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Electrolyte Competition Controls Surface Binding of CO Intermediates to CO2 Re-
duction Catalysts 

Anna Wuttig,1,† Jaeyune Ryu,1 and Yogesh Surendranath1* 
1Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts, United States   
 

ABSTRACT: Adsorbed CO is a critical intermediate in the electrocatalytic reduction of CO2 to fuels. Directed design of 
CO2RR electrocatalysts have centered on strategies to understand and optimize the differences in CO adsorption enthalpy 
across surfaces. Yet, this approach has largely ignored the role of competitive electrolyte adsorption in defining the CO surface 
population relevant for catalysis. Using in situ infrared spectroelectrochemistry, we disclose the contrasting influence of elec-
trolyte competition on reversible CO binding to Au and Cu catalysts. Whereas reversible CO binding to Au surfaces is driven 
by substitution and reorientation of adsorbed water, CO binding to Cu surfaces requires the reductive displacement of adsorbed 
carbonate anions. The divergent role of electrolyte competition for CO adsorption on Au vs. Cu leads to a ~600 mV difference in 
the potential region where CO accumulates on the two surfaces. The contrasting CO adsorption stoichiometry on Au and Cu also 
explains their disparate reactivity: water adsorption drives CO liberation from Au surfaces, impeding further reduction, whereas 
carbonate desorption drives CO accumulation on Cu surfaces, allowing for further reduction to hydrocarbons. These studies 
provide direct insight into how electrolyte constituents can serve as powerful design parameters for fine-tuning of CO surface 
populations and, thereby, CO2-to-fuels reactivity.

INTRODUCTION 
CO2 electroreduction would allow for the storage of intermit-

tent renewable electricity in energy-dense chemical fuels.1,2 The 
dominant mechanistic paradigm for CO2 reduction at heteroge-
neous catalysts invokes surface bound CO as a critical interme-
diate. Thus, the surface population of and the catalyst’s affinity 
for CO are expected to correlate with the efficiency and selec-
tivity of fuel formation. Indeed, it has been postulated that a 
catalyst’s CO affinity determines whether this key intermediate 
is liberated as the final product or reduced further to higher or-
der hydrocarbons and oxygenates.3–5 Furthermore, theoretical 
studies establish that CO affinities also scale linearly with the 
adsorption energies of other CO2RR intermediates,4,6,15–18,7–14 
suggesting that the CO adsorption energy is a powerful de-
scriptor of CO2RR reactivity.19 Despite the widespread appreci-
ation of the importance of CO adsorption thermodynamics, it 
has not been directly examined and compared for various CO2 
reduction catalysts under electrochemical conditions. Instead, 
the CO adsorption energy of various known and postulated cat-
alysts have been inferred primarily from theoretical stud-
ies4,7,14,20 or ultra-high vacuum (UHV) analysis.17 However, 
both of these methods apply a simple gas-solid model of ad-
sorption, in which CO binds to unoccupied surface sites 
(Scheme 1a).7  

This gas-solid model does not accurately represent the CO 
binding chemistry that dominates during catalysis at a polarized 
solid-liquid interface. Under reaction conditions, CO binding, 
by necessity, involves the displacement and/or rearrangement 
of solvent (Scheme 1b, S) and electrolyte ions (Scheme 1 b, An–

), and this aggregate equilibrium defines the CO surface popu-
lation.21 Critically, analysis of the potential-dependence of CO 
binding must consider the key roles of S and/or An– because 
changes in the magnitude and sign of the interfacial electric 

field alters the stability of solvent dipoles and/or drives elec-
tron-transfer-mediated ion adsorption or desorption.22–25 It is 
well-established that the potential-dependent binding of S 
and/or An– alters the surface’s affinity for neutral small mole-
cules such as benzene and ethylene.21–29 This precedent suggests 
that the potential-dependent affinity of the surface for compet-
ing water and electrolyte ions (e.g. (bi)carbonate) is expected to 
be dominant contributors in defining the CO surface population 
during CO2RR. Yet, a systematic understanding of how com-
peting adsorption reactions contribute to the potential-depend-
ence of CO binding (Scheme 1b) across materials remains elu-
sive. Together, these knowledge gaps impede directed efforts to 
control CO affinity and tune CO2RR selectivity.  

Here, we probe the CO adsorption stoichiometry by simulta-
neously tracking the adsorption of CO, water, and (bi)carbonate 
using in-situ surface-enhanced infrared absorption spectros-
copy (SEIRAS) in an attenuated total reflectance (ATR) 
mode.30–33 In SEIRAS, nanostructured electrode surfaces am-
plify IR absorption by adsorbed molecules with transition di-
pole moments perpendicular to the surface.30–33 This technique 
is ideally suited to quantify CO affinity in situ because ATR-
SEIRAS provides: (a) linear response in adsorbate coverage and 

Scheme 1. (a) Gas-solid model for CO binding in ultra-high vac-
cuum. (b) Electrochemical model for CO binding shown here.  



 

signal intensity;34 (b) large spectral range; and (c) unrestricted 
mass transport to the catalyst surface.  

We use SEIRAS to compare the reversible CO adsorption 
stoichiometry on Au and Cu CO2RR catalysts. Au and Cu offer 
an ideal platform for investigating these differences because (1) 
they display reversible CO binding under electrochemical con-
ditions35–40 and (2) they display radically different CO2RR prod-
uct distributions. Au catalyses the production of CO as the ma-
jor product41 whereas Cu is unique in catalysing the formation 
of CH4 and C2H4

42. This divergent reactivity has been explained 
by a difference in the enthalpy of CO adsorption computed on 
idealized closed-packed Au and Cu surfaces in UHV (~30 kJ 
mol–1),4 where the weak Au-CO bond favors liberation of CO 
as the major product and the stronger adsorption to Cu allows 
for accumulation of this intermediate. However, these UHV-
derived enthalpy values are insufficient to explain the potential-
dependence of CO adsorption on the two surfaces35–40 and there 
exist varying perspectives on the role of the electrolyte in gating 
CO binding on these materials.37,38,43 Thus, we were motivated 
to identify and determine the potential-dependence of compet-
ing solvent and electrolyte ion interactions that define the CO 
population on these two surfaces under common CO2RR condi-
tions. We show that the divergent reactivity profiles of Au and 
Cu can be explained by differing solvent/electrolyte reaction 
equilibria. On Au surfaces, water adsorption drives CO libera-
tion, impeding further reduction. In contrast, on Cu surfaces, 
carbonate desorption drives CO accumulation, allowing for fur-
ther reduction to hydrocarbons. These studies provide a molec-
ular basis for explaining how competing surface reactions con-
tribute to differential potential-dependent CO surface popula-
tions across materials.  

RESULTS AND DISCUSSION 
CO Binding Equilibria on Polarized Au Surfaces. We in-

vestigated the CO adsorption dynamics on Au films in CO-
saturated 0.1 M (bi)carbonate buffer, pH 9.2, (unless otherwise 
stated, all data collected employ this electrolyte, Ci). At this al-
kaline pH, the low equilibrium concentration of CO2 minimizes 
convoluting CO2RR,38 and consistent with negligible CO2RR, 
we observe featureless SEIRA spectra in the CO region, 1700 
to 2200 cm–1 when using Ar-saturated Ci (Figure S1). Figures 
1a and b show the cyclic voltammogram (CV) and SEIRA spec-
tra of a Au film, where the background was recorded at –1.00 
V under CO-saturation (this potential was chosen for reasons 
discussed in the SI and Figure S2). We observe a peak at 2079 
cm–1 that appears at –0.57 V, reaches a maximum value at –0.14 

V (Figure 1c), and declines monotonically at more positive po-
tentials. This peak exhibits a 49 cm–1 V–1 Stark tuning slope, 
Figure S3a. Both the Stark tuning slope and the band position 
are in line with our previous assignment of linearly-bonded CO 
to Au (COatop).36 On the reverse-going (blue) trace, the poten-
tial-dependence of the COatop band is identical to the forward-
going (red) trace, Figure 1c, indicating that COatop exhibits re-
versibility with respect to changes in applied potential. In addi-
tion, we observe that the COatop population increases as the po-
tential is swept from –1.00 to –0.14 V and then decays in a sym-
metric fashion as the applied potential approaches 0.04 V (Fig-
ure 1c). We find that as the PCO is reduced, the population of 
COatop at a given potential systematically decreases, indicative 
of reversible COatop binding under these conditions (Figure 2a 
and S4). Other observed CO binding motifs are irreversible and 
described in Figures S2-6, and the SI. We note that the relative 
band intensities of COatop to the irreversible bands differ from 
that observed previously by our group44 and others38,45. In our 
study, we employ Au counter electrodes and purified ultra-
high-purity electrolytes (see SI for detailed experimental proce-
dures). We also performed a control experiment with a Pt coun-
ter electrode and observe no spectra differences (Figure S6), 
further ruling out the possibility of contaminants from the coun-
ter electrode38,45 in our experimental setup. Nonetheless, we 
acknowledge that our spectra do vary from those reported by 
others and we postulate that these variations could result from 
differences in Au SEIRAS film preparation (see synthesis pro-
cedure in the SI) that appear to lead to an enrichment in Au(110) 
facets (Figure S7), known to display COhollow, CObridge, and COa-

top in intensity ratios comparable46 to what we observe. Addi-
tionally, the following analysis of CO binding stoichiometry is 
restricted to the reversible COatop band, which displays potential 
dependent adsorption over the same range of potentials ob-
served by others38,45 irrespective of the presence or absence of 
irreversible CO bands.” Thus, the foregoing analyses focus on 
the reversible COatop band. 

The potential dependence of reversible COatop electrosorption 
at every PCO examined exhibits a bell-shape behavior. This be-
havior is a well-documented phenomenon for the electrosorp-
tion of various organic molecules in aqueous electrolytes.26,28,29 
Theoretical models capture this bell-shape dependence by de-
scribing the electrosorption process as a competition between 
the adsorption and reorientation of interfacial water and the ad-
sorption of the organic molecule.21–27 Due to the relatively large 
dipole moment of water (1.83 D), the models predict that the 
potential-dependence of organic molecules reflects changes in 

Figure 1. (a) Cyclic voltammogram (CV) obtained on a Au film at 2 mVs–1 in 1.00 atm CO-saturated 0.1 M sodium bicarbonate electrolyte, 
pH 9.2 ± 0.1, 24 ± 1 ̊C (a). CV scans were initiated at –1.00 V vs. SHE in a positive-going (red) direction and the reverse negative-going 
(blue) direction is also shown. (b) Simultaneously acquired SEIRA spectra with the shaded regions denoting peaks corresponding to reversi-
ble, COatop, and irreversible CO adsorption. (c) Integrated band intensities for adsorbed COatop. Background spectra were recorded at –1.00 
V.  



 

the aggregate orientation of interfacial water dipole moments as 
the applied potential is swept positive and negative of the po-
tential of zero-charge (PZC).21–27 Thus, maximum adsorption is 
expected at the PZC of the working electrode, where the inter-
facial field is the weakest. Our observation of a bell-shaped po-
tential dependence of COatop electrosorption suggests that this 
model could also describes the system examined here. Indeed, 
the peak potential (Emax) of the bell-shaped curve at –0.14 V 
corresponds to the measured PZC of Au of around –0.10 V47 in 
NaClO4 electrolytes. We note that the decrease in the COatop 
population observed at potential values more positive that 0.00 
V could reflect CO depletion near the electroactive surface due 
to Au-catalyzed CO oxidation (Figure 1a). We exclude this 
possibility because, upon overlaying the CO oxidation CV trace 
with the COatop band intensity (Figure S8), we see that CO ox-
idation current continues to rise even as the COatop band inten-
sity falls rapidly. Indeed, the rising CO oxidation current does 
not become transport-limited until 0.00 V and at which point 
the COatop band has already declined for ~140 mV. In addition, 
we note that possibility that cation adsorption may be contrib-
uting to a decline in the COatop band. It has been observed that 
hydrophobic cations, such as tetramethylammonium38, display 
increased spectroscopic band intensity at potentials lower than 
–0.25 V vs SHE on Au. This potential for cation adsorption is 

90 mV more negative than the peak potential for COatop adsorp-
tion, –0.14 V, and we would expected the cation adsorption po-
tential to be shifted even more negative for the more hydrophilic 
Na+ used in this study. Thus, we postulate that the dominant 
factor leading to the decline in COatop band is interfacial water 
reorientation. Together, this analysis suggests that interfacial 
water reorientation mediates CO binding.  

Additional insight in this process is obtained from direct anal-
ysis of the interfacial water band. At –0.22 V, we observe a 
bleach at 1616 cm–1 (Figure 1b). Based on previous SEIRAS 
studies,48–50 we assign this band to δHOH bending mode of in-
terfacial water canted towards the surface as depicted in Figure 
3a, left. Figure 2b shows that the integrated band intensity cor-
responding to this δHOH bending mode of interfacial water 
(light blue squares) remains roughly constant from –1.00 V to 
–0.57 V and then decreases roughly linearly as the electrode po-
tential approaches 0.04 V. The decrease in integrated band in-
tensity indicates that this canted interfacial water is either (1) 
re-orientating to an IR-inactive position (Figure 3a, middle), 
and/or (2) dissociating from the surface. This behavior de-
scribes the molecular structure of water up until the PZC. At 
potentials more positive than the PZC, the rebinding of the wa-
ter would be expected to accompany CO dissociation. However, 
this adsorption does not lead to an increase in the interfacial 
water band intensity because water would rebind in a different, 
canted-up orientation (Figure 3a, right), giving rise to a red-
shifted δHOH bending mode relative to the canted-down orien-
tation.48 Since the background is collected at potentials negative 
of the PZC, this red-shifted rebinding results in a continued de-
cline in the intensity of the δHOH bending mode at potential 
values more positive than PZC (Figure 2b, light blue squares). 
Thus, the strong correlation of the water band with COatop bind-
ing further evinces that potential-dependent changes in the ori-
entation and population of interfacial water drive CO adsorp-
tion.  

COatop adsorption on Au is not correlated with changes in the 
surface population of (bi)carbonate. At 0.03 V, we observe a 
peak at 1442 cm–1, which is attributed to the A1 mode of ad-
sorbed monodentate carbonate51–54. Unlike water, the band in-
tensity corresponding to the adsorbed carbonate remains 
roughly constant across the entire potential range, and only be-
gins to appreciably increase at 0.00 V, a potential value 160 mV 
past the peak of maximum COatop adsorption, Figure 2b, dark 
blue diamonds. Indeed, if carbonate adsorption were gating the 
desorption of COatop, we would expect to see a dramatic rise in 
the IR signatures for carbonate that matched the decline in COa-

top band, as observed for Cu, see below. Thus, while we cannot 
unequivocally rule out the role of carbonate adsorption at the 
tail end of the COatop desorption profile, we postulate that water 

Figure 2. (a) Integrated COatop band intensities on a Au electrode 
as a function of CO partial pressure at 0.13 (yellow circles), 0.25 
(brown circles), 0.50 (orange circles), and 1.00 atm (red circles) CO 
with Ar as the balance gas. (b) Integrated band intensity for the H-
O-H bending mode of interfacial water (dark blue squares) and ad-
sorbed carbonate (light blue diamonds). Data recorded in 1.00 atm 
CO-saturated 0.1 M sodium bicarbonate buffer electrolyte, pH 9.2 
± 0.1, 24 ± 1 ̊C, where CV scans were initiated at –1.0 V vs. SHE. 
The forward-going trace is reported.  

Figure 3. (a) Proposed stoichiometry of potential-dependent CO binding on Au relative to the potential of zero charge (PZC). (b) Proposed  
stoichiometry of CO binding to Cu surfaces. The yellow region to the left of each panel denotes the dominant speciation in the reductive 
potential-region relevant to CO2RR catalysis.  



 

adsorption and reorientation are the primary contributors to the 
binding and release of COatop on Au. In addition, we do not ob-
serve voltammetric features associated with compensatory 
charge flow upon desorption of (bi)carbonate (see below for a 
corresponding discussion on Cu). Together, these results sug-
gest that the potential-dependence of COatop electrosorption to 
Au is correlated with changes in the orientation and population 
of interfacial water and not carbonate. 

The forgoing analysis is consistent with the model for COatop 
binding on Au surfaces schematically shown in Figure 3a. At 
potentials negative of the PZC, interfacial water populates the 
Au surface in a canted-down orientation. At the PZC, the weak 
interfacial field no longer stabilized water dipoles, thus COatop 
binding becomes favourable. At potentials positive of the PZC, 
water dipoles can be stabilized in a canted-up orientation, driv-
ing off CO from the surface. This reaction stoichiometry high-
lights that the energetics of water adsorption and reorientation 
drives the potential-dependence of COatop electrosorption on Au 
surfaces.  

CO Binding Equilibria on Polarized Cu Surfaces. With a 
description of the molecularity of CO adsorption on Au in hand, 
we performed similar experiments on Cu surfaces to provide 
insight into the molecularity of CO electrosorption on a differ-
ent CO2RR electrocatalysts with radically different product se-
lectivity. The slightly alkaline Ci conditions employed to study 
CO electrosorption on Au surfaces also lead to negligible con-
volution from CO2RR on Cu surfaces, Figure S9, and therefore 
all observed CO peaks are interpreted as resulting from inten-
tionally added CO. Figure 4a and b shows the CV and simul-
taneously collected SEIRA spectra, respectively, in CO-
saturated Ci electrolyte. The background spectrum was col-
lected at –0.56 V. Beginning at –0.68 V, we observed the ap-
pearance of a peak at 2043 cm–1. This feature exhibits a Stark 
tuning slope of 26 cm–1 V–1 (Figure S10a) and increases in in-
tensity as the potential is swept more negative. Beginning at –
0.80 V, we observed the rise of a shoulder peak at 2075 cm–1 
that displays a negligible Stark tuning slope. The aggregate in-
tensity of both bands continue to rise monotonically with in-
creasingly negative potentials within the full range of condi-
tions tested (–0.56 V to –1.05 V) (Figure 4c). At high PCO val-
ues greater than 0.5 atm, the aggregate intensity of both bands 

reaches a maximum value at –1.01 V (Figure 4c). The fre-
quency range of this aggregate CO band is in line with the 1990 
to 2100 cm–1 range reported for linearly bonded CO on Cu in 
UHV, and thus we denote the cumulative CO band as COatop.55–

57 On the reverse-going CV sweep, the COatop band declines in 
intensity with a profile very similar to that observed for its rise 
on the negative-going trace (Figure S11). These findings indi-
cate that COatop binding is reversible with respect to changes in 
applied potential. In addition, we observe that the magnitude of 
the COatop band monotonically increases with increasing PCO at 
fixed potential values (Figures 4c and S12). The PCO depend-
ence of this band provides further evidence for the reversibility 
of COatop electrosorption to Cu under these conditions. The 
spectra also contain peaks corresponding to other binding mo-
tifs of CO,58 but all of these are irreversible with respect to 
changes in potential (see Figures S10, S11, and the SI). In order 
to the extract thermochemical information about reversible CO 
adsorption on Cu, we, therefore, restrict the foregoing analysis 
to the COatop band. 

COatop electrosorption correlates with carbonate desorption. 
At potentials more negative than –0.68 V, we observe a bleach 
at 1543 and 1509 cm–1 (Figure 4b). These bands are assigned 
to the A1 and B2 modes, respectively, of carbonate adsorbed to 
Cu in a bidentate mode bridging two copper centers.51–54,59 The 
small 34–1 cm separation in these two modes excludes the pos-
sibility of the mono-dentate adsorption of bicarbonate as this 
species exhibit a significantly red-shifted B2 mode.54 The bleach 
of these resonances indicates that carbonate desorbs at poten-
tials ≤ –0.68 V (Figure 4b). We also observe a slight rise of a 
positive-going band at 1643 cm–1 over the same potential range, 
attributed to the δHOH bending mode of interfacial water48–50 
(Figure 4b). We observe that the integrated band intensity for 
carbonate (Figure 4d, dark blue diamonds) decreases monoton-
ically beginning at –0.56 V, reaching a potential-invariant plat-
eau at –0.97 V. This decline in the adsorbed carbonate band 
mirrors the rise and plateau in the COatop band (Figure 4c), sug-
gesting that carbonate desorption is correlated with CO adsorp-
tion. From –0.76 V vs SHE to –1.05 V vs SHE, we find that the 
integrated band intensity for interfacial water (Figure 4d, light 
blue squares) remains unchanged within error, indicating that 
CO adsorption is not correlated with changes in the interfacial 

Figure 4. (a) Cyclic voltammograms (CV) obtained on a Cu film at 2 mV s–1 in 1.00 atm CO-saturated 0.1 M sodium bicarbonate electrolyte, 
pH 9.2 ± 0.1, 24 ± 1 ̊C. CV scans were initiated at –0.56 V vs SHE in a negative-going (solid line, blue) direction. Overlaid CV obtained on 
a Cu foil recorded at 350 mV s–1 and initiated at –0.43 V in a negative-going (dotted line, blue) direction. Half-wave potential (E1/2) of the 
two voltammetric waves vs logarithm of the carbonate concentration (inset). (b) Simultaneously acquired SEIRA spectra for the Cu film 
with the shaded regions denoting peaks corresponding to reversible, COatop, and irreversible CO adsorption. (c) Integrated COatop band inten-
sities as a function of CO partial pressure at 0.13 (yellow circles), 0.25 (brown circles), 0.50 (orange circles), and 1.00 (red circles) atm CO 
with Ar as the balance gas. (d) Integrated band intensity for the H-O-H bending mode of interfacial water (light blue squares) and adsorbed 
(bi)carbonate (dark blue diamonds).  



 

water structure over this potential range. We note, however, that 
we do observe a correlation in the rise of the interfacial water 
band intensity between –0.68 V and –0.76 V vs SHE with the 
integrated band intensity of COatop (Figure 4c and d). There-
fore, we cannot rule out that changes in the interfacial water 
structure do not contribute to CO adsorption in this 80 mV po-
tential range. Together, these data indicate that CO adsorption 
is predominantly coincident with carbonate desorption.  

 Electrochemical data provide additional support for the role 
of carbonate desorption as the main factor gating CO adsorption 
on Cu. Desorption of the carbonate dianion would give rise to 
compensatory charge flow from the external circuit and a cor-
responding voltammetric feature. Indeed, CO adsorption in 
phosphate electrolytes is accompanied by a reversible voltam-
metric feature for the desorption of phosphate from the Cu sur-
face.43,60–64 Surface redox waves have also been shown for pol-
ycrystalline Cu electrodes cycled in CO-saturated (bi)carbonate 
electrolytes at pH 10.3 and have been correlated to the appear-
ance of CO bands in FTIR spectra.43 We reasoned that we 
should also be able to observe similar voltammetric features on 
Cu under the conditions used in this study. While the large cat-
alytic wave observed in the slow CV scans recorded during 
SEIRAS measurements obscure the observation of surface elec-
trodesorption waves, Cu foil electrodes examined at a higher 
scan rate under identical conditions display two broad and re-
versible voltammetric features at –0.71 and –0.89 V (Figure 4a, 
dotted lines). The redox waves shift by a 41±5 mV and a 44±4 
mV per log[CO3

2–] dec˗1 for the first and second electrosorption 
peak, respectively (Figure 4a, inset), and display similar de-
pendence at alternative scan rates (Figure S13). The observa-
tion of two reversible voltammetric features in Figure 4a sug-
gests that there are two reversible CO sites. Indeed, at potential 
values ≤ –0.80 V, we observe the rise of a sharp shoulder in the 
COatop band at 2079 cm–1, Figure 4b. This transition also coin-
cides with an inflection point at roughly –0.80 V in the COatop 
integrated band intensity, Figure 4c, suggesting that the COatop 
band predominately reflects one Cu binding site at potentials 
more positive than –0.80 V and another site at potentials more 
negative than –0.80 V. While the asymmetry and the large 
width of the aggregate COatop peak may also suggest Fano-type 
coupling of CO vibrations with metal-based absorptions,65–69 
the correlation with the voltammetry waves suggest that two 
distinct CO binding environments are contributing to the ob-
served peak shape. Conversely, if changes in the structure of the 
interfacial water were the main driver for CO adsorption, we 
would not observe two voltammetric features (Figure 4a) that: 
(1) shift in response to changes in CO3

2– concentration in CO-
saturated (bi)carbonate electrolytes; and (2) correspond with the 
spectral observation of two distinct CO binding environments.  
Taken together, the observation of two CO3

2– concentration-de-
pendent voltammetric features that coincide with two distinct 
binding environments for adsorbed CO further support the no-
tion that carbonate desorption gates CO binding to the Cu sur-
face. 

The data in Figure 4 are consistent with an electrosorptive 
process for COatop adsorption on Cu surfaces described by the 
following expression and schematically shown in Figure 3b,  

Cu-COatop + CO3
2–

sol ⇌ 2e– + COsol + Cu-CO3,  
where COaq is the CO dissolved in the electrolyte, Cu-CO3 

denotes specifically-adsorbed carbonate molecules, Cu-COatop 
denotes surface-bound COatop, CO3

2–
aq denotes carbonate anions 

in the bulk solution. This equilibrium expression highlights that 

reversible COatop binding to Cu surfaces is accompanied by car-
bonate desorption. The equilibrium potential for this reaction is 
given by,  

𝐸	 = 𝐸% 	+ 	
𝑅𝑇
2𝐹

ln
𝜃./0𝑎./

𝜃./2345𝑎./067
 

where E0 refers to the standard state potential for the reaction, 
𝜃./0  refers to the surface coverage of carbonate, aCO refers to 
the activity of CO, θCOatop refers to the surface coverage of COa-

top, 𝑎./067  refers to the activity of carbonate, and the other con-
stants take their usual meaning. This expression captures the 
~30 mV/log[𝑐./067] dependence on the electrosorptive process. 
Despite the large error in our measurements, our observed val-
ues of 41±5 mV and a 44±4 mV mV/log[𝑐./067] are more in line 
with a two-electron electrosorptive process of carbonate than a 
versus a one-electron electrosorptive process of bicarbonate, 
which would lead to a 60 mV dec˗1 dependence. None-the-less, 
we cannot rule out the possibility that bicarbonate and carbonate 
are simultaneously in competition with CO, giving rise to a 
slightly higher slope. Our conclusion is further corroborated by 
the spectral observable of 1543 and 1509 cm ˗1, which corre-
spond to carbonate and not (bi)carbonate on copper. The above 
equilibrium indicates that the CO surface population is gov-
erned by both the CO affinity at a given surface site and the 
corresponding binding energy of carbonate. Thus, the ~200 mV 
separation between the two surface waves reflects difference in 
the free energy of binding CO or CO3

2– or both to the two dis-
tinct surface environments.  

Comparison of Molecularity of CO Electrosorption on Au 
and Cu. The above studies establish the molecular basis for re-
versible CO binding to Au and Cu surfaces. Our studies high-
light that, unlike for gas-solid interfaces, in an electrochemical 
environment, competitive binding of solvent and electrolyte de-
fines the potential-dependent surface CO affinity. On Au sur-
faces, we show that COatop electrosorption is in competition 
with interfacial water and that the large dipole moment of water 
stabilizes the interfacial field better than bound CO at potentials 
positive or negative of the PZC. Thus, water adsorption drives 
CO desorption under the negative potentials required for 
CO2RR, Figure 3a (yellow shaded region), explaining the 
wide-spread observation of selective CO production on Au sur-
faces.36 In contrast, on Cu surfaces, COatop binding is driven by 
carbonate desorption, and the potential dependence of the latter 
serves to define the CO surface population during CO2RR, Fig-
ure 3b (yellow shaded region). The electrochemically driven 
desorption of carbonate allows for the accumulation of CO on 
the Cu surface, priming this critical intermediate for subsequent 
reduction to higher order hydrocarbons and oxygenates. To-
gether, our studies demonstrate that competing interactions with 
solvent and electrolyte define the equilibria that dictate CO sur-
face population and provide a basis for explaining the divergent 
CO2 reduction reactivity profiles of Au and Cu surfaces.  

CONCLUSION 
In this work, we utilize in situ infrared spectroelectrochemis-

try to examine the factors that control CO adsorption to Au and 
Cu surfaces under conditions relevant to CO2RR catalysis. 
While gas phase studies establish that CO binds more strongly 
to Cu than Au, our studies show that the CO surface population 
is not governed by these intrinsic thermochemical differences 
alone, but is actually reflective of different CO binding equilib-



 

ria for Au and Cu under electrochemical conditions. On Au, re-
versible CO binding is driven by substitution and reorientation 
of adsorbed water. In contrast, CO binding to Cu requires the 
reductive displacement of adsorbed carbonate anions. These 
contrasting CO adsorption equilibria on Au and Cu leads to a 
large ~600 mV difference in the potential range where CO ad-
sorption is favoured. These changes in the CO adsorption equi-
libria also explain divergent CO2RR reactivity: water adsorp-
tion drives CO liberation from Au catalysts, impeding further 
reduction, whereas carbonate desorption drives CO accumula-
tion on Cu, allowing for further reduction to higher order prod-
ucts. 

Our observations provide further insight into CO2RR electro-
catalyst design. First, optimization of the CO affinity, a recog-
nized descriptor for CO2RR catalysis, is insufficient without 
considering correlated changes in the binding affinity for sol-
vent and electrolyte species. The ideal catalyst will not only 
have an optimal CO binding affinity but also display a low af-
finity for competing solvent and/or electrolyte species in order 
to display CO2RR catalysis at low overpotentials. Thus, the in-
sights provided here introduce additional descriptors that can be 
used to drive computational investigations of new catalyst tar-
gets, as has been recently shown for the hydrogen evolution re-
action70. Likewise, the experimental design of the electrolyte 
environment can be used to direct catalyst selectivity. By choos-
ing strongly coordinating electrolyte ions, solvents and/or addi-
tives that compete effectively for adsorbed CO, one can turn off 
downstream reduction pathways. Alternatively, by pairing 
weakly coordinating electrolytes and solvents with appropriate 
catalysts such as Cu, CO species will accumulate at lower over-
potentials, thereby exposing more efficient catalysis for highly 
reduced hydrocarbons and oxygenates. In aggregate, this study 
highlights, that at both a theoretical and experimental level, the 
directed design of efficient CO2RR catalysts requires a revised 
paradigm that emphasizes the potential-dependent competitive 
binding of intermediates, electrolyte, and solvent in defining the 
free-energy profile of CO2-to-fuels catalysis. 
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