
Impact of Electrolyte Anions on the Adsorption
of CO on Cu Electrodes

Vincent J. Ovalle and Matthias M. Waegele∗

Department of Chemistry, Merkert Chemistry Center, Boston College, Chestnut Hill,
Massachusetts 02467, United States

E-mail: waegele@bc.edu

Abstract

The electrocatalytic reduction of carbon diox-
ide to hydrocarbons and oxygenates on Cu elec-
trodes proceeds through surface-adsorbed CO.
The adsorption and desorption of this interme-
diate play a key role in determining the prod-
uct selectivity of this electrocatalytic process.
It is therefore critical to understand the molec-
ular factors that determine the adsorption of
CO on Cu electrodes. In prior studies, it was
suggested that specifically adsorbing anions of
the supporting electrolyte compete with CO
for surface sites at low overpotentials. How-
ever, prior infrared (IR) spectroscopy of CO
adsorption on Cu electrodes did not compare
the relative CO coverages in the presence of
different anions and was restricted to a nar-
row range of electrolyte concentrations (0.1-0.2
M). Therefore, the impact of anions on the
adsorption of CO on Cu is not fully under-
stood to date. Herein, we systematically ex-
plored the adsorption and desorption of CO on
polycrystalline Cu electrodes in the presence of
specifically and non-specifically adsorbing an-
ions (Cl−, SO2−

4 , ClO−
4 ) at two different concen-

trations (10 mM and 1 M) of the correspond-
ing sodium salts. With surface-enhanced IR
absorption spectroscopy (SEIRAS), we moni-
tored the C≡O stretch band of atop-bound CO
(COatop) and an infrared band of the hydra-
tion shells of interfacial anions as a function of
electrode potential. We found that, at an elec-
trolyte concentration of 10 mM, the adsorption

and desorption of COatop are virtually indepen-
dent of the identity of the anions. By con-
trast, at an electrolyte concentration of 1 M,
the COatop coverage is significantly impacted by
the electrolyte anions. The saturation cover-
ages of COatop are lower in the 1 M electrolytes
compared to those in the 10 mM electrolytes.
The magnitude and mechanism of the modu-
lation depends on the identity of the anions.
Weakly and non-specifically adsorbing anions
(SO2−

4 , ClO−
4 ) limit the COatop saturation cov-

erage by blocking a fraction of CO adsorption
sites. However, their site-blocking ability de-
pends on the CO coverage, as evidenced by the
hysteresis in the CO adsorption/desorption pro-
files, which likely originates from a reversible
CO-induced surface reconstruction. Chloride
ions, which can specifically adsorb on Cu elec-
trodes, lower the CO coverage by modulating
the CO adsorption energy. This modulation
manifests itself in (1) a distinctly higher C≡O
stretch frequency in the presence of this an-
ion relative to that measured in the other elec-
trolytes and (2) the absence of the hysteresis in
the adsorption/desorption profiles. Our study
highlights the intricate interplay between an-
ions and surface-adsorbed CO at the Cu elec-
trode/electrolyte interface.

Introduction

Surface-adsorbed CO (COads) is a key reaction
intermediate in the reduction of CO2 to hy-
drocarbons on Cu electrodes.1–5 The ability of

1



Cu to reduce COads to hydrocarbons at com-
paratively high reaction rates is attributable
to the intermediate adsorption energy of CO
on Cu relative to the adsorption energies on
other pure metals.6,7 For example, on the (111)
facets of Au and Pt, the adsorption energies
of atop-bound CO (COatop) are 0.04 and 1.45
eV, respectively.8 As a result, the desorption of
COads is favored over its further reduction on
Au, whereas COads poisons the Pt surface under
CO2 reduction conditions.6,7 By contrast, the
binding energy of CO on Cu (0.62 eV for COatop

on Cu(111)8) falls between these two values,
giving rise to an intermediate CO coverage that
permits co-adsorption of hydrogen,7,9,10 thereby
enabling the reduction of COads at significant
reaction rates (≈ 5 mA cm−2).6,11 However, the
reduction of CO2 to hydrocarbons on Cu re-
quires a significant overpotential of ≈ 1 V and
exhibits poor product selectivity.6 To improve
the catalytic activity and selectivity, it is es-
sential to identify the molecular properties of
the electrochemical interface that control the
adsorption of CO on Cu at low overpotentials.

The adsorption energy can be tuned by alter-
ing the coordination of surface atoms through
alloying or roughening of the surface.12–17 How-
ever, for a given metal surface, the CO ad-
sorption energy is not a fixed value, but sen-
sitively depends on the CO surface coverage
and the presence of co-adsorbates. For exam-
ple, the adsorption energy of COatop on Pt(111)
drops by about a factor of two when the cover-
age changes from 1/4 to one monolayer.18 Sim-
ilarly, co-adsorbates can profoundly affect CO
adsorption energies and/or may block adsorp-
tion sites.19–22 At an electrochemical interface,
the binding energies of CO and co-adsorbates,
and consequently the CO coverage, are func-
tions of applied potential. Because the predom-
inant co-adsorbates are species of the support-
ing electrolyte, altering the electrolyte compo-
sition presents an opportunity to tune the CO
coverage, and therefore the catalytic activity
and selectivity.

In earlier studies, specifically adsorbed an-
ions of the supporting electrolyte were sug-
gested to compete with CO for adsorption sites.
It was shown that the cyclic voltammograms

(CV) of Cu electrodes in electrolytes that con-
tain anions that specifically adsorb exhibit re-
dox waves in the presence of CO.23–26 These re-
dox waves were attributed to the displacement
of specifically adsorbed anions from the sur-
face upon adsorption of CO. This attribution
is supported by the observations that the inte-
grated C≡O stretch band area of COatop is (a)
correlated with the integrated charge of the re-
dox peak23,24,26 and (b) anti-correlated with the
integrated IR bands of interfacial phosphate24

and carbonate27,28 of the electrolyte with de-
creasing potential.

These pioneering studies established that the
desorption of specifically adsorbing anions is
correlated with the adsorption of CO on Cu.
However, the relative CO coverages in the pres-
ence of different anions was not investigated in
these earlier studies. Although the redox fea-
tures in the CVs of Cu in the presence of CO
were explored over a wide range of anions and
electrolyte concentrations, the CO coverage as
determined by infrared (IR) spectroscopy was
only reported for a few select electrolytes (0.2
M phosphate,24 0.2 M perchlorate,25 and 0.1-
0.2 M carbonate23,28). A systematic compari-
son of the CO coverage on Cu electrodes as a
function of different anions and their concen-
trations is still lacking to date. Moreover, with
the exception of one study,27 the CO coverage
was only determined during the cathodic for-
ward scans in these prior studies. However, the
formation of a CO adlayer on the metal surface
alters the properties of the metal/electrolyte
interface.3,29,30 How the proposed competition
between CO and anions for adsorption sites is
affected once an adlayer has formed has not
been systematically investigated to date. In
this work, we address these key questions.

Herein, we investigated how the identity and
concentration of the electrolyte anion affect the
adsorption of CO on polycrystalline Cu elec-
trodes. With surface enhanced IR absorption
spectroscopy (SEIRAS), we monitored the CO
adsorption process on Cu electrodes in con-
tact with 10 mM and 1 M aqueous solutions
of NaClO4, Na2SO4, and NaCl. We found
that in the 10 mM electrolytes, the CO ad-
sorption/desorption profiles as a function of
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electrode potential are invariant with the iden-
tity of the supporting electrolyte’s anion. In
1 M NaClO4 and Na2SO4, the CO saturation
coverage is about 2/3 of that in the corre-
sponding dilute electrolytes. The lower cov-
erage is indicative of the blocking of CO ad-
sorption sites by quasi-specifically adsorbed an-
ions. In all electrolytes but 1 M NaCl, we ob-
served a pronounced hysteresis in the CO ad-
sorption/desorption profiles. We attribute the
higher stability of the CO adlayer on the an-
odic reverse scan to a reversible CO-driven sur-
face reconstruction of the electrode. We pro-
pose that the absence of the hysteresis in 1 M
NaCl is due to the co-adsorption of Cl− anions,
which decreases the CO adsorption energy. The
co-adsorption manifests itself in the form of a
markedly blue-shifted C≡O stretch frequency
of COatop relative to that in the other elec-
trolytes. Interestingly, the onset potentials for
CO adsorption on Cu are similar for the dif-
ferent electrolytes. Taken together, our results
show that while anions of the supporting elec-
trolyte significantly impact the CO coverage on
polycrystalline Cu, they have little effect on the
onset potential of CO adsorption.

Methods

Materials. Sodium perchlorate hydrate
(99.99% trace metals basis) and sodium chlo-
ride (99.999% trace metals basis) were sourced
from Sigma-Aldrich. Sodium sulfate (99.9955%
metals basis) was procured from Alfa Aesar
Puratronic. D2O (99.8 atom% D) from Acros
Organics was used in all experiments. CO (ul-
tra high purity) and Ar (ultra high purity) were
obtained from Air Gas.
SEIRAS. SEIRAS experiments were car-

ried out in a home-built two-compartment
polyetheretherketone (PEEK) cell with the
catholyte (6 ml) and anolyte (4 ml) separated
by a Selemion AMV anion exchange membrane
(AGC Engineering Co.; Chiba, Japan).31 A
graphite rod (99.995%; Sigma Aldrich) and an
Ag/AgCl electrode (3 M NaCl; Basi Inc.; West
Lafayette, IN) were used as the counter and ref-
erence electrodes, respectively. The catholyte

was stirred at 900 rotations per minute (rpm)
with a magnetic stir bar. The cell was con-
nected to a nitrogen-purged attenuated total
internal reflection (ATR) accessory (VeeMax
III; Pike Technologies; Madison, WI) in the
sample compartment of a Bruker Vertex 70
Fourier-transform infrared (FTIR) spectrome-
ter, which was interfaced with a liquid nitrogen-
cooled mercury cadmium telluride (MCT) de-
tector (FTIR-16; Infrared Associates; Stuart,
FL). The potential was controlled with a Ver-
sastat 3 potentiostat (AMETEK; Berwyn, PA).
Further details on the spectroscopic procedures
and the preparation of the chemically deposited
thin films have been described in prior re-
ports.32,33 To clean the thin film electrode, the
film was subjected to 5 CVs from −0.13 to −0.6
V versus Ag/AgCl at a scan rate of 50 mV s−1

under Ar purge at 5 standard cubic centime-
ter per minute (sccm). Following these clean-
ing CVs, the interfacial capacitance (Figure S1,
SI) and solution resistance were measured. 85%
of the solution resistance was compensated in
situ. The remaining 15% was manually cor-
rected following each experiment. To avoid po-
tential complications due to Cu oxides and hy-
droxides,34,35 a CV was carried out from −0.6
to −1.2 V versus Ag/AgCl at 10 mV s−1 to
remove residual surface oxides and hydroxides.
Following this CV, the cell was never returned
to open circuit until completion of the experi-
ment. To saturate the electrolyte with CO, the
gas purge was then switched from Ar to CO.
CO was purged for 20 min at a flow rate of
5 sccm while the potential was maintained at
−0.6 V. Then, the spectroscopic measurements
were carried out during the CVs from −0.6 to
−1.4 V versus Ag/AgCl at a scan rate of 2 mV
s−1. CO was continuously purged until comple-
tion of the experiment.

Results and Discussion

Choice of Electrolytes. To explore how the
adsorption of CO on polycrystalline Cu is im-
pacted by different electrolyte anions, we moni-
tored the Cu/electrolyte interface with SEIRAS
in the ATR configuration. A chemically de-
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posited Cu thin film on a Si ATR crystal
served as the working electrode. We carried out
all experiments in a two-compartment spectro-
electrochemical cell under stirring of the elec-
trolyte. As electrolytes, we employed aque-
ous solutions of NaClO4, Na2SO4, and NaCl.
We chose these anions because their interac-
tions with the Cu surface are significantly differ-
ent from each other, enabling us to probe how
the anion-Cu interaction affects the adsorption
of CO. Surface-enhanced spectroscopy studies
found that ClO−

4 only physisorbs on Cu elec-
trodes,36 whereas SO2−

4 and Cl− can specifically
adsorb on Cu.36–38 We used D2O instead of H2O
as a solvent. Because of the kinetic isotope ef-
fect, the hydrogen evolution reaction in D2O is
slower by about one order of magnitude relative
to the rate of the reaction in H2O.39 Therefore,
the use of this solvent minimizes the Faradaic
current during the spectroscopic study. Despite
the suppression of the Faradaic current, the
bulk pH of the unbuffered electrolytes drifted
from ≈ 7.2 to ≈ 10.1 during the course of an
experiment (Table S1, Supporting Information
(SI)). Prior studies showed that the adsorption
profiles of CO on Cu are essentially independent
of the hydroxide concentration in this range.2

As described below, we conducted control ex-
periments to exclude pH effects on the findings
of this study.
Impact of Anions on CO Adsorption.

Figure 1 shows representative C≡O stretch
spectra of COatop during CVs from −0.6 to
−1.4 V versus Ag/AgCl in a 10 mM solution
of NaClO4. Unless otherwise noted, all poten-
tials in this article are referenced against the
Ag/AgCl electrode. The spectra in 10 mM
solutions of Na2SO4 and NaCl are similar to
the ones shown in Figure 1 (Figure S2, SI).
The CVs were carried out at a scan rate of
2 mV s−1, which is sufficiently slow to achieve
a steady-state population of COatop on Cu.2

The reversible changes in lineshape with ap-
plied potential were the topic of prior investi-
gations and are attributed to a combination of
reversible surface reconstruction and dynami-
cal dipole coupling.3,31 Integration of the band
areas give a quantity that is approximately
proportional to the CO surface coverage,2,23,26

though dynamical dipole coupling may cause
deviations from Beer’s law at high coverage.40

Figure 2A shows the integrated C≡O stretch
band areas of COatop during the CVs in 10 mM
solutions of the salts. The reddish traces rep-
resent the forward scans and the bluish traces
represent the reverse scans. The corresponding
electrochemical current CVs are shown in Fig-
ure S3 of the SI. As shown, the integrated band
areas are virtually independent of the identity
of the anion. Further, the CVs exhibit a marked
hysteresis between forward and reverse scans,
with the reverse scan shifted to more anodic
potentials by ≈ 95 mV. The hysteresis is also
observed during a second consecutive CV (Fig-
ure S4, SI), demonstrating that the hysteretic
behavior is due to a reversible interfacial pro-
cess.
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Figure 1: Representative C≡O stretch spectra
of COatop on Cu as a function of applied po-
tential during the cathodic forward (red) and
anodic reverse scans (blue) in 10 mM NaClO4

in D2O. The reference potential was −0.6 V.

As shown in Figure 2B, in the 1 M elec-
trolytes, the integrated C≡O stretch band areas
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of COatop are affected by the anions in solution:
First, the band areas at saturation coverage are
≈ 35% lower in the presence of 1 M ClO−

4 and
SO2−

4 compared to those at the saturation cov-
erage in the corresponding 10 mM electrolytes.
This observation suggests that ClO−

4 and SO2−
4

partially block CO adsorption sites. The COatop

saturation coverage is attained at ≈ −1.3 V,
which is about 0.4 V more negative that the
potential of zero charge of polycrystalline Cu
(−0.93 V in NaClO4 under acidic pH condi-
tions).41 Therefore, at a potential of ≈ −1.3 V,
the electrostatic force between anions and elec-
trode is repulsive and consequently cannot be
the origin of the apparent site-blocking effect.
This observation suggests the existence of a di-
rect or indirect chemical interaction between
the anions and electrode. ClO−

4 and SO2−
4 are

not expected to specifically adsorb on Cu elec-
trodes in this potential range,36 ruling out a
direct chemical interaction.

It is probable that the interaction of anions
with the electrode is mediated by other elec-
trolyte species. At a potential of ≈ −1.3 V,
Na+ is the dominant charged species in the
electric double layer. Density functional theory
(DFT) studies showed that alkali metal cations
can specifically adsorb on Cu and other metal
electrodes at a potential of −1.3 V.42,43 Surface-
enhanced Raman spectroscopy (SERS) studies
found that specifically adsorbed phosphate an-
ions on Ag electrodes are more stable under ca-
thodic polarization in the presence of Cs+ than
in K+-containing electrolyte.44 Cation-induced
adsorption of persulfate anions on mercury elec-
trodes was suggested as the reason for the ac-
celerated reduction of this anion with increas-
ing alkali metal cation concentration.45 Taken
together, we tentatively attribute the blocking
effects to the presence of quasi-specifically ad-
sorbed anions, that is, anions whose interaction
with the electrode is mediated by Na+.

We note that in a prior study, a more pos-
itive onset potential was reported for CO ad-
sorption on Cu(100) in ClO−

4 -containing elec-
trolyte relative to that in electrolytes contain-
ing specifically adsorbing anions.25 Analysis of
Figure 2 reveals that the onset potential is be-
tween −0.65 and −0.7 V for polycrystalline Cu,

regardless of cation identity and concentration.
In this study, we define the onset potential for
CO adsorption as the potential where the in-
tegrated band area reaches ≈ 1% of the sat-
uration coverage. The effects of anions and
cations are well known to depend on the struc-
ture of the electrode surface.46–48 Therefore, we
attribute these diverging observations to the
different electrode morphologies.
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Figure 2: Integrated C≡O stretch band areas
of COatop as a function of applied potential in
(A) 10 mM and (B) 1 M electrolytes as indi-
cated. Each trace is an average of a minimum
of three experimental results. For each exper-
iment, a fresh Cu film electrode was prepared.
FW and RV denote forward and reverse scans,
respectively. Error bars represent standard er-
rors. For clarity, only a subset of the collected
data points is shown.

Second, in the presence of 1 M Cl−, the inte-
grated band area at the CO saturation coverage
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decreases by only ≈ 12% compared to that in
10 mM NaCl. This result indicates that in con-
trast to the oxy-anions, Cl− does not block CO
adsorption sites to any significant extent.

Third, the hysteresis between forward and re-
verse scans that is apparent for all other elec-
trolytes is absent for 1 M NaCl. The hystere-
sis could arise from reversible or irreversible
processes at the interface. Irreversible changes
at the interface include surface reconstructions
of the electrode and an increase in interfacial
pH due to hydrogen evolution. To test if irre-
versible changes cause the hysteresis, we con-
ducted two consecutive CVs in 1 M Na2SO4.
As in the experiment with 10 mM Na2SO4,
the integrated C≡O stretch band areas of the
first and second cycles closely overlap in 1 M
Na2SO4 (Figure S4, SI). Further, the surface
roughness of the electrodes before and after the
CVs changed by < 10% for all 1 M electrolytes
(Table S1 and Figure S1, SI). Taken together,
these experiments indicate that no significant
irreversible restructuring of the surface occurs
during the CVs. The overlapping consecutive
CVs suggest that the increase in pH during the
experiments does not cause the hysteresis. This
conclusion is further supported by the follow-
ing prior findings: In pH-buffered electrolytes,
similar degrees of hysteresis were observed in
(a) the integrated C≡O stretch band areas of
COatop on Cu and (b) the CV redox peaks due
to charge displacement adsorption of CO on
Cu.2,24 Together with these prior findings, our
results indicate that the hysteresis in the CO
adsorption profiles is a more general feature of
the Cu/electrolyte interface. Our observations
indicate that the hysteresis is due to a reversible
interfacial process, as discussed below.

Comparison of the traces for NaCl electrolytes
in Figures 2A and B shows that the absence
of the hysteresis in 1 M NaCl is mainly due
to the shift of the anodic reverse scan to more
cathodic potentials in that electrolyte. These
observations raise two questions: (1) What is
the origin of the hysteresis in the CVs? (2)
Why is the hysteresis absent in 1 M Cl−?
Origin of the Hysteresis. The hysteresis

in the integrated C≡O stretch band areas of
COatop could arise from a number of different

reasons. For example, hysteretic behavior in
the IR bands of an ionic liquid/electrode inter-
face was attributed to an activation barrier as-
sociated with the rearrangement of interfacial
charge as the electrode potential is altered.49

In the present case, the CVs exhibit similar
degrees of hysteresis for a broad range of dif-
ferent electrolytes. This observation suggests
that electrolyte species are likely not the ori-
gin of the hysteresis. It is more probable that
the formation of the COatop adlayer itself gives
rise to the hysteretic behavior. Density func-
tional theory (DFT) studies showed that the
CO binding energy on metals is a strong func-
tion of the CO surface coverage.7,18,50 For ex-
ample, the chemisorption energy of COatop on
Pt(100) drops from 1.80 to 1.16 eV as the cover-
age changes from 1/4 to one monolayer.18 This
decrease in binding energy is primarily due to
repulsive interactions between nearest neighbor
COatop molecules. For adlayers involving multi-
ply bonded CO, bonding competition and elec-
tron delocalization can also substantially alter
the binding energy.18 For the vacuum/metal in-
terface, the CO binding energy generally de-
creases with increasing coverage.7,18,50 This pre-
dicted trend in binding energy contrasts with
the observed higher stability of the COatop ad-
layer on the anodic reverse scans (Figure 2) in
the present case. Though it is possible that
the presence of the electrolyte alters the trends
predicted by the DFT calculations of the vac-
uum/metal interface, it is more probable that
effects other than an increase in CO cover-
age contribute to the hysteresis. Indeed, in
these studies the structures of the metal sur-
faces were invariant with CO coverage. How-
ever, under many experimental conditions, the
adsorption of CO is known to alter the surface
structure.51–54 As described below, a key con-
tributor to the hysteresis is likely a CO-induced
reconstruction of the electrode surface.

The adsorption of CO can induce morpholog-
ical changes of metal surfaces.51–54 For exam-
ple, adsorption of CO on Cu(111) was shown
to induce the formation of CO-stabilized Cu
nanoclusters on the surface.53 We previously
showed that polycrystalline Cu electrodes un-
dergo a reversible CO-driven reconstruction
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that renders the surface more favorable for the
adsorption of CO.3 Specifically, with SEIRAS
and SERS we demonstrated that the adsorp-
tion of CO induces a reversible reconstruction
of the polycrystalline surface that brings about
a higher density of undercoordinated Cu sur-
face atoms that bind CO more strongly. There-
fore, the CO-covered surface is expected to bind
CO more strongly than the CO-free surface,
which is consistent with the observed hystere-
sis. In agreement with this interpretation, at
the gas/Pt(100) interface, hysteresis in the CO
adsorption/desorption profiles as a function of
temperature was attributed to a CO-induced
reconstruction of the Pt surface.51 Similarly,
the presence of CO was found to impact a re-
versible surface reconstruction of Au(100) elec-
trodes in alkaline electrolyte.29 On the basis of
these findings, we suggest that the hysteresis
in the C≡O stretch band areas of COatop pri-
marily arises from CO-induced reconstruction
of the Cu surface.
Interplay of COatop and Anions. Because

the chemisorption energy of COatop is cover-
age dependent, the formation of the COatop ad-
layer is expected to impact the interplay be-
tween COatop and interfacial anions. To gain a
better understanding of this interplay, we moni-
tored changes in the interfacial anion concentra-
tions with applied potential. Because Cl− can-
not be observed with IR spectroscopy and be-
cause the vibrational modes of ClO−

4 and SO2−
4

are outside the experimentally accessible spec-
tral window of our setup, we monitored the hy-
dration shells of the anions. It is important to
note that these measurements detect the deple-
tion or enrichment of anions over the full width
of the electric double layer as the potential is
altered. The IR spectroscopic measurements
of the hydration shells cannot differentiate be-
tween specifically adsorbed anions and anions
in the double layer that are not in direct con-
tact with the electrode.

Figure 3 shows the IR spectra in the
2500−2850 cm−1 region in the 1 M electrolytes
and at a sample potential of −1.2 V (refer-
ence potential: −0.6 V). In this region, the
potential-dependent spectral changes are due to
the O−D stretch of interfacial D2O. The spec-

trum exhibits a biphasic feature with a positive
band at ≈ 2710 cm−1 and a negative band at
≈ 2660 cm−1. The band at ≈ 2710 cm−1 is at-
tributable to interfacial water in direct contact
with surface-adsorbed CO, as demonstrated
in an earlier publication.33 The IR spectrum
of the bulk NaClO4 solution also exhibits a
band at ≈ 2660 cm−1 (Figure S5, SI). Earlier
studies demonstrated that this band is due to
water in the hydration shells of the anions.55,56

Therefore, the negative peak at ≈ 2660 cm−1

arises from the displacement of anions from the
interface with decreasing electrode potential.
We note that the 2660 cm−1 band may not be
purely due to the hydration shells of anions. In
the case of NaCl, it may indicate the solvation
of surface-adsorbed Clδ−/Na+ pairs.57 We note
that this band was not observable in the 10 mM
electrolytes because of the low concentration of
anions. To obtain the integrated area of the
2660 cm−1 band, we modeled the spectra in the
2500−2850 cm−1 region with a set of two Gaus-
sian functions and a linear background. The
potential-dependence of representative spectra
and the corresponding fits are shown in Figure
S6 of the SI.
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Figure 3: Representative O−D stretch spectra
at a potential of −1.2 V in the 1 M electrolytes
as indicated. The reference potential was −0.6
V.

Figure 4 shows the normalized 2660 cm−1

band area (right y-axis, dashed lines) together
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with the normalized C≡O stretch band area
(left y-axis, solid lines) as a function of potential
for each electrolyte. For easier interpretation,
we normalized the band areas at the cathodic
turning potential of the CVs. The unnormal-
ized integrated areas of the 2660 cm−1 band
are shown in Figure S7 of the SI. Prior studies
found that the adsorption of CO on polycrys-
talline Cu electrodes is correlated with the des-
orption of specifically adsorbed phosphate and
carbonate anions.24,27,28 In comparison to these
earlier studies, Figure 4 reveals a more nuanced
picture of the interplay between COatop and in-
terfacial anions. Similar to prior observations
with phosphate and carbonate,24,27,28 the de-
crease in the integrated 2660 cm−1 band in the
presence of ClO−

4 and Cl− during the cathodic
forward scan closely correlates with the rise of
the integrated C≡O stretch band area (Fig-
ure 4A,C). The corresponding band for SO2−

4

declines at potentials more positive than −0.9
V (Figure 4B), supposedly because of the higher
charge density of SO2−

4 compared to the other
two anions.

During the anodic reverse scan, ClO−
4 and

SO2−
4 return to the interface at a steeper rate

compared to the rate of depletion during the
respective cathodic branch of the CV. Like the
hysteresis in the C≡O stretch band area, the
hysteresis of the 2660 cm−1 band area also oc-
curs during a second consecutive CV (Figure
S8, SI). Despite this steeper rate in the return
of ClO−

4 and SO2−
4 , the formed COatop adlayer

is stable at more anodic potentials relative to
the adlayer during the cathodic scan. This ob-
servation indicates that the stabilization of the
COatop adlayer by CO-induced surface recon-
struction is sufficiently strong to prevent the
disruption of the adlayer by ClO−

4 and SO2−
4 as

the potential is tuned more positively.
In the presence of Cl−, there is essentially

no hysteresis in the integrated 2660 cm−1 band
area (Figure 4C). Further, the decline of this
band area is closely correlated with the rise of
the C≡O stretch band area. These observations
suggest that the adsorption of CO is influenced
by Cl−.
Interaction of COatop and Cl−. To in-

vestigate the interaction between COatop and
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Cl−, we analyzed the peak frequencies of the
C≡O stretch band in the presence of the differ-
ent electrolytes. We restricted this analysis to
potentials ≥ −0.85 V, where the COatop cover-
age is low and frequency shifts due to dynamical
dipole coupling are expected to be minimal.31,58

Representative C≡O stretch spectra of COatop

at a potential of −0.85 V and the corresponding
Gaussian fits are shown in Figure S9 of the SI.
In the 10 mM electrolytes, the C≡O stretch fre-
quencies in the presence of different anions are
very similar to each other (within ≈ 5 cm−1,
Figure S10, SI). Figure 5 shows the potential-
dependence of the frequency in 10 mM NaClO4

as a reference. Relative to this reference, the
stretch frequency in 1 M NaClO4 is very simi-
lar. Whereas the stretch frequency in the pres-
ence of SO2−

4 shows a moderate blue-shift of≈ 5
cm−1 relative to that in 10 mM NaClO4, the fre-
quency in the presence of 1 M Cl− is strongly
blue-shifted by ≈ 19 cm−1. This trend in the
C≡O stretch frequency follows the trend of in-
creasing tendency of the anion to specifically
adsorb on the Cu electrode (ClO−

4 < SO2−
4 <

Cl−).36,37 These results further corroborate that
specifically adsorbed Cl− ions alter the interac-
tion of CO with the Cu surface.

As discussed above, at more cathodic poten-
tials (< −0.85 V), SO2−

4 and ClO−
4 are expected

to be quasi-specifically adsorbed on the elec-
trode. Therefore, the lower COatop saturation
coverage in the presence of 1 M of these anions
(Figure 2) is not due to the modulation of the
CO adsorption energy but a result of the block-
ing of CO adsorption sites by these anions.

We note that the C≡O stretch frequency de-
creases as the potential is tuned more cathodi-
cally (Figure 5). This change in frequency with
applied potential is due to the vibrational Stark
effect, which describes the effect of the interfa-
cial electric field on the vibrational mode.33,59,60

Therefore, this shift is primarily attributable
to an electric double layer effect rather than a
change in surface bonding with coverage and/or
potential. The rate at which the frequency
is changing with potential is similar for the 1
M electrolytes (Figure 5), indicating that the
change in the interfacial electric field with po-
tential is similar for the three different elec-

trolytes.
At the vacuum/metal interface, some co-

adsorbates were shown to impact the binding
energy and C≡O stretch frequency of adsorbed
CO.19,20 Although such “ligand effects” can
arise from various different mechanisms, they
were often successfully interpreted in terms of
the distribution of surface charge among the
co-adsorbates and adsorbed CO molecules. In
the present case, the blue shift of the C≡O
stretch mode is suggestive of bonding competi-
tion between COatop and specifically adsorbed
Cl−. That is, less charge donation from the
metal to the π∗ orbital of COatop occurs com-
pared to the absence of specifically adsorbed
Cl−. A lesser degree of charge back-donation
to the π∗ orbital of COatop is expected to blue-
shift the C≡O stretch frequency,20 consistent
with the observations in Figure 5.

Less back-donation to the π∗ orbital of COatop

is expected to lower the binding energy of CO
to the Cu surface.61 Indeed, DFT calculations
showed that the co-adsorption of I− on Cu
weakens the CO binding energy by 0.07 to 0.33
eV, depending on the crystallographic facet.43

A smaller binding energy of COatop lowers the
propensity of the surface to reconstruct upon
CO adsorption, consistent with the observation
that the hysteresis is absent in 1 M NaCl elec-
trolyte (Figures 2 and 4C). The modulation of
the COatop binding energy by Cl− may partially
explain the dependence of the product selectiv-
ity and/or rate of CO2 reduction on the identity
of the supporting electrolyte’s halide anion.62–65

We note that prior experimental66–68 and
computational38,69,70 studies found that Cl−

desorbs from Cu electrodes at potentials more
negative than ≈ −0.56 to −0.88 V versus
Ag/AgCl, depending on the crystallographic
facet and surface coverage. The prior exper-
imental studies were typically carried out at
low Cl− concentrations in the electrolyte. At
a Cl− concentration of 1 M, a low coverage of
Cl− on the Cu electrode is expected at much
more negative potentials. This assertion is sup-
ported by recent work62 that showed that (a)
small amounts of Cl− remain on the Cu surface
after 1 h of CO2 reduction in 0.1 M KHCO3

+ 0.3 M KCl at a potential of −1.0 V versus
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the reversible hydrogen electrode, and (b) the
magnitude of the reduction current at the same
potential is linearly correlated with the DFT-
calculated adsorption potential of the halide
in the electrolyte. Further, enhancements of
the reduction of CO2 that are not only due to
halide-induced surface restructuring have been
reported for a number of differently prepared
Cu electrodes.63–65,71,72 These results confirm
our notion that at the most cathodic potential
employed in our work (−1.4 V), the Cl− cover-
age on the electrode is sufficiently high to alter
the COatop binding energy.
Irreversibly Adsorbed Species. In the

course of the CVs, we observed two irreversible
changes in the spectra. First, a weak IR band
due to bridge-bonded CO (CObridge) appears in
the CVs (Figure S11, SI). The band is most
pronounced in 1 M NaCl. As demonstrated
in an earlier publication, this low coverage of
CObridge does not measurably impact the bind-
ing of COatop.32 Second, during the anodic re-
verse scans, the O−D stretch band of D2O in-
creases (Figure S6, SI). In a prior study, the
appearance of this band was attributed to the
adsorption of water on Cu.2 Our control experi-
ments of two consecutive CV cycles (Figure S4,
SI) demonstrate that this process does not sig-
nificantly impact the binding of COatop.

Conclusions

Herein, we investigated to what extent anions
of the supporting electrolyte affect the adsorp-
tion of COatop on Cu electrodes. To this end,
we studied the adsorption process in aqueous
solutions of 10 mM and 1 M NaClO4, Na2SO4,
and NaCl. We found that, at low concentra-
tions of anions (10 mM), the adsorption and
desorption of COatop are virtually independent
of the identity of the anion. By contrast, in 1 M
electrolytes, the saturation coverage of COatop

depends on the anion type. Interestingly, we
found that weakly and non-specifically adsorb-
ing anions (ClO−

4 and SO2−
4 ) limit the COatop

saturation coverage. This observation suggests
that quasi-specifically adsorbed anions block a
fraction of CO adsorption sites. However, their
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Figure 5: Peak frequencies of the C≡O stretch
band as function of applied potential at low
COatop coverage. Each trace is an average of
a minimum of three independent experimental
results. Error bars represent standard errors.

ability to do so depends on the absolute COatop

coverage, as indicated by the pronounced hys-
teresis of the adsorption/desorption profiles of
CO and depletion/enrichment profiles of inter-
facial anions. We attribute the higher stabil-
ity of the COatop adlayer in part to a reversible
CO-driven reconstruction of the Cu surface, as
reported in one of our prior studies.3 By con-
trast, in 1 M NaCl, there is virtually no hys-
teresis in the adsorption/desorption profile of
COatop and depletion/enrichment profile of hy-
drated Cl− anion at the interface. Further,
the profiles of the two species are closely cor-
related, suggesting that specifically adsorbed
Cl− affects the chemisorption of COatop on the
Cu electrode. As evidenced by the distinctly
blue-shifted C≡O stretch frequency of COatop

in 1 M NaCl relative to those in the other elec-
trolytes, the chemisorption of COatop is weak-
ened by specifically adsorbed Cl−. This weaker
interaction between CO and Cu is consistent
with a lower ability of COatop to induced surface
reconstruction and the resulting absence of the
hysteresis in the adsorption/desorption profiles
in 1 M NaCl. Our study shows that anions play
an important role in the chemisorption of CO
on Cu electrodes. However, the onset potential
of CO adsorption is surprisingly insensitive to

10



anion identity and concentration. Therefore, to
shift the adsorption profile of CO on polycrys-
talline Cu to more anodic potentials, strategies
other than changing the electrolyte anion are
likely more effective.
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dependent IR spectra of COatop in 10 mM
NaClO4 and Na2SO4. Electrical current density
CVs in 10 mM and 1 M electrolytes. Integrated
C≡O stretch band areas of COatop during con-
secutive CVs in 10 mM and 1 M Na2SO4. IR
spectra of solution phase 1 M NaClO4. Repre-
sentative potential-dependent IR spectra of in-
terfacial D2O with Gaussian fittings of the 2660
and 2710 cm−1 bands. Average unnormalized
integrated 2660 cm−1 band areas. Integrated
2660 cm−1 band areas for consecutive CVs in 1
M Na2SO4. IR spectra of COatop in 1 M elec-
trolytes at low coverage. Potential-dependent
C≡O stretch peak frequencies in 10 mM elec-
trolytes. Representative potential-dependent
IR spectra of CObridge in 1 M electrolytes. Elec-
trode roughness and electrolyte pH values be-
fore and after spectroscopic measurements.
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