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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 CO2 . 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 CO2 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, C2 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

INTRODUCTION

The electrochemical reduction of CO2 has the potential to reduce greenhouse gas emissions while producing
valuable fuels and industrially relevant chemicals. A central challenge for commercialization is the need for increased activity and selectivity of catalysts towards desired products. In recent years, electrolyte optimization
has emerged as a new strategy for electrocatalyst design. In particular, the cation identity has been shown
to have a significant effect on CO2 reduction (CO2 R)
towards valuable products. In this joint experimentaltheoretical work, we develop a multi-scale, continuum/ab
initio modeling approach that shows the cation specificity to arise from differences in cation-cation repulsion and corresponding differences in the interfacial field.
This model shows an unprecedented quantitative agreement with a wide range of experimental observations.
The findings also show the hitherto neglected interfacial
charging properties in determining the electrocatalytic
activity for CO2 R and beyond and pave the way for
electrolyte- and interface- engineering for general fieldsensitive electrochemical processes.

Solid-liquid interface engineering has emerged in recent years as a promising technique to optimize the reactivity and selectivity of electrochemical reactions. In
recent years, a number of engineering approaches have
been explored, going beyond the design of catalyst’s electronic structure towards a full optimization of the reaction environment.1 For instance, researchers have investigated the effect of interfacial electric field,2–6 pH7–11 mass
transport,12–16 catalyst nano-structuring,15,17–25 and the
electrolyte composition, such as the solvent,26–28 the
buffer,29–32 or the cations.4,33–47 In particular, the identity of cations in the electrolyte has been shown to drastically affect the catalytic conversion rate in a number
of critical electrochemical processes, such as the oxidation of water,34,48 CO35 , formate36 , chloride,37 hydrogen
or alcohols38,47 , and in the reduction of oxygen38,39,48
and CO2 4,40–45 . The reduction of CO2 (CO2 R) has been
shown to be particularly sensitive to cation identity, with
1-3 orders of magnitude difference in activity between Li+
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 (“C2+ ”).4,44
The present joint theoretical-experimental study focusses on the mechanism behind cation specificity in the
electrochemical reduction of CO2 R, as a case study for
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general ion-specific electrochemical processes. The origin of cation effects on CO2 R has been contentious in
recent literature. Hydrated cations were suggested to
act as proton donors49 and to modify the local electrode pH through shifts in local potential at the outer
Helmholtz plane41,44 or through acting as a buffer close
to the electrode45 . Cation-adsorbate interactions have
been further suggested to occur via non-covalent chemical
interactions.38,39,48 It has also been suggested that alkali
cation effects in CO2 R arise from chemisorbed ions.50,51
However, we note that alkali ion adsorption including
charge transfer is unlikely due to their very negative reduction potentials (≈-3 V vs. Standard Hydrogen Electrode (SHE)52 ).33,37,38

The plethora of hypotheses for cation effects in CO2 R
effects highlights a pressing need for microscopic insight
using computational simulations. Ions at the electrochemical interface are particularly challenging to treat
from an ab initio perspective, as their slow motion compared 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 history53–55 , and have yet to
be exploited in recent theoretical investigations of ion effects.

Recent studies from our groups demonstrated that
cations affect the CO2 R activity through their electrostatic interactions with the electric dipole of specific adsorbates3,4 . Here, we build upon these studies,
taking a mean-field electrostatic approach and modeling the electrolyte distribution with a modified PoissonBoltzmann model.56 We find that the surface charge density 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 differences in electrocatalytic activity. The resulting multiscale approach is evaluated with a wide range of ionspecific experimental data: CO production on various
epitaxial surface facets of Ag, C2 formation on epitaxial
Cu, the vibrational stretching mode of *CO on polycrystalline Pt and Cu as well as impedance data on single
crystal Au(111) electrodes. Using a single set of experimentally motivated cation size parameters, we obtain unprecedented quantitative agreement with all experiments, which suggests the validity of the simple picture presented. Finally, we present cation and system
design principles based on the optimization of the surface charge density and electric field, which we envision
to have general applicability to electrocatalytic processes
beyond CO2 R.

MODEL FORMULATION
Modeling Cation Effects – the ai1c approach

Figure 1 outlines our combined ab initio/continuum
approach to modeling ion specific electrocatalytic activity. This approach is motivated by the previously noted
strong double layer electric field-dependence of critical reaction intermediates in CO2 R.3–5,57 As illustrated in the
right panel of Figure 1, we determine the surface-charge
density dependence of the energetics of critical reaction
intermediates via charged implicit solvent corrected DFT
calculations using a planar countercharge58 . These energies are then related to reaction rates through a simple
rate-limiting step approximation. As later described in
more detail, we then find ∆µ(σ) to be largely independent of the counter charge distribution. This important
observation suggests that cations affect catalytic activity by a change of the surface charge density at a fixed
electrode potential.
In order to describe the variation of surface charge density σ 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 1)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 Li+ . This difference in concentration increases the surface charge density and the field at
a given potential relative to the potential of zero charge
(PZC) φM − φM,PZC . The continuum model provides us
with the dependence of the surface charge density on potential and ion size a, σ(φM − φM,PZC , a). Coupling the
∆µ(σ) determined through DFT with σ(φM −φM,PZC , a)
we obtain the dependence of catalytic activity on ion size.
The present model differs from previous work in several significant ways. The primary hypothesis here is that
cation effects in CO2 R are mean-field in nature, in contrast to previous studies that consider cation effects to
arise from explicit interactions of cations with key reaction intermediates.3,4,46,51 . Furthermore, we model the
impact of ion size on the double layer structure independently from the ab initio simulations of the reaction
energetics.
There are several advantages to this modelling approach. Since the reaction energetics are determined independently of the double layer model, a given ∆µ(σ)
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 electrolyte descriptions directly in the DFT setup6,59–69 making it difficult to derive the correct functional forms or
parameters.65,70 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 DFT 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.71–76 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 φ in a solution is described
by the one-dimensional Poisson equation
X
d2 φ
εb 2 = −
zi ci [φ] ,
(1)
dx
i
where εb is the bulk dielectric permittivity (in units of
the vacuum permittivity) and zi and ci refer to electrolyte species changes and concentrations. We apply
finite ion-size modified version of the Poisson-Boltzman
model, which for a z:z electrolyte is56 :
c± [φ] = cb

e∓

zi F φ
RT

1 − χ0 + χ0 · cosh



zi F φ
RT



,

(2)
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FIG. 2: Illustration 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 σ (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 T , the ionic charges zi , the ionic bulk
concentration cb and the ion-occupied volume fraction
χ0 = 2cb a3 NA , with the Avogadro constant NA and the
lattice cell length a. This expression arises from a statistical 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 χ0 . 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 methods39,77–81
Interestingly, a comparison of experimentally tabulated electrode-cation distances suggests these to be only
slightly dependent on the applied potential and metal
electrode. In the case of Cs+ , a distance of around
3.5 Å has been determined at both the Au(111)81 and
Pt(111)79 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 Å to the Ag(111) electrode.77
These results suggest that ion sizes are relatively invariant on different metal surfaces. In the following, we use
these two experimentally determined values while values
for other cations are inter- and extrapolated from experimental measurements.
The MPB equation is solved with the following boundary conditions (cf. also Figure 1). At the bulk electrolyte
boundary (x = x∞ , multiple µm), we apply the Dirichlet

4
critical since it shows that, at least in a mean-field approximation, cation affect reaction kinetics via a change
of the surface charge density.
 M

dφ
The ∆µ(σ) function obtained from DFT is nearly
M,PZC
(x = 0) = Cgap φ − φ
σ = −εb ·
− φ(x = 0)
,
parabolic, which in the case of a field-dependent expresdx
(3)
sion arises from both the first order dipole interaction and
the 2nd order polarizability.4,98 Therefore we can obtain
M
where φ is the metal electrode potential relative to the
an analytic expression by interpolation the surface charge
bulk electrolyte and Cgap is an interfacial Helmholtz-like
density dependent formation energies with the parabolic
capacitance which acts in series with the diffuse layer
function:
capacitance. This mixed boundary condition allows us
∆µ(σ) = ∆µ(σ = 0) + aσ σ + bσ σ 2 .
(4)
to correctly describe surface charging at potentials far
from the PZC, where the gap capacitance Cgap dominates
The accuracy of this approach is demonstrated in Figthe surface charging response. Physically, Cgap arises
ures S2–S9 in the Supplementary Materials, where the
mostly from Pauli repulsion of the electrons, which creparabolic function nearly perfectly fits the calculated
ates a vacuum-like gap between solid and liquid (cf. FigDFT data points as a function of surface charge density.
ure 2).85–87 This boundary condition also has the pracIn this work, we investigate cation effects on CO2 R
tical advantage of offering a direct link between surface
at Ag and Cu as well as CO adsorption on Pt. For
charge density and electrode potential, which is detereach of these cases, the current density is expressed in
mined by the macroscopic properties of the electrode as
our model as determined by the formation energy of
the PZC and the Helmholtz gap capacitance (cf. Figthe rate-limiting species. For CO2 at Ag, recent literure 1). We note that x = 0 corresponds here precisely
ature suggested CO2 adsorption with concomitant electo the outer part of the Helmholtz gap, as illustrated in
tron transfer to limit the CO production rate.57,99–102
Figure 2.
Spectroscopic studies on Ag103 and Cu104 have also idenExperimentally, the value of the double layer capacitified carboxylate intermediates. As shown in Figure S2,
tance Cdl at negative potentials far from the PZC has
*CO2 is strongly stabilized by electric double layer fields.
been found to be approximately facet-independent on
This is also clear from the field-corrected free energy di88
89,90
Ag, and is very often independent of metal identity.
agram given in Figure S10 that also suggests that CO2
2
Cdl was measured to be around 20-25 µF/cm for Ag suradsorption limits the CO production rate in accordance
faces ,88,91–93 Cu(111)94 and Pt(111)95 . At potentials far
with the literature. Furthermore, recent theoretical refrom the PZC, the gap capacitance dominates, which is
sults have shown that the transition state of the CO2
why we apply a value of Cgap = 25 µF/cm2 throughout
adsorption process is close to the final state.105 The CO
the paper. Finally, experimental PZC’s have been used
partial current density jCO can thus be expressed as a
to parametrize Eq. 3 as listed in Table I with the excepfunction of the *CO2 adsorption energy at standard contion of the pc-Ag surface, where we used a theoretical
ditions ∆µ∗ CO2 :
estimate due to the diversity of the experimental data


(cf. Supplementary Materials). Solving the MPB equa∆µ∗ CO2 (σ)
jCO ∝ exp −
.
(5)
tion then gives the relation σ(φM,PZC , a), which is shown
RT
in Figure S1 of the Supplementary Materials.
In the following, we will consider the partial current density normalized to a particular cation which represents
the cation effect on the turn over frequency removing
Ab initio derived field dependent electrocatalysis
the need to specify an active site density. In the case of
CO2 reduction on Cu, the most significant cation effects
As mentioned before, dipolar and polarizable intermewere observed for C2 product formation. From previous
diates, such as *CO2 or *OCCO, interact significantly
studies, the CO-CO coupling step has been discussed to
with electric double layer fields.3,4 The dependence can
limit the corresponding production rate.3,7,30,106–108 Simbe derived from surface charge-dependent DFT calcuilar to CO2 adsorption, CO-CO coupling is a chemical
lations. The electrolyte counter charge can be represtep which is driven by interfacial field stabilization of
sented by either explicit cations3,96,97 or a continuum repthe dipolar adsorbate (*OCCO).3 This dipole-field interresentation as implemented into various DFT program
action results in a large surface charge dependence as
packages.61–64,67–69 We here applied a mean-field formushown in Figure S7. We assume a similar dipole for the
lation using both a planar counter charge (PCC) as well
coupling transition state as in the final *OCCO state,
as a linearized PB (LPB) representation. Figures S2 and
resulting in the C2 production rate expression as a funcS3 of the Supplementary Materials show the dependence
tion of the *OCCO energy relative to the bare surface,
of the free energy change ∆µ for CO2 adsorption on Ag
∆µ∗ OCCO :
on σ. ∆µ is dependent on neither the electrolyte model


∆µ∗ OCCO (σ)
(i.e. LPB or PCC) nor the location of the counter-charge
jC2 ∝ exp −
.
(6)
in the PCC model (cf. Figure S3). This observation is
RT
boundary condition φ = 0. At the electrode side x = 0,
we apply the Robin boundary condition:83,84
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Cs Rb K Na Li TMA TEA TPA TBA
3.5 3.9 4.1 5.2 5.8 7.8
8.0 8.1 8.4

Ag(111) Ag(110) pc-Ag Cu(111) Cu(100) CO@Pt(111) pc-Au
-0.45
-0.734 -0.584 -0.2
-0.54
1.1
0.16

TABLE I: Experimental Potential of zero charges
(PZC) vs. SHE for the different surfaces that were used
in this work.109,110 Only the pc-Ag value was estimated
from theoretical considerations (cf. Supplementary
Materials).

TABLE II: Obtained effective interfacial cation radii
(a/2 in Å) from experiment77,79,81 (K+ and Cs+ ) and
inter-/extrapolation to fit the experimental data of
CO2 R to CO at Ag surfaces and CO electrochemical
Stark shift at Pt.

15.0

Cation effects on CO2 R

12.5

In what follows, we evaluate the model against the experimentally observed ion-specificity of CO2 R on two surfaces, Ag and Cu. Figure 3 shows the theoretical (lines)
and experimental (dots) shifts in activity towards CO at
-1 V vs. RHE for Ag(111), Ag(110), and pc-Ag, where
the first two surfaces are epitaxial thin films .4,5 . The activity 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 essentially 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 interfacial electric field, which drives the adsorption of CO2 ,
as illustrated in Figure 2 and 1.
The validity of our mean field approach is further supported by the correct prediction of the facet dependence
of cation effects. Recent work has suggested that carefully grown epitaxial thin films exhibit a small number
of step defects5,103 , which predominate in the activity
of both Ag and Au electrodes.5,111 Since the dipole moments of the adsorbates involved are essentially facet independent (cf. Figures S2 and S7 in the Supplementary Materials), the actual binding energies of the adsorbates do not come into play in determining the relative
activities amongst the cations. Instead, it is the charging properties (PZC and capacitance) that determine ion
specificity. As shown above, although step defects could
exhibit specific charging properties,2 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 consequently its higher surface charge density and sensitivity
to a change of cations (cf. also Figure S1 in the Supplementary Materials).
The observed cation dependence of the CO production rate indicates the efficiency of cation modulation for
process optimization. In contrast, the small dipole of adsorbed *H atoms has been found before to result in a
negligible electric field dependence5 . The relative independence of the hydrogen evolution rate (cf. Figure S4
in the Supplementary Materials) suggests that the dipole
of the corresponding transition state is also significantly

jCO(A+)/jCO(Li+)
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FIG. 3: CO partial current density at Ag(110), Ag(111)
and poly-crystalline Ag at -1 V 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+ cation due
to possible impurities in the Li+ measurement (cf.
Supplementary Materials).

smaller. Resasco et al. have further shown that the formate production rate behaves similarly among exchange
of cations as CO,4 suggesting CO2 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.4 . Similar to Ag, no cation effects were observed for hydrogen evolution reaction, which we again
attributed to the small dipole and polarizability of adsorbed H atoms. By contrast, strong cation effects on C2
formation were observed, which can be attributed to the
large dipole of the critical *OCCO intermediate. Figure 4
shows a comparison of the theoretical and experimental
relative activities, and again a surprisingly good agreement of the theoretical prediction with the experimental results is obtained, with slight deviations for Cs+ .
Dynamic interactions with *OCCO may give an additional stabilization of *OCCO as seen from explicit DFT
calculations,46 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-

6
50

ure S15 in the Supplementary Materials). Experimental analysis of the *CO coverage has been performed in
the past110,112 suggesting it to adopt a fixed, saturated
value of around 65% at negative potentials below -1 V
vs. SHE.110 Considering these results, the experimentally 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.112,118

jC2(A+)/jC2(Li+)
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Cu(100)

10
0

Li

Na

K Rb

Cs

5.5
5.0
4.5
4.0
3.5
3.0 2.0 1.0
Effective Interfacial Cation Radius (a/2) (Å)

FIG. 4: Partial current density of C2 products (ethanol
and ethylene) at Cu(111) and Cu(100) at -1 V vs. RHE
for different cations normalized to the C2 current
density in the Li+ 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 surfaces, a system that has been well studied for
electrochemistry.35,87,110,112–120 Among the plethora of
experimental insights that has been reported over years,
it was found that the CO stretching vibration varies significantly with an applied field under ultra-high vacuum
conditions.115 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.115 Under electrochemical
conditions, the interfacial field is controlled by the metal
potential φM . 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:
dν̃
∂ ν̃
dσ
∂ ν̃
=
=
Cdl
d(φM − φM,PZC )
∂σ d(φM − φM,PZC )
∂σ

.

(7)
We found the first part – which denotes the Stark tuning rate expressed as a function of σ – to be roughly
constant with σ as depicted in Figure 5 a). More impor∂ ν̃
tantly, the figure also shows that ∂σ
is nearly the same
for CO at bridge and top sites at a fixed *CO coverage 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 ref.121 at -1.1 V vs. SHE, solid lines depict the theoretical prediction using the ai1c 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.118 at -1.39 V vs. SHE, solid lines depict the theoretical prediction using the
ai1c approach (using Cu(100) model surface).
Figure 5 b) shows the measured effect of cations on
the *CO stretching frequency on Pt at -1.1 V vs. SHE
(dots)121 and the theoretical curve (lines) from the ai1c
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 Figure 5. 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 inaccuracies 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. Using 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 vibration on a polycrystalline Cu electrode.118 Assuming a
coverage of around 50%, which has been found by ab
inito based micro-kinetic modeling7 , we applied the same
strategy as for Pt. Figure 5 c) shows again excellent
agreement with the experimentally observed cation effect. The consistency between experimental and theoretical 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 corresponding double layer electric field. Figure 6 a) shows that
for a Au(111) surface that this effect leads to the double
layer capacitance decreasing with cation size at potentials away from the PZC (0.56 V vs. SHE122 ). We per-

formed impedance spectroscopy on Au(111) single crystal
electrodes using 0.05 M KClO4 and NaClO4 solutions to
confirm this behavior. Independent of the circuit used
for fitting, we found the double layer capacitance to decrease from Na+ to K+ as depicted in Figure 6 b) (cf.
also Figures S12 and S13 in the Supplementary Materials). Indeed, the capacitance increase has been also
observed in Monte Carlo simulations of the electric double layer123 as well as impedance studies on single crystal
electrodes124 and supercapacitors.125
Finally, we note that previous studies suggested that
cations also affect the PZC as well as capacitance close
to the PZC.124 In our data, we noticed a frequency dispersion close to the PZC, making a direct interpretation
difficult. We also note that under the commonly applied highly negative potentials for CO2 R, the Helmholtz
capacitance variation with ion size likely dominates the
overall surface charge variation (cf. Figure 6 b). Finally,
recent studies have found that cation effects do not depend on the cation concentration120 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 CO2 R to the interfacial field suggests 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 Figure 7 the effective interfacial cation radii as a function of
the experimentally measured ionic crystal radii.82 . 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-
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FIG. 6: Double layer capacitance at the Au(111)
single-crystal electrode using a 0.05 M KHCO3 or
NaHCO3 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 0.97 V vs. RHE.122 . b)
Solid black line: MPB model predicted double layer
capacitance as a function of effective interfacial cation
radius at 0 V vs. RHE. Values at the here determined
interfacial radii are depicted by filled circles, the
measured double layer capacitance for K+ and Na+ by
the dashed lines.

ally increases with their crystal ion radius.112 Inorganic
cations, on the other hand, have relatively rigid solvation shells which scale inversely with the crystal radius,
leading to a negative slope. In Figure S17 of the Supplementary Materials, we have simulated model predictions
of the relative CO production rate resulting from both
single-valent and multivalent hydrated inorganic ions using the obtained correlation. The net impact of multiva-

FIG. 7: Correlation of the effective interfacial cation
radius obtained in this study with the crystal radius
from Ref.82 . The analytic expressions −2.2 · x + 7.6 and
0.42 · x + 6.3 have been found to fit the cation
correlation for hydrated and hydration-free cations,
respectively.

lent ions arise from two competing effects; their larger
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 effects126 or chemical
ion-adsorbate interactions could, however, lead to deviations of the estimations using our simplified model. One
experimental study does suggest that lanthanides could
exhibit a high CO production activiy.127 This study also
suggested a possible correlation of activity with the surface charge density, which our theory confirms. From
an experimental perspective, multi-valent cations such
as lanthanides or actinides would be interesting candidates, since their low standard reduction potential prevents them from adsorption under reducing CO2 R conditions, 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 example have shown that adsorption of CO leads to a PZC
increase from 0.23 to 1.1 V vs. SHE.110 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. Supplementary Materials Figure S11). The sensitivity of
the PZC to surface adsorbate coverage was also shown
for other systems128 suggesting the possible use of coadsorbates during CO2 R. Besides this, the PZC can be
also modified by altering the surface composition. Previous studies electrodeposited a Ag monolayer on Pt or
Au and found the PZC to be up to 0.25 V more positive
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compared to Ag(111). Moreover, a recent study that
deposited Au nanoparticles with a highly positive PZC
on a Cu electrode has found increased C2 selectivity129
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 fieldsensitive electrochemical processes, highlighting their significant impact on the electrocatalyst design.

CONCLUSIONS

In this work, we developed a combined ab initio/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 hydrated cations in the Helmholtz layer. This effect, combined with surface-charge dependent reaction energetics
determined using DFT, allowed for the theoretical prediction of ion-specific catalytic activities.
Using a single set of cation sizes derived from experimental data, the model showed quantitative agreement
with experimentally observed cation effects on CO production on Ag, and C2 production on Cu, as well as the
respective surface facet dependence. The model also correctly predicted cation effects on the vibrational stretching mode of *CO on Pt and Cu, as well as on the double
layer capacitance of Au(111) single crystal electrodes determined by impedance spectroscopy.
The unprecedented agreement with diverse experimental data sets demonstrated the generality of the developed 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 maximize 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 Ω·cm Virginia Semiconductor) with (111), (100), and (110) orientations using an
AJA ATC Orion-5 magnetron sputtering system. The
Si wafers were etched immediately before deposition using 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
onto the etched Si wafers at a rate of 1 Å/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 Kα radiation (40 kV, 40 mA). Symmetric out-of-plane θ/2θ scans were conducted to identify the
out-of-plane growth orientation of the crystallites in the
thin films. Symmetric in-plane ϕ scans at Bragg reflections 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. Symmetric out-of-plane Ω scans were conducted to determine
the average degree of misorientation of the thin film crystallites with respect to the surface normal. X-ray pole
figures of the thin films were acquired using a PANanalytical X’Pert diffractometer using Cu Kα 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 spectra were acquired using monochromatized Al Kα radiation (15 kV, 15 mA). The kinetic energy scale of the measured spectra was calibrated by setting the C 1s binding
energy to 284.8 eV. The same instrument was also used
to measure the surface composition of the thin films before and after electrolysis by ion scattering spectroscopy
(ISS).

Electrochemical Characterization

All electrochemical activity measurements were conducted in a custom gas-tight electrochemical cell machined 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 electrodes 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 geometric surface area of each electrode was 1 cm2 and the electrolyte 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. % nitric acid prior to all experimentation. Platinum was not
used as the anode due to the possibility of contaminating
the cathode.31,130 The working electrode potential was
referenced against a miniature Ag/AgCl electrode (Innovative Instruments Inc.) that was calibrated against a
homemade standard hydrogen electrode. 0.05 M M2 CO3
(M = Li, Na, K, and Cs 99.995% Sigma Aldrich) solutions prepared using 18.2 MΩ·cm DI water were used
as the electrolyte. Metallic impurities in the as-prepared
electrolytes were removed before electrolysis by chelating
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them with Chelex 100 (Na form Sigma Aldrich) except
in the case of Li, which was not purified by additional
means.130,131 Both electrode chambers were sparged with
CO2 (99.999% Praxair Inc.) at a rate of 10 sccm for
30 min prior to and throughout the duration of all electrochemical measurements unless explicitly stated otherwise. Upon saturation with CO2 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 determined to be 50 µm by measuring the diffusion limited
current of ferricyanide reduction.
Double layer capacitance measurements were performed 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 configuration. The counter electrode was a Au wire and the
reference electrode was a Ag/AgCl electrode (Pine Research). 0.05 M MClO4 (M = Na and K 99.99% Sigma
Aldrich) solutions prepared using 18.2 MΩ·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).130,131 The electrolyte was sparged with
Ar (99.999% Praxair Inc.) for 30 min prior to all electrochemical measurements. The headspace of the electrochemical 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 VSP300 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 uncompensated resistance (Ru) of the electrochemical cell and
the double layer capacitance (Cdl ) by applying voltage
waveforms with an amplitude of 20 mV and frequencies
ranging from 5 Hz to 500 kHz. The potentiostat compensated for 85 % of Ru in-situ and the last 15 % was
post-corrected to arrive at accurate potentials. The electrocatalytic activity of the thin films was assessed by conducting chronoamperometry staircases from -0.5 to -1.5 V
vs RHE with a step size of 100 mV and a step length of
15 min. 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 introduced directly into the sampling loop of an Agilent
7890B gas chromatograph (GC) equipped with a pulseddischarge helium ionization detector (PDHID). The effluent was sampled at least 10 min after each chronoamperometry 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 column (Restek Co.). He (99.9999 % Praxair Inc.) was used
as the carrier gas. After sampling the effluent of the electrochemical 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 calibrated by analyzing a series of NIST-traceable standard
gas mixtures (Airgas Inc.).
The electrolyte from both electrode chambers was collected 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 autosampler until analyzed to minimize the evaporation of volatile
liquid-phase reaction products. The liquid-phase products contained in a 10 µL aliquot were separated using
a series of two Aminex HPX 87-H columns (Bio-Rad
Inc.) and a 1 mM 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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72 Kötz, E. R.; Neff, H.; Müller, K. A UPS, XPS and work function
study of emersed silver, platinum and gold electrodes. J. Electroanal. Chem. Interfacial Electrochem. 1986, 215, 331–344.
73 Hansen, W. N.; Hansen, G. J. Absolute half-cell potential: A
simple direct measurement. Phys. Rev. A Gen. Phys. 1987, 36,
1396–1402.
74 Fawcett, W. R. The ionic work function and its role in estimating absolute electrode potentials. Langmuir 2008, 24, 9868–
9875.
75 Isse, A. A.; Gennaro, A. Absolute potential of the standard hydrogen electrode and the problem of interconversion of potentials in different solvents. J. Phys. Chem. B 2010, 114, 7894–
7899.
76 Haruyama, J.; Ikeshoji, T.; Otani, M. Electrode potential from
density functional theory calculations combined with implicit
solvation theory. Phys. Rev. Materials 2018, 2, 095801.
77 Lucas, C. A.; Thompson, P.; Gründer, Y.; Markovic, N. M. The
structure of the electrochemical double layer: Ag(111) in alkaline electrolyte. Electrochem. commun. 2011, 13, 1205–1208.
78 Nakamura, M.; Sato, N.; Hoshi, N.; Sakata, O. Outer Helmholtz
plane of the electrical double layer formed at the solid electrodeliquid interface. Chemphyschem 2011, 12, 1430–1434.
79 Nakamura, M.; Nakajima, Y.; Hoshi, N.; Tajiri, H.; Sakata, O.
Effect of Non-Specifically Adsorbed Ions on the Surface Oxidation of Pt(111). Chemphyschem 2013, 14, 2426–2431.
80 Nakamura, M.; Kaminaga, H.; Endo, O.; Tajiri, H.; Sakata, O.;
Hoshi, N. Structural Dynamics of the Electrical Double Layer
during Capacitive Charging/Discharging Processes. J. Phys.
Chem. C 2014, 118, 22136–22140.
81 Nakamura, M.; Nakajima, Y.; Kato, K.; Sakata, O.; Hoshi, N.
Surface Oxidation of Au(111) Electrode in Alkaline Media Studied by Using X-ray Diffraction and Infrared Spectroscopy: Effect
of Alkali Metal Cation on the Alcohol Oxidation Reactions. J.
Phys. Chem. C 2015, 119, 23586–23591.
82 Nightingale, E. R. Phenomenological Theory of Ion Solvation.
Effective Radii of Hydrated Ions. J. Phys. Chem. 1959, 63,
1381–1387.

13
83 Chan,

K.; Eikerling, M. A Pore-Scale Model of Oxygen Reduction in Ionomer-Free Catalyst Layers of PEFCs. J. Electrochem.
Soc. 2011, 158, B18–B28.
84 Huang, J.; Malek, A.; Zhang, J.; Eikerling, M. H. Nonmonotonic Surface Charging Behavior of Platinum: A Paradigm
Change. J. Phys. Chem. C 2016, 120, 13587–13595.
85 Ando, Y.; Gohda, Y.; Tsuneyuki, S. Ab initio molecular dynamics study of the Helmholtz layer formed on solid-liquid interfaces
and its capacitance. Chem. Phys. Lett. 2013, 556, 9–12.
86 Ruzanov, A.; Karu, K.; Ivaništšev, V.; Nazmutdinov, R. R.;
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123 Górniak, R.; Lamperski, S. On the influence of physical parameters on the properties of the electric double layer modelled by
soft potentials. A Monte Carlo study. Electrochim. Acta 2018,
286, 279–286.
124 Garlyyev, B.; Xue, S.; Watzele, S.; Scieszka, D.; Bandarenka, A. S. Influence of the Nature of the Alkali Metal
Cations on the Electrical Double-Layer Capacitance of Model
Pt(111) and Au(111) Electrodes. J. Phys. Chem. Lett. 2018, 9,
1927–1930.
125 Zhu, J.; Xu, Y.; Wang, J.; Lin, J.; Sun, X.; Mao, S. The effect
of various electrolyte cations on electrochemical performance of
polypyrrole/RGO based supercapacitors. Phys. Chem. Chem.
Phys. 2015, 17, 28666–28673.
126 Wernersson, E.; Kjellander, R.; Lyklema, J. Charge Inversion and Ion-Ion Correlation Effects at the Mercury/Aqueous
MgSO4 Interface: Toward the Solution of a Long-Standing Issue. J. Phys. Chem. C 2010, 114, 1849–1866.
122 Trasatti,

127 Schizodimou,

A.; Kyriacou, G. Acceleration of the reduction
of carbon dioxide in the presence of multivalent cations. Electrochim. Acta 2012, 78, 171–176.
128 Ramı́rez, P.; Andreu, R.; Cuesta, A.; Calzado, C. J.; Calvente, J. J. Determination of the potential of zero charge of
Au(111) modified with thiol monolayers. Anal. Chem. 2007,
79, 6473–6479.
129 Morales-Guio, C. G.; Cave, E. R.; Nitopi, S. A.; Feaster, J. T.;
Wang, L.; Kuhl, K. P.; Jackson, A.; Johnson, N. C.;
Abram, D. N.; Hatsukade, T.; Hahn, C.; Jaramillo, T. F. Improved CO2 reduction activity towards C2+ alcohols on a tandem gold on copper electrocatalyst. Nature Catalysis 2018, 1,
764–771.
130 Clark, E. L.; Resasco, J.; Landers, A.; Lin, J.; Chung, L.-T.;
Walton, A.; Hahn, C.; Jaramillo, T. F.; Bell, A. T. Data Acquisition Protocols and Reporting Standards for Studies of the Electrochemical Reduction of Carbon Dioxide. ACS Catal. 2018, 8,
6560–6570.
131 Wuttig, A.; Surendranath, Y. Impurity Ion Complexation Enhances Carbon Dioxide Reduction Catalysis. ACS Catal. 2015,
5, 4479–4484.

