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Abstract: Directly observing active surface intermediates rep-
resents a major challenge in electrocatalysis, especially for CO2
electroreduction on Au. We use in-situ, plasmon-enhanced vi-
brational sum frequency generation spectroscopy, which has
detection limits <1% of a monolayer and can access the
Au/electrolyte interface during active electrocatalysis in the ab-
sence of mass transport limitations. Measuring the potential
dependent surface coverage of atop CO confirms that the rate
determining step for this reaction is CO2 adsorption. Analysis
of the interfacial electric field reveals the formation of a dense
cation layer at the electrode surface, which is correlated to the
onset of CO production. The Tafel slope increases in conjunc-
tion with the field saturation due to active site blocking by
adsorbed cations. These findings show that CO2 reduction is
extremely sensitive to the potential dependent structure of the
electrochemical double layer and provides direct observation of
the interfacial processes that govern these kinetics.

Electrochemical reactions play a pivotal role in batter-
ies,1–3 photovoltaics,4–6 fuel cells,7–9 corrosion,10,11 and
catalysis.12–15 However, many fundamental processes at
electrode/electrolyte interfaces are still not fully understood.
For example, during carbon dioxide reduction (CO2R) on
Au electrodes the rate determining step (RDS) has been
the subject of debate.16–19 Despite significant work in this
area, direct observation of the Au/electrolyte interface as
a function of applied potential is still required to address
many outstanding questions in CO2R electrocatalysis, such
as the identity of the RDS and the effect of the potential-
dependent electrochemical double layer on the kinetics of
this process.17–20

In-situ spectroscopy can inform these questions by pro-
viding the ability to directly observe surface reaction inter-
mediates.21–26 A number of groups have tried to measure
the potential dependent surface population of ∗CO (an as-
terisk indicates a surface bound species) during CO2R on
Au using surface enhanced infrared absorption spectroscopy
(SEIRAS), but have been unable to observe it under cat-
alytic conditions.16,17 To circumvent this challenge, detec-
tion often requires production of CO at applied negative

potential followed by a positive potential step where accu-
mulated CO binds more efficiently to the electrode surface. 17

Unfortunately, this approach precludes the ability to mea-
sure the potential dependent surface coverage of the active
species, which is necessary to understand the kinetics that
underlie the RDS. Oberst et al. 16,27 were able to see ∗CO
on Au during CO2R using surface enhanced Raman spec-
troscopy (SERS), but only in the presence of organic ad-
ditives, which served to increase the local concentration of
CO2.

Another technique with inherent interface specificity and
high sensitivity is vibrational sum frequency generation
(VSFG) spectroscopy. We have developed a plasmon-
enhnanced VSFG technique which enables direct observa-
tion of surface species with detection limits below 1% of a
monolayer and is compatible with aqueous electrochemical
reactions at high catalytic current densities. 28 This method
is necessary to enable direct observation of CO2 reduction
on Au because the catalytic surface population of ∗CO is
very low under steady state turnover on Au electrodes, on
the order of only a few percent of a monolayer. 17,19,29,30

Here we use this method to measure the surface coverage
and Stark shift of ∗CO on Au during electrochemical CO2R
as a function of electrode potential. Huang-fu et al. also
recently reported potential-dependent VSFG spectra of CO
on Au using a front side geometry. 31 However, in such a ge-
ometry the ultrathin electrolyte layer (<50 µm) introduces
significant mass transport limitations to the spectroelectro-
chemical cell such that local CO concentration under polar-
izing bias may be much greater compared to an electrode
surface under typical steady state operations. This is a sig-
nificant advantage of the plasmon-enhanced VSFG method
employed here,28 which probes the electrode surface in the
presence of an actively-purged bulk electrolyte, where sur-
face concentrations are not limited by artificial mass trans-
port restrictions (see supporting information section 2). The
results of these measurements confirm hypotheses based on
micro-kinetic modeling that CO2 adsorption is rate limiting
in this reaction and that the kinetics of CO2 adsorption are
extremely sensitive to the potential dependent structure of
the electrochemical double layer. 19

Figure 1a shows potential-dependent VSFG spectra mea-
sured from 2,000-2,200 cm−1 during electrochemical CO2
reduction on polycrystalline Au electrodes in 0.1 M sodium
bicarbonate. The cathodic scan starts from 0.4 V at the bot-
tom of Figure 1a, and moving up shows the spectral progres-
sion as potential is decreased to -1.5 V and then gradually
returned to 0.4 V. Some residual signal from pre-reaction
CV cycling can be seen at potentials more positive than
the onset potential, but this represents only 3.5% of the to-
tal measured signal. Similar measurements obtained on an
electrode without prior CV cycling show no detectable CO
before the reaction onset (see supporting information sec-
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Figure 1. a) In-situ suppressed spectra from atop ∗CO during catalytic CO2 conversion. b) Typical cyclic voltammogram obtained
during in-situ measurements.

tion 2) confirming that the CO measured here is a result
of CO2 reduction and not trace CO impurities. A cylcic
voltammogram corresponding to the potentials in Figure 1a
is shown in Figure 1b. The observed peak has a frequency
that ranges from 2,116-2,088 cm−1 and is indicative of CO
bound to an Au surface in the atop position. 16,17,27 The peak
frequency changes with potential due to the electrochemical
Stark effect. Dipole-dipole coupling can also shift the peak
frequency. We can quantitatively account for dipole-dipole
coupling, and this analysis is shown in the supporting infor-
mation section 3. We find that dipole-dipole coupling rep-
resents a negligible contribution to the observed frequency
shift due to the very low coverage of CO on the Au surface
(see sections 4 and 3 of the supporting information for a
detailed analysis of surface coverage and dipole-dipole cou-
pling). The intensity also shows an interesting potential de-
pendence.

In order to understand how the relative intensity and
Stark shift of the observed ∗CO informs the surface reac-
tion kinetics, we consider the following elementary reaction
steps for CO2R on Au:19

CO2(g) Mass transport (1)

CO2(g) + e− ⇀↽
∗CO −

2 (2)
∗CO −

2 +H+
(aq)

⇀↽
∗COOH (3)

∗COOH +H+
(aq) + e− ⇀↽

∗CO + H2O(l) (4)
∗CO ⇀↽ CO(g) (5)

At catalytic current densities, a pH gradient near the elec-
trode surface is expected based on the consumption of pro-
tons by a combination of CO2R and HER. Under these con-
ditions, it has been hypothesized that the rates of reactions
3 and 4 above will limit the overall CO2R rate as mediated
by a combination of proton diffusion as well as the buffering
capacity of the electrolyte. 17,32–36 Other studies have shown
that the rate of CO2R is insensitive to reaction pH, indi-
cating rather that the RDS does not involve protons. 16,19,37

This observation argues instead that CO2 adsorption (reac-

tion 2) is rate determining for all values of applied potential
until the mass transport regime. 16,18,37–39 However, assum-
ing a single RDS that does not change with potential makes
it difficult to reconcile the potential-dependent Tafel slope
commonly observed for CO2R.16,18,19,37–39

To consider this question, Figure 2 shows the intensity
profile of ∗CO at different potentials for a positive and neg-
ative potential scan (compilation of multiple experiments).
Here ∗CO intensity is plotted on a square root scale so as to
be proportional to absolute surface coverage, ignoring third
order contributions as addressed below. Using peak area
calibrated to a known coverage of a 4-mercaptobenzonitrile
on Au, we have estimated the potential dependent absolute
surface coverage of ∗CO on Au, and these estimates are pro-
vided in section 4 of the supporting information. We note

Figure 2. Relative coverage as a function of potential. Here
the square root of the ∗CO peak intensity is plotted, which is
proportional to the absolute coverage.
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Figure 3. a) Deconvolution of the contribution of χ(2), χ(2)χ̇(3), and χ(3) to the SFG intensity of a 4-mercaptobenzonitrile SAM. b)
Normalized relative CO coverage as measured, and with corrections for third order contributions assuming a χ(3)/χ(2) ratio of 2.3.

that the highest coverage occurs at -0.7 V and represents
approximately 4.9 % of a monolayer. This low coverage is a
consequence of weak binding to Au, and is consistent with
both experimental and theoretical data. 17,19,29,30 As the po-
tential is scanned to negative potentials, the intensity of the
∗CO peak initially increases until somewhere between -0.7
and -0.9 V, where it drops sharply and levels off by -1.2 V.
During the anodic scan, the ∗CO peak intensity is reversible
and recovers as the potential is returned to more positive
potentials. In the anodic scan the peak maximum appears
to shift to less negative potentials. This behavior is a result
of ∗CO persisting on the electrode surface during the anodic
scan, which is not present in the cathodic scan.

This analysis is based on the assumption that the mea-
sured signal originates from the second order non-linear sus-
ceptibility (χ(2)) and is proportional to the square of surface
population. However, it has been shown that when the in-
terfacial electric field is on the order of tens of MV/cm as
is the case here, third order (i.e. χ(3)) contributions can
contribute to the measured signal. 40,41 To carefully account
for the possibility of third order contributions in this anal-
ysis, we have quantified the ratio of χ(3)/χ(2) by measuring
the potential-dependent VSFG signal from a self-assembled
monolayer of 4-mercaptobenzonitrile on Au, over a range
where surface coverage is constant with potential. Figure 3a
shows this analysis, and the associated equations and fitting
parameters are given in the supporting information section
5. We find the χ(3)/χ(2) ratio is 2.3 ± 0.4 × 10−10 m V−1,
which is within error of the previously reported value for a
related system.41 Assuming a similar relative χ(3) value for
in-situ generated ∗CO on Au, we are able to deconvolute
the second and third order contributions to the measured
CO intensity profile. The results are show in Figure 3b and
confirm that the relative surface coverage of ∗CO shows an
almost identical potential profile when χ(3) is quantitatively
accounted for, indicating that these conclusions are robust
to possible third order contributions to the measured VSFG
signal.

A decrease in surface coverage indicates a rate reduction
for one or more elementary steps depicted in reactions 2-4,
an increase in reaction 5, and/or a loss of active surface sites.
While a number of theoretical studies have treated CO des-
orption as potential-independent, 19,42 spectroscopic studies
indicate that CO adsorption/desorption kinetics are complex
and may vary with applied potential. 16,17,43 This decrease in

∗CO surface population could be caused by a rate reduction
in reactions 3 or 4 as protons are consumed at higher current
densities as has been postulated. 32,36 However, this could
also be caused by site blocking by cations, which adsorb on
the electrode surface at negative potentials and can limit the
rate of CO2 adsorption.17,32,44 Below we show by analysis
of the Stark tuning curve for ∗CO that the electric field in
the Stern layer saturates as a function of applied potential,
indicating the formation of a densely packed cation layer on
the electrode surface. This saturation occurs at the same
potential where we observe a decrease in the ∗CO peak in-
tensity. These observations provide strong spectroscopic evi-
dence that site blocking by adsorbed cations mediates access
to the surface and directly supports predictions based on mi-
crokinetic models confirming that CO2 adsorption kinetics
are extremely sensitive to the potential-dependent structure
of the electric double layer. 19

Figure 4a shows the CO peak frequency as a function of
applied potential. The Stark tuning rate for the linear region
is ∼19 cm−1/V which is similar to other values reported by
VSFG for CO complexes on Au electrodes. 25 The frequency
shift from ∗CO can be used to deduce the magnitude of the
interfacial field using Equation 6. 45

ω(φ) = ω0 −
⇀

∆µ ·
⇀

F (φ) (6)

Here ω(φ) is the potential dependent peak frequency,
⇀

∆µ
is the vector that describes the orientation of the infrared
dipole and its dipole difference due to an applied field, and
⇀

F (φ) is the potential dependent electric field vector. The
zero field frequency, ω0, is the Stark frequency when the
electrode surface is at its zero charge potential. For poly-
crystalline Au electrodes the potential-of-zero-charge (pzc)
occurs at 0.08 V vs SHE as determined by the capaci-
tance minimum obtained using electrochemical impedance
(see supporting information section 6). Using the value of

0.7 cm−1/(MV/cm) for
⇀

∆µ46 and assuming the dipole and
field are on average oriented normal to the surface, the in-
terfacial electric field is calculated and is given in Figure 4b.
These fields are on the same order as have been observed
previously for similar systems. 25,26,45

We also collected stark tuning curves using the CN stretch
of 4-mercaptobenzonitrile, a common Stark reporter (Figure
4a).26,47 The experimental spectra are shown in the support-
ing information (section 7) as is the impedance data which
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Figure 4. a) Potential dependent frequencies for CO and CN stark reporters. b) Ohmic drop corrected potential (Vappl-iRsoln) and the
corresponding electric field calculated from Equation 6. The CN and CO fit show a best fit line calculated with Guoy-Chapman-Stern
theory. The Stern field is a liner fit to the points below -0.9 V. Error bars represent standard deviations from replicate measurements.

show a pzc for this functionalized surface of 0.0 V vs SHE
(section 6). This molecule is known to exhibit a tilt angle of
40◦ when adsorbed on Au, and this has been accounted for
in the dot product of the dipole moment with the electric
field vector as shown in Equation 6. 48 The value for 1/

⇀

∆µ
of 0.36 (MV/cm)/cm−1 is given by Shi et al.26 This study
also investigated the effect of solvation on frequency shifts
of Stark reporters. By comparing the stretching frequency
in air with that in aqueous electrolyte measured at the pzc,
they calculate the change in frequency due to solvation at a
fixed potential. For the CN reporter, the frequency is blue
shifted in water relative to air by ∼0.25 cm−1. Here we ac-
count for solvation effects by referencing the Stark tuning
curves for both CN and CO to the experimentally measured
pzc.

As shown in Figure 4a, the electric field saturates at more
negative potentials. This has been observed before, 25 and
Patrow et al.49 propose that this occurs when the electrode
reaches a steady state polarization due to the Faradaic cur-
rent associated here with CO2R and HER. It is possible
to correct for this potential drop by using electrochemical
impedance to measure the electrolyte ohmic drop as a func-
tion of applied potential. 26,47–50 We use this method to ob-
tain the corrected data for both CO and CN Stark reporters
as shown in Figure 4b. Also shown in the figure are fits
using the Gouy-Chapman-Stern model (see supporting in-
formation section 8).

Analysis of these data show that while these two re-
porters experience similar interfacial electric fields, the 4-
mercaptobenzonitrile Stark reporter is unable to measure
the field at potentials relevant to CO2R due to irreversible
reductive desorption of the thiol at potentials more nega-
tive than -1 V (see supplementary figure S6). Additionally,
while correcting for ohmic drop linearizes the CN data, the
∗CO data still shows saturation of the electric field at poten-
tials more negative than -0.9 V indicating that the potential
decrease due to ohmic drop does not fully account for this
effect. This behavior results from the Stern layer, and indi-
cates that the Stern layer field is saturating due to formation
of a dense cation layer at the Au/electrolyte interface. This
observation indicates a site blocking mechanism, where a
dense cation layer limits the kinetics of CO2 adsorption as
described above.17,51 We note that the drop in ∗CO inten-

sity occurs between -0.7 and -0.9 V and exactly matches the
potential for formation of a dense Stern layer as shown in
Figure 4b.

The decrease in ∗CO at potentials more negative than -
0.9 V shown in Figure 2 is also correlated to a change in
the Tafel slope and the onset for high faradaic efficiency
CO production observed previously. 18,19,29,38 Both of these
observables are consistent with our data. First, the Tafel
slope for potentials less negative than -0.9 V vs SHE is com-
monly reported as ∼118 mV/decade, consistent with a one
electron reduction of CO2 to CO2

−.16,18,19,37–39 However,
at more negative potentials, the Tafel slope increases and
approaches infinity. 18,19 The Tafel slope is derived from fun-
damental rate laws, and for the case where CO2 adsorption
is rate limiting, this slope is given by Equation 7: 52

∂logjCO
∂E

= − βF

2.3RT
+
∂logθ

∂E
(7)

where jCO is the partial current density to CO, E is the
potential, β is the symmetry factor and is typically set to
0.5, F is Faraday’s constant, R is the gas constant, T is the
temperature, and θ is the active site coverage.

For simplicity, θ is often approximated to be unity. How-
ever, our observation of site blocking by the potential-
dependent Stern layer nullifies this approximation, and ac-
counting for this term explains the increasing Tafel slope
as free active sites are blocked by adsorbed cations. While
Tafel plots typically show some curvature at potentials more
negative than -0.7 V, the slope can be approximated in a
given potential region. Between -0.9 and -1.2 V the slope
is ∼300 mV/decade.18 Using this value and assuming that
the one electron reduction of CO2 to CO –

2 is the RDS, the
active site coverage over this potential range is calculated
to be ∼3%. We note that this value is in very close agree-
ment with the measured surface coverage of ∗CO, which is
approximated to be 3.2% at -1.1 V (see supporting informa-
tion section 4). This analysis, which explains the potential
dependent Tafel slope based on changes in the active site
density, is corroborated here by the direct observation that
potential-induced cation adsorption controls the availability
of active sites for CO2 adsorption. Additionally, the forma-
tion of a dense Stern layer by -0.9 V vs SHE corresponds
with the well-established onset for CO2R and is consistent
with recent reports that the presence of alkali cations on
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the electrode surface enhances CO2R reaction kinetics by
lowering the activation barrier due to formation of a strong
interfacial electric field. 33,42

Interestingly, the observed decrease in population and sat-
uration of the Stern layer are correlated to the onset of effi-
cient CO2R, which suggests that the observed surface pop-
ulation is not directly correlated with activity. 16,18 These
results can be interpreted in the context of leading research
by Norskov and Sargent who show that the strong electric
field generated near an adsorbed cation results in a signifi-
cantly enhanced reaction rate for CO2 reduction.33,42 Con-
sequently, the increased overall reaction rate indicates that
although cations block the majority of surface sites, those
few sites remaining are highly active. In fact, this can be
taken as direct experimental evidence that cation adsorp-
tion significantly enhances local reactivity as theoretically
predicted. Modeling by Liu et al. 33 suggests that the reso-
nance time of CO2 decreases as the surface cation concen-
tration increases. As we measure a time averaged coverage,
if the resonance time decreases, the time averaged intensity
will also be expected to decrease as observed.

Recent work by Li et al.24 have investigated the role of
interfacial solvation on CO2R selectivity on Cu and find that
hydrogen bonding plays a role in steering product selectiv-
ity. While the structure of interfacial water on Au elec-
trodes has been the subject of numerous studies, 53–57 much
remains to be learned about the effects of interfacial solva-
tion on electrochemical kinetics. The potential-dependent
adsorption of cations is expected to influence the interfa-
cial water structure,58,59 and the correlation between this
structure and CO2R kinetics remains the subject of ongoing
work.

These results represent direct observation of an active
electrochemical interface during CO2R. Using the potential
dependent intensity and electric field reported by ∗CO dur-
ing steady state electrolysis, we provide direct evidence for
the correlation between formation of a dense Stern layer,CO2
adsorption, and the onset of CO2R activity. These obser-
vations provide new insight into the interfacial processes
that control the kinetics of this important catalytic reac-
tion.

Supporting Information
The supporting material contains information on the

1. Experimental details 2. Steady state population of ∗CO
3. Frequency shifts due to dipole-dipole coupling 4. ∗CO
surface coverage 5. Contributions of χ(2) and χ(3) to the
VSFG intensity. 6. Double layer capacitance and potential of
zero charge 7. VSFG spectra of 4-mercaptobenzonitrile as a
function of electrode potential and 8. Gouy-Chapman-Stern
model.
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