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Abstract:
Here we present a plasmon-resonant vibrational sum fre-

quency generation spectroscopy for use in electrochemical mea-
surements. Using surface plasmon resonance we couple light
through a CaF2 prism to Au films of > 50 nm in order to
reach the buried Au/electrolyte interface. The approach en-
ables us to use bulk electrolyte, and high current densities (> 1
mA/cm2), and therefore is suitable to probe active intermedi-
ates under relevant electrochemical reaction conditions. Fres-
nel factor modeling of the plasmon resonance for a three layer
system (CaF2/Au/electrolyte) shows good agreement with ex-
perimental data. Off-angle momentum-matching to the surface
plasmon resonance allows us to measure functional groups(-CH,
-CD, -CN, -NO2) across a wide range of infrared frequencies by
simply scanning the infrared wavelength without any angular
realignment . Additionally we report a detection limit < 1%
of a monolayer for the Au/electrolyte interface. Using this
method we observe an active intermediate during CO2 reduc-
tion on Au at catalytic currents. Consequently, we believe that
this method will provide mechanistic understanding of electro-
chemical reactions.

1. Introduction
Due to the low detection limits and inherent surface sen-

sitivity of Vibrational Sum Frequency Generation (VSFG)
spectroscopy, it has become a useful tool for the study of
electrochemical interfaces. 1–6 VSFG is a second order non-
linear process that occurs between two fields of different fre-
quencies, often a fixed visible field and a broadband or tun-
able infrared field.7–9 As a second order process, VSFG in-
herently ignores contributions from centrosymmetric media
and is therefore interface specific in the dipole approxima-
tion.

Use of this technique for electrochemical measurements
remains experimentally challenging due to the difficulty of
transmitting an infrared beam to an electrode/electrolyte
interface under working electrochemical conditions. This is
because most electrodes are opaque to infrared light, and
many electrolytes, including water, also strongly absorb a
large portion of the mid-infrared spectrum. 2,10,11 Although
many conductors show weak transmission of IR light, no-
table exceptions exist. This includes ITO, which is transmis-
sive in certain regions of the IR spectrum and can provide
a spectral window to the electrode/electrolyte interface. 12

To address this challenge, two experimental geometries have
previously been employed for VSFG studies of electrochem-
ical systems. However, as discussed below, each of these
possess experimental drawbacks, which have limited their
wide spread application for spectroelectrochemistry.

The first method employs a front side geometry, shown in
Figure 1a, where the visible and infrared beams approach the

interface from the electrolyte side. 2,13–16 The benefit of this
approach is that it enables the use of a bulk electrode that
can be well-characterized and sustain a high current density.
However, the disadvantage of this approach is that both vis-
ible and infrared beams must pass through the electrolyte,
which severely attenuates the infrared intensity. For this rea-
son, when working in this geometry, the electrode is pressed
close against an optical element such as a prism with only an
ultrathin (< 50 µm) film of electrolyte sandwiched against
the electrode surface.2–4,14,15 While this enables transmis-
sion of infrared light to the electrode/electrolyte interface,
it results in severe mass transport limitations when attempt-
ing to probe faradaic processes, which can introduce exper-
imental artifacts resulting from pH gradients and diffusion
controlled kinetics.

The second method is for the visible and infrared beams
to approach the interface through the electrode as shown in
Figure 1b.10,17–19 While this technique avoids the need for
ultrathin electrolyte layers, it requires the use of a trans-
parent electrode. Since conductive materials are by nature
strong absorbers (or reflectors) of infrared light, this geome-
try presents major challenges by severely limiting selection of
the electrode material. A common approach in this area has
been to employ ultrathin metal electrodes (i.e. ≤10 nm),
which are semitransparent yet moderately conductive. 1,20

However, the signal-to-noise in these geometries is typically
poor owing to the unfavorable Fresnel factor. 10,18,20 Addi-
tionally, films with average thickness less than 10 nm are
often unstable and cannot sustain the current densities re-
quired for electrocatalysis due to resistive heating of the ul-
trathin film.

To improve signal-to-noise in this backside approach, a
variation to the second method has been reported where a
thicker electrode is employed to produce a surface plasmon
resonance (SPR) enhancement of the Fresnel factor. 1,19,21–23

This has been shown to significantly improve signal-to-noise
and has promise for electrocatalysis since the thicker metal
film can also sustain higher current densities necessary to
study electrocatalytic processes.

SPR coupling is realized through phase-matching the in-
cident 800 nm laser field with the momentum vector of the

Figure 1. a) Frontside or thin electrolyte geometry. b) Back-
side or co-propagating Kretschmann geometry employed in ex-
periments in this work.
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surface plasmon. However, this is only one type of phase
matching that occurs during a plasmon-enhanced SFG mea-
surement. To clarify, we note that there are three types of
phase-matching referred to in this paper: 1) Phase-matching
between the visible and IR laser beams to generate VSFG
signal. This phase matching is required for all VSFG spec-
troscopy even without SPR enhancement. While the plasma
response of the metal substrate may assist in this process,
the only required phase-matching occurs between the vis-
ible and IR wavevectors. 2) Phase-matching between the
incident IR beam and an SPR in the metal, which would
lead to an enhancement of the IR field. 3) Phase-matching
between the incident 800 nm field and an SPR in the metal,
which would lead to an enhancement of the 800 nm field.
This third type of phase-matching where an SPR enhances
the 800 nm electric field at the Au electrode/electrolyte in-
terface is the main focus of this paper, and provides an ad-
vantage over IR-SPR coupling as the coupling angle does
not change with IR wavelength as discussed below.

Plasmon resonant VSFG was first applied to electrochem-
ical systems by Shen and co-workers, where coupling to an
SPR occurred through phase-matching of the infrared field,
and resulted in enhanced detection of dodecanethiol on Au
during electrochemical cycling. 1 The phase-matching angle
required to couple light into an SPR is narrow and is strongly
dependent on the wavelength of light as well as the dielectric
functions of the substrate, the metal layer, and the backside
medium.24 In an electrochemical VSFG experiment these
layers correspond to the prism, the electrode, and the elec-
trolyte. Accordingly, working at an infrared SPR in practice
requires tedious realignment of the laser fields for each re-
gion of the infrared spectrum to be measured as well as for
different electrolytes. For example, the SPR enhancement
measured for the Au/D2O interface was limited to a sin-
gle narrow frequency range and signal was lost when the
backside medium was switched from D2O to H2O without
angular realignment.1

Here we present an off-angle momentum-matched, plas-
mon enhanced VSFG technique for electrochemical appli-
cations. Relaxation of the angle requirement for SPR is
simply achieved by electron beam deposition of Au directly
onto a CaF2 window in the absence of an adhesion layer
resulting in a nanostructured Au/CaF2 buried interface. A
number of possible mechanism are discussed, which can cou-
ple the 800 nm field to the SPR wavevector, leading to an
enhanced VSFG signal. The net result of off-angle SPR
momentum matching is the ability to probe the buried elec-
trode/electrolyte interface with high sensitivity across the
entire infrared spectral range during an electrochemical re-
action without any realignment. We show that detection
limits less than 1% of a monolayer are easily achievable at the
Au/electrolyte interface, even with short integration times.

Using this technique, we demonstrate the ability to mea-
sure in-situ generated CO with high signal-to-noise during
CO2 reduction on Au. Directly observing active surface in-
termediates represents a significant challenge in electrocatal-
ysis. This is especially true for CO2 electroreduction on Au
electrodes because weak CO adsorption leads to very low
surface coverage during steady state turnover. 25,26 Conse-
quently, this method answers a long-standing challenge in
Au electrocatalysis, and promises to inform a variety of pro-
cesses occurring at active electrochemical interfaces.

2. Methods

Materials and Sample Preparation
Perfluorodecane was purchased from Floryx Laboratories,

d-25-1-dodecanethiol was purchased from CDN isotopes,
and 4-mercaptobenzonitrile was purchased from Enamine.
All other chemicals were purchased from Sigma Aldrich.
Chemicals were used as purchased without further purifi-
cation. Au electrodes were prepared by electron beam evap-
oration on infrared grade CaF2 windows (Eksma) using a
Kurt J. Lesker Lab-18 deposition system. Film thickness
was monitored during deposition by quartz crystal microbal-
ance, and resulting thicknesses were calibrated using atomic
force microscopy. Self-assembled monolayers (SAMs) were
prepared on the Au electrodes by first cleaning the Au in
either 2 mTorr of air plasma (Harrick Plasma PDC-001)
on medium power for 30 seconds or by dropping 40 vol%
nitric acid on the Au surface for 20 seconds and immedi-
ately washing with milli-Q water. Both methods for clean-
ing yielded good results as determined by VSFG and elec-
trochemical cyclic voltametry measurements. The cleaned
Au films were then immersed in 1-dodecanethiol (2 mM),
d25-dodecanethiol (2 mM), 4-nitrothiophenol (2 mM), thio-
phenol (4 mM), or 4-mercaptobenzonitrile (4 mM) in ethanol
and kept in solution overnight. Upon removal from solution,
these various SAMs were washed with ethanol and dried un-
der nitrogen prior to use.

Electrochemical Measurements
All electrochemical measurements were made using a Bi-

ologic SP-50 potentiostat on 27 nm Au films. Electrolyte
solutions of sodium bicarbonate (0.1 M) were prepared us-
ing milli-Q water and were purged with CO2 at 300 sccm
until the solution pH was 6.8. All potentials were recorded
vs Ag/AgCl (3M NaCl) using a platinum mesh counter elec-
trode. Prior to making measurements, the electrode was cy-
cled from 0.3 V to -1.1 V to ensure a clean electrochemical
surface. A nafion proton exchange membrane separated the
working and counter electrodes. Spectra showing CO were
collected using a step potential sequence with integration
for 60 seconds. Measurements were made after the electrode
equilibrated to the applied potential. The cyclic voltammo-
gram was collected with a scan rate of 50 mV/s. Current
density was calculated using the geometric area of the elec-
trode. Au electrodes are stable between 0.3 V and -1.1 V vs
Ag/AgCl even in the absence of a Cr adhesion layer. How-
ever, we cannot comment on electrode stability at potentials
more positive than 0.3 V. At potentials more negative than
-1.1 V the gold film has a tendency to delaminate over time,
and this becomes increasingly probable at more negative po-
tentials. Despite this, we find that it is possible to collect
spectra with integration times up to several minutes at po-
tential as negative as -1.7 V.

Sum Frequency Generation Spectroscopy
The VSFG system has been described previously. 27 How-

ever, we provide additional details pertaining to the elec-
trochemical VSFG measurements reported here for the first
time. Spectra were measured in a custom spectroelectro-
chemical cell (See supporting information section 1). For
VSFG measurements, the 800 nm pulse energy was ∼10 µJ
and the infrared energy was ∼5 µJ. To probe various po-
larization combinations, the infrared polarization was con-
trolled with a half waveplate and the 800 nm and the VSFG
signal beams were each controlled using a half waveplate
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and polarizer. Other polarization combinations are shown
in the supporting information section2. Unless otherwise
noted spectra were taken in PPP (P polarized VSFG, 800
nm, and infrared) polarization. Suppression of non-resonant
signal was achieved by introducing a temporal delay to the
time-asymmetric 800 nm pulse relative to the infrared pulse 9

corresponding to 530 fs in the CH region and 670 fs in the
CN and CO regions. Unless otherwise noted, spectra were
integrated for 60 seconds. A purge box encloses the infrared
beam path and sample chamber that can be flushed with
dry N2 to remove spectral absorption from ambient water
and CO2.

X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) analysis was

performed to quantify the relative surface coverage of mixed
SAMs consisting of 4-mercaptobenzonitrile and thiophenol
using a Kratos Axis Ultra x-ray photo-electron spectrometer
(monochromatic Al Kα X-ray source, Ephoton = 1486.6 eV,
pass energy 80 eV). Spectra were collected for SAMs pre-
pared from mixed solutions of 4-mercaptobenzonitrile and
thiophenol in ethanol (4mM total concentration) consisting
of 10, 20, 40, 60, 80, and 100 percent 4-mercaptobenzonitrile.
As described in the main manuscript below, this XPS data
was fit to a competitive isotherm model to extract the rela-
tive binding constants for 4-mercaptobenzonitrile and thio-
phenol on Au. This information was then used to pre-
pare SAMs with a precisely known surface coverage of 4-
mercaptobenzonitrile for quantitatively determining VSFG
detection limits.

3. Results and Discussion

The primary disadvantage of using an SPR enhancement
is the strict phase-matching required to produce a plasmon
resonance. In order for light to couple into an SPR mode, the
component of the wavevector parallel to the interface must
match the wavevector of the plasmon resonance as shown in
Equation 1.28

kSPR = kx =
2πn1sin(θ)

λ
(1)

Here kSPR is the wavevector of the SPR mode, kx is
the component of the laser wavevector parallel to the
metal/dielectric interface in p-polarization, n1 is the refrac-
tive index of the prism, λ is the wavelength of the incident
light, and θ is the incident angle of the light relative to sur-
face normal. This condition can be satisfied for a few mate-
rials in the visible spectrum and near infrared (Au, Ag, Cu,
and Al).While this momentum matching is most commonly
achieved by prism coupling at a precise incidence angle, a
number of mechanisms exist that can allow SPR excitation
at a range of incidence angles, and these are briefly described
below.

Prism coupling is the typical method for SPR excitation.
This is accomplished by angle tuning of the incident field in
a high index medium until the kx vector of the incident field
matches the SPR wavevector, kSPR. In prism coupling the
singular resonance angle is extremely sensitive to changes in
the refractive index of the backside medium. Consequently,
it is commonly employed analytically to detect binding of
a substrate to a metal surface. 29 If this were the primary
mechanism for SPR excitation in the present study, then sig-
nal enhancement would be a sensitive function of incidence

angle, refractive index of the electrolyte, and IR frequency,
which is not the case as shown below.

Grating coupling uses the diffraction orders of a grating
(positive or negative) to borrow the momenta necessary to
satisfy the momentum matching condition as given by Equa-
tion 2:

kSPR = kx ±mg (2)

where m is the grating order, and g is the grating lattice
constant, with g=2π/a, and a is the grating period. 28,30,31

Rough surface coupling represents a special case of grat-
ing coupling where a distribution of spatial features act as
variable line spacings on a roughened surface such that the
angle matching requirement appears to be relaxed. 28,30 In
supporting information section 3, we analyze the spatial fea-
tures of the electrodes employed here and show that these
can support SPR coupling through the grating effect.

Localized surface plasmon resonances (LSPR) also exist
on nanostructured metals and have been shown to excite
propagating SRP modes by near field coupling. 30,32,33 LSPR
excitation does not require a specific angle due to the range
of wavevectors contained in the spatially confined resonance,
so this can allow coupling of light into a propagating SPR
mode at a range of incidence angles. Here the intensity
of the generated SPR is a function of the LSPR intensity
and the LSPR-SPR coupling strength. As described in the
supporting information section 3, both LSPR excitation as
well as grating coupling on the roughened Au electrode can
contribute to the VSFG signal enhancements demonstrated
here, and additional work would be required to disentangle
the specific contributions of each.

Figure 1b shows the co-propagating Kretschmann geome-
try used in our experiment, with the fields incident from the
electrode side. In the Kretschmann geometry used here, the
infrared and visible beams are incident at 56◦ in plane but
are offset 5◦ out of plane. This out of plane offset does not
contribute any polarization contamination to the measured
VSFG signal as described in the supporting information sec-
tion 4. The sum frequency beam is collected in reflection ge-
ometry. Exchangeable samples are made by evaporating Au
electrodes of controlled thickness onto CaF2 windows. Many
electrodes can be prepared in parallel and are subsequently
indexed-matched to a hemicylindrical CaF2 prism using per-
fluorodecane as an infrared-transparent index match. This
approach enables the reuse of the prism and facilitates high
sample throughput on multiple disposable electrodes, which
represents a significant advantage in time and cost compared
to direct deposition of the electrode onto the hemicylindri-
cal prism. Additional details on this approach are described
in the supporting information (See supporting information
section 1).

The experimentally measured spectra of a 53 nm Au film
with a dodecanethiol self-assembled monolayer (SAM) are
shown in Figure 2a. Unsuppressed spectra are obtained at
maximum temporal overlap between 800 nm and broadband
infrared pulses. Non-resonant suppressed spectra are ob-
tained by delaying a time asymmetric 800 nm pulse rela-
tive to the infrared pulse, which selectively suppresses the
non-resonant contribution of the signal due to its faster de-
coherence time compared with vibrational resonances. 34,35

The unsuppressed spectra can be fit to extract the resonant
contribution as is typically done for VSFG spectra (see sup-
porting information section 5). 8,19

To investigate the effect of Au layer thickness on the res-
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Figure 2. a) Unsuppressed and non-resonant suppressed VSFG
signal from a self-assembled monolayer of 1-dodecanethiol on a
53 nm Au film b) Simulated three layer Fresnel factors on and off
plasmon resonance for different film thicknesses plotted with the
experimental data. The horizontal error is the standard deviation
derived from the thickness calibration. The vertical error bar
(shown only for the 27 nm data point) is a standard deviation
derived from replicate samples.

onant VSFG signal, Figure 2b shows a simulation of the
three layer transmission Fresnel factor at 800 nm for the
CaF2/Au/water interface as a function of Au layer thick-
ness.28,36 The details of these simulations and associated
equations are given in the supporting information section
6. The data points in Figure 2b represent the experimen-
tally measured resonant intensity of the 2,870 cm−1 peak
for dodecanethiol as a function of Au layer thickness. These
data are compared to two thickness-dependent Fresnel fac-
tors: the on-resonance Fresnel factor is the Fresnel fac-
tor at the surface plasmon resonance angle of 73◦ for the
CaF2/Au/water interface. The off-resonance Fresnel factor
is the Fresnel factor calculated at the experimental working
angle of 56◦, which is below the calculated plasmon res-
onance angle for this system. As shown, the on and off-
plasmon resonance Fresnel factors behave differently. The
off-resonance Fresnel factor (multiplied by 50) predicts that
the VSFG signal should decrease exponentially with thick-
ness (i.e. less field transmits to the interface through thicker
films), while the on-resonant Fresnel factor predicts a max-
imum electric field for Au film thickness of approximately
50 nm. As shown, the experimental VSFG intensity quan-
titatively follows the on-resonant Fresnel factor in Figure
2b showing a maximum enhancement for 53 nm Au films.
This result may seem surprising because the simulated res-
onance angle for the CaF2/Au/water interface is 73◦, and
our working angle is 56◦ relative to surface normal. How-
ever, this result can be explained by off-angle momentum
matching of the SPR wavevector, which can occur either via
grating coupling or LSPR coupling as described above. For
additional details see also supporting information section 3.

Several additional experimental observations support this
explanation for SPR enhancement of the VSFG signal based
on relaxation of the strict angle matching requirement.
First, Au films deposited on dielectric substrates such as
CaF2 grow in a non-continuous manner, forming a nanos-
tructured CaF2/Au interface, which would serve to relax the
requirement for resonant momentum matching. 37,38 Scan-
ning electron microscopy of the Au films grown on CaF2 for
these studies confirms this nanostructuring (see supporting
information section 7). This nanostructuring may act as a
plasmonic grating that can couple the incident 800 nm field
into the SPR modes of the Au layer. When a Cr adhe-

sion layer is added to the CaF2 window, the VSFG signal
dramatically decreases, and resonant vibrations from the do-
decanethiol SAM are not observed as shown in supporting
information section 7. Section 3 of the supporting infor-
mation provides a quantitative comparison based on image
analysis of the Fourier components indicating that the Cr
adhesion reduces SPR momentum matching via the grating
mechanism.We also note that in addition to altering the spa-
tial features of the Au electrode, Cr is known to damp the
electric field produced by SPR excitation, which could also
lead to the observation here.39,40 Finally, we show that a
45 nm Ni film, which is not plasmonic, shows less than 1%
of the resonant signal coming from the dodecanethiol SAM
compared to Au, even though these SAMs are well known to
form on Ni as well as Au,41 confirming the role of plasmon
resonance on the observed signal (see supporting informa-
tion section 7).

We note that propagating SPR modes are different from
localized surface plasmon resonances or LSPR modes in that
LSPR fields represent highly localized electric field enhance-
ments, which often results in selective sampling of hot spots,
while propagating SPR fields have a larger homogeneous
spatial distribution, which results in more uniform sampling.
Measuring the optical extinction of the Au films as a function
of thickness shows that these samples lack the absorption
feature typical of LSPR modes in Au (See supporting infor-
mation section 8).42–45 This observation may suggest that
the SPR excitation occurs via the grating effect as opposed
to LSPR coupling, although further work would be required
to disentangle the specific contributions of these two effects.

The observed off-angle coupling has several important im-
plications for practical experiments. First, no tedious align-
ment changes are required as the momentum vectors of the
infrared and/or 800 nm fields change. That is, VSFG spec-
tra can be obtained across the entire frequency range sim-
ply by scanning the infrared wavelength without any angu-
lar realignment. Figure 3 shows VSFG spectra from SAMs
of a) 1-dodecanethiol, b) 4-mercaptobenzonitrile, c) d-25-1-
dodecanethiol, and d) 4-nitrothiophenol collected with wa-
ter as the backside dielectric medium. The corresponding
vibrational stretching frequencies of these compounds are in
agreement with the literature values. 9,46–48 All spectra were
collected in the same geometry and only required scanning
the infrared wavelength. To further explain this, we calcu-
late the three layer transmission Fresnel factor (L2

zz) for the
infrared beam across a wide range of frequencies (1250-3000
cm−1), and this is shown in Figure S13 in the supporting in-
formation. We find that the Fresnel factor varies smoothly as
a function of infrared frequency. This indicates that the SPR
signal enhancement in this method comes primarily from the
800 nm field as opposed to the infrared field, giving rise to
the ability to measure chemical functional groups spanning
a wide frequency range. While the Fresnel factor modeling
indicates that the primary enhancement comes from the 800
nm field, the possibility for plasmonic enhancement from the
IR field should also not be completely ignored. In fact, IR
field enhancements of similar electrodes are commonly ob-
served in the related technique surface-enhanced IR absorp-
tion spectroscopy (SEIRAS), and 2D-IR, and it is likely that
we are also benefiting from an additional IR enhancement
here.49–52

A second benefit of this method is that signal intensity is
relatively insensitive to incident angles as shown in Figure
4a (see supporting information section 1). If these measure-
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Figure 3. Unsuppressed VSFG spectra from self assembled monolayers for a) 1-dodecanethiol, b) 4-mercaptobenzonitrile, c) d25-1-
dodecanethiol, and d) 4-nitrothiophenol.

ments were made under typical plasmon resonance condi-
tions, the signal should drop drastically as the angle is tuned
off the sharp resonance. However, the VSFG intensity quan-
titatively scales as sec2θSF as predicted by Equation 3:

ISF =
8π3ω2sec2θSF

h̄c3
√
ε(ω)ε(ω1)ε(ω2)

× | e(ω) · χ(2)
s : e(ω1)e(ω2) |2 I1(ω1)I2(ω2)

(3)

where θSF is the VSFG phase matching angle. 53 Thus the
plasmon enhancement of the VSFG signal is confirmed to be
broad and flat in angular space. Third, VSFG signal is not
affected by changes in the dielectric constant of the backside
medium. Figure 4b shows VSFG spectra collected with air
and water as the backside dielectric. Changing the backside
medium does not significantly change the spectral profile or
intensity. This is advantageous for electrochemical experi-
ments where different electrochemical solvents, analytes, and
electrolytes would change the refractive index causing the
plasmon resonance to move under typical SPR conditions
with strict momentum matching.

Figure 4. a) Observed sec2 scaling of the VSFG non-resonant
signal as a function of the sum frequency angle. b) Unsuppressed
VSFG spectra taken with air and water as the dielectric medium.

Equally important to the above outcomes is the detec-
tion limit. Figure 5a shows the CN stretch from 1% of
a monolayer of 4-mercaptobenzonitrile collected in only 60
seconds integration time showing an excellent signal-to-noise
ratio of approximately 40. In order to obtain this detection
limit we prepared solutions with different concentrations
of 4-mercaptobenzonitrile and thiophenol. Due to differ-
ences in the heats of adsorption, the solution concentrations
are not exactly representative of surface concentrations. In
order to quantify the relative surface concentrations of 4-
mercaptobenzonitrile and thiophenol, we measured XPS at
the N 1s and S 2p edges and plot the nitrogen/sulfur ratio
as a function of the percent of 4-mercaptobenzonitrile in so-

Figure 5. a) Non-resonant suppressed VSFG spectra from 1%
of a monolayer of 4-mercaptobenzonitrile co-adsorbed with thio-
phenol b) Relative coverage obtained from the sulfur to nitrogen
ratio from XPS as a function of 4-mercaptobenzonitrile in solu-
tion. The line is a fit to the data using a competitive binding
isotherm and was used to determine the solution concentration
needed to obtain 1% 4-mercaptobenzonitrile surface coverage.

lution (see supporting information section 9 for associated
XPS spectra). Figure 5b shows the results of these measure-
ments. The measured nitrogen/sulfur ratio was normalized
to the 100% 4-mercaptobenzonitrile sample and fit using the
competitive Langmuir isotherm in Equation 4:

θa =
Ka

eq[a]

1 +Ka
eq[a] +Kb

eq[b]
(4)

This result gives the relative equilibrium constants for
4-mercaptobenzonitrile (Ka

eq) and thiophenol (Kb
eq), where

(Ka
eq)/(Kb

eq) is 4.9. Based on the relative equilibrium con-
stants from this isotherm, we prepared Au electrodes func-
tionalized with 4-mercaptobenzonitrile diluted in a layer of
thiophenol, where nitrile groups were present at less than
1% concentration. The VSFG spectrum in Figure 5a repre-
sents the nitrile stretch from this sample measured with a
60 s integration. Detection limits on the order of a few per-
cent of a monolayer are needed to observe catalytic reaction
intermediates and other low occurrence surface species.

This is especially true for CO2 electroreduction on Au
electrodes because weak CO adsorption leads to very low
surface coverage during steady state turnover. 54,55 Figure
6a shows a typical cyclic voltammogram collected in CO2

purged 0.1 M sodium bicarbonate in the VSFG electrochem-
ical cell. As shown, current densities in excess of 1 mA/cm2

are readily obtained. Active purging of the bulk electrolyte
with CO2 at 300 mL/min provides a constant supply of fresh
reactants to the electrode surface. The onset potential for
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catalytic current occurs near -0.75 V vs Ag/AgCl.
Figure 6b shows that using off-angle momentum matched,

plasmon-resonant VSFG, we can readily measure spectra of
in-situ generated CO adsorbed on the Au electrode during
reaction. These spectra were obtained during a potential
step sequence. At the potentials noted, the potential was
held fixed, and the electrode was allowed to polarize, then a
60 second VSFG spectrum was collected. The first spectrum
shown in blue was obtained at the start of the cathodic scan
at 0.2 V, which is below the onset potential for reaction.
A small peak can be seen at 2,115 cm−1, and this signal is
from residual CO produced during preliminary CV cycling.
As the bias is swept beyond the onset potential, the current
density in the cell exceeds 1 mA/cm2. This represents the
faradaic current from a combination of CO2 reduction and
H2 evolution. A second spectrum shown in black was mea-
sured at -1.5 V and shows surface bound CO during active
electrocatalysis. Here a stronger signal is observed at 2,090
cm−1, and this is consistent with CO adsorbed in the atop
position on the Au electrode.52,54,56 This peak also has a
lower frequency than the spectrum at 0.2 V due to the elec-
trochemical Stark effect. Upon returning to 0.2 V in the
anodic scan, a final spectrum in green reveals that the peak
has returned to a similar frequency as the original cathodic
peak, however, the intensity has increased slightly.

It is not possible to relate the potential-dependent inten-
sity change to surface coverage without quantitatively ac-
counting for dipole-dipole coupling as well as χ(3) contribu-
tions. However, here we note that CO observed in the blue
spectrum at +0.2 V prior to the onset of CO2 reduction is
the result of preliminary CV cycling, and a control experi-
ment showing results for an electrode at a similar potential
before any CV cycling shows that no CO is observed (see
supporting information section 10). Additionally, the green
spectrum, which is measured at the same potential follow-
ing CO2 reduction shows increased intensity, which cannot
be solely the result of potential-dependent intensity changes.
Both observations strongly suggest that the CO detected
here is at least partly a result of the catalytic conversion
of CO2 to CO. However, relating these intensity changes
to the potential dependent surface coverage would require
a careful consideration of potential dependent χ(3) contri-
butions as well as the effects of dipole-dipole coupling. We
anticipate that the ability to detect species at low coverage
under relevant conditions of applied potential and faradaic
current will facilitate further investigation of these phenom-
ena, which are necessary to correlate potential-dependent
frequency and intensity shifts to the actual molecular struc-
ture of these complex interfaces.

Many catalytic reactions, including CO2 reduction, are
sensitive to the surface morphology of the catalyst. This in-
dicates that the nanostructured surface of the Au electrode
that enables VSFG signal enhancement may also influence
the resulting catalytic activity, which would represent a lim-
itation of the current technique. To investigate this further,
we measured the gas phase products produced during elec-
trochemical CO2 reduction on an identical Au electrode at
-1.1 V vs Ag/AgCl and find that the faradaic efficiency is
38.1±1% to CO and 64±1% to H2. This is in close agreement
with previous studies on planar polycrystalline electrodes, 57

indicating that the electrode surface structure is not signif-
icantly influencing the catalytic performance in the present
case.

The ability to directly detect active species on elec-

trode surfaces is a long-standing challenge in electrocatal-
ysis. Several studies have succeeded at observing transient
CO on a Au surface from in-situ CO2 reduction using Sur-
face Enhanced Infrared Reflection-Absorption Spectroscopy
(SEIRAS)52,54 and Surface Enhanced Raman Spectroscopy
(SERS),56 and these studies reveal a complex potential de-
pendent CO coverage, which is not yet fully understood.
Even in these cases, detection often requires accumulation
of CO at applied negative potentials prior to spectral mea-
surement or the use of additives to increase the local con-
centration of CO near the electrode surface. The method re-
ported here compliments these existing spectroelectrochem-
ical methods by providing a sensitive and versatile technique
for measuring surface intermediates under relevant electro-
catalytic conditions.

Figure 6. a) A cyclic voltammogram taken at 50 mV/s in the
VSFG Cell. Thin arrows indicate the scan direction. The thicker
colored arrows are color coordinated to the spectra in panel b and
indicate the potential at which the spectra in panel b were taken.
b) VSFG spectra of atop CO taken below and above the onset
potential for CO2 reduction (Ca.- Cathodic Scan, An.- Anodic
Scan). Spectra were recorded in 60 seconds using a step potential
sequence.

4. Conclusions
In this work we have presented a method to probe species

at the Au/electrolyte interface using off-angle momentum-
matched, plasmon-resonant VSFG spectroscopy. This
method has detection limits < 1% of a monolayer and can ac-
cess the Au/electrolyte interface during active electrocatal-
ysis. By enabling high sensitivity across a broad infrared
spectral range at relevant applied potentials and high cat-
alytic current densities, this technique overcomes a number
of obstacles that have limited the application of VSFG for
the study of electrochemical interfaces. To demonstrate the
utility of this technique, we also report in-situ measurements
of CO formed during active CO2 reduction on Au and show
that this is one of a very few techniques capable of mea-
suring the low surface concentration of adsorbed CO under
conditions of active catalytic turnover. We anticipate that
this technique will improve molecular level understanding of
electrochemical reactions by enabling direct detection of sur-
face intermediates and electrolyte structure under relevant
catalytic conditions.
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