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Abstract

Specifically adsorbed alkali metal cations on metal electrodes have
been hypothesized to influence the reduction of CO2. However, exper-
imental detection of these cations during CO2 reduction has remained
elusive. Herein, employing the asymmetric CH3 deformation band of
tetramethylammonium (methyl4N+) as a vibrational probe of the
aqueous electrolyte/polycrystalline Au interface, we monitored the dis-
placement of specifically adsorbed methyl4N+ by alkali metal cations.
We found that the coverage of specifically adsorbed alkali metal
cations during CO2-to-CO reduction follows the order Li+ < Na+

< K+ < Cs+, for the same bulk concentration. The alkali metal
cations’ experimentally observed surface coverages correlate with their
free energies of hydration. Further, the rate of CO2-to-CO conver-
sion increases with the coverage of specifically adsorbed alkali metal
cations. Our observations suggest that the degree to which alkali metal
cations undergo partial dehydration at the electrode/electrolyte interface
plays a key role in their ability to promote CO2-to-CO reduction.
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1 Introduction

The structure of the electrode-electrolyte interface, or electrochemical double
layer (EDL), is of great fundamental and practical interest. [1–4] According to
classic theories, which are based on continuum electrostatics, the distribution
of ions in the EDL is determined by electrostatic interactions between the sur-
face charge on the electrode and ions in the electrolyte. [5] Analysis of the EDL
with modern experimental and computational techniques has demonstrated
the limits of the continuum electrostatics description and has revealed that
the distribution of ions in the EDL arises from a complex interplay between
various competing intermolecular and interfacial forces that depend on the
physical and chemical properties of solvent, ions, and electrode. [1–4, 6–12]
Although significant progress has been made in understanding the structure of
the EDL in model systems, the distribution of ions in the EDL under catalyt-
ically relevant conditions remains poorly understood. Because the catalytic
activity of the interface is influenced by ions in its immediate vicinity, there
exists a strong need for experiments that probe the distribution of ions in the
EDL under reaction conditions. In this context, the role of cations in the EDL
is of particular interest.

For almost a century, it has been known that cations of the support-
ing electrolyte can alter the rates and product selectivity of electrocatalytic
reactions. [4, 13–15] Such cation effects provide an opportunity for tailor-
ing electrolyte/electrode interfaces that can selectively and efficiently catalyze
challenging reactions, such as CO2 reduction, [16, 17] nitrogen and nitrate
reduction, [18, 19] or water oxidation. [20, 21] For example, during the reduc-
tion of CO2 on Cu(100) electrodes at a potential of −1.1 V versus the reversible
hydrogen electrode (RHE), the rate of ethylene evolution was found to increase
by a factor of ∼3.75 upon switching from 0.1 M LiHCO3 to 0.1 M CsHCO3

electrolyte. [22] For water oxidation on RuO2(110), the activation barrier of
the reaction at an overpotential of 0.32 V was found to drop from 0.53 eV
in 0.1 M LiOH to 0.42 eV in 0.1 M KOH. [23] The mechanisms by which
cations modulate the free energy landscapes of electrocatalytic reactions are
still under debate. [4] Proposed mechanisms include site-blocking, [24–26]
chemical and/or electrostatic interactions with adsorbates, [27–35] modula-
tion of the interfacial pH, [36–38] and changes in water structure. [39, 40]
Typically, multiple mechanisms are expected to be simultaneously operational
under a given set of conditions. [41–43] By their nature, these mechanisms
are intimately tied to the distribution of cations in the EDL. Of particular
interest is the question if specifically adsorbed alkali metal cations, that is,
partially dehydrated cations in direct contact with the electrode surface, exist
under catalytically relevant conditions. If present, specifically adsorbed cations
are expected to have a significant impact on electrocatalytic processes such
as CO2 reduction because they could chemically or electrostatically interact
with surface-adsorbed reaction intermediates. [28] The presence of specifically
adsorbed alkali metal cations at electrode potentials relevant for CO2 reduction
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has been predicted by DFT calculations, [28, 44] but has not been experimen-
tally confirmed to date. Similarly, specifically adsorbed cations on Pt electrodes
have been theorized to affect hydrogen oxidation/evolution. [30, 44–46] A key
challenge in this regard it the dearth of techniques capable of probing the
distribution of alkali metal cations in the EDL under catalytic conditions.

Low energy electron diffraction and Auger spectroscopy have provided sur-
face coverages and structures of adlattices of alkali and alkaline earth metal
cations on single crystal electrodes. [47, 48] However, these techniques require
removal of the electrode from the electrolyte prior to surface characteriza-
tion. In these pioneering studies, it was assumed that the EDL is preserved
upon transfer from the liquid electrolyte to the ultra-high vacuum environ-
ment. More recently, surface x-ray diffraction studies have provided detailed
structural information about alkali metal cations at electrodes immersed in
aqueous electrolytes. [49–52] However, application of these techniques to cat-
alytically relevant potential regimes remains to be demonstrated. Vibrational
Stark spectroscopy can measure the electrolyte-dependent interfacial electric
field, [29, 39, 41, 42, 53–55] but cannot directly probe specifically adsorbed
alkali metal cations.

Herein, we provide experimental evidence of specifically adsorbed alkali
metal cations on polycrystalline Au electrodes under CO2-to-CO conversion.
Using surface-enhanced infrared absorption spectroscopy (SEIRAS) on poly-
crystalline Au electrodes, we established tetramethylammonium (methyl4N+)
as a vibrational probe of the relative surface coverage of specifically adsorbed
alkali metal cations. By monitoring the asymmetric CH3 deformation mode
of methyl4N+, we discovered two distinct sub-populations of this cation,
hydrated methyl4N+ and specifically adsorbed methyl4N+ (methyl4Nads).
With SEIRAS, we observed that alkali metal cations displace methyl4Nads

from the electrode, thereby rendering the asymmetric CH3 deformation band
of methyl4Nads an experimental probe of the relative coverage of specifically
adsorbed alkali metal cations on the electrode. For the same bulk concentra-
tion of alkali metal cations, we determined that the coverages of specifically
adsorbed cations increase in the order Li+ < Na+ < K+ < Cs+. The spectro-
scopically determined relative surface coverages correlate with the alkali metal
cations’ free energies of hydration. That is, the less tightly bound the hydra-
tion shell of an alkali metal cation is, the higher its surface coverage. Further,
we determined that the rate of CO2-to-CO conversion monotonically increases
with the coverage of specifically adsorbed alkali metal cations. This observa-
tion indicates that partial dehydration of alkali metal cations is a critical factor
in their ability to promote the CO2 reduction reaction.

2 Results

Dependence of line shape of CH3 deformation band on EDL. To
investigate the potential-dependent behavior of methyl4N+ at the polycrys-
talline Au/electrolyte interface, we probed the asymmetric CH3 deformation
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mode (νas) [56] of this cation with SEIRAS in the attenuated total reflectance
(ATR) configuration. Figure 1 shows representative spectra collected during
the cathodic forward scans of cyclic voltammograms of Au electrodes in CO2-
saturated electrolytes containing 100 mM methyl4N+, 90 mM methyl4N+ and
10 mM K+, and 50 mM methyl4N+ and 50 mM K+ and bicarbonate as the
common counterion. The nominal turning potentials were +0.2 and −1.1 V
and the scan rate was 2 mV s−1. Unless otherwise indicated, all potentials
in this article are referenced against RHE. The corresponding electrochemical
current densities and reverse scans are provided in Supplementary Figure 1.
The spectra are difference spectra. That is, they report changes of the interface
with respect to a reference state. The reference state is the state of the inter-
face at the reference potential of +0.2 V. The change in optical density (OD)
was calculated according to ∆mOD = −103 log10

S
R , where S and R refer to

the single-beam spectra at the sample and reference potentials, respectively.
Further experimental details are provided in the Methods section.

The lineshape of νas of methyl4N+ exhibits a remarkable dependence on
electrolyte composition; when methyl4N+ is the only cation in the electrolyte, a
prominent positive-going band at ∼1490 cm−1 appears with decreasing poten-
tial (Figure 1A). By contrast, in the presence of 10 mM K+, a biphasic feature
with a positive-going band at ∼1490 cm−1 and a negative-going band at ∼1482
cm−1 develops (Figure 1B). In the presence of 50 mM K+, only the negative-
going band at ∼1482 cm−1 is evident (Figure 1C). The development of the
spectral features is highly reversible, as evidenced by the disappearance of the
peaks during the reverse scans of the cyclic voltammograms with no appre-
ciable hysteresis (Supplementary Figure 1). The reproducibility of the results
is demonstrated by the independent, duplicate experiment in Supplementary
Figure 2.

The two bands suggest the presence of two spectroscopically distinguishable
populations of methyl4N+ at the Au/electrolyte interface. To gain insights into
these distinct populations, we plotted the spectra at −0.8 V in the different
electrolytes from Figure 1 in Figure 2 for direct comparison. Comparison of
the SEIRAS spectra with νas of methyl4N+ in bulk solution (green dashed
spectrum in Figure 2) shows that the positive-going band at ∼1490 cm−1 is
attributable to the accumulation of hydrated methyl4N+ in the EDL with
decreasing electrode potential. This assignment is further supported by the
observation that the band’s amplitude increases with increasing concentration
of methyl4N+ and decreasing concentration of K+ (Figure 2).

We now turn to the band at ∼1482 cm−1, which characterizes a distinct
methyl4N+ population at the interface. As detailed below, our experimental
evidence suggests that this band arises from the displacement of specifically
adsorbed methyl4N+ by K+ with decreasing potential. Specific adsorption of
cations is typically associated with a certain degree of electron transfer from
the electrode to the cation: [44, 57]

Cz+
aq + ∗ + δe− 
 ∗C(z−δ)+, (1)
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where C is the cation and z is its charge. δe− describes the partial electron
transfer upon specific adsorption on a surface site, denoted with *. In the case
of methyl4N+, specific adsorption is therefore expected to reduce the amount
of positive charge on the cation by an amount δe−. In the following, we denote
specifically adsorbed cations without a formal charge, but it is important to
remember that they retain a significant fraction of their positive charge in the
adsorbed state. We hypothesized that partial electron transfer to methyl4N+

upon specific adsorption may red-shift the CH3 deformation mode.
To test if and to what extent the peak frequency of νas is affected by

the charge on the cation, we employed structurally related model compounds
whose charge can be readily changed through their acid-base chemistry:
Trimethylamine and its protonated form, trimethylammonium. We emphasize
that we explicitly do not imply the conversion of methyl4N+ into either of
the two species upon adsorption. Methyl4N+ is stable within the employed
potential range, as demonstrated in a recent study. [58] The high degree of
reversibility of the spectra during the forward and reverse potential scans
(Supplementary Figure 1) also speak against the occurrence of irreversible
chemical processes involving methyl4N+. Rather, we utilized these two model
molecules to illustrate the relationship between charge on the molecule and
the peak frequency of the CH3 deformation band. Figure 3 shows the spectra
of trimethylamine and its protonated form, trimethylammonium, in their bulk
solutions. Comparison of the two spectra shows that the peak frequency of
the CH3 deformation band shifts to the red by about ∼12 cm−1 upon removal
of the positive charge from the molecule. On the basis of this observation,
we attribute the negative-going band at ∼1482 cm−1 to methyl4Nads whose
positive charge is partially reduced according to Equation 1.

To further corroborate this interpretation, we carried out vibrational fre-
quency and Bader charge analyses on DFT models of methyl4N+ in the gas
phase and adsorbed on an Au(111) surface. Computational details are provided
in Supplementary Note 1. Consistent with our experimental findings, the DFT
models predict a red-shift of the vibrational modes in the range 1400-1480
cm−1 by 18-21 cm−1 upon adsorption (Supplementary Table 1 and Supple-
mentary Figure 3). Bader charge analysis shows that adsorption of methyl4N+

results in a decrease of the cation’s charge from +1.00 to +0.72 due to partial
electron transfer from the electrode to the cation (Equation 1, Supplementary
Table 2).

Taken together, our experimental observations and computational results
indicate that the negative-going band at ∼1482 cm−1 is attributable to
methyl4Nads, whose positive charge is less than unity. We note that the dis-
tinct dielectric environment at the interface [6, 33] is likely an additional factor
that contributes to the observed red-shift of methyl4Nads.

Infrared probe of specific alkali metal cation adsorption. The loss
of absorbance at ∼1482 cm−1 as the potential is scanned negatively in the pres-
ence of alkali metal cations (Figure 1B, C) could have two possible origins: A
potential-induced re-orientation of methyl4Nads that tilts the transition dipole
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moment of νas away from the surface normal or a displacement of methyl4Nads

by specifically adsorbed K+ (Kads) with decreasing potential. A re-orientation
of methyl4Nads with applied potential is expected around the potential of zero
charge. [59] In this study, the employed potential range is significantly neg-
ative of the potential of zero charge of polycrystalline Au (PZC = 0.16 V
versus the standard hydrogen electrode [60]). Therefore, a potential-induced
re-orientation is unlikely to occur in the potential range employed in this
work. The second interpretation, namely the displacement of methyl4Nads by
Kads, implies the presence of methyl4Nads at the reference potential. To test
if methyl4Nads is present at +0.2 V, we collected interfacial spectra at a fixed
applied potential by changing the polarization of the IR probe light. In this
collection mode, the spectrum collected with s-polarized light serves as the
reference and the spectrum collected with p-polarized light as the sample spec-
trum. Because of the spectroscopic selection rule at metallic interfaces, only
the spectrum recorded with p-polarized light contains bands due to interfacial
species. [61] As shown in Supplementary Figure 4, the spectrum exhibits an
absorbance at ∼1482 cm−1, suggesting the presence of methyl4Nads at +0.2
V. On the basis of this observation and the results presented in Figure 1, the
displacement of methyl4Nads by Kads is a plausible scenario. In the following,
we first discuss the physical basis of this scenario and then present additional
experimental data in support of this interpretation.

To understand the physical origin of the displacement of methyl4Nads by
Kads at sufficiently cathodic potentials, we examined the potential-dependent
adsorption of the cations on Au(111) with DFT. Details of the computational
models and methods of analysis are given in Supplementary Note 1. We note
that absolute adsorption potentials are highly sensitive to solvation effects,
which are challenging to model across different cations. A discussion of sol-
vation effects on adsorption potentials is provided in Supplementary Note 2
and Supplementary Table 3. Here, we focus on trends in the electrosorption
valency, which is a measure of the effective number of electrons transferred
upon cation adsorption. Within the model, the rate at which the adsorption
free energy becomes more negative with decreasing potential is given by the
electrosorption valency of the adsorbed cation, that is, the effective number of
electrons transferred upon adsorption (δe− in Equation 1). We calculated the
electrosorption valency for the series of alkali metal cations and for methyl4N+

(Supplementary Table 4). The optimized geometries of the cations adsorbed
on the Au(111) are shown in Supplementary Figure 5 and the coordinates
of the DFT models are provided as supplementary data. The electrosorption
valency for K+ is larger (0.64) than that of methyl4N+ (0.51). Therefore, spe-
cific adsorption of K+ becomes more favorable relative to specific adsorption of
methyl4N+ as the potential is tuned negatively. On the basis of these findings,
we suggest the difference in electrosorption valencies as the physical origin of
the experimentally observed potential-dependent displacement.

The case for specific adsorption of K+ is also supported by the observation
that the desorption of methyl4Nads represents an oxidation process (the reverse
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of Equation 1). For this process to become more favorable with decreasing
potential, it logically must be accompanied by a reductive process. Our cal-
culated electrosorption valencies indicate that alkali metal cations can accept
electronic charge upon adsorption at the relevant potentials (Supplementary
Tables 3 and 4). The fact that the alkali electrosorption valencies are larger
than that for methyl4Nads leads to the conclusion that the adsorbed cation
exchange reaction is a reductive process. Therefore, there is a clear physical
rationale for an exchange reaction of the form

methyl4Nads + M+
aq + δe− → methyl4N+

aq + Mads, (2)

where M+
aq and Mads represent an alkali metal cation in solution and in

the adsorbed state, respectively. Figure 1D shows an illustration of our
interpretation of the observed potential-induced changes.

To further support the notion of the displacement of methyl4Nads by Kads,
we probed the effects of K+ addition to a 100 mM methyl4N(HCO3) electrolyte
while maintaining an electrode potential of −0.45 V (Figure 4). Specifically, we
added small aliquots of 2 M KHCO3 to the working electrode compartment to
achieve K+ concentrations in the electrolyte of 10, 30, and 50 mM. The single-
beam sample spectra were collected at −0.45 V in the electrolyte composition
as indicated in the legend of Figure 4; the single-beam reference spectrum
was that of the interface at +0.2 V in 100 mM methyl4N+ in the absence
of K+ in all cases. In the absence of K+, only the positive-going peak at
∼1490 cm−1 of hydrated methyl4N+ is present. Akin to the trends observed
in Figure 1, sequential additions of K+ bring about the negative-going band
at ∼1482 cm−1, accompanied by a decrease in the amplitude of the band at
∼1490 cm−1. Supplementary Figure 6 demonstrates the reproducibility of the
results. These experiments demonstrate that the displacement of methyl4Nads

by Kads is responsible for the negative-going band. Therefore, the band at
∼1482 cm−1 is a spectroscopic measure of the coverage of Kads.

Dependence of specific adsorption on hydration free energy. Hav-
ing established the band at ∼1482 cm−1 as a spectroscopic measure of the
relative coverage of specifically adsorbed alkali metal cations, we explored to
what extent this surface coverage is dependent on the identity of the alkali
metal cation. To this end, we conducted experiments as the one shown in
Figure 4 with Li+, Na+, and Cs+ (Supplementary Figure 7). The integrated
areas of the two bands were determined by fitting a sum of two Gaussian
functions and a linear background to the spectra. Details of the fitting proce-
dures and representative fits are provided in the Methods and Supplementary
Figure 8. The integrated area the ∼1490 cm−1 band monotonically decreases
with increasing alkali metal cation concentration (Supplementary Figure 9).
Here, we focus on the ∼1482 cm−1 band, which quantifies the coverage of
specifically adsorbed alkali metal cations. Figure 5 shows the integrated area
of the ∼1482 cm−1 band, a measure of the coverage of specifically adsorbed
alkali metal cations, as a function of bulk alkali metal cation concentration.
Clearly, the surface coverage is strongly dependent on the identity of the alkali
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metal cation, increasing in the order Li+ < Na+ < K+ < Cs+. Interestingly,
the experimentally observed alkali metal cation adsorption trend (Figure 5)
is counter to the calculated trend in electrosorption valency (Supplementary
Table 4), suggesting that a larger extent of electron transfer upon adsorp-
tion (δe−) does not dictate the relative alkali metal cation adsorption at
−0.45 V. This observation suggests that other factors determine the exper-
imentally observed trend. Indeed, the degree to which alkali metal cations
displace methyl4Nads correlates with their experimental free energies of hydra-
tion (Figure 6). This observation indicates that alkali metal cations with
softer hydration shells have a higher tendency to specifically adsorb on the
electrode surface. Because specific alkali metal cation adsorption necessitates
partial dehydration, the observed correlation provides further support of a
displacement reaction (Equation 2).

Effect of specific cation adsorption on CO2 reduction. To explore
the effects of the coverage of specifically adsorbed alkali metal cations on
electrocatalysis, we monitored the rates of CO and H2 formation during the
reduction of CO2 on polycrystalline Au in the presence of different alkali metal
cations. Electrolysis was carried out with an electrochemically roughened Au
foil in an H-cell under stirring of the CO2-saturated electrolyte and an elec-
trode potential of −0.45 V. At this potential, the rate of CO2 reduction is
limited by the adsorption of CO2 (and not by mass transport). [62–65] The
electrolytes contained 100 mM methyl4N+ and 30 mM of the desired alkali
metal cation. Products were detected with gas chromatography. Represen-
tative electrochemical current densities and average Faradaic efficiencies are
provided in Supplementary Figures 10 and 11, respectively. Figure 7 shows the
partial current densities of CO and H2 as a function of the integrated area of
the band at ∼1482 cm−1, a measure of the coverage of specifically adsorbed
alkali metal cations. The magnitude of the CO partial current monotonically
increases with the tendency of the alkali metal cation to specifically adsorb on
the electrode surface (Figure 7A). This observation suggests that the propen-
sity of an alkali metal cation to specifically adsorb on an electrode is a key
factor that determines its efficacy in promoting the CO2 reduction reaction.

The mechanism of alkali metal cation promotion of the CO2 reduction
reaction is beyond the scope of this study. At least two possible mecha-
nisms exist: First, methyl4Nads may block active sites. [57] Upon displacement
of methyl4Nads by Mads, the blocking effect may be removed. Second,
methyl4Nads may not have any effect on CO2 reduction. Upon displace-
ment of methyl4Nads by Mads, the reaction is activated by Mads-intermediate
interactions. It is probable that both mechanisms contribute. Prior studies
demonstrated that the rate-determining step in CO2-to-CO conversion is the
adsorption of CO2, which is accompanied by the transfer of an electron. [62–64]
It has been suggested that alkali metal cations at the surface stabilize adsorbed
CO2 and the transition state leading to this intermediate. [32] The mecha-
nism of stabilization could be due to favorable electrostatic interactions and/or
cations coordinating to the nucleophilic oxygens of adsorbed CO2. [32, 66]
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At the employed electrode potential of −0.45 V, the hydrogen evolution
reaction (HER) appears relatively insensitive to the identity of the cation
(Figure 7B). However, the rate of the HER is comparatively fast in Li+- and
Na+-containing electrolytes. We speculate that due to the suppression of the
CO2 reduction reaction in the presence of these cations, a larger fraction of the
protons at the interface is available for the HER. Related arguments invoking
the competition of two parallel reactions for interfacial protons were presented
by others in prior studies. [67–69]

3 Conclusions

In summary, we established an organic cation (methyl4N+) as an infrared spec-
troscopic probe of the relative coverages of specifically adsorbed alkali metal
cations under electrocatalytic conditions. By probing the νas of methyl4N+

at a polycrystalline Au electrode during the reduction of CO2 to CO, we
identified two spectroscopically distinguishable sub-populations of this cation
in the EDL: hydrated methyl4N+ and methyl4Nads. We found that the lat-
ter population is displaced by alkali metal cations at catalytically relevant
electrode potentials. As a result, νas of methyl4Nads is an operando probe of
the coverage of specifically adsorbed alkali metal cations. This conclusion is
based on three pieces of circumstantial evidence that, when viewed together,
provide strong support for specific alkali metal cation adsorption leading to
the observed displacement of specifically adsorbed methyl4Nads species. These
three pieces of circumstantial evidence include the correlation between the
degree of displacement of methyl4Nads and the free energy of hydration of
the alkali metal cations, the monotonic dependence of the rate of CO forma-
tion on the alkali metal cation’s propensity to displace methyl4Nads, and the
DFT calculations indicating that specific adsorption of alkali metal cations is
possible at the experimentally relevant potentials. Importantly, specific alkali
metal cation adsorption provides a clear physical rationale for our experimen-
tal observations. We determined that the relative surface coverages of different
alkali metal cations at the same bulk concentration is determined by their free
energy of hydration. Our study indicates that the degree to which alkali metal
cations undergo partial dehydration at the electrode surface is key to their
ability to promote the reduction of CO2.

4 Methods

Materials. For electrochemical measurements, Na2CO3 (99.997%, Pura-
tronic, trace metals basis), K2CO3 (99.997%, Puratronic, trace metals basis),
Cs2CO3 (99.994%, Puratronic, trace metals basis), tetramethylammonium
hydroxide (25 wt % solution in water; 99.9999% trace metals basis), and
Au foil (>99.9975%; metals basis, 0.1 mm thick) were acquired from
Alfa Aesar. Li2CO3 (99.999%, trace metals basis) was aquired from Acros
Organics. Graphite rods (3 mm diameter, 99.995% trace metals basis) and
Na2EDTA·2H2O (electrophoresis grade) were obtained from Sigma Aldrich.
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High-purity water derived from a Barnstead Nanopure Diamond System was
used for electrolyte preparation. CO2 (research grade) and Ar (ultra high
purity) were procured from Air Gas. For electroless deposition of Au films on
Si, Na2S2O3·H2O (99.999%; trace metals basis), Na2SO3 (98.5%; anhydrous),
HF (48 wt %), NH4F (40 wt %), and NaAu4·2H2O (99.99%; metals basis)
were acquired from Fisher Scientific (Waltham, MA). Polycrystalline diamond
pastes were purchased from Ted Pella (Redding, CA).

Electrolyte Preparation. Electrolytes for all experiments were pre-
pared by dissolving the appropriate combination of tetramethylammonium
and alkali metal cation salts to reach the desired cation concentration. With
the exception of experiments in Figures 1 and 2, all electrolytes contained 10
µM ethylenediamine-tetra-acetic acid (EDTA) to prevent unwanted electrode-
position of metal ion impurities onto the Au electrode surface.[70–72] The
electrolyte was then purged with CO2 at 40 standard cubic centimeters per
minute (sccm) for 2 hours or until the electrolyte pH reached a stable reading
of 6.8±0.1.

SEIRAS. SEIRAS experiments were carried out in a home-built two-
compartment poly-etheretherketone (PEEK) cell with the catholyte (6 ml) and
anolyte (5 ml) separated by a Selemion AMV anion exchange membrane (AGC
Engineering Co.; Chiba, Japan). A detailed description of the SEIRAS cell was
provided previously. [73] The Au thin-film electrode was deposited onto a Si
ATR prism as described previously. [74] Following the Au film deposition, the
surface was rinsed with high purity water, blow-dried with N2 gas, and assem-
bled into the electrochemical cell. A graphite rod and an Ag/AgCl electrode (3
M NaCl; Basi Inc.; West Lafayette, IN) were used as the counter and reference
electrodes, respectively. Under stirring at 900 rotations per minute (rpm) with
a magnetic stir bar and the cell at open circuit, the catholyte was first purged
with CO2 at 10 sccm for 20 min. The potential was stepped to −1.3 V versus
Ag/AgCl and held for 60 s to activate the Au film.[75] Then, the potential was
held at +0.2 V versus RHE for 10 min while the catholyte was stirred at 900
rpm and purged with CO2 at 10 sccm. Within the final minute of this 10 min
period, 10 single-beam spectra were averaged to use as the single-beam refer-
ence spectrum. Without returning to open circuit, the electrode potential was
then altered according to the experiment of interest while single-beam sample
spectra were recorded, with the CO2 purging rate and stirring rate maintained
for the duration of the experiment. For alkali metal cation addition experiments
(Figure 5), the potential was alternately stepped between +0.2 and −0.45 V
in 1 min intervals. The single-beam sample spectrum was taken at ∼30 s after
stepping the potential to −0.45 V. The aliquots of alkali cation stock solu-
tion were added in the intervals right after returning to +0.2 V. Single-beam
spectra were used to calculate the difference spectra shown in the respective
figures (∆mOD = −103 log10

S
R ). Spectra were collected with a 40 kHz scan-

ner velocity, a 4 cm−1 spectral resolution, and 4.6 s temporal resolution. The
cell was connected to a nitrogen-purged ATR accessory (VeeMax III; Pike
Technologies; Madison, WI) in the sample compartment of a Bruker Vertex 70
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Fourier-transform infrared (FTIR) spectrometer, which was interfaced with a
liquid nitrogen-cooled mercury cadmium telluride (MCT) detector (FTIR-16;
Infrared Associates; Stuart, FL). The electrode potential was controlled with
a VSP-300 potentiostat (Biologic; Seyssinet-Pariset, France). 85% of the solu-
tion resistance was compensated in situ. The remaining 15% was manually
corrected following each experiment. For alkali cation addition experiments,
compensation of the solution resistance (85%) was readjusted after each addi-
tion of alkali cation solution to account for the increase in conductivity in the
electrolyte.

Peak Fitting Procedure. For determination of the integrated band
areas shown in Figure 5 and Supplementary Figure 9, a combination of a
linear background and two Gaussian functions were fit to the spectra. The
peak positions and widths of the Gaussians describing the negative-going and
positive-going bands at 1482 cm−1 and ∼1490 cm−1 were first determined as
follows: For the peak at ∼1490 cm−1, the best fit was determined for a 100
mM methyl4N(HCO3) electrolyte in the absence of alkali metal cations where
no negative-going band is present (Supplementary Figure 8A). For the peak
at ∼1482 cm−1, the best fit was determined in the 50 mM methyl4N(HCO3)
and 50 mM KHCO3 mixture, where no significant positive peak was present
(Supplementary Figure 8B). To find the optimum fit for the biphasic spec-
tra, the extracted peak positions and widths were kept constant and only the
band amplitudes of the two Gaussian functions were used as fitting parameters
(Supplementary Figure 8C).

Product Detection. Product detection was carried out in a two-
compartment custom glass cell (Adams & Chittenden; Berkeley, CA). The
catholyte and anolyte compartments contained 8.5 mL and 9.5 mL of elec-
trolyte, respectively, and were separated by a Selemion AMV anion exchange
membrane (AGC Engineering Co.; Chiba, Japan). To clean the Au foil, the
surface was treated with aqua regia for 30 s, rinsed plentifully with high purity
water, and blow-dried with N2 gas. The Au working electrode with an exposed
geometric surface area of 1.0 cm2 was then introduced into the solution. The
Au electrode was first anodically roughened. This procedure involved cycling
the potential between −0.6 and 2.3 V at 50 mVs−1 in CO2-saturated 0.1 M
KHCO3 electrolyte for three cycles, with a potential hold at 2.3 V for 30 min
after the first cycle. [76] Immediately following the roughening procedure, the
potential was stepped to −0.45 V for 30 min to reduce the Au surface. The
electrode was then rinsed with high purity water and introduced into a clean
cell with a fresh membrane and the electrolyte of interest.

The catholyte was stirred with a magnetic stir bar at 900 rpm throughout
the experiments. Prior to the start of electrolysis, the catholyte was purged
with CO2 at 10 sccm for 20 min. The CO2 purge was continued throughout
the experiment. The potential was then stepped to −0.45 V and a sample
of the head space of the cathode compartment was taken after the first 10
min of electrolysis and analyzed with gas chromatography (GC). An SRI
Instruments (Torrance, CA) Mulit-Gas 5 Configuration gas chromatograph
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was calibrated with a gas mixture containing CO and H2. A thermal con-
ductivity detector (TCD) and a flame ionization detector (FID) were used to
measure the produced amounts of H2 and CO, respectively. The partial cur-
rent density for each product was calculated according to: partial current =
gas product volume%× flow rate× nFP

RT ×
1
A , where the gas product volume%

is determined from the calibrated GC measurement, the flow rate is in liters
per second, P = 101,325 Pa, T = 295.15 K, and A is the geometric surface
area of the electrode. For the calculation of Faradaic efficiences, the total cur-
rent was averaged over a 30 s time-segment at the moment the gas sample was
taken. The potential was controlled with a Versastat 3 potentiostat (AME-
TEK, Berwyn, PA). 85% of the solution resistance was compensated in situ.
The remaining 15% was manually corrected after the experiment.

Spectra of Species in Bulk Solution. The spectra of the CH3 deforma-
tion band of species in bulk solution were collected with a Horizon Multiple
Reflection ATR Accessory (Harrick Scientific, Pleasantville, NY) equipped
with a ZnSe crystal.

5 Data Availability

Representative data and extended datasets that support the findings reported
in this study are available in the manuscript and the Supplementary Informa-
tion. The data of the figures shown in the main text and the DFT-calculated
coordinates for the optimized geometries of the cations on Au(111) are pro-
vided in machine-readable formats as supplementary files. Additional data are
available from the corresponding authors upon reasonable request.
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Fig. 1 Response of the CH3 deformation band of methyl4N+ to changes in
EDL structure. Representative potential-dependent spectra of aqueous electrolyte/poly-
crystalline Au interfaces during cathodic forward scans (scan rate: 2 mV s−1). The
CO2-saturated electrolytes contained (A) 100 mM methyl4N+, (B) 90 mM methyl4N+ and
10 mM K+, and (C) 50 mM methyl4N+ and 50 mM K+ with bicarbonate as the common
anion. The spectra were collected with SEIRAS-ATR and are vertically offset for clarity.
The ordinate represents change in optical density. (D) Schematic illustration of the interpre-
tation of the spectra. In the absence of K+, hydrated methyl4N+ accumulates in the EDL
with decreasing potential, as evidenced by the increase in the ∼1490 cm−1 band (panel A).
In the presence of K+, methyl4Nads is displaced by Kads, as indicated by the decrease in the
∼1482 cm−1 band (panel C). Kads is indicated by the grey patterned circles. The hydra-
tion shells of the K+ are not shown for clarity. The blue and red arrows indicate decreasing
electrode potential (U).
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Fig. 2 Comparison of CH3 deformation bands of methyl4N+ in different elec-
trolytes. Representative spectra of aqueous, CO2-saturated electrolyte/polycrystalline Au
interfaces at an electrode potential of −0.8 V taken with SEIRAS-ATR (solid lines) during
the cathodic forward scans shown in Figure 1. The concentrations of methyl4N+ indicated
in the legend were balanced by K+ to a total cation concentration of 100 mM. Bicarbon-
ate was the common anion. The ordinate represents change in optical density. The green
dashed line represents the absorbance spectrum of 100 mM of methyl4N+ in bulk solution
(bicarbonate), collected on a ZnSe ATR crystal. Deionized water was used as the reference
for this spectrum.
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Fig. 3 Dependence of CH3 deformation band on charge on molecule. Normalized
absorbance spectra of trimethylamine (black, 10 mM methyl3N plus 10 mM NaOH) and
trimethylammonium (red, 10 mM methyl3N plus 10 mM HCl) in bulk aqueous solutions.
The spectra were collected on a ZnSe ATR crystal. The respective acidified/basified solution
in the absence of the analyte was used as the reference.
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Change of lineshape of νas of methyl4N+ at the electrolyte/Au interface with addition of K+

to an electrolyte initially containing only 100 mM methyl4N(HCO3) (black) at an electrode
potential of −0.45 V. Spectra were collected with SEIRAS-ATR. Small aliquots of 2 M
KHCO3 were added to achieve the desired concentration of K+ indicated in the legend.
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Fig. 5 Change of 1482 cm−1 band area with bulk alkali metal cation concen-
tration. Coverage of specifically adsorbed alkali metal cations at −0.45 V as measured by
the integrated area of the 1482 cm−1 band as a function of alkali metal cation concentration
in the bulk. The corresponding spectra were collected with SEIRAS-ATR at the aqueous
electrolyte/polycrystalline Au interface. All electrolytes initially contained only 100 mM
methyl4N(HCO3). Small aliquots of the bicarbonate salt of the desired alkali metal cation
were added to achieve the desired concentration. Error bars (± 1 standard deviation) were
calculated on the basis of at least 3 independent experiments.
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Fig. 6 Correlation between 1482 cm−1 band area and alkali cation hydration
free energy. Coverage of specifically adsorbed alkali metal cations as measured by the
integrated area of the band at ∼1482 cm−1 at −0.45 V plotted against experimental cation
hydration free energies at 300 K and 1 M taken from reference 77. The bulk concentration
of the alkali metal cations was 30 mM. The dashed line is a fit of a linear function to the
data points. The error bars (± 1 standard deviation) were calculated on the basis of at least
3 independent experiments.
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Fig. 7 Dependence of electrocatalysis on 1482 cm−1 integrated band area. Geo-
metric partial current densities of (A) CO and (B) H2 at −0.45 V as a function of coverage
of specifically adsorbed alkali metal cations as measured by the integrated area of the band
at ∼1482 cm−1. The bulk electrolyte was 100 mM methyl4N+ and 30 mM of the desired
alkali metal cation with bicarbonate as the common anion. Electrolysis was carried out in
a two-compartment electrochemical cell with an electrochemically roughened Au electrode
serving as the working electrode. Products were quantified with gas chromatography after
10 min of electrolysis. Error bars (± 1 standard deviation) were calculated on the basis of
at least 3 independent experiments.
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