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ELECTROCHEMISTRY

Understanding the electric and nonelectric field
components of the cation effect on the electrochemical

CO reduction reaction

A. S. Malkani’, J. Li? N. J. Oliveira', M. He?, X. Chang‘, B. Xu'*, Q. Lu?*

Electrolyte cations affect the activity of surface-mediated electrocatalytic reactions; however, understanding the
modes of interaction between cations and reaction intermediates remains lacking. We show that larger alkali
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metal cations (excluding the thickness of the hydration shell) promote the electrochemical CO reduction reaction
on polycrystalline Cu surfaces in alkaline electrolytes. Combined reactivity and in situ surface-enhanced spectro-
scopic investigations show that changes to the interfacial electric field strength cannot solely explain the reactivity
trend with cation size, suggesting the presence of a nonelectric field strength component in the cation effect.
Spectroscopic investigations with cation chelating agents and organic molecules show that the electric and non-
electric field components of the cation effect could be affected by both cation identity and composition of the
electrochemical interface. The interdependent nature of interfacial species indicates that the cation effect should
be considered an integral part of the broader effect of composition and structure of the electrochemical interface

on electrode-mediated reactions.

INTRODUCTION
Electrochemical reduction of CO; and CO, a key reaction interme-
diate in the conversion of CO,, driven by renewable energy offers
an appealing pathway to mitigate the impact of anthropogenic cli-
mate change and produce valuable fuels and chemicals (1, 2). The
electrochemical CO, and CO reduction reactions (CO,RR and
CORR, respectively) are typically conducted in an aqueous electro-
lyte that supplies the required protons for the reduction. It is well
established that Cu is the only monometallic electrocatalyst that can
convert CO, and CO to C,; hydrocarbons and oxygenates with
appreciable activity and selectivity (3). However, substantial im-
provements in the selectivity for high-value hydrocarbons and oxy-
genates at lower energy costs, i.e., lower overpotentials, are needed
to enhance the economic viability of the CO,RR and CORR for
large-scale implementation. The CO,RR and CORR occur at the
interface between the metallic electrode and the aqueous electro-
lyte, and thus, the catalytic performance could be influenced by
both the electrode surface and electrolyte. Much research effort has
been dedicated to the development of electrocatalysts with elabo-
rate compositions and structures to optimize the production of
valuable products (4-6). The importance of cations that are electro-
statically attracted to the electrochemical interface at reducing
potentials in the CO,RR and CORR has been increasingly recognized
recently (7-11), although it was first reported decades ago (12, 13).
Multiple potential pathways through which cations could affect
surface-mediated electrocatalytic reactions have been put forward,
without a consensus due to the lack of direct experimental evidence.
Specific alkali metal cation adsorption has been proposed as a path-
way for cations to exert an influence on the hydrogen oxidation
reaction on Pt-based catalysts primarily using density functional
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theory calculations (14, 15). However, direct experimental evidence
for the specific adsorption of cations is lacking, especially below
the potential of zero charge (PZC) (16-19). Bell and coworkers (7)
proposed that alkali metal cations affected the CO,RR by modifying
the interfacial electric field and stabilizing adsorbed intermediates
with substantial dipole moments. Chan and coworkers (8) showed
that multiscale modeling was able to achieve impressive agreement
with experimental results, supporting the theory that cations affect
electrocatalytic reactions by altering the interfacial electric field. Ac-
cording to the Gouy-Chapman-Stern (GCS) double-layer model,
the strength of the electric field within the double layer at a given
potential below the PZC could be affected by the size of the hydrated
cations in the electrolyte, as the center of larger cations cannot get
as close to the electrode surface as smaller ones, thus leading to
weaker interfacial electric fields. This phenomenon has been previ-
ously demonstrated by Roth and Weaver (20) and, more recently,
by Waegele and coworkers (21). Their studies used tetraalkylam-
monium cations of different sizes and determined the Stark tuning
rates of the linearly bonded CO on Pt and Cu surfaces, respectively,
in the presence of these cations (20, 21). In both cases, the Stark
tuning rate, which is representative of the electric field strength,
decreases with the increase in cation alkyl chain length (20, 21).
However, Waegele and coworkers (21) concluded that the change
in the interfacial electric field strength is too small to be the main
cause for the observed difference in the CORR activity, which they
attributed to the varying interaction between adsorbed CO and in-
terfacial water in the presence of different cations instead. Our
recent work on the concentration effect of Na* on the CORR
showed that at the same pH, increasing the cation concentration by
an order of magnitude (0.1 to 1 M) significantly enhances the reac-
tion rate without changing the Stark tuning rate or the interfacial
electric field strength, appreciably (22). This substantial increase in
the CORR rates with Na" concentration suggests that the interfacial
electric field strength is not the decisive parameter in the conditions
investigated (22). Literature discussions have touched upon both
the electric and nonelectric field (NEF) strength components of the
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cation effect, albeit in different contexts, i.e., inorganic and organic
cations (11, 21). Thus, systematic studies of the cation effect on the
CORR encompassing both the electric and NEF strength compo-
nents are key to understanding their connections and contributions
to the cation effect on electrode-mediated reactions in general.

In this work, we show that the nature of alkali metal cations has
a significant impact on the rate and the Faradaic efficiency (FE) of
the CORR on polycrystalline Cu in alkaline electrolytes. In situ
attenuated total reflection surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS; fig. S1) on polycrystalline Cu films
shows that cations affect the distribution of sites, i.e., step versus
terrace, on which CO adsorbs. Stark tuning rate measurements
in the presence of five alkali metal cations show that the electro-
chemically relevant cation size follows the sequence of Cs"-xH,0 ~
Rb*-xH,0 ~ K"-xH,0 < Na"-xH,0 < Li*xH,0, which is in complete
agreement with that obtained from correlations verified by trans-
port measurements (23), but is in contrast to that obtained using
diffraction methods (24-26). Combined reactivity and spectroscopic
investigations show that the interfacial electric field strength esti-
mated by the Stark tuning rate correlates well with the reactivity
trend in Li*, Na*, and K*. The Stark tuning rate levels off, but the
CORR rate increases as the size of the alkali metal cation increases
further from K* to Cs", suggesting a NEF strength component in
the cation effect. We note that, in this work, the term “cation size”
refers to the size of cations without the associated hydration shell,
while the size of hydrated cations is denoted as the “electrochemically
relevant cation size.” Further spectroscopic investigations with crown
ethers and a linear organic ether suggest that the electric and NEF
components of the cation effect could be affected by changes to the
chemical structure and charge distribution of cations, i.e., the com-
position of the electrochemical interface. The interdependent na-
ture of interfacial species indicates that the cation effect should be
considered as an integral part of the broader effect of composition
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and structure of the electrochemical interface on electrode-mediated
reactions.

RESULTS

To understand the differences in the CORR activity and selectivity
for different alkali metal cation hydroxides, the potential-dependent
CO adsorption bands on Cu in alkali metal hydroxides are investi-
gated with SEIRAS. Chemically deposited polycrystalline Cu films
on Si ATR crystals, whose composition and morphology have been
thoroughly characterized by us and others (27-30), are used as the
catalyst. Surface oxygen-containing species, including Cu-O, and
CuO,/(OH),, have been detected at potentials as low as —0.8 V [all
voltages in this work are referenced to the reversible hydrogen elec-
trode (RHE) unless noted otherwise] on both the chemically depos-
ited Cu films and commercially available Cu micrometer-sized
particles (microparticles) (30). However, they do not appear closely
correlated with the CORR activity. The adsorbed CO bands ob-
served in this work correspond well with those reported on metallic
Cu surfaces under the ultrahigh vacuum conditions (31-33), and
thus, the possibility of CO adsorbed on these oxygen-containing
species is not considered. Furthermore, the product distribution in
the CORR on the chemically deposited Cu films and Cu micropar-
ticles is similar at —0.6 V (30). Thus, the spectral features observed
in the SEIRAS experiments should be representative of the surface
of Cu microparticles, which are frequently used in the CO,RR and
CORR in both batch and flow configurations (29, 34, 35). Linearly
bonded CO (COp) SEIRA bands emerge in the >2000 cm™! region
(27, 36, 37) and migrate to higher wave numbers as the potential is
lowered from —0.1 to —0.5 V in 0.1 M KOH (Fig. 1A, full spectra in
fig. S2). This blueshift is contrary to the expected Stark tuning
effect, which typically leads to a redshift of CO bands with decreas-
ing potential due to the more effective dn-2n* back donation (38-40).
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Fig. 1. ATR-SEIRAS spectra and reactivity data in CO-saturated 0.1 M KOH. (A) The traces show the evolution of CO adsorption bands with potential. Spectra presented
correspond to 64 coadded scans collected with a 4 cm™ resolution. a.u,, arbitrary units. (B) FE and (C) current density of products formed at CORR conditions on polycrystalline
Cu foil electrodes. The error bars represent the SD from at least three independent measurements.
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Similar blueshifts of CO bands on Cu have been reported at lower
pH values and attributed to potential-induced reconstruction of the
polycrystalline Cu surface (28). Another possible cause for the blue-
shift is the increased CO coverage at lower potentials, which leads to
dipole-coupling that favors the intensity of the higher wave number
bands (32, 41). At more negative potentials, the CO;, band begins to
redshift, which could be attributable to the Stark tuning effect. The
maximum intensity of the COy band is reached at 0.5 V, indicating
a saturation CO coverage on the Cu surface. CORR activity at this
potential is modest (Fig. 1, B and C) (42), and thus is not expected
to affect the CO coverage in any substantial way. The diminished
intensity of the COy, band at potentials below —0.5 V is likely due to
the rapid CO consumption in the CORR (Fig. 1, B and C), although
the SEIRA spectra are collected in a stirred spectroelectrochemical
cell (29). This claim is supported by our recent observation that the
intensity of the COy, band dropped precipitously with a simulta-
neous enhancement of the competing hydrogen evolution reaction
(HER) when stirring is stopped (43). At —0.9 V, the CORR becomes
completely mass transport limited due to the high reaction rate and
is manifested by the lack of the COy, band. A shoulder to the COp,
band starts to develop at —0.4 V and becomes increasingly promi-
nent at lower potentials. The lower and higher wave number bands
at 2070 and 2087 cm ™" at —0.4 V have been assigned to terrace and
step sites on Cu surfaces, respectively (31-33). It should be noted
that, aside from the major spectroscopic band of linearly bonded
CO, a bridge bonded CO band in the 1800 to 1850 cm™" region is
also observed (Fig. 1A). However, it has been deemed inactive for
the CORR (44) and thus is not discussed further in this work.

The reduced CO coverage on Cu below —0.5 V determined spec-
troscopically correlates well with the CORR activity on Cu foils in
the same potential range. The FE for H, increases with the decrease
in potential from —0.7 to —0.9 V from 63.6 to 90.6% (Fig. 1B). This
is consistent with the diminished CO coverage on Cu at more neg-
ative potentials (Fig. 1A) because a larger fraction of the surface is
available for the competing HER. The FE for the CORR products is
lower at —0.5 V compared to —0.6 V and thus does not follow the
trend of decreasing FE with more negative potential. This is likely
due to the insufficient overpotential to drive the CORR (42). No
spectroscopic feature corresponding to adsorbed H (H,q) is identi-
fied, suggesting that H,q has either a very short surface residence
time or a low steady-state coverage, or both (45). Among the CORR
products, methane becomes increasingly preferred over C,, prod-
ucts as the potential decreases. The FE for methane increases from
1.6% at —0.7 V to 11.9% at —0.9 V, while that of C,, products drops
from 36.2 to 2.0% in the same potential range. This correlation
could be interpreted in two related ways: (i) a lower CO coverage
reduces the probability of the coupling between adsorbed CO on
the surface, leading to reduced selectivity for C,, products. Mean-
while, the higher coverage of H,q due to the availability of surface
sites facilitates the hydrogenation of adsorbed CO, which enhances
the methane production. (ii) Lower electrode potentials intrinsical-
ly favor the direct hydrogenation of adsorbed CO, rather than its
dimerization (9, 42). Our recent work suggests that the relative
selectivity for C,, products is largely insensitive to the overall CO
surface coverage on Cu because CO adsorbs in patches (43). Thus,
the effect of lower potential is more likely to be the primary driving
force for the increased methane selectivity.

Although general potential-dependent features of the COy, band
on Cu in alkali metal hydroxide electrolytes, i.e., LiOH, NaOH,
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KOH, RbOH, and CsOH, are similar (Fig. 1A and fig. S3), subtle
differences in spectroscopic features reveal the impact of cations on
the adsorbed CO. The saturation CO coverage inferred from this
band on Cu is reached at —0.5 V for all the equimolar (0.1 M)
hydroxide electrolytes having the same pH but different cations.
Plotting the spectra with the COy, band at —0.5 and —0.7 V for each
cation (the intensity of COL bands at —0.5 V is normalized to ac-
count for variations of absolute intensities among independent
experiments; Fig. 2A) shows that the decrease in the COy band area
from -0.5 to —0.7 V increases from ~6% for LiOH to over 40% for
the larger alkali metal cation hydroxides (Fig. 2A and fig. S4) (43).
Because we have established above that the reduction of the COy,
band at —0.7 V and below is largely caused by the consumption of
adsorbed CO via the CORR (43), SEIRAS results suggest that the
CORR activity increases with the cation size. This is also consistent
with the observation of the COy, band in LiOH at —0.9 V, which is
less prominent in NaOH and absent in KOH, RbOH, and CsOH
(Fig. 1A and fig. S3). While the spectra in Fig. 2A show a decrease in
peak area of CO on both the step and terrace sites from —0.5 to —0.7 V,
our previous work reporting time-resolved spectra under mass trans-
port limitation conditions shows that the step sites are consumed
preferentially (43). This agrees with previous literature highlighting
that although both CO on terrace and step sites could mediate the
CORR, the step sites are orders of magnitude more active (42, 46).
The CORR activity in alkali metal hydroxide electrolytes cor-
relates well with the spectroscopic observation of relative CO cover-
ages at —0.7 V compared to its maximum at —0.5 V. Quantitative
assessments of the CORR activity in different alkali metal cation
hydroxides on polycrystalline Cu foils are challenging. It has been
reported that Cu foils are susceptible to impurities due to their low
roughness factors compared to nanostructured alternatives (47).
The foils also show low reaction rates under CORR conditions,
which necessitates extended reaction times (>30 min) to accumu-
late product for quantification during which the catalyst is often
poisoned (47). As a result, it is unreliable to use activity data on Cu
foils in cations with low current densities, e.g., Li* and Na™, as
significantly longer run times (2 to 3 hours) are needed to accumu-
late sufficient products for accurate quantification (48). This chal-
lenge can be partially addressed by preelectrolyzing the already
high-purity electrolyte to deposit any remaining metal impurities
on a sacrificial cathode before use (detailed in Materials and Meth-
ods). Further improvements can be achieved by using recently
reported carbon paper supported Cu microparticles, which show
significantly enhanced stability and reaction rate for the CORR
compared to Cu foils (34). At —0.7 V, the current density for Cy,
products increases almost linearly when the cation in the electrolyte
changes from Li* to Na" and then K', while the increase becomes
more gradual from K to Rb* and Cs* (Fig. 2B). Methane is a minor
product for all cations at —0.7 V, while the hydrogen production
rate increases gradually from Li" to K" and accelerates for Rb* and
Cs" (Fig. 2B and fig. S5). Overall, both the CORR and HER acceler-
ate as the size of the cation in the electrolyte increases. This is qual-
itatively consistent with the spectroscopic observations that the
relative CO coverage at —0.7 V relative to its maximum at —0.5 V is
inversely correlated to the size of the cation (fig. S4). We note that
the CORR reactivity trend in the presence of different alkali metal
cations is in general agreement with that for the CO,RR in bicar-
bonate electrolytes reported by the Bell group (7). The HER activity
increases with cation size (Fig. 2B), while Bell and coworkers reported
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Fig. 2. ATR-SEIRAS spectra and reactivity data in CO-saturated 0.1 M alkali metal hydroxide. (A) The traces show the decrease in linearly bonded CO band intensity
from saturation coverage at —0.5 V (solid line) to —0.7 V (dashed line). Spectra presented correspond to 64 coadded scans collected with a 4 cm™! resolution. (B) Current
density and (C) FE of products formed at CORR conditions on carbon paper supported Cu microparticles at —0.7 V. The error bars represent the SD from at least three in-

Electrolyte cation

dependent measurements. Detailed selectivity plots are provided in fig. S5.

that it is independent of the alkali metal cation size (7). This dis-
crepancy could be attributed to the presence of a different counter
ion (hydroxide versus bicarbonate) in the electrolyte. Hydroxide-
derived oxygen-containing species are known to be present on the
copper surface at the CORR conditions (30, 49). Adsorbed hydroxide,
along with cations at the outer Helmholtz (OHP), has previously
been proposed to affect the water dissociation process needed to release
protons for the HER (50).

The distribution of CO adsorbed on terrace and step sites and
the Stark tuning rate varies with the size of alkali metal cations. By
normalizing the intensity of the COy, bands at —0.7 V for all cations
(Fig. 3), it is clear that the nature of the cation has a significant impact
on the distribution of CO adsorbed on terrace and step sites. The
shoulder corresponding to CO adsorbed on the step sites of the Cu
surface becomes more prominent as the size of the cation increases
from Li* to K" and remains largely unchanged for larger cations,
i.e., K%, Rb¥, and Cs". This observation is a direct indication that
cations at potentials relevant to the CORR (<-0.7 V) actively inter-
act with the surface adsorbed CO and affect their adsorption sites. It
is also consistent with our earlier work showing that alkali metal
and organic cations can change the distribution of adsorbed CO on
atop and bridge sites on Pt (38), as well as Waegele and coworkers’
(11) findings reporting the dependence of COy, band position on
the identity of the alkali metal cation. We note that a more quanti-
tative analysis of the spectra regarding the terrace and step site dis-
tribution with different cations is complicated by the well-known
dynamic dipole coupling effect (33, 5I) and thus is not attempted
in this work.
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Fig. 3. ATR-SEIRAS spectra in CO-saturated 0.1 M alkali metal cation hydrox-
ide at—0.7 V. The traces show the relative intensity of the linearly bonded CO on
the step site band with respect to the normalized peak intensity of the terrace site
band. The spectra have been horizontally translated by the wave number men-
tioned above each trace for clarity. Spectra presented correspond to 64 coadded
scans collected with a 4 cm™ resolution.
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The measured Stark tuning rates show a distinct trend with the
size of hydrated alkali metal cations from that of the bulkier organic
cations. The Stark tuning rate increases from 29 to 39 cm™'/V from
Li* to K" and then levels off for larger cations at 39 to 41 cm™'/V
(Table 1 and fig. S6), which appears correlated with the site distri-
bution probed by CO adsorption with different alkali metal cations
(Fig. 3). It is worth noting that the Stark tuning rate measurements
are performed on the anodic sequence of potential steps between
—0.7 and —0.3 V, within which the coverage of CO for all cations
remains largely unchanged. This is important because the surface
reconstruction and changing CO coverage in the cathodic potential
steps could contribute to peak shifts (52) and thus complicate the
data interpretation. Although a 4 cm™ spectral resolution is used in
determining peak positions in SEIRAS, control experiments show
that the peak positions obtained with spectral resolutions of 2 and
4 cm™" vary below 1 cm™ (fig. $7). Spectra obtained at a 2 cm™
resolution show poorer signal to noise ratio, and thus, the 4 cm™
spectral resolution is used in all experiments, which is consistent
with recent studies (21, 27, 49, 53). According to the GCS double-
layer model, the Stark tuning rate reflects the strength of the elec-
tric field in the double layer, the change of which causes the shift in
vibrational bands (54). Waegele and coworkers (21) recently
showed that the Stark tuning rate decreased with the increasing size
of tetraalkylammonium cations, which was rationalized by the cor-
relation of increased thickness of the double layer with the size of
cations with the GCS model. The situation is more complex for
alkali metal cations, as the electrochemically relevant size of these
cations in aqueous electrolytes is defined and determined in multiple
ways, resulting in opposite trends. Crystal ionic radii of alkaline cat-
ions are determined on the basis of lattice constants of various crys-
tals containing these cations, which do not take the hydration shell
of the cation into account (24, 55), and thus are unlikely to reflect
the effective size of cations at the electrochemical interface. The po-
sition of the first maximum in the radial distribution function of the
ion-water distance could be a more reliable representative measure
of the effective size of ions (24-26). The size of hydrated cations has
been determined by diffraction methods (24-26), which typically
agrees with older computational investigations (56, 57). The sizes of

Table 1. Cation-dependent spectroscopic trends. Stark tuning rate and
peak position of the linearly bonded CO on terrace site band in
CO-saturated 0.1 M hydroxide.

Cationin0.1M
hydroxide

Stark tuning rate

Peak position
(em™' V)

at-0.7V (cm™)*

*Stark tuning rate and peak positions vary within +1 unit for the three
independent replicates performed with each cation.
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hydrated Li*, Na*, K*, and Cs" are determined to be 2.1, 2.4, 2.7,
and 3.13 A, respectively (24), which are expected to lead to a de-
creasing trend of Stark tuning rates. However, measured Stark turn-
ing rates for these cations show the opposite trend (Table 1). This
inconsistency could be attributed to the fact that these sizes of hy-
drated cations only reflect the distance between the ion and the first
layer of the hydration shell. However, smaller cations like Li" have a
more concentrated charge and consequently a thicker hydration
shell than larger cations such as Cs”. The hydration shell around the
relatively hydrophobic alkyl ammonium cations is relatively weakly
bound to the cation, and thus, the size of these organic cations rele-
vant in electrochemistry is similar to that without including the
hydration shell (58). Extended hydration shells are difficult to de-
tect with diffraction methods due to the weak interaction with the
cation; however, they could still affect interfacial electrochemistry
and thus should be considered electrochemically relevant. Within
the GCS framework, the measured Stark tuning rates could be used
to determine the relative electrochemically relevant sizes of hydrated
alkali metal cations, i.e., a higher Stark tuning rate corresponds to a
thinner double layer and smaller hydrated cations. The following
size ranking of hydrated alkali metal cations can be obtained by the
measured Stark tuning rates: Cs*-xH,0 ~ Rb"-xH,0 ~ K"xH,0 <
Na*.xH,0 < Li"-xH,O. This sequence is in complete agreement with
Robinson and Stokes” empirical correlations, which were validated
by transport properties such as the temperature coefficient of equiv-
alent conductance, the viscosity B-coefficient, and the partial molar
ionic entropy (23), and is also similar to a recent computational trend
predicted and validated by Stark shift values at a fixed potential on
Pt (8). This trend is also consistent with literature that suggests that
monovalent cations with more concentrated charges tend to have a
longer range impact on surrounding water molecules (59). This size
sequence shows that the electrochemically relevant hydrated cations,
especially for Li* and Na, are likely to have hydration shells with
more than one layer of water molecules. The similarity between the
trend in the Stark tuning rate (Table 1) and the distribution of COy,
bands on terrace and step sites (Fig. 3) suggests a shared origin. One
possible explanation is that as the size of the hydrated cations
decreases from Li" to K', the repulsive interaction between the
hydrated cations and the adsorbed CO increases, which pushes
adsorbed CO from terrace to step sites due to the better accessibility
of terrace sites for hydrated cations (38). This interpretation entails
that both the stronger interfacial electric field and the redistribution
of CO adsorption sites are consequences of the cation structure,
rather than the interfacial electric field alone driving changes in CO
adsorption sites. The remaining CO on terrace sites could be stabi-
lized by the cations as previously suggested by Bell and coworkers
(7), which leads to the redshifted peak position with increasing cation
size (Table 1). Following the same reasoning, the site distribution and
peak position for adsorbed CO with K, Rb", and Cs" are similar
because the average distance between these cations and the electrode
surface does not vary substantially.

The reactivity and spectroscopic trends with Li*, Na*, and K*
suggest that increased electric field strength with decreasing size of
the hydrated cations is likely responsible for the enhanced C-C coupling
activity (Fig. 2). Bell and coworkers (7) rationalized this activity
trend by arguing that the larger cations (without including the hy-
dration shell) have higher concentrations at the OHP that stabilize
CO and C-C coupling intermediates. Results presented above are
consistent with this hypothesis as larger cations stabilize the CO on
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terrace sites and direct adsorbed CO from terrace to step sites,
which have been shown to be more favorable for the C-C coupling
pathway (42, 46). This is also supported by the measured Stark tuning
rates that vary in sync from Li" to K*.

Comparison between the spectroscopic and reactivity results for
larger alkali metal cations, i.e, K*, Rb*, and Cs", suggests a mode of in-
teraction between cations and reaction intermediates independent
of the electrostatic effects determined by the Stark tuning rate. The
hypothesis regarding the size of hydrated cations, and in turn inter-
facial electric field strength, discussed above cannot explain the
reactivity trend observed for K*, Rb*, and Cs* (Fig. 2B), as the overall
current density increases with the cation size while the spectroscopic
features (including the Stark tuning rate) remain largely unchanged
(Fig. 3 and Table 1). This indicates that the electric field strength is
not the only mechanism through which cations affect the surface-
mediated reaction.

The impact of nonelectrostatic interactions, as well as the cor-
relation of the size of hydrated cations with CO adsorption sites and
Stark tuning rates, is further supported by changing the nature of

cations through chelation. 18-Crown-6 is a crown ether known to
effectively chelate an equimolar solution of K™ ions (60). Thus, the
nature of the cation can largely be changed by introducing the
crown ether to the KOH electrolyte (crown: K" = 1:1) to form a
chelated complex, referred to as C-K* (Fig. 4A). Upon the introduc-
tion of equimolar crown ether to 0.1 M KOH at —0.4 V, the COy,
band corresponding to the step sites disappears while the intensity
of the COy, band corresponding to the terrace sites increases slightly
(Fig. 4B). The COy, band position is also redshifted by 2 cm! upon
introducing the crown ether (based on two identical repeats). Con-
trol experiments in 0.1 M tetramethylammonium (TMAOH), an
organic cation too bulky to be chelated by the crown ether, show
that the introduction of the crown ether has a less prominent im-
pact on the COy, band on step sites and causes no detectable shift in
peak position of CO adsorbed on the terrace sites (fig. S8). This
observation supports the hypothesis that the nature of cations in the
electrolyte directly affects the surface sites available for CO adsorp-
tion. We do not observe a Stark tuning effect on the crown ether
bands, which is consistent with our previous studies (19, 22) and
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Fig. 4. The impact of chelating K* cations. (A) Increasing the electrochemically relevant cation size, either by chelation (middle, C-K*) or by using a cation with a large
hydration shell (right, Li*), expands the outer Helmholtz layer. This reduces the cation-dependent electric field intensity whose strength is represented by the thickness

of the black arrow to the left of each panel. (B) ATR-SEIRAS spectra in CO-saturated 0.
ether’simpact on linearly bonded CO binding sites and peak intensity. Spectra presented correspond to 64 coadded scans collected with a 4cm™

1 M KOH at —0.4 V before and after adding equimolar crown ether showing the crown
resolution. (C) Reactiv-

ity data at —0.7 V, in 0.1 M KOH with and without crown ether, and 0.1 M LiOH showing the impact of crown ether on product distribution and rate. The stacked bars and
the white dots indicate FE (left axis) and total current density (right axis), respectively. The error bars represent the SD from at least three independent measurements.
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suggests that C-K" does not specifically adsorb to Cu sites but
affects the surface-bound CO from the electrolyte (fig. S9A). Fur-
thermore, the lack of the COy, band on the step sites with C-K* is
reminiscent of the spectrum in LiOH, indicating that C-K* favors
terrace sites for adsorbed CO, similar to Li". This is expected as
C-K", which resembles hydrated Li* (Fig. 4A), is bulkier than K%,
given that the size of the cavity in 18-crown-6 matches that of the K*
cation (61). It follows that C-K* does not interact with adsorbed
COy, sufficiently strongly to affect their adsorption configuration,
e.g., pushing a fraction of them to step sites. The Stark tuning rate of
the COy, band reduces from 39 to 28 cm™!/V after the introduction
of the crown ether to the KOH solution (fig. S9B), which is similar
to the difference in the Stark tuning rates between KOH and LiOH
(Table 1). The similar Stark tuning rates of C-K* (28 cm™'/V) and
hydrated Li* (29 cm™'/V) indicate that they have similar electro-
chemically relevant cation sizes.

We hypothesize that there is a NEF component in the cation
effect on the CORR, which is largely dependent on the nature and
structure of the cation. Reactivity results with Li* and C-K" (Fig. 4C)
show that the FE toward the CORR and the HER are ~40 and ~60%,
respectively, for both cations, but the total current density in LiOH
is a factor of 2 greater than that of C-K* (~7.6 mA/cm? versus
~3.7 mA/cm?; Fig. 4C). This result suggests that the electric field in-
tensity correlates better with the FE toward the CORR rather than
the rate. The plateauing of the CORR FE curve (Fig. 2C) and Stark
tuning rates (Table 1) for K, Rb*, and Cs", as well as the monotonic
increase in the total current density from K' to Cs", supports this
interpretation (Fig. 2B). Our recent work on the cation concentra-
tion effect at the same pH on the CORR activity also showed that
the formation rate, rather than the FE, of the CORR products grows
with the increasing cation (Na") concentration, while the Stark tun-
ing rate remains independent of the cation concentration (22).
Combined, these results point to a NEF component in the cation
effect on the electrocatalytic reactions that primarily affects the
reaction rate. The NEF component for alkali metal cations appears more
directly related to the nature/structure of hydrated cations than
their interaction with the surface adsorbed species. Peak positions
of terrace-site adsorbed CO with K", Rb*, and Cs" are identical
within experimental errors (+1 cm”}; Table 1), and the overall line-
shapes of the CO bands for these cations are also similar (Fig. 3),
suggesting comparable interactions of these cations with the ad-
sorbed CO. The primary difference among these cations is likely the
increasingly looser association with the hydration shell as the size of
the naked alkali metal cation increases. In addition, the comparison
between Li* and C-K" highlights the impact of the structure of
cations. On the basis of the similar Stark tuning rates, hydrated Li"
and C-K" are expected to have similar interfacial electric field
strength and electrochemically relevant sizes, albeit with different
structures. The size of hydrated Li" is largely defined by the extended
hydration shell, while the diffuse charge of C-K" and the relatively
hydrophobic ether likely lead to a loosely bound and thin hydration
shell. Thus, the differences in the CO peak position (2068 cm™ for
Li* versus 2060 cm ™ for C-K* at —0.7 V) and the overall lineshapes
of the adsorbed CO bands are likely attributable to the markedly
different structure of the cations. This, in turn, leads to different
interactions with adsorbed CO. A common theme appears to be the
immediate environment around alkali metal cations, i.e., chelating
agent, hydration shells, and, more generally, the interfacial water.
This is consistent with the cation concentration effect reported in
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our recent work in that higher Na* concentrations will certainly
change the interfacial water structure (22), as an increasing fraction
of the interfacial water molecules is tied up to the hydration shell of
cations.

The employment of a nonchelating ether in spectroscopic inves-
tigations highlights that the electric and NEF effects of cations can
also be produced by introducing a neutral species to the electro-
chemical interface. Tetraethylene glycol dimethyl ether (tetraglyme)
is an ether molecule with similar molecular weight and functional
groups to 15-Crown-5, a crown ether that selectively chelates Na*
cations (61), but without the capability of chelating cations due to
its linear structure. 15-Crown-5 and tetraglyme are expected to
interact with the interfacial water similarly due to their similar
functional groups but differently with cations, i.e., the former che-
lates Na*, changing the nature of the cation, while the latter does
not. The COy band position in Na*, equimolar tetraglyme and Na*
(T-Na™), and equimolar 15-crown-5 and Na* (C-Na*) decreases in
the sequence Na* (2066 cm™') > T-Na* (2064 cm™') > C-Na*
(2060 cm™"), and so does the ratio of CO on step versus terrace sites
(Table 1 and Fig. 5). The shift in the COy, peak position and site
distribution with T-Na* relative to Na* could be attributed to either
tetraglyme’s interaction with adsorbed CO or the disruption of the
interaction between CO and other interfacial species, e.g., Na*, by
the presence of tetraglyme. Specific interaction between adsorbed
CO and alkali metal cations has been previously proposed in non-
aqueous electrolytes (20). Because tetraglyme is a neutral species
and does not chelate Na*, its interaction with adsorbed CO is chem-
ical in nature, rather than driven by the electrode potential. The fact
that the peak shift with T-Na* versus Na* (2 cm ") is smaller than

Cu at -0.7 Vin 0.1 M NaOH under CO

—— Without tetraglyme or crown ether
—— With 0.1 M tetraglyme
—— With 0.1 M crown ether

2060
2064
2066 |

Absorbance (a.u.)

2120 2080 2040 2000

Wave number (cm™)

Fig. 5. The impact of organics on ATR-SEIRAS spectra. The traces show the lin-
early bonded CO on terrace site peak position and the relative intensity of the step
site band with respect to the normalized peak intensity of the terrace site band in
CO-saturated 0.1 M sodium hydroxide at —0.7 V. Spectra presented correspond to
64 coadded scans collected with a 4 cm™ resolution.
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that of C-Na* versus Na* (6 cm™) could be attributed to the ability
of C-Na" to get closer to the electrode surface than tetraglyme at
negative potentials due to the electrostatic attraction. The Stark tun-
ing rate also decreases in the sequence Na* (32 cm™Y/V) > T-Na*
(28 cm™Y/V) > C-Na" (25 cm™/V) (Table 1 and figs. S6 and S10).
The introduction of tetraglyme reduces the Stark tuning rate, i.e.,
the interfacial electric field strength, without changing the identity
of cations, albeit to a lesser extent than C-Na'. The impact of
tetraglyme on the strength of the interfacial field strength could be
rationalized via the analogy of the modification of the dielectric
constant of an aqueous solution by the introduction of organic spe-
cies. However, dielectric constant at the length scale of typical elec-
trochemical interfaces, especially the distance between the OHP
and the electrode surface (<<10 nm), is not well defined. Thus, both
the electric and the NEF components of the cation effect can be
modified by a neutral species (tetraglyme) without any strong inter-
action with cations. This suggests that the effects induced by cations
on the properties of the electrochemical interface and surface-
mediated reactions are not unique. The low concentration of
unchelated 15-Crown-5 is unlikely to have an appreciable impact
on the spectroscopic features of the C-Na* system. This is because
even with equimolar tetraglyme (chemically similar to 15-Crown-5)
and Na', the T-Na" system shows quite different spectral features
compared to the C-Na" one (Fig. 5). There is also no consistent
correlation between the COy, peak position and the Stark tuning
rate among the cations investigated (Table 1), suggesting that
the peak shift caused by cations is likely via the NEF mode of
interaction.

Results presented in this work suggest that the cation effect is
best viewed as an inseparable part of interfacial effect, as it could be
conceptually convoluted and unnecessary to separate cations from
the rest of the electrochemical interface. The key difference among
Na*, T-Na*, and C-Na* is how Na* interacts with species in its im-
mediate environment, i.e., water, chelating or nonchelating or-
ganics. C-Na* could be viewed as either a distinct cation from
Na" or a guest cation within its surrounding organic host species.
Because of the strong host-guest interaction, it is reasonable to con-
sider C-Na" as a different cation from Na®. It follows that Na" and
its hydration shell together should also be considered as a cation
due to their strong interaction, rather than Na® with a few sur-
rounding water molecules. This is consistent with our results that
the electrochemically relevant size of alkali metal cations is the size
of their hydrated counterparts. Attempts to separate cations from
the rest of interfacial species, especially in concentrated electro-
lytes, could prove impractical as it has been reported that in a
2 M NacCl solution, there is no space for “free water” between the
hydrated ions (58). The electrochemical interface in a concentrated
electrolyte appears to consist of only hydrated ions, which entails
that at negative potentials, the cation effect becomes synonymous
with the interfacial effect. A recent computational study suggests
that the concentration of K* close to the electrode surface could be
as high as 1.5 M at negative potentials in a 0.1 M K" electrolyte (62).
This supports the hypothesis that the electrochemical interfacial
area is crowded with cations even in relatively dilute bulk electro-
lytes at negative potentials. It follows that cations should be consid-
ered as an integral part of the electrochemical interface, in which all
species are highly connected and can affect the properties of the elec-
trochemical interface and surface-mediated reactions via both elec-
tric and NEF related modes. The understanding of these modes
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through which inorganic and organic cations interact with surface-
bound intermediates and affect surface-mediated electrocatalytic
reactions could enable targeted engineering of electrochemical
interfaces for specific reactions, such as the CO,RR and CORR.

CONCLUSION

In this work, we show that the nature of the alkali metal cation has
a significant impact on the activity and product distribution of the
CORR on a polycrystalline Cu surface in alkaline electrolytes. Rates
of both the CORR and the competing HER increase monotonically
with the size of the cation without accounting for its hydration shell.
The FE for CORR products increases from Li* to K" and remains
largely constant for the larger cations. Spectroscopic investigations
reveal that different cations lead to varied CO adsorption site dis-
tributions on Cu, with the fraction of CO adsorbed on step sites,
relative to that on terrace sites, increasing from Li* to K" and then
leveling off for the larger cations. This trend coincides with the
measured Stark tuning rates of adsorbed CO in the presence of
these cation-containing electrolytes, suggesting a shared origin.
On the basis of the GCS double-layer framework, the measured
Stark tuning rates indicate that the electrochemically relevant
size of hydrated alkali metal cations, and in turn the thickness
of the double layer, follows the following sequence: Cs*-xH,0 ~
Rb*-xH,0 ~ K*-xH,0 < Na"-xH,0 < Li*-xH,0. Combined reac-
tivity and SEIRAS investigations demonstrate that there are both
electric and NEF components of the cation effect. The interfacial
electric field strength is largely responsible for the increasing trend
in the CORR reactivity from Li* to K*, while the plateauing Stark
tuning rate and the rising CORR rate with K, Rb", and Cs" suggest
a NEF strength component in the cation effect. Spectroscopic in-
vestigations with crown ethers and tetraglyme show that the electric
and NEF components of the cation effect could be affected by
changes to the chemical structure and charge distribution of cat-
ions. The close interplay of various species, including cations, at the
electrochemical interface suggests that the cation effect should be
considered as an integral part of the general effect of composition
and structure of the electrochemical interface on electrode-mediated
reactions.

MATERIALS AND METHODS

Spectroscopic studies

Setup

The spectroelectrochemical setup used has been described in the
supporting information section of our previous works (29, 43). It
resembled a typical electrochemical H-cell with the capability of
stirring to mimic reaction conditions while collecting spectroscopic
information (fig. S1). One compartment contained a graphite
counter electrode (CE; fine extruded graphite rod, Graphite Store)
and was separated from the other by a Nafion ion exchange mem-
brane (Nafion 211, Fuel Cell Store). The other compartment
contained the working electrode (Cu film), an Ag/AgCl reference
electrode (3.0 M NaCl, BASi), and gas inlet and purge lines. The
electrodes were connected to a potentiostat (Solartron 1260/1287)
that was used for electrochemical measurements. The cell was
integrated into the Agilent Technologies Cary 660 FTIR spectrometer
equipped with a liquid nitrogen-cooled mercury cadmium telluride
(MCT) detector and a polarizer in the p-polarized light setting.
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Cu film electrode

The chemically deposited Cu film preparation process was adapted
from Gunathunge et al. (28) and has been described in detail in our
earlier work too (29). The roughness factor of the chemically depos-
ited Cu films varies between 10 and 12 (27, 28). Atomic force
microscopy (AFM) results show that the as-prepared Cu film has a
faceted island morphology with a thickness of ~80 nm (27). Scan-
ning electron microscopy images before and after potential steps in
hydroxide show no difference in particle size (29). X-ray diffraction
patterns of the as-deposited Cu film show the presence of the (111)
and (200) Cu facets (30), but polycrystalline Cu is known to under-
go reconstruction in alkaline conditions at reducing potentials and
oxidation when exposed to air, making its thorough characteriza-
tion challenging (63).

Electrolyte

A 0.1 M alkali metal/organic cation hydroxide solution (Sigma-
Aldrich, >99.9%), preelectrolyzed for 24 hours using a constant
reducing current of =5 mA cm™ to deposit most of the metal impu-
rities onto a Cu foil (Sigma-Aldrich, 99.998%), was used as the elec-
trolyte for the spectroscopic tests. For the experiments involving the
use of crown ether (18-crown-6, Acros Organics, 99.0% or 15-crown-5,
Sigma-Aldrich, 98%) or tetraglyme (Sigma-Aldrich, >99%), they
were directly added to the hydroxide electrolyte in an equimolar
portion.

Reactivity studies

Setup

A Gamry Reference 600+ potentiostat was used for all electrochem-
ical measurements. All electrolysis experiments were conducted in
a highly anti-alkali all-poly(methyl methacrylate) (PMMA) two-
compartment electrochemical cell separated by piece of anion-conducting
membrane (Selemion AMV AGC Inc.) (fig. S11). A graphite rod
(Sigma-Aldrich, 99.999%) was used as the CE. Potentials were
measured against an Hg/Hg,Cl, reference (saturated KCl, BASi),
which was calibrated using a homemade standard hydrogen elec-
trode. The measured potential was converted to the RHE reference
scale using the following equation: Potential (vs. RHE) = Potential
(vs. Hg/Hg,Cl,) + 0.241 V + 0.0591 V x pH.

CO gas (Air Liquide, 99.999%) was delivered into the electrolyte
through a gas dispersion frit to ensure sufficient gas-electrolyte
mixing at a flow rate of 10.00 cm® min™". The flow rate was con-
trolled by a mass flow controller (MKS Instruments Inc.) and cali-
brated using an ADM flow meter from Agilent Technologies. The
headspace gas was vented directly into the sampling loop of a gas
chromatograph (Agilent 7890B) and quantified every 17 min for
gas-phase products. Liquid products were quantified by a Bruker
AVIII 400-MHz nuclear magnetic resonance (NMR) spectrometer.
Typically, the NMR sample was prepared by mixing 500 pl of the elec-
trolyte with 100 pl of D,O (Sigma-Aldrich, 99.9%) and 1.67 ppm (m/m)
dimethyl sulfoxide (Alfa Aesar, >99.9%) as an internal standard.
The water signal was suppressed using the presaturation method.
The uncompensated resistance (R,) was determined by potentio-
static electrochemical impedance spectroscopy. The potentiostat
compensated for 85% of R, during the electrolysis, and the remain-
ing 15% was manually corrected for afterward to arrive at the actual
potential.

Cu foil electrode
Cu foils (Alfa Aesar, 0.1 mm thick, 99.9999%) were first mechani-
cally polished using sandpaper (P1200, STARCKE) and then elec-
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tropolished in 85% ortho-phosphoric acid (Sigma-Aldrich, 85% in
water) at 2.1 V versus a graphite rod (Sigma-Aldrich, 99.999%) CE
for 5 min. After rinsing with Milli-Q water (18.2 megohm-cm), Cu
foils were dried under a vacuum. Then, a Cu wire current collector
was attached to one end of the electrode using silver epoxy.
Polycrystalline Cu micropatrticle electrode

Eight milligrams of Cu microparticles (Sigma-Aldrich, <45 um,
99.7%) was uniformly dispersed onto an 8 cm? Sigracet 39 BC (Fuel
Cell Store) carbon paper to achieve a catalyst loading of approxi-
mately 1.0 mg cm ™. Next, 200 pl of a 2.5 weight % Nafion solution
(Sigma-Aldrich) was uniformly deposited onto the catalyst layer.
After drying in air, the catalyst was further dried under vacuum to
thoroughly remove the residual solvent. Then, the catalyst was cut
into individual electrodes that were approximately 0.5 x 1.5 cm?. A
nickel wire current collector was subsequently attached to one end
of the electrode using silver epoxy. Before CO electroreduction, all
electrodes were pretreated at —0.7 V for 5 min in an argon (Air Liquide,
99.999%)-purged electrolyte to stabilize the surface conditions.
Electrolyte

Lithium hydroxide monohydrate (99.995% metals basis) was pur-
chased from Alfa Aesar. Sodium hydroxide (semiconductor grade,
99.99% trace metals basis) was purchased from Sigma-Aldrich. Po-
tassium hydroxide (semiconductor grade, 99.99% trace metals
basis) was purchased from Sigma-Aldrich. Rubidium hydroxide hy-
drate (15 to 20% H,0, 99% metals basis) was purchased from Alfa
Aesar. Cesium hydroxide monohydrate (99.95% trace metals basis)
was purchased from Sigma-Aldrich. The electrolytes used for all re-
activity studies were purified with Chelex resin (Sigma-Aldrich,
Chelex 100 sodium form). To further remove the trace metal con-
tamination in 0.1 M RbOH, preelectrolysis of the electrolyte in an
Ar atmosphere was carried out for 2 hours using electropolished Cu
foil electrodes at a constant current density of -5 mA cm > The
electrolyte pH, which was detected using the Orion Star Alll
Benchtop pH Meter (Thermo Fisher Scientific), showed no signifi-
cant change after the electrolysis.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/45/eabd2569/DC1
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