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The rates of many electrocatalytic reactions can be strongly affected by the structure and dynamics of the
electrochemical double layer (EDL), which in turn can be tuned by the concentration and identity of the
supporting electrolyte’s cation. The effect of cations on an electrocatalytic process depends on a complex in-
terplay between electrolyte components, electrode material and surface structure, applied electrode potential,
and reaction intermediates. Although cation effects remain insufficiently understood, the principal mecha-
nisms underlying cation-dependent reactivity and selectivity are beginning to emerge. In this perspective,
we summarize and critically examine recent advances in this area in the context of the hydrogen evolution
reaction (HER) and COs-to-CO conversion, which are among the most intensively studied and promising
electrocatalytic reactions for the sustainable production of commodity chemicals and fuels. Improving the
kinetics of the HER in base and enabling energetically efficient and selective CO2 reduction at low pH are key
challenges in electrocatalysis. The physical insights from the recent literature illustrate how cation effects can
be utilized to help achieve these goals and to steer other electrocatalytic processes of technological relevance.

I. INTRODUCTION

The development of efficient processes for the intercon-
version of electrical and chemical energy is central to
building a sustainable economy.! Electrocatalysts enable
these transformations by facilitating the syntheses of re-
newable fuels and valuable commodity chemicals from
abundant and renewable feedstocks in electrolyzers; in
fuel cells, they help liberate energy stored in chemical
bonds. However, the energy efficiency and product se-
lectivity of many electrocatalytic processes are still too
low for them to be practical.2* For example, the rates
of the hydrogen evolution reaction (HER) on Pt (and
many other catalysts) are up to several orders of mag-
nitude lower in base than in acid,>® a significant hurdle
in alkaline water electrolysis. During the electrolysis of
COa, the HER is often a competing reaction that lowers
the product selectivity for desirable CO2 reduction prod-
ucts.”® Further advances in designing electrocatalytic in-
terfaces are needed to make these processes industrially
viable.

Electrocatalytic interfaces emerge from bringing an
electrode into contact with an electrolyte. Therefore,
electrocatalytic activity is not dictated by the electrode
alone but is often strongly influenced by the electrolyte
composition.®?1% The coupling of electrode and elec-
trolyte gives rise to the electrochemical double layer
(EDL), a thin layer of electrolyte in the vicinity of the
electrode whose chemical and physical properties are dis-
tinct from those of the bulk electrolyte.'* The EDL is the
environment in which electrocatalytic processes occur.
The careful design of the EDL therefore plays an essen-
tial part in enhancing the energy efficiency and product
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selectivity of electrocatalytic interfaces.

To steer electrocatalytic processes, the structure and
dynamics of the EDL can be tuned in a variety of ways.
An effective strategy of EDL tuning involves the care-
ful choice of the cationic species of the electrolyte, which
tend to strongly accumulate at the interface under ca-
thodic polarization. These cationic species can be a mi-
nority component that is introduced into the supporting
electrolyte. For example, the presence of cetyltrimethy-
lammonium, a cationic surfactant, at a bulk concentra-
tion of 67 uM during CO4 reduction on Cu at —0.7 Vrug
(RHE = reversible hydrogen electrode) decreases the se-
lectivity for the HER from ~85% to ~35% and increases
that for CO4-to-CO conversion from <2% to ~10%.'2
The judicious choice of the supporting electrolyte’s cation
often also has a strong effect on the rates. For example,
on SnOj electrodes in acid (pH 1) in the absence of metal
cations, the rate of CO5 reduction is insignificant and the
HER dominates.® However, in the presence of 0.4 M KT
at the same pH, the faradaic efficiencies for formic acid
and CO reach ~70% and ~8% at —1.34 Vgug, respec-
tively, indicating that the introduction of KT activates
COs reduction and suppresses the HER.

Cation effects are not limited to the HER and COs
reduction but are a more general phenomenon. A wide
range of electrocatalytic reactions, including the oxygen
reduction reaction (ORR),!*14 oxygen evolution reaction
(OER),'>16 nitrogen reduction reaction (NRR),!” hydro-
gen peroxide reduction,'® and hydrogenation and oxida-
tion of organic molecules'®20 are affected by the choice of
the cation. However, steering electrocatalysis by means
of cation effects is challenging. The impact of cations on
the properties of the electrocatalytic interface not only
depends on cation identity and concentration, but is also
mediated by many other factors, such as anion identity,
pH, electrode structure and material, applied electrode
potential, and the relevant intermediates of the reac-



tion.'0 It is this complex interplay that makes it so chal-
lenging to understand cation effects and to leverage them
to their full extent for facilitating desirable processes.

Observations of the effects of cations on the HER in the
1920s2! inspired Frumkin to develop a theoretical frame-
work for understanding these effects.??23 An expression
similar to Frumkin’s model was recently derived on the
basis of a Marcus-type theory.?* Apart from the Frumkin
model, a range of additional hypotheses have emerged to
rationalize cation effects. In 2019, we summarized the
key ideas and sketched the historic development of this
field in a perspective article in this Journal.'® Since our
earlier perspective, research in this area has further in-
tensified and new ideas have been proposed, making it
challenging to reconcile the apparent diverse observations
and views. Herein, we aim to synthesize a cohesive pic-
ture of the principal mechanisms by which alkali cations
impact the HER and COs-to-CO conversion and identify
points of contention.

We purposely restricted this perspective to experimen-
tal studies on the effects of alkali cations on the HER
and CO2-to-CO conversion catalyzed on metal electrodes
that have been published since our 2019 perspective. The
impact of alkali cations on these two reactions has been
most intensely studied in the last 2-3 years, allowing us
to contrast findings and interpretations as well as to find
commonalities between views. We do not examine stud-
ies that focus on other reactions or cations, unless the
insights derived from the work are directly related to the
discussion. Because our expertise lies in experimental
investigations, we primarily critique experimental stud-
ies and only discuss theoretical work as needed. This
article aims to complement recent reviews,?> 3 perspec-
tives,2132 and accounts®® on EDL structure and dynam-
ics and its impact on electrocatalysis.

This article is structured as follows: In section IT A we
review key results regarding the effects of alkali cations
on the HER. This section summarizes the findings and in-
terpretations of the respective authors of the articles. In
section II B, we then critically examine the findings and
provide our perspective. In section III A we summarize
key observations on how alkali cations influence COs-to-
CO conversion. In section III B, we then provide our crit-
ical assessment by first describing the accumulation and
distribution of cations in the EDL (section IIIB 1) and
then discussing possible mechanisms of COy promotion
(section IIIB 2). In section IV, we provide an outlook.

Il. HYDROGEN EVOLUTION REACTION
A. Key Results

In this section, we summarize several representative stud-
ies on how cations affect the HER. The studies primarily
focus on the HER in alkaline media, that is, the conclu-
sions drawn are applicable to the reduction of water (and
not to the reduction of hydronium ions, which is typically

mildly to moderately impeded by alkali cations®3%). For
each study, we give the key observations and the inter-
pretation provided by the authors and describe the ex-
perimental and computational evidence for it. In the
next section, we collectively view the findings reported
in these studies and provide our assessment.

The studies of Goyal et al.3” and Monteiro et al.? es-
tablished that alkali cations can promote or inhibit the
HER on Au and Pt in base, depending on the degree of
cation accumulation, which is tuned by electrode mate-
rial and electrolyte pH for a fixed RHE potential. They
showed that alkali cations promote the HER under alka-
line conditions on Au at low overpotentials, but inhibit
the reaction at more cathodic potentials (Fig. 1A). The
crossover potential separating the promotion from the
inhibition regime shifts to more positive RHE potentials
with increasing pH, indicating that the degree of cation
accumulation in the EDL is tuned by the pH for a given
RHE potential. The authors suggested that the promo-
tion arises from acceleration of the Volmer step by alkali
cations stabilizing the transition state of the dissociat-
ing water molecule.?” At more cathodic potentials, they
concluded that larger cations strongly accumulate in the
outer Helmholtz plane (OHP) to a degree that interferes
with access of water to surface sites. They proposed that
the accumulation of cations with smaller crystal radii (for
example, Lit) is limited by their tightly bound hydration
shells. Monteiro et al. argued that, in contrast to Au,
Pt is mostly in the inhibition regime because it interacts
with cations with larger crystal radius more strongly than
Au.3®

On Au, Monteiro et al. observed Tafel slopes of ~120
mV/dec, suggesting that the Volmer step is the rate-
determining step (RDS), irrespective of pH and type of
electrolyte cation.® At low overpotentials and pH 11, the
reaction order in K* (=~0.8) is larger than the one in Li*
(=~0.3), confirming that KT promotes the Volmer step
more than Lit under these conditions. Interestingly, at
pH 13 the reaction order in K* is negative, consistent
with the notion that accumulation of KT above a certain
threshold is detrimental to the kinetics of the Volmer
step. The potential and pH at which this threshold is
reached is also determined by the metal of the electrode.
On Pt, there is a change in the Tafel slope from 43 to
112 mV /dec when going from Li"- to K*-containing elec-
trolyte at pH 13. This change is consistent with a switch
in the RDS from the Heyrovsky to the Volmer step. This
observation therefore suggests that K+ interferes with
hydrogen adsorption by hindering access of water to the
surface. The transition from the promotion to the inhi-
bition regime for the HER on Pt can be clearly observed
by the change in reaction order in K* at pH 10 (Fig. 1B).

This study also explored to what extent the cations
influence the stability of surface-adsorbed hydroxide
(OH,4s), which has been hypothesized to play a key role
in water dissociation on Pt.63849 The authors concluded
that destabilization of OH,qs by cations cannot be the
sole reason for the observed cation-dependent activity: In
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FIG. 1. Electrokinetics of the HER on Pt and Au. (A) Polarization curve of polycrystalline Au in solutions of the
hydroxide salts of alkali metal cations as indicated (pH 11). The dashed vertical line indicates the crossover potential separating
the promotion from the inhibition regime. (B) Logarithmic current density plotted versus logarithmic K™ concentration (pH
10, the K™ concentration was varied by addition of the corresponding perchlorate salt). Panels A-B reprinted with permission
from Monteiro et al. [35]. Copyright (2021) The Authors, Published by the American Chemical Society. (C) Dependence of
the apparent activation barrier of the HER (Fa, apparent) On cation identity for Pt (grey) and Au (yellow). Reprinted with
permission from Bender et al. [36]. Copyright (2022) American Chemical Society.

both alkaline and acidic solutions the peak for hydrogen
underpotential deposition (Hyupq) shifts positively when
going from Lit to K* (albeit to different extents), but
the effect of the cations on the HER is opposite in the
acidic and alkaline regimes.

In another study, Monteiro et al. examined the ef-
fects of mono-, di-, and tri-valent cations on the compe-
tition between the HER and COs-to-CO conversion on
Au electrodes in electrolytes at pH 3.34 They found that
the cations do not significantly affect H3OT reduction
on Au. By contrast, the potential at which HoO reduc-
tion steeply increases is shifted anodically with increasing
charge on the cation from monovalent (Cs*, Li™) to diva-
lent (Ba?*, Be?t, Ca?*, Mg2") to trivalent (AI3T, Ce3 ™,
Nd3*), but the degree of the activity enhancement varies
greatly within a valence group. Within a group, the more
weakly hydrated cations (CsT, Ba?*, Ce3t/Nd3*t) tend
to give rise to the highest activity enhancement (with
Be?* being an exception because of its high charge den-
sity).

On the basis of ab initio molecular dynamics (AIMD)
simulations, Monteiro et al. explained these trends as
the net result of two competing factors:** First, weakly
hydrated cations (of a given valence) have a higher ten-
dency of accumulating in the OHP. The soft hydration
shells of these cations facilitate partial desolvation, per-
mitting a higher degree of accumulation in the OHP.
Second, the activation barrier of water dissociation de-
creases with increasing acidity of the cation, the square
of the cation’s charge divided by its crystal radius. How-
ever, with increasing cation acidity the hydration shell
becomes harder, thereby limiting the accumulation of the
cations in the OHP due to steric repulsion.

Bender et al. measured the dependence of the rate of
the HER on alkali-cation identity across reactive metals
(Ir, Pd, Pt) and coinage metals (Cu, Ag, Au) in acidic
and alkaline media.3® Whereas the rate of the HER is in-
sensitive to the identity of the alkali metal cation at pH
1, it exhibits a pronounced dependence at pH 13. The

HER rate exhibits opposite trends with cation crystal
radius, depending on the reactivity of the metal. The
cation crystal radius increases from Lit to Cst.4! For
the reactive metals (Ir, Pd, Pt), the HER rate decreases
when going from Lit to Cs™, whereas the opposite is
the case for the coinage metals (Cu, Ag, Au). In the in-
vestigated potential regimes, no crossover between pro-
motion/inhibition occurs. Bender et al. explained these
observations with the following model: The alkali metal
cations primarily influence the rate of the HER by sta-
bilizing the transition state of water dissociation and
the resultant interfacial OH™ (assumed to not be ad-
sorbed on the electrode). For the coinage metals, stabi-
lization of interfacial OH~ promotes the HER. However,
for the reactive metals, the additional stabilization low-
ers the Gibbs free energy of interfacial OH™ to an extent
that is detrimental to the overall rate. The stabilization
could be brought about by electric field or non-covalent
cation-hydroxide interactions. This picture explains the
observed cation trends across different metals and pH
regimes.

Consistent with the proposed picture, the apparent ac-
tivation barrier derived from Arrhenius analysis of the
exchange current decreases on Au with increasing cation
crystal radius, whereas the opposite trend holds for Pt
(Fig. 1C). On the basis of AIMD simulations and electro-
chemical experiments with mixtures of cations, Bender et
al. suggested that the larger the cation crystal radius, the
higher the cation’s degree of accumulation in the electro-
chemical double layer. As a result, Cs™ accumulates to
a higher degree than LiT, explaining the distinct impact
of the cations on the HER.

Shah et al. measured changes in the surface coverage
of OH,qs on Pt with electrical transport spectroscopy
(ETS) as the potential approaches the HER regime.*?
ETS is thought to exclusively probe surface adsorbates
and is insensitive to the interfacial electrostatics and elec-
trode potential. They suggested that OH,qs acts as a
proton donor and acceptor in the Volmer step. Its avail-
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FIG. 2. Cation-Dependent Hydroxide Desorption
from Pt and Charge-Transfer Resistance. (A) ETS
measurements illustrating the change in normalized conduc-
tance with potential in the different alkali metal hydroxides as
indicated. The changes are attributable to different degrees
of hydroxide desorption. The hydroxide desorption (OHqes),
EDL, H,pa, and HER regions are indicated. (B) Charge-
transfer resistance (Rcr) as a function of electrode potential.
Reprinted with permission from Shah et al. [42]. Copyright
(2022) Springer Nature Limited.

ability at the surface is therefore essential for the pro-
motion of this step. The authors suggested that OH,qs
is destabilized by electrostatic cation-OH,q4s interactions
when going from Lit to K, thereby decreasing the avail-
ability of OHqs.

ETS indicates that at potentials >~1 Vgyugg and pH 13,
the Pt surface is saturated with OH,4s. With decreasing
potential, the degree of OH,q4s desorption depends on the
identity of the cation and increases in the order Lit, Na™T,
and KT (Fig. 2A). This trend is explained by density
functional theory (DFT) calculations and AIMD simula-
tions which show that OH,qs is increasingly destabilized
by predominantly electrostatic cation-OH,qs interactions
with larger cation crystal radius. Further experimen-
tal evidence for electrostatic cation-OH,4s interactions
comes from double-layer capacitance measurements. At
a potential of ~0.1 Vgrug, the capacitance of the inter-
face increases in the order K*, Na™, and Li*. Shah et
al. suggested that, in the vicinity of this potential, the
capacitance is dictated by the amount of cation accumu-
lation, which in turn depends on the residual population
of OH,q4s. Residual OH,4s form anchor points for alkali
cations, leading to a higher accumulation of interfacial
Lit relative to the other cations at the same bulk con-

centration. By contrast, at 0.85 Vgyyg, where the surface
is fully hydroxylated, the capacitance increases in the or-
der Lit, Nat, and KT. Here, the cation-surface distance
dictates the capacitance. Weakly hydrated cations ap-
proach the surface more closely than strongly hydrated
LiT, giving rise to the reversal of the capacitance trend.

The charge-transfer resistance of the interface mirrors
the trends in the interfacial capacitance. The charge-
transfer resistance in the potential range where predom-
inately OH,qs desorption occurs (0.9 to 0.4 Vgpg) is
lowest in the presence of KT, which destabilizes OH,qs
relative to LiT and Na¥t (Fig. 2B). By contrast, in the
H,pa region, LiT gives rise to the lowest charge-transfer
resistance, suggesting that it facilitates the Volmer step.
The authors proposed that the mechanism of Volmer step
promotion is not due to the activation of water in the
hydration shell of alkali cations. Indeed, their DFT cal-
culations suggest a strengthening of the O—H bond of
water in the hydration shells of the cations. Rather, the
DFT and AIMD calculations show that OH,4s can act as
a proton donor and acceptor in the Volmer step, thereby
increasing the rate of the HER.

Huang et al. explored the impact of cation identity on
the structural and dielectric properties of interfacial wa-
ter on a Pt electrode during the HER and the hydrogen
oxidation reaction (HOR) in 0.1 M alkali hydroxides.*3
They found that the higher degree of cation accumula-
tion with increasing crystal radius of the cation weak-
ens the H-bonding network of interfacial water and in-
creases the static dielectric constant. The cation-induced
structural change of the solvation structure of the inter-
face manifests itself in a higher reorganization energy
and a smaller reaction entropy for the HER with in-
creasing cation crystal radius. Therefore, they attributed
the cation-dependent HER/HOR rates to cation-induced
changes in the solvation structure of the electrocatalytic
interface.

Huang et al. demonstrated that the reorganization
energy (from application of the Marcus-Hush-Chidsey
(MHC) model) and the activation barrier (from Ar-
rhenius analysis) increase with increasing cation crys-
tal radius.*> The reaction entropy, derived from the
temperature-dependence of the formal potential of the
HER/HOR, decreases when going from Lit to CsT.
Huang et al. proposed that the enthalpic contribution
to the Gibbs free energy of reaction of the HER is rather
small, as measured by the minute effect of the identity
of alkali cations on the hydrogen desorption/hydroxide
adsorption peaks in the CV of a Pt electrode. They con-
cluded that the entropic contribution is much larger than
the enthalpic contribution to the Gibbs free energy of re-
action. With decreasing reaction entropy, the exchange
current density decreases and the reorganization energy
increases (Fig. 3A). To gain insights into the origin of
the altered energetics, Huang et al. probed changes in
the structure of interfacial water as a function of cation
identity with surface-enhanced infrared absorption spec-
troscopy (SEIRAS). A high-frequency shoulder at 23570
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FIG. 3. Correlation of Water Structure and Reaction Entropy with HER Kinetics. (A) Exchange current density
(left axis) and reorganization energy (right axis) for the HER on Pt as a function of reaction entropy. The reorganization
energy was determined from application of the MHC formalism to experimental data. The reaction entropy (abscissa) was
derived from the temperature-dependence of the formal potential of the HER/HOR. Electrolytes: Alkali metal hydroxides (pH
13) and perchlorates (pH 1). (B) SEIRA spectra of the O—H stretch of water at the Pt/electrolyte interface in the presence
of 0.1 M of the hydroxide salts of the alkali metal cations as indicated. The black band corresponds to weakly H-bonded
(isolated) water molecules. (C) Reorganization energy (left axis) and exchange current density (right axis) as a function of
the fraction of isolated water relative to other types of interfacial water. Panels A-C reprinted with permission from Huang et
al. [43]. Copyright (2021) The Authors, Published by the American Chemical Society. (D) HER current density on different
electrodes as indicated. The inset shows SHINER spectra of the O—H stretch of interfacial water with the band of weakly
H-bonded water indicated in red. Electrolyte: 0.1 M NaClO4 (pH 11). (E) Population of weakly hydrogen-bonded water (left
axis) and HER current density (right axis) for Au(111) and different crystallographic facets of Pd at an electrode potential of
—0.71 Vgrug. The concentrations of the electrolyte (NaClOy4) are indicated. Pd(111)-5ML and Pd(111)-3ML denote epitaxially
grown 5- and 3-monolayer-thin films on Au(111), respectively. Panels (D) and (E) reprinted with permission from Wang et

al. [44]. Copyright (2021) Springer Nature Limited.

m~! develops in the OH-stretching band of interfacial
water when going from LiT to Cs* (Fig. 3B). This band
is attributable to weakly H-bonded /isolated waters. The
reorganization energy correlates with the population of
isolated waters (Fig. 3C). On the basis of these observa-
tions, Huang et al. proposed that the barrier for the HER
is predominately entropic and that strongly hydrogen-
bonded water facilitates the reorganization of the inter-
facial solvation structure during the reaction.

Wang et al. probed the HER on Pd single-crystal
electrodes as a function of NaClO,4 concentration at pH
11.44 They proposed that HyO molecules in the hydration
shell of NaT can approach the Pd electrode surface more
closely than other types of interfacial water and exhibit a
higher probability of pointing their H-atoms towards the
surface. Because the closer distance facilitates electron
transfer from the electrode to water and the preferen-
tial orientation primes the water for HT-transfer, they

suggested that this water is more easily dissociated.

They observed that with decreasing potential and in-
creasing Nat concentration, the population of weakly
hydrogen bonded water (with a band at ~3540 cm~1)
increases as assessed with shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS). They at-
tributed this band to H2O in the hydration shell of Na*.
The enrichment of this species coincides with an increase
in the amplitude of the librational band and a red-shift
of the HoO bending mode. When taken together, these
data indicate a weakening of the H-bonding network with
decreasing electrode potential. They observed that the
HER activity on different crystal facets of Pd tracks the
population of weakly H-bonded interfacial water on these
surfaces (Fig. 3D and E). The ~3540 cm~! band also ex-
hibits a larger Stark tuning slope, suggesting that the
water molecules in the hydration shell of Na™ are prefer-
entially aligned with the interfacial electric field. Their



AIMD calculations predict that these water molecules
can approach the Pd electrode more closely than water
in other H-bonding configurations and more readily ac-
cept an electron from the electrode, thereby facilitating
the Volmer step.

Ding et al. hypothesized that the rate of the HER (and
those of other electrocatalytic reactions) is dependent on
the ability of the solvent structure in the EDL to reorga-
nize itself following interfacial charge transfer.!**> The
interfacial water dipoles most easily re-orientate them-
selves following a disturbance (such as interfacial charge
transfer) at the potential of maximum entropy (PME). At
electrode potentials significantly away from the PME, an
interfacial electric field exists that imposes a net orienta-
tion on the water dipoles, rendering their reorganization
more difficult. On the basis of this reasoning, the rate
of the HER is expected to increase as the PME moves
towards the thermodynamic equilibrium potential of the
reaction. Using laser-induced current transients, Ding
et al. measured the PME of Pt and Au electrodes in
the presence of different alkali cations. Indeed, consis-
tent with their hypothesis, they observed that the PME
on polycrystalline Pt shifts from ~0.11 to ~0.25 Vrug
when going from Lit to Cst (at pH 6 and SO?™ as the
counterion), as shown in Fig. 4A. Although these shifts
are rather small, Ding et al. observed a large shift of
~0.92 V in the PME of polycrystalline Au when switch-
ing the electrolyte from 0.5 M NaySO4 to KoSO4 (pH
6).45

Using phase-sensitive second-harmonic generation
(PS-SHG), Xu et al. determined the second-order and
third-order nonlinear susceptibilities of the Pt/alkaline
electrolyte interface in the presence of KT, Lit, and Ba?™
(Fig. 4B).%5 The second-order susceptibility (X£2>) is in-
fluenced by the centrosymmetry of the hydration shells
of the cations at the interface. The higher X§2) in the
presence of KT compared with that in Lit- and Ba2*-
containing electrolyte suggests that the hydration shell
of interfacial KT has a lower centrosymmetry compared
with those of the more strongly hydrated cations. Xu
et al. suggested that the interfacial polarization deforms
the hydration shell of the more weakly hydrated KT to
a larger extent. The third-order susceptibility (ng)) is
influenced by the degree to which the interfacial electric
field imposes a net orientation on interfacial water (pre-
dominantly on water outside the hydration shells of ions).
The smaller X§3) in Lit- and Ba?T-containing electrolyte
suggests that their presence hinders the alignment of in-
terfacial water with the EDL field. Xu et al. suggested
a cation-mediated HER mechanism reminiscent of the
model proposed by Bender et al.,3® as described earlier
in this section.

Cations have also been proposed to indirectly modu-
late the HER by interactions with anions. For example,
Jackson et al. demonstrated that phosphate ions can act
as proton donors during the HER on Au electrodes in
phosphate buffer at neutral pH, thereby greatly promot-
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FIG. 4. Dependence of Orientation of Interfacial Wa-
ter on Cation Identity. (A) PME of a polycrystalline Pt
electrode in 0.5 M (AM)2SO4 at pH 6 (AM = alkali metal).
Reprinted with permission from Ding et al. [14]. Copyright
(2021) The Authors, Published by Wiley-VCH GmbH.(B)
Dependence of the second-order (ng)) and third-order (X§3))
optical susceptibilities of the Pt/electrolyte contact on cation
identity. The electrolyte compositions were 0.1 M KOH (K1),
0.1 M LiOH (Li*), and 0.1 M KOH with 0.1 mM Ba(OH)
(Ba™). Reprinted with permission from Xu et al. [46]. Copy-
right (2024) American Chemical Society.

ing the reaction.?” Jackson et al. suggested that cation-
anion interactions may help pre-organize phosphate prior
to proton-coupled electron transfer. Cations can also in-
duce a switch in the proton donor. Studying the HER
in COg-saturated bicarbonate buffer with a rotating ring
disk electrode, Marcandalli et al. proposed a change in
proton donor from water to HCO3; when the concentra-
tion of Na%t increases from 0.1 to 0.5 M.*®

B. Critical Assessment

Informed by the collective evidence described in the prior
section, we now express our perspective. Each of the
studies described therein presented a well-reasoned, co-
hesive interpretation of the respective observations. Al-
most all studies agree that cations modulate the ener-
getics of the Volmer or Heyrovsky step, thereby bringing
about the cation-dependent HER rates. However, the
views diverge in regards to the mechanistic origin of the
modulation. The different mechanisms are illustrated in
Fig. 5.

We first discuss the hypotheses that focus on inter-
actions of cations with adsorbed/interfacial hydroxide
(Fig. 5A). Shah et al. presented strong experimental ev-



idence that OH,qs on Pt is destabilized when going from
smaller to larger cation crystal radius. This evidence in-
cludes cation-induced changes in the following quantities:
the Hypa/OHaqs exchange peak in the CV of Pt, sur-
face conductivity, double layer capacitance, and charge-
transfer resistance.4? This interpretation is further bol-
stered by DFT and AIMD calculations of OH,qs that
predict a destabilization with increasing cation crystal
radius.?®42 However, the role of OH,q4s in the HER is as-
certained to a relatively lesser degree. Shah et al.’s DFT
and AIMD calculations suggest that OH,qs could act as
a proton donor/acceptor during the HER.*? By contrast,
Huang et al. argued that the impact of alkali cations on
the Hypa/OHaqs exchange peak was too small to account
for the observed cation-induced changes in the exchange
current of two orders of magnitude.*3 Monteiro et al. ob-
served that the Hypq/OHags exchange peak in the CV of
Pt shifts in the same direction when going from LiT to
KT, in both acidic and alkaline electrolytes, whereas the
effect of cation identity on reactivity is opposite in acidic
and basic media.?® However, the Hypa/OHags exchange
peak may not be a reliable predictor for HER activity.
Dubouis et al. noted that the H,pq peak on Pt(111)
does not change with pH on the RHE scale, whereas the
HER activity of Pt(111) decreases by 2-3 orders of mag-
nitude when going from pH 0 to 13.5 On the basis of this
and other observations, they argued that H,pq is distinct
from the reactive hydrogen that participates in the HER.

The discussion in the preceding paragraph illustrates
the experimental challenges associated with assessing
how cations mediate the role of OH,qs in the HER. It
would be desirable to conduct this evaluation at more
negative potentials (<—0.1 Vgrug) where cation effects
are clearly observed but the surface concentration of
OH, 45 is expected to be small (the potential of zero free
charge of polycrystalline Pt is ~0.23 Vgyg,*® which cor-
responds to ~1.0 Vrug at pH 13). Using electrokinetic
experiments in conjunction with microkinetic modelling,
Rebollar et al. concluded that OH,qs is not directly
involved in the HER mechanism.?® Li et al. suggested
that OH,qs modulates the interfacial hydrogen-bonding
network, thereby influencing HER. kinetics.?® Taken to-
gether, we estimate that cation-induced OH,qs desta-
bilization contributes to the observed changes in HER
rates, but it is probably not the dominant factor, espe-
cially at more cathodic potentials.

The proposal by Bender et al. that alkali cations alter
the energetics of water dissociation by stabilizing inter-
facial hydroxide (not necessarily adsorbed) that forms
during the reaction is appealing because it elegantly ex-
plains the distinct cation effects across different metals.36
However, the effect of cations on interfacial hydroxide
needs to be further explored. As discussed in the prior
paragraph, there is strong experimental (and theoreti-
cal) evidence that OH,qs is destabilized with increasing
cation crystal radius on Pt. Further, Huang et al. es-
timated the activity coefficient of interfacial hydroxide
at a Pt electrode.*? Using the dielectric constants of the

interface and the effective radii of OH~ (derived from ap-
plication of the Born model to their experimental data)
and the Davies equation, they found that the activity co-
efficient of interfacial hydroxide changes from 0.21 to 0.48
when going from Lit to Cs*. The corresponding change
in the Gibbs free energy (—RT Inyop-) is —0.038 eV
and —0.018 eV for Li™ and Cs™, respectively. Therefore,
within the limits of the models, the Gibbs free energy
increases with increasing cation crystal radius and the
changes are rather small. Although it is possible that in-
terfacial hydroxide is more strongly stabilized by cations
with larger crystal radius under certain conditions, fur-
ther experiments and computations are needed to explore
this possibility.

Having examined the theories that focus on the role
of adsorbed/interfacial hydroxide (Fig. 5A), we now con-
sider alternative hypotheses regarding the stabilization of
the transition state of water dissociation. We distinguish
between interpretations that focus on local interactions
between cations and water and those that postulate that
the stabilization comes about from the influence of the
cations on the collective behavior of interfacial water. Al-
though local and collective effects are intertwined, mak-
ing this distinction is helpful for the following discussion.
We start with a local picture. Goyal et al.3” and Monteiro
et al.3»35 proposed that cations directly interact with
the activated complex of the dissociating water molecule
(Fig. 5B). This picture is mostly based on computational
models. However, the observation that the potential at
which the activity for water reduction increases steeply
shifts more anodically with the valence of the cation can
be intuitively interpreted within this picture.?* Further,
it has been experimentally demonstrated that water co-
ordinated to alkali cations is more readily reduced than
free water (at least in organic media).’! 'H nuclear mag-
netic resonance (*H NMR) spectroscopy shows a lower
electron density around protons in water molecules co-
ordinated to alkali cations (Lit, Na™) than in the water
in (butyl);NT-containing electrolyte.’! Taken together,
we conclude that the strength of the direct interaction of
cations with the activated complex of water dissociation
is likely a substantial factor influencing the rate of the
HER.

On the basis of the Stark tuning slopes of the O—H
stretch of water in the hydration shell of Nat, Wang
et al. showed that these water molecules preferentially
adopt a position and orientation relative to the electrode
surface that primes these water molecules for reduction
(Fig. 5C).** The spectroscopy of Wang et al. also demon-
strates that the accumulation of Na™ at the interface in-
duces a change in the collective behavior of interfacial
water, as measured by the growth of the librational band
(The librational band of water arises from the hindered
rotation of the molecules in the condensed phase).’? The
collective behavior determines the ease with which the
interfacial water structure can adjust itself upon charge
transfer and is therefore expected to play an important
role in the HER. This mechanism is illustrated in Fig. 5D.
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FIG. 5. Cartoon Representations of Proposed Effects of Cations on the HER. (A) Cation (blue filled circle) interacting
with interfacial and adsorbed OH™, represented by white (hydrogen) and red (oxygen) spheres. The cation may influence the
removal of interfacial OH™ from the EDL after water dissociation (labeled (1) in the cartoon) or affect the population of
adsorbed OH™ (labeled (2) in the cartoon), which may directly (as shown) or indirectly influence the HER. (B) Activation
of water dissociation by direct cation/water interactions. (C) Modulation of the orientation and distance between interfacial
water and electrode surface by cations. (D) Alteration of the collective structure and dynamics of interfacial water. solvent
represents the dielectric constant of interfacial water, which is cation-dependent.

Cation-induced changes in the collective behavior of
interfacial water are manifest in the data of Huang
et al.,*3% Ding et al.,'** and Xu et al.* However,
apparently different mechanisms by which cations al-
ter the water structure and dynamics have been pro-
posed. First, Huang et al. found a strengthening
of the hydrogen-bonding network of interfacial water
with decreasing cation crystal radius. The stronger the
hydrogen-bonding network, the lower the reorganization
energy of the HER, indicating that a stronger hydrogen-
bonding network more readily re-organizes itself upon
interfacial charge-transfer. Second, Xu et al.’s data indi-
cate that the cation-mediated modulation of the water-
water and water-ion interactions influence the extent to
which interfacial water adopts a net orientation in the
EDL field, under the assumption that the potential of
zero free charge of the electrode is largely invariant in
the studied electrolytes. Third, Ding et al. suggested
that the net orientation of interfacial water at a given
applied electrode potential is primarily dictated by the
PME, which they found can significantly shift with cation
identity. The PME is closely related to the potential
of zero free charge. Taken together, these experiments
suggest that the collective behavior of interfacial water
is influenced by the concentration and identity of the
cation. Further studies are needed to understand the
relative weight of these mechanisms under a given set of
conditions.

The relationships between exchange current, reorgani-
zation energy, and reaction entropy observed by Huang et
al. are very interesting but their molecular-level interpre-
tation remains challenging.*® For example, the extracted
reorganization energy includes inner and outer reorgani-
zation and therefore does not exclusively reflect solvent
reorganization. Nevertheless, the data strongly suggest
that the collective behavior of interfacial water plays an
important part in facilitating water dissociation. How-
ever, only a narrow set of experimental conditions have
been explored to date. Further studies with a broader
range of catalysts and electrochemical conditions are re-

quired to affirm this interpretation. For example, an open
question is to what extent the proposed mechanism by
Huang et al. is applicable to catalysts other than Pt. We
might expect similar trends in EDL properties (interfa-
cial water structure/dielectric constant) across the series
of alkali cations at other electrodes, such as Au. If our
notion is correct, the opposite HER activity trends of Pt
and Au with increasing crystal radius of the cation would
be difficult to explain with this model alone.

The apparently diverging activity trends on Pt and Au
may indicate distinct mechanistic regimes as proposed by
Goyal et al.3" and Monteiro et al.,*® a promotion and an
inhibition window. The inhibition regime requires fur-
ther characterization. “Cation overcrowding” has been
discussed in more detail in the context of the oxygen
evolution reaction'® and CO, reduction®.

How cation-induced changes in the hydrogen-bonding
network of interfacial water affect the HER requires fur-
ther study. Wang et al.** and Huang et al*? found
a weakening of the hydrogen-bonding network with in-
creasing cation concentration or cation crystal radius.
However, they came to different conclusions regarding
how the altered water structure impacts HER. Wang et
al. showed that the population of weakly H-bonded wa-
ter across different facets of Pd semi-quantitatively tracks
with the HER rate at a fixed electrode potential. Huang
et al. determined that the population of weakly hydrogen
bonded/isolated water increases when going from LiT to
Cst. Interestingly, they found that the exchange current
density decreases with increasing population of weakly H-
bonded water, counter to the reactivity trend observed
by Wang et al. for HER on Pd in Na™-containing elec-
trolyte. Although the results of the two studies cannot
be directly compared (as different electrolytes and elec-
trodes were used), the diverging reactivity trends with
weakening H-bonding network highlights that further re-
search is needed to understand the impact of interfacial
water structure on reactivity.

The preceding discussion shows that an agreement on
the principal mechanisms by which cations promote the



Volmer/Heyrovsky steps has yet to emerge. At the heart
of this issue lies the fact that a composition change in
the EDL impacts a number of interrelated properties of
the EDL, including water structure, dielectric constant,
and double layer field. It is therefore expected — and often
found — that these properties correlate with HER, activity,
but such correlation does not necessarily identify them
as the principal origin of the promotion/inhibition. A
way to address this issue might be through physics-based
models and advanced computer simulations of the inter-
face'0%559 that allow one to systematically assess the
impact of various EDL properties on reaction steps of in-
terest. Recent experimental studies have quantified EDL
properties, such as interfacial electric field,%0-%2 dielec-
tic constant,%3%* capacitance,%%:%° jon distribution,%6:%7
or water structure.*34446 Such studies are of great im-
portance as the results can be used to benchmark models
of the EDL.

It would also be important to extend the understand-
ing to practical reaction conditions. For example, al-
kaline electrolyzers typically operate at temperatures
of ~80 °C and electrolyte concentrations of ~8 M of
KOH.%8 The EDL properties are expected to be substan-
tially different from the experimental conditions used in
most analytical studies.

When viewed collectively, the balance of evidence sug-
gests to us that cations impact water reduction in a mul-
tifaceted way. Regarding the promotion of the HER, we
favor a model in which both the local cation-water in-
teractions (Fig. 5B) as well as the collective response
of the interfacial water network (Fig. 5D) play dom-
inant roles. There also appears to be an inhibition
regime that probably arises from site-blocking effects.
Further research is required to understand how cations
can mediate the approach, orientation, and surface ex-
cess concentration of anions, especially those that can
act as proton donors/acceptors. Using secondary ion
mass spectrometry, Zhang et al. found evidence of com-
pact Na* /phosphate ion pairs on positively polarized Au
electrodes,%% highlighting the complex interplay between
electrolyte components.

1ll.  CO,; REDUCTION ON GOLD AND SILVER
A. Key Results

The adsorption of CO5 on the electrode is commonly ac-
cepted as the rate-determining step of COs-to-CO con-
version.?®% Accordingly, stabilization of the resulting
*CO; intermediate and/or the transition state leading to
this intermediate promotes the reaction. With this pic-
ture in mind, we summarize several representative studies
on cation effects in CO5-to-CO conversion.

Monteiro et al. investigated CO2-to-CO conversion on
Au, Ag, and Cu electrodes with cyclic voltammetry and
scanning electrochemical microscopy in dilute HoSO4 so-
lutions (pH 3) with and without alkali cations.” They
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FIG. 6. Effect of Cation Identity on CO2-to-CO Con-
version. (A) Activity of a polycrystalline Au electrode im-
mersed in electrolytes with varying Cs™ concentrations in
Li2SO4 background electrolyte (pH 3, total cation concen-
tration: 0.1 M). The activity was determined by re-oxidation
of produced CO. Reprinted with permission from Monteiro et
al. [70]. Copyright (2021) Springer Nature Limited. (B) CO
partial current density and faradaic efficiencies (FE) for COs-
to-CO conversion on polycrystalline Ag electrodes at —0.94
Vgug in 0.1 M bicarbonate electrolytes at near neutral pH
as indicated. pDDA™: poly(dimethyl diallyl ammonium);
TEA™: tetraethyl ammonium. Reprinted with permission
from Weng et al. [71]. Copyright (2023) American Chemical
Society.

found that detectable amounts of CO are only formed in
the presence of alkali cations. The CO5-to-CO conversion
activity at pH 3 with 1 mM alkali cations correlates with
hydrated cation size, which an analysis of AIMD simula-
tions shows increases from Lit to Cs™. At a fixed total
alkali cation concentration (0.1 M) with LisSO4 as the
background electrolyte, they determined that increasing
the concentration of Cs™ ions from 0 to 1 mM steeply
increases the amount of CO produced (Fig. 6A). On the
basis of these findings and AIMD simulations, they at-
tributed the activity trend to the increasing propensity
of the alkali cation to accumulate in the OHP and to co-
ordinate to adsorbed CO; when going from Li* to Cs™.
The coordination results in electrostatic stabilization of
the CO; intermediate.

In a related study, Monteiro et al. examined the ef-
fects of multivalent cations on CO5 reduction.?* Their
effect changes with applied electrode potential. At low
overpotential (e.g., ~&—0.45 Vgrug), multivalent cations
tend to enhance CO5 reduction relative to the rates in
the presence of monovalent cations. At high overpoten-



tial (e.g., #—1.00 Vrug), monovalent cations give rise to
higher CO5 reduction rates than multivalent ones. Mon-
teiro et al. explained these observations by the effect
of the cations on the competing HER (section IIA). In
the low overpotential regime, proton reduction is the pri-
mary competing reaction, which is largely unaffected by
the identity of the cation. AIMD simulations (with a low
cation coverage of 0.07 monolayers) suggest that mul-
tivalent and weakly hydrated cations (Ba?t and Nd3*)
more stably coordinate to surface-adsorbed CO;. The
resulting short- and medium-range electrostatic interac-
tions stabilize the CO5 intermediate, thereby promoting
the reduction reaction. By contrast, at higher overpo-
tentials, multivalent cations more strongly promote the
competing water reduction reaction relative to CO5 re-
duction (as discussed in section ITA). Taken together,
the effect of the supporting electrolyte’s cation on the
competition between the HER and COs reduction is the
net result of at least three factors: Its accumulation in
the OHP, its ability to stabilize the CO; intermediate
through coordination, and its effect on the competing
HER.

Monteiro et al.’s results demonstrate that a cation
other than HsOv is necessary for COy reduction.™ A
key question is whether that cation needs to engage in
a coordinative interaction with COj5 to facilitate the re-
action.’%7%:72 Weng et al. showed that COs-to-CO con-
version also occurs in the presence of weakly coordinat-
ing organic cations.”’ For example, on polycrystalline
Au at —0.75 Vg in 0.1 M (ethyl)4N(HCOs3), they ob-
served a CO partial current of 1.6 mA cm~2. Although
~40% lower than the reduction current observed in 0.1
M NaHCOg3 under otherwise identical conditions, this
result demonstrates that CO production occurs at sub-
stantial rates in the presence of (ethyl)4N*. On a poly-
crystalline Ag electrode at —0.80 Vgypug, the CO partial
current is 0.5 mA cm ™2 in 0.1 M (ethyl),N(HCO3) and
0.1 M NaHCOs. In the presence of poly(dimethyl diallyl
ammonium), Ag exhibits essentially the same CO4 reduc-
tion activity as in Cs™-containing electrolyte (Fig. 6B).
Weng et al. took great care to exclude the possibility
that the activity arises from traces of alkali metal cations
in the electrolytes with the organic cations. Taken to-
gether, these results demonstrate that although cations
other than H3O™ need to be present for COg reduction
to occur, the cation does need to be a coordinating one
for the reaction to proceed.

The studies discussed in the preceding paragraphs did
not experimentally analyze the distribution and prop-
erties of the EDL. In the following, we summarize sev-
eral key studies focused on experimentally elucidating the
properties of the electrocatalytic interface under reaction
conditions.

Ovalle et al. probed the accumulation of alkali
metal cations at the Au/electrolyte interface during
COs reduction with SEIRAS using tetramethylammo-
nium (methylyN*) as a vibrational reporter.” They es-
tablished that the asymmetric CH3 deformation mode of
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methyl,N7 shifts from ~1490 cm ™! to ~1482 cm ™! upon
specific adsorption. Addition of KT to the electrolyte at
a fixed electrode potential decreases the absorbance at
1482 cm~! (Fig. 7A), suggesting a displacement reaction
of the form:

methylyNaqgs + K, + de™ — methyl,Nf, + Kaas, (1)
where de™ represents an increment of electronic charge.
The adsorbed cations retain a significant fraction of
their positive charge, which for simplicity is not explic-
itly shown in equation 1. Equation 1 implies that the
loss of absorbance at 1482 cm™! is a relative measure
of the amount of specifically adsorbed K*. Ovalle et
al. showed that the relative amounts of specifically ad-
sorbed alkali cations at a fixed bulk concentration is de-
termined by their free energy of hydration (Fig. 7B).
Further, the rate of COs reduction monotonically in-
creases with the amount of specifically adsorbed cations
at —0.45 Vgryg. This observation provides a rationale
for the higher rate of COs-to-CO conversion in the se-
ries LiT<NaT<KT<Cs™, but does not uniquely identify
a mechanism.

Zhu et al. measured interfacial electric fields at the
Au/electrolyte interface during COs-to-CO conversion
with plasmon-enhanced vibrational sum frequency gen-
eration (VSFQG) spectroscopy.’* They showed that CO,
reduction activity is closely related to the Onsager re-
action field rather than the Stern field. Using in-situ
generated CO on Au during CO; reduction as a vibra-
tional Stark reporter, they selectively probed the inter-
facial electric field at catalytically active sites on Au as a
function of cation identity and electrode potential. The
Onsager reaction field arises from the polarization of the
dielectric environment (electrolyte) by the dipolar solute
(adsorbed CO).%% The vibrational shift of adsorbed CO
when going from the vacuum to the electrolyte environ-
ment (at the potential of zero charge of the electrode) is
proportional to the magnitude of the Onsager reaction
field. Zhu et al.’s analysis shows that the absolute mag-
nitude of the Onsager reaction field increases from Lit
to Rb™ (Fig. 7C). They attributed this observation to
the modulation of the interfacial dielectric constant by
the cations. The Stern field arises from the polarization
of the electrode and depends on the applied potential
and EDL width. Its absolute magnitude increases from
Rb™ to LiT. This observation suggests that the EDL
width is thinner in the presence of Lit than in Rb*-
containing electrolyte, consistent with the crystal radii
of the cations. Cs™ represents an exception from these
trends, indicating that it specifically adsorbs on the elec-
trode, which is also reflected in a distinct interfacial water
structure. The Onsager reaction field and CO; reduction
rate show a correlation. The Onsager reaction field ex-
perienced by adsorbed CO; is predicted to exceed the
Stern field by one order of magnitude.

Using VSFG spectroscopy, Rebstock et al. probed the
hydration of alkali cations at catalytically active and in-
active sites on Au electrodes.”® During CO4 reduction, a
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FIG. 7. Interfacial Accumulation of Cations and Cation-Dependent Interfacial Fields. (A) SEIRA spectra of the
Au/aqueous electrolyte interface at an electrode potential of —0.45 Vgrug. Addition of Kt toa0.1M methyl4N+ bicarbonate
electrolyte decreases the absorbance at 1482 cm™*. The decrease is attributable to the displacement of methylsN.4s by Kads.
The bulk concentrations of K™ are indicated in the legend. (B) Correlation of the integrated area of the 1482 cm™! band with
the hydration free energy of the cations. Decreasing band area indicates a higher degree of specific alkali cation adsorption.
The bulk concentration for the alkali cations [M*] was 30 mM. The electrode potential was —0.45 Vrur. Panels (A) and (B)
adapted with permission from Ovalle et al. [67]. Copyright (2022) Springer Nature Limited. (C) Onsager reaction field (left
axis) induced by atop-bound CO on polycrystalline Au in 0.1 M bicarbonate electrolytes as indicated. The Onsager field was
derived from the extrapolated CO frequencies at the potential of zero charge (PZC) of the electrode (right axis). Reprinted
with permission from Zhu et al. [64] Copyright (2022) The Authors. Published by the American Chemical Society. (D) Stark
tuning slopes of atop-bound CO on Au electrodes in 0.1 M bicarbonate electrolytes as indicated. The steeper the slope, the
higher the interfacial field. COSS: CO on spectator site (terrace site); COAS: CO on active site (undercoordinated Au site).
At high surface concentrations of CO dynamic dipole coupling affects to observed slope. The apparent Stark tuning slope is
the one experimentally observed. The intrinsic Stark tuning slope is corrected for dynamic dipole coupling. Reprinted with
permission from Rebstock et al. [73] Copyright (2022) The Authors. Published by the Royal Society of Chemistry.

Chapman-Stern theory reveals that the Stern-layer thick-
ness at inactive sites closely tracks the hydration radius of

single CO stretch band at ~2100 cm~' appears. They
demonstrated that this band arises from CO adsorbed

on catalytically active sites (undercoordinated minority
sites, comprising at most 4% of surface sites). By con-
trast, with CO-saturated electrolytes an additional band
at ~2090 cm~! appears, which is attributable to CO ad-
sorbed on catalytically inactive sites (terrace sites).

The potential-dependent VSFG spectra reveal that the
CO stretch bands of the two populations exhibit distinct
Stark tuning slopes, which measure the sensitivity of the
CO stretch frequency to the applied electrode potential
(Fig. 7D). The Stark tuning slope of CO adsorbed on
catalytically active sites decreases when going from Lit-
to Rb*-containing electrolyte. By contrast, the slope of
CO on inactive sites exhibits the opposite trend. Analy-
sis of the Stark tuning slopes in the framework of Gouy-

the ions as determined from ion mobility measurements
(Stokes radii), changing from 6.7 (Li*) to 4.1 (Rb*) A.
By contrast, the Stern layer width at catalytically active
sites exhibits the opposite trend, increasing from Lit (3.4
A) to Rbt (4.0 A), suggesting that only a single layer
of water molecules between cation and Au surface is re-
tained at these sites. This study highlights that catalyt-
ically active sites may exhibit a distinct local hydration
structure compared with inactive majority sites. The
correlation between site-specific hydration structure and
catalytic activity demonstrates the importance of under-
standing the local solvation structure.

Apart from influencing the EDL structure, alkali
cations have been suggested to modulate the interfacial
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FIG. 8. Effect of Cations on Interfacial CO; Concen-
tration and pH. (A) Observed peak potential of CO oxi-
dation (FEobs) on the Pt ring electrode as a function of COq
reduction current on the Au disk in 0.1 M bicarbonate elec-
trolytes as indicated. The steeper the slope, the higher the
interfacial pH, which can be quantitatively extracted from
the measurements. Reprinted with permission from Zhang et
al. [74]. Copyright (2020) Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. (B) Normalized band area of the asym-
metric stretch mode of interfacial CO» at a polycrystalline Au
electrode at —0.8 Vrug in 0.25 M bicarbonate electrolytes as
indicated. The normalized band area is proportional to the
interfacial concentration of COsz. Reprinted with permission
from Malkani et al. [75]. Copyright (2020) American Chemi-
cal Society.

pH during catalysis.”® It has been hypothesized that the
pH buffering effect by alkali cations may control the avail-
ability of CO5 at the interface.

Zhang et al. assessed the local pH in the vicinity
of a polycrystalline Au electrode in bicarbonate buffer
during COs-to-CO conversion with a rotating ring-disk
electrode.”™ The reduction of COy on the disk produces
CO and OH™, which convectively diffuse to the Pt ring
electrode, where CO is oxidized. Their method quantifies
the pH through the potential of the CO oxidation peak
current on the Pt ring electrode. This potential is pH-
dependent and, after calibration, can be quantitatively
related to the local pH. They found that the potential
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corresponding to the CO oxidation peak current exhibits
a steeper decrease with COs reduction current density
in the presence of Li* than in CsT-containing electrolyte
(Fig. 8A). This result indicates that at a COgy reduc-
tion current density of 10 mA cm™2, the local pH in
LiT-containing electrolyte is about 0.5 pH units higher
than in CsT-containing electrolyte. These observations
demonstrate that alkali metal cations buffer the inter-
facial pH to different extents, as previously predicted.”®
However, these and prior measurements’” did not assess
the effect on the interfacial COs concentration.

Malkani et al. directly measured the relative con-
centrations of dissolved CO, within a few nanometers
of an Au electrode during COs-to-CO conversion with
SEIRAS.™ They found that the interfacial COs con-
centration at —0.8 Vrug decreases by ~70% when go-
ing from LiT- to Cs'-containing electrolyte (Fig. 8B).
This decrease closely mirrors the increase in COs par-
tial current density with increasing crystal radius of the
cation. This result suggests that the rate of COs conver-
sion rather than the cation-dependent pH buffer capacity
determines the local COs concentration. This interpre-
tation is further supported by constant-current electrol-
ysis, where OH™ is generated at a constant rate across
different electrolytes. If the cation-dependent pH buffer
capacity predominately determined the interfacial CO9
concentration, a higher concentration would be expected
in the presence of Cs™ than in LiT-containing electrolyte.
However, Malkani et al. observed the opposite trend at
a current density of —1.77 mA cm™2, indicating that the
cation-dependent rate of COs-to-CO conversion primar-
ily dictates the interfacial concentration of COs.

B. Critical Assessment

Before we evaluate the different possible mechanisms of
CO; promotion, we first analyze the current understand-
ing of the accumulation and distribution of alkali cations
in the EDL.

1. Accumulation and Distribution of Alkali Cations in the
EDL

Ovalle et al. demonstrated with SEIRAS that the degree
to which alkali metal cations displace tetramethylammo-
nium at the aqueous Au interface at —0.45 Vryg corre-
lates with their free energy of hydration.®” The softer the
hydration shell of the alkali cation, the higher the ten-
dency for its interfacial accumulation. This trend is not
limited to electrolytes containing 0.1 M tetramethylam-
monium bicarbonate (pH 6.8). Monteiro et al.’s obser-
vation that the COq reduction activity steeply increases
by addition of small amounts of Cst to ~0.1 M Lit-
containing electrolyte at pH 3 strongly suggests that Cs™
has a higher affinity for the interface than LitT.” Simi-
larly, Bender et al. showed that low concentrations of K+



and Cs™ in 0.1 M LiOH give rise to HER activities on
Pt electrodes comparable to those in pure 0.1 M KOH or
CsOH.3% Shah et al. showed with ETS that alkali cation
accumulation on Pt electrodes increases with softer hy-
dration shell. These trends are also reproduced by AIMD
simulations.*? Taken together, the trend that alkali metal
cation accumulation in the double layer increases from
LiT to Cs™ appears to be robust across different metals
and electrolyte compositions.

We next address the question in regards to the physi-
cal cause of the differential accumulation of alkali cations.
As detailed below, there are at least three hypotheses in
regards to the differential interfacial enrichment: Steric
repulsion between hydration shells, specific adsorption,
and quasi-specific adsorption mediated by anions at the
interface. Because all three mechanisms are strongly in-
fluenced by the free energy of hydration of the cation,
it is challenging to experimentally distinguish between
them.

The extent of steric repulsion between the hydration
shells of alkali metal cations may determine their inter-
facial concentrations. Ringe et al. demonstrated this
concept on the basis of a Poisson-Boltzmann model that
accounts for the finite sizes of the hydrated cations, as-
suming that interfacial Cs™ has a smaller hydrated radius
than Li™.”™ This assumption may appear surprising given
that molecular dynamics simulations and X-ray scatter-
ing indicate that the bulk hydration radius increases from
Lit to Cst.4! However, Stark effect measurements show
that the effective hydration radii of cations at electrode
interfaces do not always follow this trend.6%73:79:80 On
the basis of AIMD simulations, Monteiro et al. argued
that partial dehydration minimizes steric repulsion be-
tween cations, thereby facilitating the accumulation of
cations with softer hydration shells.34

The steric repulsion hypothesis is primarily based on
the interpretation of AIMD simulations and modified
Poisson-Boltzmann models with demonstrated success in
predicting catalytic rates.?*7® It would be desirable to
design experiments that more directly test the repulsion
between hydrated cations. Designing such experiments is
challenging but likely not impossible. For example, Wal-
lentine et al. probed the Stark shift of CO adsorbed on
catalytically active sites on polycrystalline Au electrodes
in contact with COs-saturated 0.1 M sodium bicarbon-
ate electrolyte.®* They found that the Stark shift of the
CO stretch vibration of adsorbed CO linearly decreases
with applied potential, but reaches a saturation value at
~—0.7 Vgug. This result suggests the formation of a
dense cation layer at this potential, thereby saturating
the Stern electric field. It would be interesting to test
whether the threshold potential depends on the hydra-
tion free energy of the cation.

Alkali cation enrichment may be driven by specific ad-
sorption, which is facilitated by partial dehydration. Spe-
cific adsorption of alkali cations necessitates partial dehy-
dration and is characterized by partial electron transfer
from the electrode to the cation.®! Owvalle et al.57 pre-
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sented strong circumstantial evidence for specific alkali
cation adsorption on Au at —0.45 Vgyug, which includes
the findings that (1) the extent of methylyN,q4s displace-
ment by alkali cations correlates with their hydration free
energy, (2) the CO4 reduction rate increases with the de-
gree of methylyN,qs displacement, and (3) DFT calcula-
tions predict the specific adsorption of alkali cations at
the relevant potentials. Although the idea of specific ad-
sorption of alkali cations other than Cs* remains contro-
versial, there appears to be a broad consensus that Cs*
tends to specifically adsorb: In comparison with elec-
trolytes containing 0.1 M LiOH, NaOH, or KOH, Shah
et al. observed a substantially flattened ETS curve with
electrode potential in their experiments with Pt elec-
trodes in 0.1 M CsOH.*? Because ETS probes surface-
adsorbed species, this result suggests that Cs™ specifi-
cally adsorbs. Zhu et al. noted that the Onsager field
(induced by adsorbed CO) monotonically decreases from
LiT to RbT, but this trend is broken for Cst.54 Addi-
tionally, the O—H stretch spectrum of interfacial water
in the presence of Cs™ is distinct from that observed in
the presence of the other alkali cations. The authors of
these studies attributed these observations to the specific
adsorption of Cs™ under the respective conditions.

Anions at the interface may promote the enrichment
of cations. The ETS experiments of Shah et al. indi-
cate that the interaction of alkali cations with adsorbed
hydroxide on the Pt electrode determines the interfacial
cation concentration.?? These cations are best described
as quasi-specifically adsorbed. The role of anions in me-
diating cation enrichment has also been observed in many
other systems and has been discussed in our earlier per-
spective. !0

We now address the question where in the EDL the
cations preferentially reside. The average surface-cation
distance determines the interfacial field and the cation’s
interaction with surface intermediates. An agreement on
the average distance of the cations from the electrode sur-
face has yet to emerge. AIMD simulations by Monteiro
et al. indicate that the cation-surface distance on Au cor-
relates with the ionic crystal radius, that is, it increases
when going down the alkali metal group.?* By contrast,
the size-modified Poisson-Boltzmann model of Ringe et
al. places RbT closer to the electrode than Lit.”® The ef-
fective interfacial radii were extrapolated from the values
of Cs* and K* determined by surface X-ray scattering
on Au(111), under the assumption that the radii are in-
sensitive to applied potential and identity of the metal
surface. Indeed, Stark spectroscopy suggests that the in-
terfacial field experienced by atop-bound CO on Cu and
Au terrace sites and on polycrystalline Pt increases in the
order LiT, Na* KT, RbT (suggesting a decreasing Stern
layer width).6473:79:80 However, the opposite trend holds
for CO adsorbed on undercoordinated sites of Au, which
are catalytically active for CO5 reduction.”™ These results
suggest that the approach of alkali cations is dependent
upon the local surface structure around the active site.
It is therefore preferable to adopt a local picture when



examining cation effects.

2. Promotion Mechanisms

Having discussed the current understanding of interfacial
cation accumulation and distribution in the EDL, we now
examine how interfacial alkali cations can influence CO
conversion. As noted at the beginning of section III, the
stabilization of adsorbed CO; (and the transition state
leading to it) is commonly accepted as the principal rea-
son of the promotion of CO2-to-CO conversion. Different
mechanisms for the stabilization have been proposed and
are debated in the literature. In the following, we discuss
those mechanisms.

In the first picture (Fig. 9A/B), stabilization arises
from Lewis acid-base interaction between cation (Lewis
acid) and adsorbed CO; (Lewis base). The energy sta-
bilization of the cation-CO; adduct as a result of Lewis
acid-base interaction can be thought of as arising from

the sum of two terms:82-83

AE = AECoulomb + AEldativea (2)

where AEcoulomb and AFEqative represent the stabiliza-
tion due to Coulomb interaction and dative bond forma-
tion, respectively (An electronic repulsion term, which is
sometimes included in the sum, is neglected here). The
Coulomb term represents ion-ion (or dipole-ion) interac-
tion without charge-transfer. By contrast, A Eqative r€p-
resents (partial) electron transfer from the Lewis base to
the Lewis acid, which results in the formation of a (par-
tial) coordinate covalent bond. Within the Lewis acid-
base framework, zero electron transfer (pure Coulomb
interaction, Fig. 9B) and full transfer of one or more
electrons (dative bond formation, Fig. 9A) are the ex-
tremes of a continuum of degrees of electron donation. A
key question is whether the stabilization of CO; involves
the formation of a (partial) coordinate covalent bond be-
tween this intermediate and an alkali cation. Partial co-
ordinate covalent bond formation is expected to have a
more pronounced effect on the stability of the interme-
diate than the comparatively weaker Coulomb interac-
tion.33

Monteiro et al.’s results demonstrate that alkali cations
enable CO,-to-CO conversion, whereas H3OT cannot.”™
In principle, alkali cations can participate in both types
of interactions described by the two terms in equation 2.
However, Weng et al. found that some non-coordinating
organic cations can give rise to COy reduction activity
comparable to that in the presence of alkali cations.”!
Non-coordinating organic cations are unlikely to form a
(partial) coordinate covalent bond with CO,. There-
fore, the AFEqative term is expected to be insignificant in
this case. When viewed collectively, these observations
suggest that alkali and (some) organic cations stabilize
the intermediate through the Coulomb term in equa-
tion 2 (AFEcoulomb) and dative bond formation is neg-
ligible in both cases. This interpretation is also consis-
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tent with computational studies. Chen et al. calculated
the cation-induced stabilization of CO; on Ag electrodes
with DFT. They found that the DFT-predicted stabiliza-
tion can be described by the interaction of the intermedi-
ate’s dipole/polarizability with the cation-induced elec-
tric field, indicating that specific chemical bonding effects
are negligible.3 Monteiro et al.’s analysis of their AIMD
simulations also showed that the stabilization can be es-
timated on the basis of the interaction of the intermedi-
ate’s dipole with the electric field at the adsorption site.”™
Taken together, alkali and some non-coordinating organic
cations appear to stabilize CO; primarily through the
Coulomb term in equation 2. The electric field pro-
duced at the adsorption site is of course influenced by
specific chemical interactions between electrolyte compo-
nents, surface intermediates, and the electrode surface.
Therefore, even weak chemical interactions may be es-
sential for producing the requisite electric field for CO4
reduction at the active sites.

Another important question is whether the electro-
static stabilization can be described by the mean electric
field predicted by classical EDL theory (Fig. 9C) or if the
local field at the active site (Fig. 9B) needs to be consid-
ered.®™ Classical EDL theory assumes a spatially and
temporally homogeneous field.®> Using surface-adsorbed
CO as a molecular electric field probe, Rebstock et al.
showed that the magnitude of the electric field at dif-
ferent types of surface sites can be significantly different
and can exhibit opposite trends with respect to the crys-
tal radius of the alkali cation.” We note that the fol-
lowing factors could also contribute to the apparent site-
dependence: Changes in the CO,qs coverage may affect
the interfacial solvation structure. Further, CO,q45 on ter-
race sites and CO,q45 on step sites are stable in different
potential windows. A potential-dependence of the Stark
slope cannot be fully excluded. Irrespective, these results
indicate that it is important to consider the local electric
field whenever possible. This view is also supported by
calculations. For example, using DF'T calculations, Chen
et al. demonstrated the lateral heterogeneity of the elec-
tric field.®* Similarly, Monteiro et al.’s AIMD simulations
showed that the large field in the immediate proximity
of the cation is necessary to facilitate COo reduction.?*

Apart from interacting with the Stern field, CO; can
also induce an Onsager reaction field, which in turn stabi-
lizes the intermediate (Fig. 9D). Zhu et al. estimated that
the strength of the Onsager field (experienced by CO3 )
substantially exceeds that of the Stern field.5* It would
be interesting to extend this study to other electrolytes,
such as those containing organic cations, or highly con-
centrated electrolytes. Such studies would help to ascer-
tain further the role of the Onsager field in facilitating
electrocatalytic processes that feature reaction interme-
diates with large dipole moments.

Lastly, we examine the question whether hydrated
alkali cations influence the local COs concentration
through pH buffering effects (Fig. 9E). The measure-
ments by Zhang et al. unequivocally demonstrate
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FIG. 9. Cartoon Representations of Proposed Effects of Cations on CO2 Reduction. (A) Dative bond formation
between adsorbed COg, represented by black (carbon) and red (oxygen) spheres, and the cation (blue circle). e” and the arrow
illustrate (partial) electron transfer. (B) Local electrostatic interaction between the dipole/polarizability of adsorbed CO2 and
the local electric field produced by the cation. The dashed lines with arrows represent electric field lines. Coulomb’s law is
shown to illustrate the difference of this view to the charge-transfer picture shown in panel (A). (C) Stabilization of adsorbed
COs by the interaction of its dipole moment (j) and/or polarizability with the EDL electric field (Egpr,). The green and gray
arrows illustrate EEDL and i, respectively. (D) Modulation of the interfacial dielectric constant (€soivent) by cations in the
EDL alters the Onsager reaction field (Eonsager)7 which in turn acts on the dipole moment/polarizability of adsorbed CO2. (E)
Hydrated alkali cations can buffer the interfacial pH, thereby changing the local CO2 concentration. The lines illustrate the
hypothetical change in CO2 concentration as a function of distance from the electrode in the presence of different cations. (F')
The formation of a compact EDL blocks CO2 (and/or HsO™") from accessing active sites.

that the local pH during COs-to-CO reduction depends
on cation identity and is lower in Cs*- than in Lit-
containing electrolyte.” However, the differences in lo-
cal pH appear rather moderate and Malkani et al.’s re-
sults demonstrate that the primary determinant of the
interfacial CO5 concentration is the reaction rate rather
than the different buffer capacities of the cations.”™ We
therefore conclude that the hydrolysis of hydrated alkali
cations does not play a major role in enhancing COs
reduction in H-cells (the situation may be different in
gas diffusion electrodes). The hydrolysis of multivalent
cations appears to play a role in promoting HER under
certain conditions.?* We also note that electrocatalytic
reactions are often highly sensitive to the local pH (and
vice versa).86-88 Several methods for measuring the local

pH have been summarized in a recent review®”.

IV.  CONCLUSIONS AND OUTLOOK

Substantial progress has been made in identifying po-
tential mechanisms by which cations influence the HER
(Fig. 5) and CO2-t0-CO conversion (Fig. 9). Although
the relative weight of the proposed mechanisms cannot
be conclusively assessed at this time, the collective ev-
idence suggests some scenarios as more probable than
others. For HER promotion by cations, we favor a combi-
nation of two mechanisms: The stabilization of the tran-

sition state energy through water-cation interactions and
cation-induced changes in the collective dynamics of the
interface. However, other mechanisms may also make
important contributions to the promotion of the HER.
For CO4 reduction, we feel that the models that picture
the promotion as arising from electrostatic stabilization
of the CO; intermediate (and the transition state lead-
ing to it) are most consistent with the experimental and
theoretical evidence (Fig. 9B-D). A site-specific view of
the electric field appears most appropriate. Yet, further
investigations are required to determine which of the pro-
posed electrostatic stabilization models provides a sat-
isfactory description for explaining observed reactivity
trends.

There is also evidence that alkali cations can inhibit
the HER and CO»-to-CO conversion under certain con-
ditions (Fig. 9F). This regime remains underexplored, es-
pecially in regards to an analysis of the interface. Fur-
ther characterization of the inhibition effects is important
because practical electrolyzers typically operate at high
concentrations of alkali cations (1 to several mols/L).%0:9!
More generally, it would be important to systematically
explore cation effects in the context of gas diffusion elec-
trodes. The reaction conditions in these electrodes can
give rise to unintended effects of cations on electrolyzer
performance.®%%3

The progress in understanding cation effects has been
enabled by advanced electrochemical experimentation, in



situ, and operando interfacial measurements, and theoret-
ical models and computer simulations of electrocatalytic
interfaces. It is this combination and the tight integra-
tion of these methods of investigation that are key toward
making further strides in advancing and refining this un-
derstanding. A key challenge is that cations affect a mul-
titude of interrelated properties of the interface. Assess-
ing the relative impact of these changes on catalysis can-
not be solely achieved with experiments. Measurements
of interfacial properties are essential for benchmarking
models, which can help evaluate how a certain change
affects key steps in an electrocatalytic process. The stud-
ies described in this perspective provide a rich knowledge
framework and inspiration for future work.
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