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Solid-liquid interface engineering has recently emerged as a promising technique to optimize the activity
and product selectivity of the electrochemical reduction of COy . In particular, the cation identity and the
interfacial electric field have been shown to have a particularly significant impact on the activity of desired
products. Using a combination of theoretical and experimental investigations, we show the cation size and
its resultant impact on the interfacial electric field to be the critical factor behind the ion specificity of
electrochemical CO9 reduction. We present a multi-scale modeling approach that combines size-modified
Poisson-Boltzmann theory with ab initio simulations of field effects on critical reaction intermediates. The
model shows an unprecedented quantitative agreement with experimental trends in cation effects on CO
production on Ag, Cy production on Cu, CO vibrational signatures on Pt and Cu as well as Au(111) single
crystal experimental double layer capacitances. The insights obtained represent quantitative evidence for the
impact of cations on the interfacial electric field. Finally, we present design principles to increase the activity
and selectivity of any field-sensitive electrochemical process based on the surface charging properties: the

potential of zero charge, the ion size, and the double layer capacitance.

BROADER CONTEXT

The electrochemical reduction of CO5 has the poten-
tial to reduce greenhouse gas emissions while producing
valuable fuels and industrially relevant chemicals. A cen-
tral challenge for commercialization is the need for in-
creased activity and selectivity of catalysts towards de-
sired products. In recent years, electrolyte optimization
has emerged as a new strategy for electrocatalyst de-
sign. In particular, the cation identity has been shown
to have a significant effect on COs reduction (CO3R)
towards valuable products. In this joint experimental-
theoretical work, we develop a multi-scale, continuum/ab
initio modeling approach that shows the cation speci-
ficity to arise from differences in cation-cation repul-
sion and corresponding differences in the interfacial field.
This model shows an unprecedented quantitative agree-
ment with a wide range of experimental observations.
The findings also show the hitherto neglected interfacial
charging properties in determining the electrocatalytic
activity for CO3R and beyond and pave the way for
electrolyte- and interface- engineering for general field-
sensitive electrochemical processes.

) Electronic mail: sringe@stanford.edu
b) Contributed equally to this work.
©) Electronic mail: kchan@fysik.dtu.dk

INTRODUCTION

Solid-liquid interface engineering has emerged in re-
cent years as a promising technique to optimize the re-
activity and selectivity of electrochemical reactions. In
recent years, a number of engineering approaches have
been explored, going beyond the design of catalyst’s elec-
tronic structure towards a full optimization of the reac-
tion environment 1 For instance, researchers have investi-
gated the effect of interfacial electric field 4% pH™ ! mass
transport 22118 catalyst nano-structuring 725 and the
electrolyte composition, such as the solvent/26728 the
buffer 2232 or the cations #3347 In particular, the iden-
tity of cations in the electrolyte has been shown to dras-
tically affect the catalytic conversion rate in a number
of critical electrochemical processes, such as the oxida-
tion of water 5448 CO32, formate3® chloride/*” hydrogen
or alcohols®®47 and in the reduction of oxygen2&:324s
and CO#0H5 The reduction of COy (CO2R) has been
shown to be particularly sensitive to cation identity, with
1-3 orders of magnitude difference in activity between LiT
and Cs™ containing electrolytes. This effect has been
demonstrated on Ag for the conversion to CO and on
Cu towards the formation of hydrocarbons and alcohols
containing multiple carbon atoms (“Cay”) 444

The present joint theoretical-experimental study fo-
cusses on the mechanism behind cation specificity in the
electrochemical reduction of CO3R, as a case study for
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general ion-specific electrochemical processes. The ori-
gin of cation effects on CO3R has been contentious in
recent literature. Hydrated cations were suggested to
act as proton donors*? and to modify the local elec-
trode pH through shifts in local potential at the outer
Helmholtz plane*™4 or through acting as a buffer close
to the electrode*?. Cation-adsorbate interactions have
been further suggested to occur via non-covalent chemical
interactions 285248 Tt has also been suggested that alkali
cation effects in CO5R arise from chemisorbed ions2%21
However, we note that alkali ion adsorption including
charge transfer is unlikely due to their very negative re-
duction potentials (~-3V vs. Standard Hydrogen Elec-
trode (SHE)>2) 333038

The plethora of hypotheses for cation effects in CO3R
effects highlights a pressing need for microscopic insight
using computational simulations. Ions at the electro-
chemical interface are particularly challenging to treat
from an ab initio perspective, as their slow motion com-
pared to water and large solvation shells introduce many
degrees of freedom and associated sampling challenges.
On the other hand, continuum models of the electric
double layer have a long history2#9 and have yet to
be exploited in recent theoretical investigations of ion ef-
fects.

Recent studies from our groups demonstrated that
cations affect the COsR activity through their elec-
trostatic interactions with the electric dipole of spe-
cific adsorbates®®. Here, we build upon these studies,
taking a mean-field electrostatic approach and model-
ing the electrolyte distribution with a modified Poisson-
Boltzmann model ®9 We find that the surface charge den-
sity and electric field is reduced by ion-size dependent
hydrated cation repulsions at the outer Helmholtz plane.
We perform surface charge-dependent Density Functional
Theory calculations of reaction intermediates in order to
relate the ion-specific surface charge differences to dif-
ferences in electrocatalytic activity. The resulting multi-
scale approach is evaluated with a wide range of ion-
specific experimental data: CO production on various
epitaxial surface facets of Ag, Co formation on epitaxial
Cu, the vibrational stretching mode of *CO on polycrys-
talline Pt and Cu as well as impedance data on single
crystal Au(111) electrodes. Using a single set of ex-
perimentally motivated cation size parameters, we ob-
tain unprecedented quantitative agreement with all ex-
periments, which suggests the validity of the simple pic-
ture presented. Finally, we present cation and system
design principles based on the optimization of the sur-
face charge density and electric field, which we envision
to have general applicability to electrocatalytic processes
beyond CO3R.

2
MODEL FORMULATION
Modeling Cation Effects — the ailc approach

Figure [1] outlines our combined ab initio/continuum
approach to modeling ion specific electrocatalytic activ-
ity. This approach is motivated by the previously noted
strong double layer electric field-dependence of critical re-
action intermediates in COoRBE5D Ag jllustrated in the
right panel of Figure [I} we determine the surface-charge
density dependence of the energetics of critical reaction
intermediates via charged implicit solvent corrected DFT
calculations using a planar counterchargé®®. These ener-
gies are then related to reaction rates through a simple
rate-limiting step approximation. As later described in
more detail, we then find Au(c) to be largely indepen-
dent of the counter charge distribution. This important
observation suggests that cations affect catalytic activ-
ity by a change of the surface charge density at a fixed
electrode potential.

In order to describe the variation of surface charge den-
sity o as a function of cation type and applied electrode
potential, we apply a continuum electrolyte model, the
size-modified Poisson-Boltzmann (MPB) approach (cf.
left panel in Figure 56. As illustrated in Figure [2| the
model predicts that cations with a smaller hydration shell
like Cs* are more concentrated at the electrode compared
to larger cations like LiT. This difference in concentra-
tion increases the surface charge density and the field at
a given potential relative to the potential of zero charge
(PZC) oM — ¢M-FPZC| The continuum model provides us
with the dependence of the surface charge density on po-
tential and ion size a, o(¢™ — ¢MFZC q). Coupling the
Ayi(o) determined through DFT with o(¢™ — pM-P2C q)
we obtain the dependence of catalytic activity on ion size.

The present model differs from previous work in sev-
eral significant ways. The primary hypothesis here is that
cation effects in CO2R are mean-field in nature, in con-
trast to previous studies that consider cation effects to
arise from explicit interactions of cations with key reac-
tion intermediates #4462l Fyrthermore, we model the
impact of ion size on the double layer structure inde-
pendently from the ab initio simulations of the reaction
energetics.

There are several advantages to this modelling ap-
proach. Since the reaction energetics are determined in-
dependently of the double layer model, a given Apu(o)
from a single ab initio simulation can be coupled with
a variety of detailed continuum double layer models,
and even with experimental capacitance data. This
flexibility is not possible with constant potential grand
canonical DFT simulations which include complex elec-
trolyte descriptions directly in the DFT setup®®262 mak-
ing it difficult to derive the correct functional forms or
parameters 5™ Furthermore, constant potential grand
canonical DFT simulations require a reference to relate
the simulated work function to potential. Typically the
reference that is applied is the work function of the stan-
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FIG. 1: Schematic illustration of our multi-scale
modeling approach to model cation effects on
field-driven electrocatalysis. The process of surface
charge generation as a function of potential (left panel)
is simulated by a 1D-continuum electrostatic description
of the electrolyte. The ion-size modified
Poisson-Boltzmann approach (MPB) enables us to
model the effect of ion size on the generated surface
charge at a fixed potential. Surface charge density
dependent reaction energetics are obtained from
charge-dependent DF'T calculations of the rate-limiting
species (right panel). Combining the results via
interpolation, we obtain the catalytic activity or current
density as a function of cation size and potential of zero
charge at fixed applied potential.

dard hydrogen electrode, which has been reported to have
a range from 4.3 to 5.3 eV Here our approach allows
us to use the PZC of a given metal|solution interface as
a reference, which can have a higher accuracy than the
SHE reference in well-characterized metals.

In what follows, we lay out the details of the model.

Continuum Surface Charging Model

The electrostatic potential ¢ in a solution is described
by the one-dimensional Poisson equation

d2
s == mald] (1)

where ¢}, is the bulk dielectric permittivity (in units of
the vacuum permittivity) and z; and ¢; refer to elec-
trolyte species changes and concentrations. We apply
finite ion-size modified version of the Poisson-Boltzman
model, which for a z:z electrolyte ig5:

z; Fo
et RT

celp] = cp

Al (2)
1—Xo—|—xg-cosh(;%T>

Energy & Environmental Science

FIG. 2: Hlustration of the origin of cation effects in
field-driven electrocatalysis as suggested by this work.
Repulsive interactions between hydrated cations at the
outer Helmholtz plane reduce the local concentration of
cations, the surface charge density o (depicted by the
red-colored region) and the electric double layer field.

The diffuse layer that is explicitly modeled by the MPB
model is depicted as well as the Helmholtz gap
capacitance region and the interfacial ion diameter
determined in this work.

with the Faraday and ideal gas constants F' and R,
the temperature 7', the ionic charges z;, the ionic bulk
concentration ¢, and the ion-occupied volume fraction
Xo = 2cpa’ Ny, with the Avogadro constant Na and the
lattice cell length a. This expression arises from a sta-
tistical lattice model in which each anion and cation is
only allowed to occupy a single cell (cf. Figure [1]). This
restriction effectively leads to a maximum possible ion
concentration determined by xo. a denotes a lattice cell
length in the statistical model is equivalent to an effective
ion diameter if ions are considered as hard particles. In
this picture, the distance of the cation from the electrode
will directly correspond to a/2 (cf. Figure [2) which has
been determined experimentally by x-ray scattering and
diffraction methods=¥ 7781

Interestingly, a comparison of experimentally tabu-
lated electrode-cation distances suggests these to be only
slightly dependent on the applied potential and metal
electrode. In the case of Cst, a distance of around
3.5A has been determined at both the Au(111)8 and
Pt(111)™ electrodes. K, which is a harder cation with a
larger hydration shell in the bulk electrolyte 82 was found
to at larger distances of 4.1 A to the Ag(111) electrode ™
These results suggest that ion sizes are relatively invari-
ant on different metal surfaces. In the following, we use
these two experimentally determined values while values
for other cations are inter- and extrapolated from exper-
imental measurements.

The MPB equation is solved with the following bound-
ary conditions (cf. also Figure. At the bulk electrolyte
boundary (z = 2°°, multiple ym), we apply the Dirichlet
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boundary condition ¢ = 0. At the electrode side z = 0,
we apply the Robin boundary condition 8364

o= v 20 = 0) = Cpap [V — $PZC _ g(z = 0)]

dx
(3)

where ¢™ is the metal electrode potential relative to the
bulk electrolyte and Cgap, is an interfacial Helmholtz-like
capacitance which acts in series with the diffuse layer
capacitance. This mixed boundary condition allows us
to correctly describe surface charging at potentials far
from the PZC, where the gap capacitance Cg,;, dominates
the surface charging response. Physically, Cgap arises
mostly from Pauli repulsion of the electrons, which cre-
ates a vacuum-like gap between solid and liquid (cf. Fig-
ure [2) 57 This boundary condition also has the prac-
tical advantage of offering a direct link between surface
charge density and electrode potential, which is deter-
mined by the macroscopic properties of the electrode as
the PZC and the Helmholtz gap capacitance (cf. Fig-
ure . We note that x = 0 corresponds here precisely
to the outer part of the Helmholtz gap, as illustrated in
Figure

Experimentally, the value of the double layer capaci-
tance Cq; at negative potentials far from the PZC has
been found to be approximately facet-independent on
Ag 88 and is very often independent of metal identity 8220
Cq1 was measured to be around 20-25 yF /cm? for Ag sur-
faces BEOLOH Cy(111)% and Pt(111)%9. At potentials far
from the PZC, the gap capacitance dominates, which is
why we apply a value of Cyap =25 uF /cm? throughout
the paper. Finally, experimental PZC’s have been used
to parametrize Eq. [3| as listed in Table [l with the excep-
tion of the pc-Ag surface, where we used a theoretical
estimate due to the diversity of the experimental data
(cf. Supplementary Materials). Solving the MPB equa-
tion then gives the relation o(¢™F%€ a), which is shown
in Figure S1 of the Supplementary Materials.

Ab initio derived field dependent electrocatalysis

As mentioned before, dipolar and polarizable interme-
diates, such as *COy or *OCCO, interact significantly
with electric double layer fields®* The dependence can
be derived from surface charge-dependent DFT calcu-
lations. The electrolyte counter charge can be repre-
sented by either explicit cations®2%97 or a continuum rep-
resentation as implemented into various DFT program
packages GHHOH6TH6Y \We here applied a mean-field formu-
lation using both a planar counter charge (PCC) as well
as a linearized PB (LPB) representation. Figures S2 and
S3 of the Supplementary Materials show the dependence
of the free energy change Ay for COs adsorption on Ag
on o. Ap is dependent on neither the electrolyte model
(i.e. LPB or PCC) nor the location of the counter-charge
in the PCC model (cf. Figure S3). This observation is

4

critical since it shows that, at least in a mean-field ap-
proximation, cation affect reaction kinetics via a change
of the surface charge density.

The Au(c) function obtained from DFT is nearly
parabolic, which in the case of a field-dependent expres-
sion arises from both the first order dipole interaction and
the 2nd order polarizability#**¢ Therefore we can obtain
an analytic expression by interpolation the surface charge
density dependent formation energies with the parabolic
function:

Ap(o) = Ap(o = 0) + apo + byo® . (4)

The accuracy of this approach is demonstrated in Fig-
ures S2-S9 in the Supplementary Materials, where the
parabolic function nearly perfectly fits the calculated
DFT data points as a function of surface charge density.

In this work, we investigate cation effects on CO3R
at Ag and Cu as well as CO adsorption on Pt. For
each of these cases, the current density is expressed in
our model as determined by the formation energy of
the rate-limiting species. For COy at Ag, recent liter-
ature suggested CO9 adsorption with concomitant elec-
tron transfer to limit the CO production rate.>(29102
Spectroscopic studies on Agl® and Cul% have also iden-
tified carboxylate intermediates. As shown in Figure S2,
*CO4 is strongly stabilized by electric double layer fields.
This is also clear from the field-corrected free energy di-
agram given in Figure S10 that also suggests that COq
adsorption limits the CO production rate in accordance
with the literature. Furthermore, recent theoretical re-
sults have shown that the transition state of the COq
adsorption process is close to the final state 222 The CO
partial current density jco can thus be expressed as a
function of the *CO4 adsorption energy at standard con-
ditions Ap-co,:

(5)

Api-co,(0)
RT

Jjco o< exp (—

In the following, we will consider the partial current den-
sity normalized to a particular cation which represents
the cation effect on the turn over frequency removing
the need to specify an active site density. In the case of
COg; reduction on Cu, the most significant cation effects
were observed for Cy product formation. From previous
studies, the CO-CO coupling step has been discussed to
limit the corresponding production rate 305106108 G5y
ilar to CO2 adsorption, CO-CO coupling is a chemical
step which is driven by interfacial field stabilization of
the dipolar adsorbate (*OCCO).# This dipole-field inter-
action results in a large surface charge dependence as
shown in Figure S7. We assume a similar dipole for the
coupling transition state as in the final *OCCO state,
resulting in the Cs production rate expression as a func-
tion of the *OCCO energy relative to the bare surface,

Ap+occo:

A,u*occo(a)) (©)

jo, X exp (— T
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Ag(111)|Ag(110) |pc-Ag|Cu(111)|Cu(100) | COQPt(111) |pe-Au

Cs|Rb| K |Na| Li |TMA|TEA|TPA|TBA
-045 | -0.734 |-0.584] -02 | -054 | 11 | 0.16

3.5|3.9[4.1]5.2[5.8] 7.8 [ 80 | 81 | 84

TABLE I: Experimental Potential of zero charges
(PZC) vs. SHE for the different surfaces that were used
in this work 202U Only the pc-Ag value was estimated

from theoretical considerations (cf. Supplementary

Materials).

RESULTS & DISCUSSION
Cation effects on CO3zR

In what follows, we evaluate the model against the ex-
perimentally observed ion-specificity of CO2R on two sur-
faces, Ag and Cu. Figure [3|shows the theoretical (lines)
and experimental (dots) shifts in activity towards CO at
-1V vs. RHE for Ag(111), Ag(110), and pc-Ag, where
the first two surfaces are epitaxial thin films #*. The ac-
tivity data is normalized to that of Li* (cf. Figure S19 in
the Supplementary Materials for full polarization curves).

As seen from the comparison, the model gives essen-
tially quantitative agreement with experiment. Cations
such as Cs™ have the smallest hydrated cation radius
and therefore show the smallest repulsion close to the
electrode. The resulting higher concentrations of cations
lead to a larger surface charge density and stronger inter-
facial electric field, which drives the adsorption of COg,
as illustrated in Figure [2] and

The validity of our mean field approach is further sup-
ported by the correct prediction of the facet dependence
of cation effects. Recent work has suggested that care-
fully grown epitaxial thin films exhibit a small number
of step defects®3 which predominate in the activity
of both Ag and Au electrodes® Since the dipole mo-
ments of the adsorbates involved are essentially facet in-
dependent (cf. Figures S2 and S7 in the Supplemen-
tary Materials), the actual binding energies of the adsor-
bates do not come into play in determining the relative
activities amongst the cations. Instead, it is the charg-
ing properties (PZC and capacitance) that determine ion
specificity. As shown above, although step defects could
exhibit specific charging properties2 activity trends still
follow the charging properties of the dominating surface
facet. The stronger cation effects at the Ag(111) facet
can be rationalized by its more positive PZC and conse-
quently its higher surface charge density and sensitivity
to a change of cations (cf. also Figure S1 in the Supple-
mentary Materials).

The observed cation dependence of the CO produc-
tion rate indicates the efficiency of cation modulation for
process optimization. In contrast, the small dipole of ad-
sorbed *H atoms has been found before to result in a
negligible electric field dependence”. The relative inde-
pendence of the hydrogen evolution rate (cf. Figure S4
in the Supplementary Materials) suggests that the dipole
of the corresponding transition state is also significantly

TABLE II: Obtained effective interfacial cation radii
(a/2 in A) from experiment? 81 (K+ and Cs*) and
inter-/extrapolation to fit the experimental data of
CO2R to CO at Ag surfaces and CO electrochemical
Stark shift at Pt.

15.0
12.5
T
—
_\é1o.o
% 7.5
E 50 g(110
N
25 %
0.0{li __ Na_ KRb Cs [

5 4 3 2.0.1.0
Effective Interfacial Cation Radius (a/2) 8&)

FIG. 3: CO partial current density at Ag(110), Ag(111)
and poly-crystalline Ag at -1V vs. RHE for different
cations normalized to the CO current density in the Li*
case. Filled circles represent the experimental data
points, solid lines the theoretical prediction. The
Ag(110) data is plotted relative to the Na't cation due
to possible impurities in the Li™ measurement (cf.
Supplementary Materials).

smaller. Resasco et al. have further shown that the for-
mate production rate behaves similarly among exchange
of cations as CO,# suggesting CO4 adsorption to also be
the limiting step for that process as well.

We now turn to the effect of cations on the activity
on Cu epitaxial thin films which has been studied by
Resasco et al® . Similar to Ag, no cation effects were ob-
served for hydrogen evolution reaction, which we again
attributed to the small dipole and polarizability of ad-
sorbed H atoms. By contrast, strong cation effects on Co
formation were observed, which can be attributed to the
large dipole of the critical *OCCO intermediate. Figure[]
shows a comparison of the theoretical and experimental
relative activities, and again a surprisingly good agree-
ment of the theoretical prediction with the experimen-
tal results is obtained, with slight deviations for CsT.
Dynamic interactions with *OCCO may give an addi-
tional stabilization of *OCCO as seen from explicit DFT
calculations 9 leading to the direct impact of cations on
formation energies, which has not been considered here.
The stronger cation effects on the Cu(111) surface can be
again rationalized by the more positive PZC compared to
the Cu(100) facet. We stress that these results were ob-
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50 ure S15 in the Supplementary Materials). Experimen-

tal analysis of the *CO coverage has been performed in
the past 12 gygoesting it to adopt a fixed, saturated
value of around 65% at negative potentials below -1 V
vs. SHEMY Considering these results, the experimen-
tally measured change of the CO stretching frequency
reflects the pure Stark tuning rate without the effects of
site-redistribution or coverage-dependent depolarization,
in agreement with previous studies.

Jea(AF)[jca(Li)

0 g v

Li Na KRb Cs
5 5.0 4. 4. 3.5
Ef?ective Interfacslal Cat(i)on Radius

WA
FIG. 4: Partial current density of Cy products (ethanol
and ethylene) at Cu(111) and Cu(100) at -1V vs. RHE
for different cations normalized to the Cy current
density in the LiT case. Filled circles represent the
experimental data points, solid lines the theoretical
prediction.

tained using exactly the same ion sizes as in the other
two cases.

Cation effects on electrochemical CO Stark shift

Next, we considered CO adsorption on Pt sur-
faces, a system that has been well studied for
electrochemistry 358702200 Ayyong the plethora of
experimental insights that has been reported over years,
it was found that the CO stretching vibration varies sig-
nificantly with an applied field under ultra-high vacuum
conditions ™3 This change in the CO vibration frequency
with electric field has been understood as a result of the
Stark effect, i.e. the interaction of applied electric fields
with the CO vibrational mode 5 Under electrochemical
conditions, the interfacial field is controlled by the metal
potential M. The Stark tuning rate here, though, may
be complicated by two factors: CO may bind to different
sites at different potentials, and also at high coverages
depolarization may occur.

The frequency shift with electrode potential can be
expressed as a product of surface charge dependence of
the frequency and surface charging contribution:

dv B @ do B @
d(ng _ ¢M,PZC) T do d((bM _ ¢M,PZC) " Ho

Ca
(7)

We found the first part — which denotes the Stark tun-
ing rate expressed as a function of ¢ — to be roughly
constant with o as depicted in Figure [5|a). More impor-
tantly, the figure also shows that % is nearly the same
for CO at bridge and top sites at a fixed *CO cover-

age making it a function of the coverage alone (cf. Fig-
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FIG. 5: a) *CO stretching vibrational mode shift on polycrystalline Pt as a function of surface charge density
leading to the experimentally observed electrochemical Stark effect. The upper three lines refer to adsorption on
top, the lower ones to adsorption on bridge sites. Different symbols and colors distinguish different CO coverages. b)
Cation effect on the *CO stretching frequency. Filled circles represent absorbance maxima from the ATR-SEIRAS
spectra of ref2! at 1.1V vs. SHE, solid lines depict the theoretical prediction using the ailc approach. c¢) *CO
stretching vibrational mode shift on polycrystalline Cu as a function of surface charge density. Filled circles
represent the ATR-SEIRAS data of ref % at -1.39 V vs. SHE, solid lines depict the theoretical prediction using the
ailc approach (using Cu(100) model surface).

Figure [5| b) shows the measured effect of cations on
the *CO stretching frequency on Pt at -1.1V vs. SHE
(dots)*2! and the theoretical curve (lines) from the ailc
model. In order to simulate the trends with our model,
we took the same ion radii as before for the alkali cations
and additionally obtained the radii of TBA and TPA
from a fit of our model to the experimental data in Fig-
ure [bl In the case of TEA and TMA, a direct fit would
give ion sizes that are not following the expected size
ordering of the organic cations (TMA ;| TEA | TPA ;
TBA). A possible explanation for this could be inaccura-
cies in the experimental determination of the stretching
frequency. In order to correct for this, we obtained the
TEA and TMA sizes from correlating all cation sizes with
experimental radii (cf. Figure[7)), as discussed below. Us-
ing this strategy, we generally found good agreement with
the experimental trends.

A similar experimental ATR-SEIRAS study has also
considered the cation effect on the CO stretching vibra-
tion on a polycrystalline Cu electrode™® Assuming a
coverage of around 50%, which has been found by ab
inito based micro-kinetic modeling”, we applied the same
strategy as for Pt. Figure |5 ¢) shows again excellent
agreement with the experimentally observed cation ef-
fect. The consistency between experimental and theo-
retical Stark shifts further supports the generality of our
model and the developed understanding of cation effects.

Cation effects on surface charging

So far, we discussed that cation repulsion leads to a
decrease of the surface charge density and correspond-
ing double layer electric field. Figure |§| a) shows that
for a Au(111) surface that this effect leads to the double
layer capacitance decreasing with cation size at poten-
tials away from the PZC (0.56 V vs. SHE*2). We per-

formed impedance spectroscopy on Au(111) single crystal
electrodes using 0.05 M KClO,4 and NaClOy4 solutions to
confirm this behavior. Independent of the circuit used
for fitting, we found the double layer capacitance to de-
crease from Nat to K* as depicted in Figure [6] b) (cf.
also Figures S12 and S13 in the Supplementary Mate-
rials). Indeed, the capacitance increase has been also
observed in Monte Carlo simulations of the electric dou-
ble layert2? as well as impedance studies on single crystal
electrodes™* and supercapacitors 122

Finally, we note that previous studies suggested that
cations also affect the PZC as well as capacitance close
to the PZC224 In our data, we noticed a frequency dis-
persion close to the PZC, making a direct interpretation
difficult. We also note that under the commonly ap-
plied highly negative potentials for CO2R, the Helmholtz
capacitance variation with ion size likely dominates the
overall surface charge variation (cf. Figure |§| b). Finally,
recent studies have found that cation effects do not de-
pend on the cation concentration?? which can be seen
as further evidence that the diffuse layer region does not
significantly contribute to the observed effects.

IMPLICATIONS FOR ELECTROCHEMICAL SYSTEM
DESIGN

The sensitivity of COsR to the interfacial field sug-
gests that the electrolyte and the charging properties of
the interface can be used as design parameters towards
electrocatalyst optimization. In order to estimate the
limits of a cation screening approach, we plotted in Fig-
ure [7l the effective interfacial cation radii as a function of
the experimentally measured ionic crystal radiif2. We
find two separate nearly perfect correlations, one for the
organic cations and one for the hydrated ones. The size
of the solvated organic cations at the interface gener-
ally increases with their crystal ion radius!2 Inorganic
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FIG. 6: Double layer capacitance at the Au(111)
single-crystal electrode using a 0.05 M KHCOj3 or
NaHCOj electrolyte. a) Potential-dependence of the
double layer capacitance obtained from fitting a RC
circuit to the impedance data. Filled circles denote the
data points, the solid gray line the difference in surface
charge density between both experiments under the
assumption of the same PZC of 0.97V vs. RHE*22, b)
Solid black line: MPB model predicted double layer
capacitance as a function of effective interfacial cation
radius at 0V vs. RHE. Values at the here determined
interfacial radii are depicted by filled circles, the
measured double layer capacitance for KT and Na™ by
the dashed lines.

cations, on the other hand, have relatively rigid solva-
tion shells which scale inversely with the crystal radius,
leading to a negative slope. In Figure S17 of the Supple-
mentary Materials, we have simulated model predictions
of the relative CO production rate resulting from both
single-valent and multivalent hydrated inorganic ions us-
ing the obtained correlation. The net impact of multiva-
lent ions arise from two competing effects; their larger
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FIG. 7: Correlation of the effective interfacial cation
radius obtained in this study with the crystal radius
from Ref®2. The analytic expressions —2.2 - z + 7.6 and
0.42 - £ 4 6.3 have been found to fit the cation
correlation for hydrated and hydration-free cations,
respectively.

charge would increase the interfacial field, while their
larger sizes tend to decrease the field. We found several
cations to exhibit up to two orders of magnitude higher
activity than Cs. Ion-correlation effects!?® or chemical
ion-adsorbate interactions could, however, lead to devia-
tions of the estimations using our simplified model. One
experimental study does suggest that lanthanides could
exhibit a high CO production activiy12” This study also
suggested a possible correlation of activity with the sur-
face charge density, which our theory confirms. From
an experimental perspective, multi-valent cations such
as lanthanides or actinides would be interesting candi-
dates, since their low standard reduction potential pre-
vents them from adsorption under reducing CO3R condi-
tions, and they are furthermore soluble enough to provide
sufficient ionic conductivity.

A second way to increase the conversion rate of electric
field driven reactions is through modification of surface
charging properties as the PZC or the gap capacitance.
Experimental studies on CO adsorption on Pt for exam-
ple have shown that adsorption of CO leads to a PZC
increase from 0.23 to 1.1V vs. SHE™MY By performing
DFT-based PZC calculations using implicit solvation, we
found a similar increase but only for bridge bound *CO,
while top site bound *CO was less sensitive (cf. Sup-
plementary Materials Figure S11). The sensitivity of
the PZC to surface adsorbate coverage was also shown
for other systems'?® suggesting the possible use of co-
adsorbates during CO3R. Besides this, the PZC can be
also modified by altering the surface composition. Pre-
vious studies electrodeposited a Ag monolayer on Pt or
Au and found the PZC to be up to 0.25V more positive
compared to Ag(111). Moreover, a recent study that
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deposited Au nanoparticles with a highly positive PZC
on a Cu electrode has found increased Cs selectivity12?
that we suggest to be also likely attributed to the more
positive PZC compared to Cu. We anticipate that the
outlined strategies are fully generalizable to other field-
sensitive electrochemical processes, highlighting their sig-
nificant impact on the electrocatalyst design.

CONCLUSIONS

In this work, we developed a combined ab ini-
tio/continuum model of cation and electric double layer
field effects in electrocatalysis that was validated against
a wide range of experimental data. With the continuum,
modified Poisson Boltzmann approach we find that the
surface charge density and the associated electric field are
essentially altered by repulsive interactions amongst hy-
drated cations in the Helmholtz layer. This effect, com-
bined with surface-charge dependent reaction energetics
determined using DFT, allowed for the theoretical pre-
diction of ion-specific catalytic activities.

Using a single set of cation sizes derived from exper-
imental data, the model showed quantitative agreement
with experimentally observed cation effects on CO pro-
duction on Ag, and Cs production on Cu, as well as the
respective surface facet dependence. The model also cor-
rectly predicted cation effects on the vibrational stretch-
ing mode of *CO on Pt and Cu, as well as on the double
layer capacitance of Au(111) single crystal electrodes de-
termined by impedance spectroscopy.

The unprecedented agreement with diverse experimen-
tal data sets demonstrated the generality of the devel-
oped understanding of cation and field effects. Finally,
we present some universal design principles to optimize
the conversion efficiency of field-sensitive electrochemical
processes. These comprise the use of high valent cations
with a small hydration radius, but also the increase of the
potential of zero charge or capacitance in order to maxi-
mize surface charge density the corresponding interfacial
electric fields. These general design principles represent a
major step forward for solid-liquid interface engineering
for electrocatalysis.

EXPERIMENTAL
Electrode Preparation

Cu and Ag thin films were deposited onto polished
single crystal Si wafers (1-10 Q-cm Virginia Semiconduc-
tor) with (111), (100), and (110) orientations using an
AJA ATC Orion-5 magnetron sputtering system. The
Si wafers were etched immediately before deposition us-
ing 5 wt. % HF. Cu thin films were deposited at room
temperature and Ag thin films were deposited at 300°C
using an IR lamp. Cu (99.999% Kurt J. Lesker) and Ag
(99.999% Kurt J. Lesker) were sputtered using Ar ions
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onto the etched Si wafers at a rate of 1A /s to obtain a
thin film with a thickness of 100 nm.

Electrode Characterization

The crystal structures of the Cu and Ag thin films were
analyzed with a Rigaku Smartlab x-ray diffractometer
(XRD) using Cu Ko radiation (40kV, 40 mA). Symmet-
ric out-of-plane 0/26 scans were conducted to identify the
out-of-plane growth orientation of the crystallites in the
thin films. Symmetric in-plane ¢ scans at Bragg reflec-
tions corresponding to both Si and the metallic thin film
were conducted to determine the orientation of the thin
film crystallites with respect to the Si substrate. Sym-
metric out-of-plane 2 scans were conducted to determine
the average degree of misorientation of the thin film crys-
tallites with respect to the surface normal. X-ray pole
figures of the thin films were acquired using a PANana-
lytical X'Pert diffractometer using Cu Ko radiation. The
near-surface composition of the thin films was measured
before and after electrolysis with a Kratos Axis Ultra
DLD x-ray photoelectron spectrometer (XPS). All spec-
tra were acquired using monochromatized Al Ko radia-
tion (15kV, 15mA). The kinetic energy scale of the mea-
sured spectra was calibrated by setting the C 1s binding
energy to 284.8eV. The same instrument was also used
to measure the surface composition of the thin films be-
fore and after electrolysis by ion scattering spectroscopy

(ISS).

Electrochemical Characterization

All electrochemical activity measurements were con-
ducted in a custom gas-tight electrochemical cell ma-
chined from PEEK.1 The cell was sonicated in 20 wt.
% nitric acid and thoroughly rinsed with DI water prior
to all experimentation. The working and counter elec-
trodes were parallel and separated by an anion exchange
membrane (Selemion AMV AGC Inc.). Gas dispersion
frits were incorporated into both electrode chambers to
provide ample electrolyte mixing. The exposed geomet-
ric surface area of each electrode was 1cm? and the elec-
trolyte volume of each electrode chamber was 1.8 mL.
The counter electrode was a glassy carbon plate (Type
2 Alfa Aesar) that was also sonicated in 20 wt. % ni-
tric acid prior to all experimentation. Platinum was not
used as the anode due to the possibility of contaminating
the cathode31M3U The working electrode potential was
referenced against a miniature Ag/AgCl electrode (Inno-
vative Instruments Inc.) that was calibrated against a
homemade standard hydrogen electrode. 0.05 M MsCOg
(M = Li, Na, K, and Cs 99.995% Sigma Aldrich) so-
lutions prepared using 18.2 MQ-cm DI water were used
as the electrolyte. Metallic impurities in the as-prepared
electrolytes were removed before electrolysis by chelating
them with Chelex 100 (Na form Sigma Aldrich) except



Energy & Environmental Science

in the case of Li, which was not purified by additional
means U3l Both electrode chambers were sparged with
COz (99.999% Praxair Inc.) at a rate of 10 sccm for
30 min prior to and throughout the duration of all elec-
trochemical measurements unless explicitly stated other-
wise. Upon saturation with CO5 the pH of the electrolyte
was 6.8, which was maintained throughout the duration
of all electrocatalytic measurements. The hydrodynamic
boundary layer thickness at the cathode surface was de-
termined to be 50 pm by measuring the diffusion limited
current of ferricyanide reduction.

Double layer capacitance measurements were per-
formed in a glass cell that was cleaned with aqua regia
prior to all experimentation. The working electrode was
a Au(111) single crystal that was annealed prior to each
measurement and utilized in the hanging meniscus con-
figuration. The counter electrode was a Au wire and the
reference electrode was a Ag/AgCl electrode (Pine Re-
search). 0.05 M MCIO4 (M = Na and K 99.99% Sigma
Aldrich) solutions prepared using 18.2 MQ-cm DI wa-
ter were used as the electrolyte. Metallic impurities in
the as-prepared electrolytes were removed before elec-
trolysis by chelating them with Chelex 100 (Na form
Sigma Aldrich) 23930 The electrolyte was sparged with
Ar (99.999% Praxair Inc.) for 30 min prior to all elec-
trochemical measurements. The headspace of the electro-
chemical cell was swept with Ar during all measurements
to prevent oxygenation while minimizing measurement
artifacts arising from electrolyte agitation.

Electrochemistry was performed using a Biologic VSP-
300 potentiostat. All electrochemical measurements were
recorded versus the reference electrode and converted to
the RHE scale. Potentiostatic electrochemical impedance
spectroscopy (PEIS) was used to determine the uncom-
pensated resistance (Ru) of the electrochemical cell and
the double layer capacitance (Cyq;) by applying voltage
waveforms with an amplitude of 20mV and frequencies
ranging from 5Hz to 500kHz. The potentiostat com-
pensated for 85 % of Ry in-situ and the last 15% was
post-corrected to arrive at accurate potentials. The elec-
trocatalytic activity of the thin films was assessed by con-
ducting chronoamperometry staircases from -0.5 to-1.5V
vs RHE with a step size of 100mV and a step length of
15min. Each thin film orientation was tested at least
three separate times to ensure the statistical relevance of
the observed trends.

A. Product Analysis

The effluent from the electrochemical cell was intro-
duced directly into the sampling loop of an Agilent
7890B gas chromatograph (GC) equipped with a pulsed-
discharge helium ionization detector (PDHID). The efflu-
ent was sampled at least 10 min after each chronoamper-
ometry potential step. The constituents of the gaseous
sample were separated using a Hayesep-Q capillary col-
umn (Agilent) in series with a packed ShinCarbon ST col-

10

umn (Restek Co.). He (99.9999 % Praxair Inc.) was used
as the carrier gas. After sampling the effluent of the elec-
trochemical cell, the column oven was maintained at 50
for 1 min followed by a temperature ramp at 30 °C/min
to 250 °C, which was then maintained for the duration of
the analysis. The signal response of the PDHID was cal-
ibrated by analyzing a series of NIST-traceable standard
gas mixtures (Airgas Inc.).

The electrolyte from both electrode chambers was col-
lected after electrolysis and analyzed using a Thermo
Scientific UltiMate 3000 liquid chromatograph (HPLC)
equipped with a refractive index detector (RID). The
electrolyte samples were stored in a refrigerated autosam-
pler until analyzed to minimize the evaporation of volatile
liquid-phase reaction products. The liquid-phase prod-
ucts contained in a 10 uL aliquot were separated using
a series of two Aminex HPX 87-H columns (Bio-Rad
Inc.) and a 1mM sulfuric acid eluent (99.999 % Sigma
Aldrich). The column oven was maintained at 60 °C for
the duration of the analysis. The signal response of the
RID was calibrated by analyzing standard solutions of
each product at a concentration of 1, 10, and 50 mM (see

SI-6).
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