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facial cation hydration at catalytic
active sites and spectator sites on gold electrodes:
understanding structure sensitive CO2 reduction
kinetics†

Jaclyn A. Rebstock, Quansong Zhu and L. Robert Baker *

Hydrated cations present in the electrochemical double layer (EDL) are known to play a crucial role in

electrocatalytic CO2 reduction (CO2R), and numerous studies have attempted to explain how the cation

effect contributes to the complex CO2R mechanism. CO2R is a structure sensitive reaction, indicating

that a small fraction of total surface sites may account for the majority of catalytic turnover. Despite

intense interest in specific cation effects, probing site-specific, cation-dependent solvation structures

remains a significant challenge. In this work, CO adsorbed on Au is used as a vibrational Stark reporter to

indirectly probe solvation structure using vibrational sum frequency generation (VSFG) spectroscopy.

Two modes corresponding to atop adsorption of CO are observed with unique frequency shifts and

potential-dependent intensity profiles, corresponding to direct adsorption of CO to inactive surface sites,

and in situ generated CO produced at catalytic active sites. Analysis of the cation-dependent Stark

tuning slopes for each of these species provides estimates of the hydrated cation radius upon adsorption

to active and inactive sites on the Au electrode. While cations are found to retain their bulk hydration

shell upon adsorption at inactive sites, catalytic active sites are characterized by a single layer of water

between the Au surface and the electrolyte cation. We propose that the drastic increase in catalytic

performance at active sites stems from this unique solvation structure at the Au/electrolyte interface.

Building on this evidence of a site-specific EDL structure will be critical to understand the connection

between cation-dependent interfacial solvation and CO2R performance.
1 Introduction

Electrochemical CO2 reduction (CO2R) is one of the most
promising techniques in converting excess atmospheric CO2 to
renewable feedstocks.1–4 The major challenge for large-scale
CO2R is engineering an efficient catalyst that can perform
CO2R with high product selectivity, low overpotentials, and
long-term stability. Among the various products that can be
formed from CO2R, the two-electron/two-proton reduction of
CO2 to carbon monoxide (CO) has been a large research focus,
owing to the practical applications of CO.4,5 Nanostructured Au
is reported to have high catalytic efficiency and selectivity in
converting CO2 to CO, garnering a large interest in the study of
CO2R on Au catalysts.4,6,7 Although the mechanisms of the
, The Ohio State University, Columbus,
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intricate CO2R reaction have been extensively studied at the Au/
electrolyte interface, additional understanding of the interfacial
properties that ultimately control the efficiency of CO2R is
needed to enable practical applications of electrochemical
CO2R.

Among the many factors that mediate CO2R on metal
surfaces, hydrated cations within the electrochemical double
layer (EDL) strongly inuence both activity and selectivity,8–11

although the exact mechanism remains a topic of signicant
interest. Although specic cation effects on electrocatalytic
CO2R were reported as early as 1969,12 this subject has recently
become a topic of renewed interest owing to its importance for
efficient CO2 conversion.8,13–16 A number of mechanisms have
been proposed to explain this observation, which include the
cation-dependent potential drop across the OHP (i.e. Frumkin
potential),14,15,17 buffering of the interfacial pH via cation
hydrolysis reactions,8 and interfacial electric eld effects on the
electron transfer rate.10,15,18 Specically, Singh et al. showed
cation-dependent CO2R activity to follow the trend of Cs+ > Rb+

> K+ > Na+ > Li+ on Ag and Cu surfaces,8 and attributed this
effect to the fact that cations with larger atomic radii, such as
Cs+ and Rb+, have lower pKa values, suggesting that cation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrolysis reactions buffer the interfacial pH during CO2R.
Because the size of the hydrated cation determines the position
of the outer Helmholtz plane (OHP), electric eld effects may
also contribute to cation-dependent CO2R activity.15,17 Ignoring
effects of explicit solvation, the electric eld generated between
the electrode surface and the OHP is inversely proportional to
the radius of the hydrated cation. Strong electric elds favor
a bent CO2 conguration due to eld-dipole coupling.10,19

Although a signicant barrier exists for electron transfer from
a metal electrode to linear CO2, electron transfer to bent CO2 is
facile.19 A growing number of studies have concluded that
specic cation effects are a result of the interfacial electric eld
that varies with the effective hydration radius of the electrolyte
cation.11,20 In each of these studies, it is assumed that cation
hydration at the interface follow bulk trends, where Li+ > Na+ >
K+ > Rb+ > Cs+. Although CO2R on metal electrodes is a highly
structure sensitive reaction, indicating that a small fraction of
total surface sites may account for a majority of the observed
catalytic turnover, few studies to date account for the possibility
of a unique electrochemical double layer (EDL) structure at
sparse catalytically active surface sites under applied potential.
Our recent work has highlighted the importance of studying the
interfacial solvation structure within the EDL by showing that
CO2R activity is closely correlated with effects of specic cations
on the solvation-induced Onsager reaction eld during CO2R.13

Liu et al. previously investigated the role of structure sensi-
tivity and found that nanostructured surfaces possessing high
curvature lead to intense local electric elds that increase the
presence of interfacial cations, and consequently, CO2 concen-
trations at the surface.21 We note that strong local electric elds
at nanostructured surfaces may also inuence local solvation
structures of the hydrated cations. In addition to effects of
nanoscale surface structure, atomic-scale structure (i.e. facet
dependence) also has a signicant inuence on CO2R kinetics.
Back et al. showed computationally that exact structure sensi-
tivity differs for different metals.22 Comparing low index
terraces with edge sites and corner sites, it was found that edge
sites are most active for CO2R on Ag electrodes, while corner
sites are most active on Au electrodes, with terraces being the
least active on either metal. This prediction is consistent with
single crystal studies using Au(111), Au(110), and Au(221) elec-
trodes, where Mezavilla et al. showed that low coordination sites
are 20-fold more active than planar terraces sites, and site
selective underpotential deposition of Pb conrmed that low
coordination sites on these single crystal surfaces account for
nearly the entire observed CO current during CO2R.23 Marcan-
dalli et al. also showed that both CO2R rate and CO adsorption
on Au is surface facet dependent.24 Although the current work
focuses on Au electrodes, additional studies have shown that
CO2R on Cu is also strongly structure sensitive.25–27 DFT calcu-
lations of surface kinetics in the absence of explicit solvent
oen fail to reproduce these order of magnitude changes in site-
specic CO2R activity,28,29 suggesting that in addition to mole-
cule–surface interactions, local solvation structure plays
a signicant role in determining site-specic CO2R activity.

Surface adsorbed CO has been widely used as a vibrational
Stark reporter to probe the interfacial solvation structure and
© 2022 The Author(s). Published by the Royal Society of Chemistry
electric eld inside the EDL.11,13,14,30–32 Unlike other metals such
as Cu and Pt, in situ generated CO on Au produces low spec-
troscopic signals due to both a low density of surface active sites
as well as weak CO adsorption resulting in a low steady state
coverage.22,23 For this reason, many studies opt to increase the
CO surface concentration by directly purging CO into the elec-
trolyte. Direct adsorption of CO on Au is also potential depen-
dent with adsorption favored at �0.1 V vs. SCE, signicantly
above the onset for CO2R.33,34 Consequently, CO on Au can also
be detected by a potential jump from negative to positive bias
following accumulation of CO in the electrolyte by prolonged
CO2R. Both of these approaches lead to sampling primarily
inactive spectator sites, which occupy most of the Au surface.
Owing to the strong structure sensitivity of CO2R, Stark tuning
measurements of CO adsorbed indiscriminately on Au may not
provide reliable information on the site dependent solvation
structure at catalytic active sites. In this study using plasmon-
enhanced vibrational sum frequency generation (VSFG), we
demonstrate the capability of detecting two distinct binding
sites for CO on Aumeasured at the Au/MHCO3 (M¼ Li+, Na+, K+,
Rb+, or Cs+) electrolyte interface during active CO2R electro-
catalysis. Selective poisoning of catalytic active sites reveals that
one of these species is the result of in situ CO2R at catalytic
active sites, while the other species correlates to spectator CO.
This ability to use in situ generated CO as a Stark reporter of
catalytic active sites reveals a unique cation-dependent EDL
structure, whichmust be explicitly considered in order to obtain
a molecular understanding of the strong structure sensitivity of
CO2R electrocatalysis on Au.

2 Results

Fig. 1 shows VSFG measurements of CO adsorbed on a Au
electrode as a function of potential during a scan from more
positive potential (top) to negative potential (bottom). All
potentials are reported relative to Ag/AgCl reference electrode.
0.1 M RbHCO3 electrolyte was prepared from high purity salts
and purged with either CO2 or CO (see ESI† Section 2). During
direct CO2 purging a single peak is observed, which appears
near the onset of CO2R around�0.6 V and increases in intensity
at more negative potentials (Fig. 1a). In contrast, two main
peaks are observed under direct CO purging, which are differ-
entiated by their slightly different frequency shis, and more
noticeably by their distinct potential-dependent adsorption
proles (Fig. 1b). At less negative potential, a prominent feature
around 2090 cm�1 is observed, consistent with previous reports
of CO adsorbing to Au in the atop geometry.35,36 The intensity of
this peak grows from �0.1 V to �0.2 V and then begins to
decrease at �0.3 V, disappearing completely by �0.8 V. This
intensity prole closely matches the previously reported
potential-dependent adsorption behavior of CO on Au.33,36 This
same peak has been observed in a number of previous
studies,14,31,37 and we assign this feature to the direct adsorption
of CO at spectator sites (COSS). A second feature is also present
under CO purging but this peak is relatively weak and is only
observed near or below the onset of CO2R. The frequency and
potential dependent intensity prole of this feature closely
Chem. Sci., 2022, 13, 7634–7643 | 7635
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Fig. 1 (a) VSFG spectra of CO2 purged 0.1 M RbHCO3, showing only in situ generated CO adsorbing to active sites. (b) VSFG spectra of CO2 and
continuous CO purging of 0.1 M RbHCO3, showing both in situ generated CO adsorbing to active sites and purged CO adsorbing to spectator
sites. (c) Diagram of CO2 purged environment that results in CO at highly active under-coordinated sites (corresponding to Fig. 1(a)). (d) Diagram
of CO and CO2 purge environment that results in CO at active under-coordinated and inactive terrace (spectator) sites (corresponding to
Fig. 1(b)).
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matches the single feature observed under CO2 purging condi-
tions. This peak, which is present under both CO2 and CO
purging conditions, matches previous reports of in situ gener-
ation of CO during active CO2R.13,30 The early detection of the
CO intermediate feature has been reported previously in other
spectroscopic measurements.38,39 The frequency of this feature
is consistent with atop adsorption.36,40 However, we observe
a shi to slightly higher frequency compared to COSS. If it is
considered that Au sites on terraces are highly coordinated, the
high local electron density around these sites can back donate
to the p* orbital of the adsorbed CO. In contrast, the shi to
higher frequency suggests that this CO is bound to under-
coordinated Au atoms having lower electron density and less
propensity for p back donation. This is consistent with previous
observations that low coordinate sites on Au are more active for
CO2R.22–24 We assign this feature to in situ generated CO at active
sites (COAS), as discussed further below. However, we cannot
eliminate the possibility that some spectator CO adsorption to
active sites or re-adsorption of CO produced from initial step
cycling contributes to this feature. These assignments for COAS
and COSS are schematically depicted in Fig. 1c and d. In the
7636 | Chem. Sci., 2022, 13, 7634–7643
case of direct CO purging, a small third peak appears as
a shoulder on the high frequency side of the COSS feature. This
peak can be differentiated from COAS by its potential-
dependent adsorption prole and Stark tuning slope, both of
which closely follow the main COSS feature. We attribute this to
multiple binding sites for spectator CO on these polycrystalline
electrodes. However, because Stark tuning slopes for this weak
shoulder are difficult to accurately t, the analysis below
focuses only on the primary COSS and COAS features. Below we
describe how COAS and COSS represent local probes of site-
specic solvation structure, which is found to differ signi-
cantly between catalytic active sites and surface spectator sites.
However, rst we briey discuss the role of catalyst deactivation
by trace metal ion deposition.

Two experiments have been performed to conrm that the
peak observed near the onset of CO2R (COAS) represents the in
situ generation of CO from CO2, produced at catalytically active
sites on the Au electrode. The rst experiment is based on
selective poisoning of active sites by trace metal ion deposition.
Fig. 2a shows the faradaic efficiency for CO generation from the
Au electrode as a function of time. A comparison is made
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Kinetic measurements taken at �1.2 V vs. Ag/AgCl using 0.1 M NaHCO3 with and without EDTA. The significant drop in faradaic
efficiency results from the transition metal (TM) ion deposition on active sites. VSFG spectra taken at �1.1 V vs. Ag/AgCl using 0.1 M NaHCO3 (b)
without EDTA and (c) with 3.4 mM EDTA. (d) VSFG spectra of the potential jump experiment. The potential was initially held at �0.9 V vs. Ag/AgCl
for three five second integrations after which the potential was switched to �0.1 V vs. Ag/AgCl and several more five second integrations were
collected.
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between two scenarios: one in which no pre-purication of the
electrolyte is employed showing the effects of Au deactivation
due to the deposition of trace metal ion impurities, and another
in which disodium ethylenediaminetetraacetate (EDTA) has
been added to the electrolyte to prevent trace metal ion depo-
sition.41 It can be seen that while the initial CO faradaic effi-
ciency is similar in the two cases, in the absence of EDTA the Au
catalyst deactivates to near-zero faradaic efficiency within 1 h.
This is consistent with previous reports by our group and others
showing rapid deactivation of an unprotected Au electrode.41–44

In contrast, less than 10% of this deactivation is observed in the
presence of EDTA, indicating that deactivation is primarily the
result of deposition of trace amounts of contaminant ions on
the Au surface. Below we show that these ions can be detected
post reaction and quantied using X-ray photoelectron spec-
troscopy (XPS) to obtain an upper-limit estimate of the active
site density responsible for CO production from CO2.

Fig. 2b and c compare the intensity vs. time at xed potential
(�1.1 V vs. Ag/AgCl) for the peak assigned as COAS in the
absence (Fig. 2b) and presence (Fig. 2c) of EDTA. As shown, in
the absence of EDTA the peak intensity decays almost to zero
over the time scale of catalyst deactivation, indicating that the
observed CO is being produced in situ via the electrocatalytic
reduction of CO2. In the presence of EDTA, we observe that this
peak intensity remains nearly constant over this same time
period. Although this species is correlated with in situ CO
generation, it is still possible that CO produced at active sites
can migrate in solution and re-adsorb on Au, which would yield
this species an inaccurate Stark reporter of EDL structure at
catalytic active sites. To rule out this possibility, Fig. 2d shows
the results of a potential step experiment where the peak
assigned as COAS is monitored as a function of time during
a sudden change in potential. To monitor the time-dependent
intensity across this potential step, each spectrum in Fig. 2d
has been averaged for only 5 s, compared to 120 s for other
spectra reported. Initially, the Au electrode is held at a xed
potential of �0.9 V vs. Ag/AgCl resulting in the observation of in
situ generated CO. Aer 15 s, the potential is suddenly increased
to �0.1 V vs. Ag/AgCl where CO2R is no longer active, but at this
© 2022 The Author(s). Published by the Royal Society of Chemistry
potential any CO present in the solution will readily adsorb to
the Au electrode.33,36 Due to active purging of the electrolyte with
CO2 to facilitate mass transfer, we observe that the COAS
intensity decays to zero in less than 10 s. This decay period is
much shorter than a normal integration, indicating that the
signal observed here represents the active turnover of CO2 to CO
at active sites and does not contain a signicant contribution
from re-adsorption of solution phase CO at spectator sites.
Consequently, we treat this species as a Stark probe capable of
uniquely reporting on the cation-dependent EDL structure at
active sites on Au.

Based on quantication of the ion deposition onto a fully
deactivated Au electrode, it is possible to estimate the upper
limit for active site density on these catalysts. XPS spectra in
Fig. 3 reveal ion deposition onto the Au electrode. High-
resolution XPS measurements of the Au 4f, Cu 2p, and Zn 2p
binding energy regions were taken following exposure to
various experimental conditions. While Cu, Zn, Fe, and Pb have
all been detected as trace metal impurities in (bi)carbonate
electrolyte salts,4,41,42 previous work has shown that only Cu and
Zn deposit on Au under CO2R potentials.41 As expected, the bare
Au electrode (pre-electrolysis) shows no Cu or Zn deposition on
the surface. Aer 60 min of electrolysis under �1.2 V vs. Ag/
AgCl, taken in conjunction with simultaneous kinetics
measurements that conrm complete Au deactivation, post-
reaction XPS shows that Cu is present on the catalytic surface
with a bulk atomic ratio of 0.7% compared to Au (XPS tting
details are included in ESI† Section 4). The XPS measurements
were repeated multiple times giving a range of Cu atomic frac-
tions, and this result is representative of the Cu and Zn detected
across multiple observations. Zn was not detected aer 60 min
of electrolysis. However, it is possible that Zn deposits on the
surface below the XPS detection limit. To account for the
possibility of rapid cation stripping following the removal of
bias from the electrode, additional XPS samples were prepared
by removing the Au electrode from the system under bias. We
found negligible differences in Cu and Zn deposition when
compared to removing the electrode without polarization. A
16 h electrolysis control shows that under long electrolysis
Chem. Sci., 2022, 13, 7634–7643 | 7637
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Fig. 3 XPSmeasurements of (a) Au 4f, (b) Cu 2p, and (c) Zn 2p of a Au electrode as-deposited and following 60min electrolysis in 0.1 M NaHCO3

electrolyte with and without addition of 3.4 mM EDTA.
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times, metal deposition saturates the active sites and the
concentration of Cu and Zn increase on the surface over time
(see ESI† Section 4). Even in these extended electrolysis exper-
iments, we did not observe any detectable Pb or Fe, consistent
with previous observation that only Cu and Zn deposit on Au
under the specied conditions.41 Despite additional metal ion
deposition during extended electrolysis, complete deactivation
of CO production is observed aer only 60 min indicating that
the surface concentration of metal deposited during this period
represents an upper limit to the active site density. This control
also shows that both Cu and Zn are capable of deposition under
these electrolysis conditions. We have also carefully considered
the possibility of Pt leaching and show that the observed CO
signal is not the result of CO binding to Pt sites based on XPS
and VSFG control measurements (ESI† Section 4). First, no Pt 4f
signal was present post-electrolysis. Although a Au feature can
be seen in this binding energy region, we have previously shown
that the signal is due to the Au 5p energy overlap, and not Pt
deposition on the Au electrode.13 Second, as shown in Fig. 2b,
CO spectra obtained without the presence of EDTA shows that
the intensity decreases with time. This observation cannot be
attributed to Pt deposition on the Au electrode, which would
rather show an increasing intensity as a function of time.
Consequently, we exclude the possibility of Pt contamination
interference in these spectral assignments. Even still, all
experiments employed a Naon membrane to separate the Au
working electrode from the counter electrode.

We now consider the upper limit to active site density on Au
based on these XPS measurements. Due to an XPS probe depth
of �6 nm into the Au electrode (ESI† Section 4), the surface
signal of the Au 4f XPS peak must be elucidated from the bulk
signal in order to accurately describe the atomic ratio of metal
ions deposited on top of the Au surface. Accounting for the
surface-to-bulk signal ratio (ESI† Section 4), the upper limit to
the measured Cu atomic fraction of 0.7% actually represents
7638 | Chem. Sci., 2022, 13, 7634–7643
3.6% of the Au surface. XPS limit of detection (LOD) calcula-
tions (ESI† Section 4) also provide a LOD for Zn on the Au
surface as 0.5%, which should factor into quantifying the trace
metal deposition on the Au surface. From these calculations, we
can see that metal deposition on 4% of the surface causes 100%
loss of CO2R activity. While it is known that trace metals will
preferentially deposit on the Au active sites, it is possible to have
some degree of deposition at inactive spectator sites during the
measurements and also in the short time between the actual
surface deactivation and the end of electrolysis. Therefore, this
quantity only provides an upper limit to active site density, and
themajority of CO2R activity is expected to occur at less than 4%
of the surface. This approximate active site density is consistent
with the ndings based on selective poisoning of single crystal
electrodes, which showed that low coordination sites are 20-fold
more active than planar terraces sites for CO2R on Au.23 Addi-
tionally, in agreement with the results shown in Fig. 2a, the
addition of EDTA to the electrolyte solution shows no observ-
able Cu or Zn deposition aer 60 min of electrolysis.

Taking 4% as the upper limit to active site density, turnover
frequency (TOF) values for CO2R were estimated. First, the
average TOF is rst calculated by taking into account the partial
CO current density over the total Au surface. The total number
of Au surface sites on the electrode was estimated from the
known single site area based on a 0.238 nm Au lattice spacing,
assuming a (111) surface for simplicity, over the entire electro-
chemical surface area, which was previously determined to be
1.2 cm2.43 This calculation estimates the total number of Au
sites on the electrode to be 2.2� 1015. Using the total number of
Au sites, the partial CO current represents an average TOF of
0.45 s�1. However, considering that at most only 4% of the total
surface sites are active for CO production, the TOF at active sites
is at least 25-fold higher, or 11.20 s�1, indicating that signi-
cantly higher local activity is present at select sites on the
catalyst surface. To gain insight into the mechanism of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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enhanced CO2R at specic actives sites, we investigate the
cation-dependent Stark tuning slopes. Using Gouy–Chapman–
Stern (GCS) theory, we use the measured Stark tuning slope to
estimate the distance from the Au electrode to the OHP in an
attempt to better understand the site-specic solvation struc-
ture. Comparing results for COAS and COSS reveals the pres-
ence of a unique EDL structure at sites that are highly active for
CO2R compared to less active, spectator sites as described
below.

As these two types of CO serve as local probes for different
sites, it enables the study of site-specic interfacial structure by
looking into their potential-dependent Stark tuning behavior,
i.e. how fast the frequency shis with applied potential.13,17 For
example, in the case of Rb+ (Fig. 1b), the Stark tuning slope for
COAS and COSS are 31 cm�1/V and 81 cm�1/V, respectively. We
repeated the direct CO purging experiment for all alkali cations
(ESI† Section 5) and the averaged Stark tuning slopes of a couple
of trials for both COSS and COAS are shown in Fig. 4a. Inter-
estingly, the Stark tuning slopes exhibit opposite trends for the
two CO reporters as a function of cation. The Stark tuning slope
increases for COSS from Li+ to Cs+, but decreases for COAS from
Li+ to Rb+, with Cs+ as an anomaly. In fact, the trend in the Stark
tuning slope observed for COAS is also opposite to that previ-
ously reported for spectator CO.14 This observation must be
carefully considered when seeking to provide an accurate
understanding of specic cation effects and the role of the EDL
in CO2R.

While Fig. 4a reveals a nearly opposite trend for alkali cation
effects on the Stark tuning slope of COAS compared to the more
widely studied COSS, we now seek a quantitative estimate of the
distance from the electrode surface to OHP, which inuences
both the electric eld and interfacial solvation structure during
CO2R. We note here that multiple factors can inuence the
absolute measured CO frequency. These effects include chem-
ical shis due to site-specic bonding and dipolar coupling, in
addition to the actual vibrational Stark effect.45–48 Chemical
shis refer to changes in adsorbate bonding with the substrate,
which inuences the absolute frequency and the rate of change
with applied eld.47 As discussed above, CO binding is sensitive
to the degrees of p back donation, which varies for different
Fig. 4 (a) Experimentally obtained apparent Stark tuning slopes, the intri
COSS, and the Stark tuning slopes for in situ generated COAS during dire
and (c) COAS using intrinsic Stark tuning slopes and calibrated Stark tun

© 2022 The Author(s). Published by the Royal Society of Chemistry
sites on a metal surface.49 Thus, the absolute frequency and the
observed Stark tuning rate is sensitive to the site-specic
adsorption of the CO Stark reporter.50,51 In addition to chem-
ical effects, dipolar coupling results in frequency shis due to
interactions between adsorbed dipoles, such that potential-
dependent changes in the surface coverage of CO must also
be considered. However, as described in the ESI† Section 6, it is
possible to separate the effect of potential-dependent dipolar
coupling from the vibrational Stark effect as demonstrated
previously.52,53 Properly accounting for dipolar coupling enables
more accurate calculation of the true vibrational Stark effect.45

Within the framework of GCS theory, the Stark tuning slope can
then be related to the distance from electrode surface to the
OHP (see ESI† Section 8), thereby providing information on the
site-specic solvation structure during CO2R on Au.

We begin by excluding the dipolar coupling effect on the
observed (apparent) Stark tuning slope by performing the
potential-jump experiment, as described in previous studies.52,53

Details of this procedure are provided in Section 6 of the ESI.†
Frequency shis caused by dipolar coupling will be most
prominent with high adsorbate coverage, and therefore, must
be considered in the case of COSS. For COSS, the dipolar
coupling effect is shown to only account for about 10% of the
apparent Stark tuning slope, and the intrinsic Stark tuning
slope aer excluding dipolar coupling effects still follows the
same trend as a function of cation, as shown in Fig. 4a.
Regarding COAS, since the population of active sites is very low
(<4%, as discussed above), we expect that the coverage of in situ
generated CO is below the threshold surface coverage for
dipolar coupling.30,54,55 However, it has recently been shown that
even low pressures of CO can induce surface reconstruction of
metal electrodes forming under-coordinated nanostructures on
the surface that are stabilized by clusters of adsorbed CO.65,66

Consequently, we cannot exclude the possibility that some
dipolar coupling inuences the observed Stark tuning slope
even for COAS, and this would depend on the actual dispersion
of active sties on the electrode. Fig. 4a shows three different
Stark tuning slopes as a function of alkali cation: (1) the
apparent Stark tuning slope for COSS, including effects of
dipolar coupling (red stripes), (2) the intrinsic, or actual, Stark
nsic Stark tuning slopes after disentangling dipolar-coupling effects for
ct CO purging experiment. Derived Stern layer thickness for (b) COSS
ing rate.

Chem. Sci., 2022, 13, 7634–7643 | 7639
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tuning slope for COSS (red solid), with effects of dipolar
coupling removed, and (3) the intrinsic Stark tuning slope for
COAS (blue solid). We note that the magnitudes of the COAS
Stark tuning slopes during CO purging are slightly larger than
what has been previously reported during CO2 purging,13 which
may be due to dipolar coupling effects resulting from CO-
induced surface reconstruction.

Estimates for the OHP at both active and spectator sites can
be derived from the intrinsic Stark tuning slopes in the context
of GCS theory, but this calculation requires knowledge of the
site-dependent Stark tuning rate ðjDm

.jÞ shown in eqn (1).

uðfÞ ¼ uref � jDm
.j$ Df

Dd
(1)

This equation relates the measured vibrational frequency (u(f))
to the zero-eld frequency (uref) as a function of the potential
drop in the Stern layer (Df) and the distance (Dd) from the
electrode surface to the OHP. Importantly, Df can be estimated
from GCS theory indicating that if jDm

.j is known, it is possible
to obtain Dd from the experimentally determined Stark tuning
slope following removal of dipolar coupling effects as reported
in Fig. 4a.

In fact, the value of jDm
.j will be sensitive to the specic site

of CO adsorption50,51 because varying degrees of p back dona-
tion will inuence the rate at which CO frequency shis under
the inuence of an interfacial electric eld. Consequently, any
attempt to quantify the OHP will be subject to uncertainty in the
site-dependent value assumed for jDm

.j. To estimate the OHP
and observe how this distance varies as a function of cation, we
consider the following: it has been previously observed that Cs+

can partially desolvate upon adsorption to a metal electrode due
to its low hydration free energy. We also observe evidence of Cs+

partial desolvation in the present VSFG measurements, which
show that at CO2R active sites the Stark tuning slope increases
from Li+ to Rb+ with increasing cation size but decreases for Cs+,
suggesting a partial loss of the cation's hydration shell. This has
further been observed using X-ray scattering measurements on
a Pt electrode where it was shown that the OHP of a Cs+ elec-
trolyte is 3.5 Å, which is smaller than the single layer hydrated
radius for Cs+.56 Importantly, these X-ray scattering measure-
ments were not specic to any particular active site, indicating
that due to its low hydration free energy, the OHP for Cs+ is
approximately 3.5 Å even at planar terrace sites. We note that
partial desolvation of Cs+ can decrease the distance to the OHP
Fig. 5 (a) Diagram of interfacial solvation structure at relatively inactive (t
hydration shell decreases from Li+ to Cs+. (b) Diagram of interfacial solvat
is reduced at these sites, keeping about one layer of water from Li+ to R

7640 | Chem. Sci., 2022, 13, 7634–7643
even in the absence of signicant charge transfer between Au
and Cs+, and here we refer only to partial desolvation rather
than specic cation adsorption, which would denote chemical
bonding to the surface.

Based on these observations, we take the value of 3.5 Å ob-
tained by X-ray scattering to represent a reasonable estimate for
the OHP in a Cs+ electrolyte. Assuming this value for the OHP
distance, we calibrate the Stark tuning rate for COAS and COSS
(ESI† Section 8). Although this approximation introduces some
uncertainty in the absolute OHP values, the trend as a function
of cation is unaffected. Below we show that the cation-
dependent OHP values calculated by this method actually
agree quite well with previously predicted solvation radii for the
alkali cations. Most importantly these results indicate that at
inactive, spectator sites cations in the EDL retain nearly their
entire bulk hydration shells, while at catalytically active sites,
the EDL consists of only a single water layer between the Au
electrode and the alkali cation.

To illustrate this, Fig. 4b shows the calculated distance from
the Au electrode to the OHP at inactive spectator sites as
a function of cation from Li+ to Rb+, and Fig. 4c shows the
analogous results for catalytic active sites. In both cases, the
assumed OHP for Cs+ is used as a calibration point. Fig. 5
illustrates how these two sets of results compare to the bulk
hydration radius and the single layer hydration radius, respec-
tively. Fig. 5a shows the estimated OHP for each cation observed
at inactive spectator sites, where the smaller dark blue circles
represent the crystal radius for each alkali cation, and the large
light blue circles represent the corresponding bulk hydration
radius reported by Ringe et al.11 As shown, there is close
agreement between the measured OHP and the bulk hydration
radius, which decreases from Li+ to Cs+, consistent with
previous Stark tuning measurements of CO at spectator sites.14

In contrast, Fig. 5b shows the results for catalytic active sites,
where the inner blue circles represent the cation crystal radius,
and the outer blue circles represent the thickness of a single
layer of water (i.e. the rst hydration layer, calculated from the
reported cation-oxygen distance57 plus 0.99 Å O–H bond
length58). Here we also observe almost exact agreement between
the measured OHP and the rst hydration layer. This indicates
that in contrast to the majority of Au surface sites, only a single
layer of water exists between catalytic active sites and the elec-
trolyte cation.
errace) sites. The solvation structure is similar to that in bulk, where the
ion structure at highly active (under-coordinated) sites. Hydration shell
b+, while Cs+ is partially desolvated.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3 Discussion

In summary, the results of this work are consistent with
previous reports showing that specic active sites on a Au
electrode have a much higher turnover frequency than the
majority of surface atoms for the structure sensitive CO2R
reaction. Selective poisoning experiments indicate that these
active sites occupy approximately 4% or less of the total surface,
yet are responsible for nearly all of the CO2R selectivity on
polycrystalline Au electrodes, with other sites primarily
producing H2. Based on previous characterization of CO2R
kinetics on single crystal electrodes, we attribute these highly
active surface sites to under-coordinated Au atoms, such as step
edges, kinks, adatoms, or grain boundaries. Despite numerous
reports using CO as a vibrational Stark reporter on Au, prior
studies have focused on direct adsorption of CO, which indis-
criminately samples surface atoms on the Au electrode.
Although useful for understanding interfacial electric elds and
EDL structure at the Au/electrolyte interface, these previous
measurements are insensitive to the possibility of unique
interfacial solvation at catalytic active sites, which are present
only at very low densities on the Au surface. Using in situ VSFG
measurements with a detection limit less than 1% of a surface
monolayer,30 two types of CO (COAS and COSS) are identied in
the present study. In situ VSFG measurements during selective
poisoning as well as potential jump experiments conrm that
the peak assigned as COAS represents a Stark reporter of cation-
dependent solvation structure at catalytic active sites, providing
a unique window into the interfacial solvation structure at
surface sites showing anomalously high activity for CO2R.

The importance of selectively probing solvation structures
at catalytic active sites is illustrated in Fig. 4a, which shows
that Stark tuning slopes show nearly opposite trends as
a function of alkali cation at active sites compared to inactive,
spectator sites. These measurements also provide a basis for
estimating the distance from the electrode surface to the OHP
in the presence of the various alkali cations. Results indicate
that while cations retain nearly their entire bulk hydration
shell upon adsorption to inactive terrace sites, active sites
appear to have only a single aligned water molecule between
the Au surface and the adsorbed cation. The different solva-
tion structures at the two types of surface sites may result from
enhanced electric elds at active sites, which could lead to
partial or full cation desolvation.21,59,60

The experimental evidence provided in this work introduces
a site-dependent solvation structure that is strongly correlated
with catalytic performance. Here we provide some possible
explanations for this correlation based on theories from litera-
ture. First, the suppressed hydration shell at active sites could
contribute to the enhanced catalytic performance compared
with the bulk-like cation hydration present at spectator sites.
Loss of bulk solvation could enhance the coordination between
cations and surface adsorbates and stabilize the reaction
intermediates.9,61 Alternatively, it could strengthen the electric
eld present between the Au surface and the OHP because of
the compressed Stern layer.10,13,21 A single hydration layer
© 2022 The Author(s). Published by the Royal Society of Chemistry
around active sites also suggests strong alignment of interfacial
water molecules, which could explain the strong Onsager reac-
tion elds, which were previously reported to correlate with
cation-dependent solvation structure.13 Last but not least, the
larger solvation shell at spectator sites can also undermine the
proton transfer process as a result of more disordered H-
bonding network.13,62,63 This is consistent with the nding that
the proton is involved in the rate determining step of CO2R at
high overpotentials.10,21

A number of studies have indicated that specic cation
effects are a result of electric eld activation of electron transfer
due to coupling with the dipole of bent CO2, facilitating the
formation of CO2

�.10,19,64 However, these studies typically
assume that the cation-dependent interfacial electric eld
follows a trend where heavier cations such as Rb+ and Cs+

display an enhanced eld due to their smaller solvated radii at
the interface. This assumption is inconsistent with the present
ndings showing that this only applies to inactive spectator
sites, while active sites show an opposite trend. Electric eld
effects may still contribute signicantly to CO2 activation, but
inclusion of the Onsager or solvation-induced reaction eld
resulting from alignment of interfacial water molecules at
catalytic active sites appears to play a signicant role in deter-
mining the net cation-dependent interfacial eld.13

4 Conclusion

Although additional studies are required to fully explore the
complex CO2R mechanism, this work elucidates the distinct
solvation structure at highly active sites compared to inactive
spectator sites. To reach this conclusion, we investigated the
vibrational Stark tuning effect of CO adsorbed to inactive
spectator sites and active sites on a Au electrode where we
observed site-specic Stark behavior. Through Stark tuning
analysis, we conclude that hydrated cations at the interface
retain their bulk hydration shells over the majority of the
surface's inactive terrace sites, which is consistent with studies
that have previously probed interfacial solvation structure at
these sites. However, cations adsorbed at under-coordinated
active sites show an opposing cation-dependent solvation
trend and indicates an overall smaller hydration shell con-
sisting of a single hydration layer. These results affirm that
solvation structure is critical to CO2R activity, where the
anomalous EDL structure at a small fraction of the total
surface is correlated with a $25-fold enhancement of catalytic
activity. Based on these ndings, proposed mechanisms for
specic cation effects in CO2R should be re-evaluated in light
of the surface site-dependent solvation structures, which
indicate that improved control over CO2R kinetics will require
explicit understanding of cation-dependent interfacial
solvation.
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