogen evolution, this approach can aid in evaluation of
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intrinsic catalytic activity using electrolyte design in the
absence of such convolutions. These insights can be leveraged
toward rational predictive model-based selection of solvents for
key rate and/or selectivity-determining steps in electrocatalysis.
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