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Abstract

IMlumination of a voltage-biased plasmonic Ag cathode during CO4 reduction results
in a suppression of the Hy evolution reaction while enhancing COs9 reduction. This effect
has been shown to be photonic rather than thermal, but the exact plasmonic mechanism
is unknown. Here, we conduct an in situ ATR-SEIRAS study of a sputtered thin film Ag

cathode on a Ge ATR crystal in COs-saturated 0.1 M KHCOg3 over a range of potentials



in both dark and illuminated (365 nm, 125 mW cm~2) conditions to elucidate the nature
of this plasmonic enhancement. We find that the onset potential of CO4y reduction to
adsorbed CO on the Ag surface is -0.25 Vrygg and is identical in the light and the dark.
As the production of gaseous CO is detected in the light near this onset potential but
is not observed in the dark until -0.5 Vrgg we conclude that the light must be assisting
the desorption of CO from the surface. Furthermore, the HCO5; wavenumber and peak
area increase immediately upon illumination, precluding a thermal effect. We propose
that the enhanced local electric field that results from the LSPR is strengthening the
HCO3 bond, further increasing the local pH. This would account for the decrease of

Hy formation and increase of COg reduction products in the light.

Introduction

Electrochemical carbon dioxide (COg) reduction creates chemicals and fuels from electricity,
water, and COs that would have otherwise been released to the atmosphere. By using
renewable electricity the process can be carbon-neutral, replacing thermochemical methods
that consume fossil fuels. To be cost-competitive we need CO, electrocatalysts that can
operate at low overpotentials and have high selectivity.Y’ We have approached this challenge

through plasmon-enhanced electrochemical conversion (PEEC).

PEEC is the application of potential to a plasmonically active electrode while illuminating
the surface to impact the electrocatalytic performance. PEEC has been shown to impact the
product distribution and decrease overpotentials for CO, reduction,®? oxygen (O) reduc-
tion,* and hydrogen (Hs) evolution®®. While these effects have been shown to be photonic

in nature, it is difficult to pinpoint the exact plasmonic mechanism.

In this study, we use in situ ATR-SEIRAS (attenuated total reflectance surface enhanced in-

frared absorption spectroscopy) to understand how the electric double layer (EDL) structure



changes with applied potential, time, and illumination and how this impacts CO4 reduction
at a plasmonic Ag cathode. In previous work we demonstrated that a plasmonic Ag cath-
ode showed significant differences in the product distribution and overpotential during CO,
reduction in the dark and under 365 nm LED illumination, which was near the plasmon res-
onance peak for the Ag electrode (351 nm).® At low overpotentials carbon monoxide (CO)
production was enhanced and H, evolution was suppressed upon illumination. In addition,
the onset potential for CO production appeared to be reduced by 300 mV in the light com-
pared to the dark. Formate production was enhanced in the light at potentials more cathodic
than -0.7 Vgyge and methanol was only formed under illuminated conditions at potentials
more cathodic than -0.8 Vypg, reaching a maximum Faradaic efficiency (FE) of nearly 2% at
-1.1 Vgyg.® This represents a 550 mV decrease in the overpotential and a 100-fold increase

in selectivity for methanol production when compared to CO5 reduction on a polycrystalline

Ag foil in the dark.”

Studies have been published on infrared (IR) spectroscopy during electrochemical CO5 reduc-
tion in aqueous electrolytes on cathodes such as Ag, 20 Ay 12 and CulY315 with a review
of recent work presented by Kas et al.,'® although none have explored PEEC combined
with in situ IR spectroscopy measurements. In fact, only a handful of studies have used IR
spectroscopy to study photocatalytic reactions at illuminated catalysts, including aqueous

1819 and photooxidation of glyoxylic acid.”

photoreduction of Oy, photooxidation of water,
Here, we use ATR-SEIRAS to provide new insights into the potential-dependent structure
of the EDL at a negatively-biased Ag cathode in an aqueous electrolyte and present further

clues into the possible mechanism of plasmon-enhanced electrochemical COy reduction.



Experimental Methods

Cathode Fabrication

To prepare the cathode, a 60° Ge ATR crystal (Pike Technologies, 013-3132) was polished
three times with subsequently smaller diameter alumina suspensions of 1.0 um, 0.3 pm, and
0.05 pum (Buehler, 40-10081, 40-10082, and 40-10083) using microcloth pads (BASi, MF-
1040). The crystal surface was cleaned with water and acetone using lint-free wipes and
dried with compressed nitrogen. The crystal was placed in a Faraday cage and subjected
to air plasma for 8 minutes on high power (Harrick Plasma, PDC-002-CE). A 40 nm film
of Ag was deposited on the crystal surface in a custom-built sputtering tool with an argon

! and substrate rotation of 15°

(Ar) pressure of 50 pbar, deposition rate of 0.01455 nm s~
s71. After deposition, the resistance across the surface of the cathode was typically 4-8 €,

as measured by a multimeter. A schematic of the cathode is shown in [Figure S2|

Cathode Surface Imaging and Profiling

Scanning electron microscopy (SEM) images were taken with a Thermo Scientific Quanta
FEG 250 SEM. Atomic force microscopy (AFM) measurements were performed with a com-
mercial AFM system (Bruker Dimension Icon) using the PeakForce Quantitative Nanoscale
Mechanical tapping mode under ambient conditions. X-ray photoelectron spectroscopy

(XPS) measurements were acquired with a Thermo Scientific K-Alpha XPS.

In Situ ATR-SEIRAS Measurements

SEIRAS experiments were performed in a custom, single chamber electrochemical cell (Fig-]
ure S1).1% A 0.05 M solution of potassium carbonate (KyCO3) (Alfa Aesar, 10838, 99.997%
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metals basis) was prepared with 18.2 M) deionized water from a Millipore system, which
became 0.1 M potassium bicarbonate (KHCO3) when saturated with COs. The anode was
a graphite rod (Alfa Aesar, 40766, 99.9995% metals basis) and the reference electrode was
Ag/AgCl with 3 M NaCl (BASI, MF-2052). All potentials were converted to and reported
versus the reversible hydrogen electrode (RHE). All electrochemical measurements were IR~
corrected and performed with a Biologic SP-200 potentiostat. CO4 flowed through the elec-
trolyte for 30 minutes before the start of an experiment, and continued flowing throughout
the experiment. Additionally, the ATR attachment and the chamber surrounding it were
purged with nitrogen (N3) for 30 minutes before the start of an experiment. Before use,
the cathode surface was activated by three cyclic voltammetry (CV) scans at 50 mV s!
from -0.50 to approximately 0.70 Vrgg. The anodic potential was adjusted to

keep the current density below 0.80 mA cm™~2 to prevent film degradation.

SEIRAS spectra reported during CV were an average of 32 spectra taken at a resolution of
8 cm™!. A new background spectrum (Figure S10)) was taken for each experiment during
chronoamperometry (CA) at 0.2 Vgrug before continuing to the CV from 0.2 to -0.9 Vgrpug
at 2 mV s~!. The negative logarithm of the ratio between the single beam sample spectrum
(R) and the single beam background spectrum (Ry) gives the absorbance (A) spectrum of
the sample in absorbance units (a.u.): A = —log(R/Ry). The return scan continued to
potentials more anodic than 0.2 Vygg and was stopped when the SEIRAS spectrum was as
close to the baseline as possible. See for representative SEIRAS spectra from 0.2

to 0.6 VRHE~

SEIRAS spectra reported during CA were an average of 32 spectra taken at a resolution of

1

8 cm™ " or, if designated as "high-resolution", an average of 72 spectra taken at a resolution

of 4 cm~!.

A new background spectrum was taken for each experiment during CA at 0.2
Vrug before continuing to the applied potential of the CA experiment. After 90 seconds of

CA a linear voltammetry sweep (LSV) was performed at 5 mV s™! to an anodic potential



where the SEIRAS spectrum was as close to the baseline as possible.

Photoelectrochemical Measurements

The electrode was illuminated through the center port of the cell using a Mightex Systems
LCS-0365-48-22 365 nm ultrahigh-power LED. During illuminated SEIRAS experiments the
light intensity at the surface of the cathode was 125 mW cm™2. During illuminated product
analysis experiments the light intensity at the surface of the cathode was 170 mW cm™2.

The incident power was measured with a Coherent PowerMax PM10 power meter connected

to a Coherent LabMax-TOP power meter console.

Product Measurements

Experiments for product analysis were performed in a custom cell described by Corson et
al.“! Gaseous products were analyzed by an in-line Multiple Gas Analyzer #5 SRI Instru-
ments GC with a 12 ft HayeSep D (divinylbenzene) column, thermal conductivity detector
(TCD), flame ionization detector (FID) preceded by a methanizer, and Ar carrier gas. For
a single product analysis run, a constant potential was applied for 16 minutes with GC in-
jections at 3 and 15 minutes. The results from the 15 minute injection are reported here.
Gaseous product concentrations were calculated from a calibration curve of at least three
different concentrations for each gas type. Liquid products in the catholyte and anolyte
were quantified after the electrolysis was complete by 'H NMR spectroscopy on a Bruker
Avance III 500 MHz magnet. Liquid product concentrations were determined by using phe-
nol and DMSO as internal standards.?? Complete details on the GC and NMR calibration

and quantification methods are reported in Corson et al.**



Results and Discussion

Cathode Fabrication

The cathode fabrication method was optimized to synthesize a Ag thin film that both en-
hanced the SEIRAS signal while remaining stable and intact during (photo)electrochemical
experiments. Preparation of Ag films for ATR-SEIRAS using vacuum evaporation, chemical
deposition, and Ar sputtering have previously been reported.*#* Our cathode fabrication
method was guided by prior studies that showed how sputtered Ag thin film morphology
was influenced by changes in the deposition rate, sputtering pressure, substrate temperature,

sputtering gas, and film thickness.***%

Sputtering thin films of Ag at 3 pbar of Ar pressure on bare Ge or Si ATR crystals resulted in
films with limited SEIRAS signal that delaminated quickly. A thin (0.5-3 nm) Ti adhesion
layer deposited on the Ge or Si crystal before depositing the Ag layer produced extremely
stable cathodes, however these displayed no SEIRAS signal. To improve adhesion via an
alternate route, the crystal was cleaned with air plasma before deposition. To enhance the
SEIRAS signal, the sputtering pressure was increased to 50 pubar which decreases the mean-
free path length of the sputtered atoms. This results in collisions and agglomeration of the
Ag atoms before deposition, producing a rougher surface.?” This technique created a Ag film
on a Ge crystal that was both stable and SEIRAS-active, but the Ag film on a Si crystal

remained unstable.

However, the SEIRAS activity of the Ag film on a Ge crystal was still not sufficient.
shows an example of SEIRAS spectra collected during a CV scan on an as-deposited Ag
cathode prepared using the optimized deposition method. Spectroscopic peaks are observed,

but they are small and deformed. To further enhance the SEIRAS signal, the surface was
activated by three CV scans. A representative CV curve is shown in [Figure S3] SEM and



AFM images (Figure S5 and [Figure S6|) before and after activation show that the surface

is further roughened by this CV cycling. Larger grains (75-150 nm) are formed on the
surface and the grain size distribution of the Ag film increases after activation, expanding
the population of both small and large features. AFM root mean square (RMS) roughness

increases from 3.7 nm on the as-deposited film to 5.6 nm on the activated film.

XPS measurements taken on the as-deposited cathode (after sputtering) show Ag to be the
predominant component . There are small peaks for Ge and the environmental
contaminants of O and C. Extremely small Cu peaks were resolved only by focusing on the
region for Cu 2p;/; and Cu 2ps3/; and increasing the acquisition time. XPS measurements
of the same cathode after activation by CV cycling show an increase in the Ge peaks and a
reduction of the Cu peaks to a signal that is barely distinguishable from the noise. The source
of this trace Cu contamination is believed to be from the sputtering chamber. Complete
removal of the Cu was verified by gaseous and liquid product analysis at -0.60, -0.75, and

-0.80 Vgug of Ag cathodes sputtered under the same conditions on glass slides with a 3 nm

Ti adhesion layer. The FE and partial current densities shown in [Figure S8 and |Figure S9|

for Hy, CO, and formate under dark and illuminated conditions closely match the results we
reported for an e-beam deposited Ag cathode.® If any Cu were present we would expect to
detect methane, ethylene, and ethanol in this potential range.*? Any Ge on the surface is not
expected to influence the SEIRAS results as Ge is not an active catalyst for CO4 reduction,
a bare Ge crystal showed no peaks during a CV scan in otherwise identical electrochemical

conditions, and it has been shown that CO does not adsorb to a Ge ATR crystal.*"

SEIRAS spectra from an activated Ag cathode (Figure 1|) show multiple distinct peaks. The
SEIRAS signal could be further enhanced by more aggressive CV cycling, but the film sta-
bility would be greatly diminished. The activation method described above resulted in a Ag
film that could withstand hours of successive (photo)electrochemical experiments at modest

applied potentials. CV scans could be performed up to -0.9 Vgyyg and CA experiments could



be run up to -0.7 Vrgg without film delamination. The cathode was visually inspected after

each experiment to confirm that the film was intact. A new cathode was prepared each day.

Peak Assignment
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Figure 1: SEIRAS spectra taken during a CV scan at 2 mV s, (A) shows the cathodic scan
from 0.2 to -0.9 Vgryg and (B) shows the anodic scan from -0.9 to 0.2 Vryg. The activated
Ag cathode on a Ge ATR crystal was in a 0.1 M KHCOj electrolyte with a continuous CO4
purge through the electrolyte. The background spectrum was taken at 0.2 Vyyg. The scale
bar in (A) gives the y-axis scale in absorbance units (a.u.) and applies to both (A) and (B).
The peaks are HCO5 (1278 em™2), CO2™ (1395 cm~2), §HOH (1600 cm~2), CO (1970 cm—2),
CO; (2342 cm™2), and v°" (3402 cm™2).

In the system is first held at 0.2 Vgryg, close to the open circuit voltage (OCV),
to measure the background spectrum . At OCV we expect that there are no
COg reduction products adsorbed on the Ag surface, as no CO, reduction has occurred. As
the OCV is approximately 300 mV above the point of zero charge (pzc) for Ag, we expect
the surface to have a slightly positive charge that will influence the orientation of the water
molecules.*®* The concentration of components in the bulk electrolyte is [H,O] > [K*]
> [HCO3] > [COy] > [CO37| > [H*] > [OH™]. The concentration of components in the
EDL at OCV is expected to be similar to that of the bulk, but with a somewhat higher
representation of negatively charged species due to the slightly positive surface charge of

the electrode. The potential is scanned cathodically at 2 mV s=! to -0.9 Vgyug with a
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new SEIRAS spectrum taken every 10 seconds. Peaks that appear in the spectra represent
changes in the concentration or orientation of surface and near-surface species with respect
to the OCV baseline. "Near-surface" species are those in the 5-10 nm region that can
be detected by ATR-SEIRAS, with stronger signals coming from molecules closest to the
surface due to the strength of the evanescent IR wave.r? Water peaks signify changes in
the orientation of water molecules, which will be discussed more extensively in the Water
Bend and Stretch section.?®%0 Positive peaks corresponding to other species represent an
increase in concentration at or near the surface, and negative peaks indicate a decrease in

concentration at or near the surface.

At 0.1 Vgug a peak appears at 1597-1623 cm™! that is attributed to the HOH bend vi-

GHOH) IOLIB0BY From 0.1 to -0.1 Vrug the 07O feature comprises a positive and

bration (
negative component, with the positive part disappearing at -0.2 Vgygg. At this same time
a broad, negative peak is observed at 3351-3520 cm™! that is assigned to the O-H stretch
absorption (M) 029BI By (.4 Vi we observe a single positive peak at 1962-1981 cm ™!
which is attributed to CO that has formed from the reduction of CO, and is adsorbed on
the surface.*”< Finally, by -0.7 Vgug we see the three remaining peaks observed in this
study: a positive HCOj peak at 1276-1279 cm™!, a positive CO3~ peak at 13931401 cm ™,

—1 HHZS5U The average position of each peak and the

and a negative COs peak at 2342 cm
corresponding standard deviation is listed in they are calculated from five CV scans

performed during different experiments with newly prepared cathodes.

The anodic scan from -0.9 to 0.2 Vggg is shown in . The peaks for HCOg3, CO%‘,
and COs disappear near the same potential of their appearance. The remaining peaks,
however, display extreme hysteresis in the anodic scan; the peaks for CO, 67" and py©H
still remain at 0.2 Vgyg. The average values of the potential when each peak appears and

disappears are shown in along with the cyclic voltammogram corresponding to

The tabulated values and standard deviations are shown in
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Table 1: Average SEIRAS peak positions®

Peak Average Position (cm™1)
Bicarbonate (HCO3) 1278 = 1.9
Carbonate (CO3") 1395 + 3.8
Water Bend (610M) 1600 4 1.1
CcO 1970 £ 2.7
COq 2342 £ 0.0
Water Stretch (vOH) 3402 £ 22.6

¢ Average values and standard deviations are calculated from five CV experiments
performed on different days with a new cathode prepared each day.
We will discuss what these trends imply for the behavior of each species in the following
sections, but it is apparent that scanning the potential back to the OCV is not sufficient for
returning the cathode surface and the EDL to their initial states. If, after an electrochemical
experiment, the system is simply returned to OCV before beginning the next experiment,
the SEIRAS peak trends may appear to be quite different. This is a result of the adsorbates
formed during the previous experiment remaining on the surface and the different EDL
structure. In this study the surface was "reset" back to the initial conditions after every
experiment by continuing to scan to more anodic potentials. shows the SEIRAS
spectra from 0.2 to 0.6 Vrug. Adsorbed CO is completely removed from the surface by 0.3
Vrag and the 699" and v peaks cross the baseline and become positive around 0.4 Vyyg.
The 659" peak goes from a negative peak, to overlapping positive and negative peaks, to
a positive peak during this anodic scan, similar to the behavior observed at the beginning
of the cathodic scan from 0.1 to -0.1 Vgryg. As these two water-related peaks flip from
positive to negative at different potentials, there is no potential where the original baseline
is achieved. For every experiment presented in this study the anodic scan was stopped when

the SEIRAS spectrum was as close to the baseline as possible.

The cathode surface can also be reset by letting the system equilibrate at OCV.
shows the SEIRAS spectra during 30 minutes of OCV and shows the corresponding
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Figure 2: Cyclic voltammogram (CV) of a Ag cathode in a 0.1 M KHCO3 electrolyte recorded
at a scan rate of 2 mV s™! corresponding to the spectra displayed in The average
potential of the appearance of each SEIRAS peak is marked (red circles) as the potential is
scanned from 0.2 Vgryg to -0.9 Vgrpug (cathodic scan). The average potential of the disap-
pearance of each SEIRAS peak is marked (blue circles) as the potential is scanned from -0.9
Vgrue to 0.6 Vrur (anodic scan). Average values are calculated from five CV experiments
performed on different days with a new cathode prepared each day.

normalized peak areas. While CO desorbs from the surface after 10 minutes, the §7°" and
O peaks continue to change. Eventually, these peaks will become positive and reach a
steady state that is distinct from the initial baseline recorded under OCV conditions, but
it could take as long as two hours in this particular electrochemical cell with a continuous
purge of CO, through the electrolyte for convection. The time for stabilization during OCV
is likely highly dependent on the geometry of the cell and the degree of electrolyte mixing.
That the final steady-state EDL structure is different from the initial conditions may reflect

subtle changes in the cathode surface resulting from the electrochemical experiment.

In the next sections we will discuss the significance of the trends presented here, as well as
the differences observed during measurements in the dark and in the light. A more detailed
analysis of the trends during cathodic and anodic CV scans are shown in where the

average peak positions and normalized areas for the CO, 659" and v©H peaks are plotted.

Similar plots for HCOj, CO3~, and CO, peaks are shown in [Figure S12|
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Figure 3: Average position (A-C) and normalized area (D-F') of three SEIRAS peaks during
CV: CO (A and D), §"°H (B and E), and v°" (C and F). Average values and standard
deviations are calculated from five CV experiments performed at 2 mV s™! on different days
with a new cathode prepared each day. The area is normalized by the largest area in each
individual data set. Error bars represent one standard deviation. Red lines show the cathodic
scan from 0.2 to -0.9 Vrpg and blue lines show the anodic scan from -0.9 to 0.6 Vgyugg. The
activated Ag cathode on a Ge ATR crystal was in 0.1 M KHCOj3 with continuous CO, flow
through the electrolyte.

Carbon Monoxide

In this study the CO signal appears as a single positive peak whose position ranges from

1962-1981 cm~! with an average value of 1970 cm™! (Table 1)). This position and peak
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shape matches closely with other reports of CO adsorbed linearly on Ag in electrochemical
conditions: 1990 cm~! in 0.1 M NaClO, at -0.15 Vgyugp®? on polycrystalline Ag and 1980

cm ™!

in 0.05 M NaySOy at -0.2 Vyug for seven monolayers of Ag over platinum (Pt).1Y In
contrast, two peaks for linearly adsorbed CO are reported for Cu electrodes: 1983 and 2103
cm~! in 0.05 M NaySO, at -0.2 Vyug for six monolayers of Cu over Pt%? and 2050 and 2080
cm~! in 0.1 M KHCOs at -0.4 Vyug at a Cu thin film."# The fact that we observe a single
CO peak at a much lower wavenumber provides further evidence that no Cu is present on

the cathode surface, corroborating our XPS ([Figure S7)) and product analysis (Figure S8 and
Figure SY) results. Furthermore, bridged CO, where the C is bonded to two metal atoms,

is commonly reported on Pt surfaces in the 1750-1850 cm ™! range=334

but has not been
reported for Ag surfaces. We do not observe any peaks at 1750-1850 cm ™!, providing further

confirmation of a Ag surface that is not contaminated with other metals.=?

The CO peak experiences a shift in position from 1981 to 1962 cm™! on the cathodic scan
that is largely reversible on the anodic scan, only deviating at -0.4 Vgyyg to stabilize around
1974 cm~! until it desorbs ) The general trend of the CO peak position decreas-
ing with more cathodic potentials was also observed on other Ag electrodes.*3% [Phigishift
may be a result of the Stark effect and/or chemical bonding effects due to orbital interac-
tions (donation, back donation, and steric repulsion). Multiple effects may contribute to the
field-dependent shift and it is difficult to distinguish the dominant effect.*® The Stark effect
is an interaction of the molecule’s dipole with the electric field at the interface, resulting in a
change in the vibrational frequency. Chemical bonding effects can influence surface-adsorbed
species by altering the charge donation between the metal and the molecular orbitals of the
adsorbate as the applied potential is changed.?#%3 A possible explanation for the observed
decrease in the CO wavenumber with more negative applied potentials is an increase in the
occupancy of the CO antibonding 27* molecular orbital, a chemical bonding effect which
would decrease the bond strength.®” While the mechanism cannot be determined conclu-

sively, we hypothesize that the chemical bonding effect is dominant as CO is expected to be
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bound to the surface as a reduction product énd density function theory (DET) has shown

this to be the dominant effect at other metal surfaces. ¢

The CO coverage has been quantitatively measured on other metallic electrodes, such as
Pt, through electrooxidative stripping, where CO is oxidized to CO, around 0.80 Vgyg.?t
However, we were unable to quantify the CO coverage in this study because, as described
in the In Situ ATR-SEIRAS Measurements section and shown in [Figure S3| the greatest
anodic potential we could achieve was 0.70 Vgrug before the film began to degrade. No CO
oxidation peak was ever observed on the anodic scan up to 0.70 Vrygg under any conditions.
However, the intensity and area of the CO peak does indicate the relative concentration
of CO bound to the surface of the Ag cathode. The concentration is relative because in
SEIRAS only the sites that experience the surface enhancement result in a strong infrared
absorption. The SEIRAS intensity greatly depends on the size, shape, and interparticle
spacing of the nanofeatures of the thin film.”® The nanoparticles must be smaller than the
wavelength of visible light and the largest enhancement is obtained when they are aggregated
very densely with small gaps in between.?? Interestingly, plasmonic properties also depend on
the size, shape, and density of nanofeatures.®” While there is no guarantee that the SEIRAS
active sites are also the plasmonically active sites, this similarity in enhancement related to
nanofeatures increases the likelihood. It is also possible that the sites that exhibit SEIRAS
enhancement are not the electrochemically active sites. However, as we are detecting CO, a
CO, reduction product, it is clear that we are probing at least one electrochemically relevant

active site.

The positive direction of the peak signifies that the CO concentration at the surface is greater
than the concentration during the background scan at 0.2 Vgyygg (which is expected to be
zero). The CO peak area increases rapidly during the cathodic scan but is fairly constant on

the anodic scan, only beginning to decrease after -0.3 Vgygg before being completely removed

around 0.20 Vgug (Figure 3D). This trend of CO remaining adsorbed on the surface is
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somewhat unexpected for Ag, which is generally described as having a low affinity for CO.4"
However, a recent theoretical prediction of CO binding strength on Ag clusters found the
adsorption energy to be much higher, close to that of Cu surfaces.*! In this study CO is
even shown to remain on the surface after the applied potential is removed. After CA at -0.6
Vrue for 90 seconds the applied potential was stopped and the system was monitored during
OCV. The normalized surface area of the CO peak during OCV decreased for 10 minutes
before all of the CO was fully desorbed ) The open circuit potential started at

0.22 Vgue and stabilized at 0.245 Vggg after 10 minutes, corresponding to the complete

desorption of CO (Figure S14B).

Performing these same CV scans under constant illumination was possible but resulted in a 10
°C increase in the temperature of the electrolyte during the 20 minute experiment. Increasing
the electrolyte temperature decreases the solubility of CO, and can change the product
distribution as each reaction rate constant will change per the Arrhenius equation. Therefore,
it is important to perform dark and illuminated experiments at the same temperature. CA
experiments were conducted for 90 seconds in the dark and under constant illumination from

the 365 nm LED light source (125 mW cm™2) at -0.2, -0.3, -0.4, -0.5, -0.6, and -0.7 Vryg

(Figure S13| and [Figure 6)). While no area trends can be discerned from this technique, the

peak positions can be compared. The CO peak position shifted from 1983 to 1964 cm~! as

the potential increased cathodically from -0.4 to -0.7 Vgyg in both the dark and in the light
(Figure S13A). The overlapping error bars show there is no statistical difference between the
CO peak positions under dark or illuminated conditions. This indicates that the plasmonic
effect is not influencing the strength of the CO bond by changing its binding orientation or

by changing the electronic coupling with Ag.

In prior work we observed that the apparent onset potential for COy reduction to CO was
reduced by 300 mV in the light compared to the dark.® The total current density in the

light begins to increase at -0.2 Vryg while the total current density in the dark only begins
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Figure 4: Normalized area of three SEIRAS peaks during open circuit relaxation: CO (A),
SHOH (B), and v°H (C). The area is normalized by the largest area of each peak. The system
was allowed to relax at open circuit after CA at -0.6 Vrug for 90 seconds. The activated Ag
cathode on a Ge ATR crystal was in 0.1 M KHCO3 with continuous CO, flow through the
electrolyte. shows the SEIRAS scans and open circuit potential corresponding
to these plots.

to increase at -0.5 Vrygg. Product analysis at -0.37 Vgygg confirmed that the only product
being produced in the light was CO and no products were detected in the dark. To confirm

this observation, CA was performed at -0.2, -0.25, and -0.3 Vgygg with SEIRAS spectra
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taken at a higher resolution to pinpoint the onset of CO adsorption in the light and in the
dark. shows the SEIRAS spectra during constant illumination; no CO peak is
observed at -0.2 Vryg, a small CO peak begins to appear at -0.25 Vryg, and a CO peak is
clearly visible at -0.3 Vrugg. The appearance of the CO peak exactly coincides with the onset
of Faradaic cathodic current under 365 nm illumination, implying that, under illuminated
conditions, CO is able to desorb at potentials close to where it initially forms on the Ag

surface, hence resulting in a measured Faradaic current.
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Figure 5: SEIRAS spectra taken during CA at -0.2, -0.25, and -0.3 Vgrygg. (A) shows the
spectra taken under 365 nm LED illumination (125 mW c¢m™?2) and (B) shows the spectra
taken in dark conditions. The two vertical lines frame the CO peak position. The activated
Ag cathode on a Ge ATR crystal was in 0.1 M KHCOj3 with continuous CO, flow through
the electrolyte. The background spectrum was taken at 0.2 Vgryg. The scale bar in (A) gives
the y-axis scale in absorbance units (a.u.) and applies to both (A) and (B).

shows the high resolution SEIRAS spectra in the dark during CA with the same
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range of applied potentials. Surprisingly, the results in the dark are identical to those in the
light, indicating that the onset potential of CO, reduction to CO in the dark is also -0.25
Vrug, although the desorption of CO (and resulting measured current) under dark conditions
is not observed until potentials more cathodic than -0.5 Vgyyg. This finding reveals that the
plasmonic effect induced by the light is enabling the desorption of CO from the surface,
making more active sites available for the further reduction of CO, to CO. This explains
why we observe CO production and a higher current density at these low overpotentials in

the light and not the dark.

A possible explanation for the plasmonic mechanism enhancing CO desorption is that energy
from plasmonically excited charge-carriers could be dissipating into the lattice, resulting in
localized heating of the cathode surface.#? This increase in temperature could enable the
desorption of CO from the Ag surface, which has been shown to occur around 40 °C in
gas-phase conditions.”? However, in our previous studies we showed that plasmonic heating
was not the cause of enhanced CO, reduction at the Ag cathode because the photocurrent
increases linearly with light intensity® and increasing the electrolyte temperature from 22 to

35 °C results in a decrease in CO production.*

Another explanation for plasmon-enhanced CO desorption is, broadly, the transfer of ener-
gized charge-carriers from the Ag to the surface-adsorbed CO. The LSPR can relax through
non-radiative excitation of energetic charge-carriers, resulting in the formation of energetic
electron-hole pairs at the cathode surface. The strong local electric fields generated during
LSPR also promote higher rates of this process.** While the enhanced electric field can also

affect the binding strength and orientation of adsorbed molecules we see no change in the

CO peak position upon illumination at any applied potential (Figure S13C).

In the desorption induced by electronic transitions (DIET) mechanism, the excited electron
at the Ag surface can temporarily transfer to partially-occupied or unoccupied molecular

orbitals of an adsorbed species, forming an excited metal-adsorbate complex with a different
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potential energy surface (PES). While on this new PES, the energy of the donated charge
carrier is converted into kinetic energy of the metal-adsorbate complex. After a few femtosec-
onds the donated electron decays back to the metal Fermi level and the adsorbate returns
to the ground state PES. If the energy transfer exceeds the activation barrier for desorption,
the adsorbate will leave the surface.®® This mechanism has been invoked for NO,#% CQ 4047
and Hy*® desorption from metal surfaces under vacuum. The DIET mechanism can also be
reframed as a reaction induced by electronic transitions, where a reaction intermediate ad-

sorbed on the surface overcomes the activation barrier for the reaction to occur. Reports of

this mechanism include Hy dissociation,*? O, dissociation,®” and C-O bond dissociation.”

Water Bend and Stretch

SHOH "sional in the range of 1597-1623 cm ™! with an average

We observe the water bending,
value of 1600 cm™! . This matches well with other reports of the HOH stretch
on Ag in electrochemical conditions: 1608 cm™! in 0.05 M NaySO,4 at -0.2 Vgug for seven
monolayers of Ag over Pt*¥ and 1635 cm™! in 0.1 M KCI at -0.85 Vgug on a sputtered Ag
thin film.™ The other water peak observed in this study, the water stretching peak, v°H,
appears in the range of 3351-3520 cm ™! with an average value of 3402 cm™! . A
broad peak centered at 3300 cm™! and spanning this range was also reported for Ag(100) at
-0.2 Vgyyg in 0.1 M NaF.2? In fact, the regions observed for both the 57" and v°H peaks on

Ag are also the typical range for those peaks on other metals, such at Pt,*! Cu,*” and Au.*"

In acidic media it is possible to see a hydronium cation (H3O") bending peak at a higher

5HOH 1

wavenumber than the peak. For example, H30" peaks were reported at 1758 cm™
at 0.4 Vggg in 0.5 M HySOy for Pt(111)°# and 1730 cm™! at 0.2 Vygg in 5 M H,SO, for
Au(111).%Y However, in this study no peaks were observed in the H3O" bending region, which

is unsurprising as the electrolyte solution was at a pH of 6.8. In basic electrolyte a broad
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hydroxide anion (OH™) stretching peak may be observed as a higher frequency shoulder or

1 as a feature in

component of the O peak. A hydroxide peak was reported at 3480 cm™
the high frequency range of the broad water peak from 3100-3500 cm™! (0.2 Vggg in 0.1
M NaOH on a Au film).®¥ In this study the " peak is broad and asymmetrical, but no
clear features emerge that could be attributed to hydroxide. This is expected in near-neutral
electrolyte, although the local pH is expected to increase at the surface of a cathode where

CO, reduction is occurring as a result of proton consumption.?

The 67O peak position begins at 1623 cm™' and shifts rapidly to 1599 cm™! during the
cathodic scan from 0 to -0.5 Vgpug (Figure 3B). For the remainder of the cathodic scan the
peak position is constant at 1598 cm™!. On the anodic scan the peak position is identical
to the cathodic scan from -0.9 to -0.5 Vggg. Then the peak position begins to increase,

1

but only incrementally, reaching a maximum of 1605 cm™" at 0.4 Vgyyg. A small positive

1 5HOH

shoulder around 1630 ¢cm™" in the negative-going peak that appears and disappears
near -0.6 Vgrpug is attributed to HCO3 and will be discussed in the Carbonate, Bicarbonate,

and CO; section.

The v° peak position shifts quickly from 3427 to 3373 cm™! on the cathodic scan from -0.3
to -0.5 Vgrur and essentially stabilizes for the remainder of the cathodic scan at 3375 cm™!
(Figure 3/C). On the anodic scan the peak positions are identical from -0.9 to -0.5 Vgyg.

Then the peak position begins to increase again for potentials more anodic than -0.5 Vgyg,

with values similar to the cathodic scan, reaching 3439 cm™"! at 0.2 Viug.

The wide range of peak positions, large error bars, and broad peak shape of the v°H feature
reflects the many different types and orientations of water and hydroxide that contribute to
this peak. The different types of contributing molecules include surface-bound water and
OH™, free water and OH™, and water associated with anions.”” All of these contributors
have both symmetric and asymmetric stretching vibrations as well as different degrees of

hydrogen bonding, both of which can shift the peak position. For example, the asymmetric
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stretch of non-bonded water has a higher frequency than the symmetric stretch. A higher
degree of hydrogen bonding lowers the wavenumber of the OH stretch while less hydrogen
bonding raises it. In addition, species may experience a Stark effect or chemical bonding
effect shift with changes in applied potential. For this reason we will not interpret the
peak shifts described above as resulting from any one phenomena, as it likely represents a
complicated array of changes from each of the different types of molecules present at the

surface.

However, we can use the area trends of the v°" and 679" peaks to understand how the
EDL structure is changing during conditions relevant to COs reduction. The intensity of
the §HOH and v water peaks is an indication of the average orientation of the first layer of
water molecules at the electrode surface. At the potentials more negative than the pzc the
water molecules are oriented H-down.?® As they pass through the pzc the water molecules
become oriented with H parallel to the electrode surface and just above the pzc they form
an ice-like structure by hydrogen-bonding with water molecules in the second layer.”# At
potentials more positive than the pzc the water molecules are oriented O-down. The density
of water at the surface is at a minimum near the pzc and increases with the magnitude of
the applied voltage.?® We can now use this understanding of water reorientation in the EDL

5HOH

to interpret the peak area trends for the and v°! water peaks.

In CO, reduction, the relevant region of interest is at potentials more negative than the pzc.
The pzc for Ag(100) was -0.2 Vrpg in 0.1 M NaF and 0.1 M KF* and the pzc for Ag(111)
was -0.07 Vggg in 0.1 M NaF .28 In this region for both §7°" and v°" we see the peak area
increase with more cathodic potentials until it stabilizes at -0.8 Vgpug and F).
This indicates that the water molecules at the surface are reorienting to be more H-down,
perhaps reaching the maximum orientation at -0.8 Vgygg. On the anodic scan, the peak area

6HOH

is constant ( ) or even increasing slightly (v°%) until 0.3 Vgyg.

Clearly on the anodic scan, the EDL structure is not the same as it was on the cathodic
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scan. It seems once the water molecules are oriented H-down they stay in that position
beyond where we might expect the pzc to be. This resistance to change in the average water
molecule orientation can also be seen in the OCV behavior and C). After 90
seconds of CA at -0.6 Vgug the 659" and O peak areas decrease slowly over the course
of 30 minutes. While the open circuit potential changes from 0.22 to 0.245 Vgrugg within
the first 10 minutes, the potential is stable for the remaining 20 minutes ) As
described above, these peaks, and thus the EDL structure, will eventually reach a steady
state over the course of one to two hours. We also observe during longer CA experiments
that the EDL structure changes rapidly during the first 5-10 minutes, with the §"°H and
vOH peak areas increasing sharply . After this initial region, the rate of peak
area change slows down considerably although still continues to increase. This implies that
COg reduction experiments performed in the first 5-10 minutes of applied potential may
have different results than longer experiments due to differences in the EDL structure. The
dense, close-packed layer of water that eventually forms at the surface of a charged electrode
is thought to be favorable for rapid proton transfer® which would impact the partial current

densities towards Hy production and all CO5 reduction products.

Above 0.3 Vgur the peak area of 69 drops suddenly while scanning anodically. As de-
scribed previously and shown in there are potential regions where the §"°H peak

OHOH peaks with this same shape have been re-

has a positive and negative component.
ported during potential scans at Pt®! and Au®"* surfaces. This rapid peak area decrease
corresponds to the region in the anodic scan where the peak again has a positive and nega-
tive component before finally becoming a positive peak around 0.6 Vgur (Figure S11} Near
this same potential on the anodic scan the v°" peak flips from negative to positive. This
behavior is interpreted as the shift from H-down to O-down water orientation at the surface,
where the positive and negative §"°H peak components likely result from this reorientation.

Similarly, the initial region where the 6"°" peak has both a positive and negative compo-

nent and where the peak position decreases rapidly reflects the reorientation of water to the
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in aqueous electrolyte M8l Phepeak at 1278 ¢ is a little lower than expected for the
dominant HCOPEOMHEAE 1251565859 5 fhag©OH mode. 585859 However, in all reports the

' In addi-

€lose to our observed peak at 1276=1279¢m . The explanation for the lower wavenumber

_

peak appears and disappears at the same potentials as the peak at 1278 cm™ (Figure 1)),
consistent with the HCO; v{°2 mode **® Dhusywe conclide that the peak e observe at

12062
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cm~! in COs-saturated 0.1 M KCl at -0.9 Vgug on a sputtered Ag thin film."

The average peak positions and normalized areas during cathodic and anodic CV scans for
HCOy3, COg_, and COs peaks are shown in . The trends are remarkably similar;
all three peaks appear and disappear around -0.6 Vgyyg (Table SI). The peak areas increase
with more cathodic potentials and decrease on the anodic scan with only slightly larger peak
areas than on the cathodic scan. The CO, position never deviates and the CO3™ position
varies slightly but the generally overlapping error bars show no trend with potential. Only
the HCOj peak position changes, increasing with more cathodic potentials with no hysteresis
on the anodic scan and [Figure ). Accordingly, no shift in peak position for
HCO3, CO3™, or CO, was reported from 0.1 to -0.9 Vg for a polycrystalline Au film."? On
Pt(111) the HCOj; peak position was independent of potential while the CO3~ peak position
increased with more anodic potentials from 0.6 to 0.95 Vrug but, as discussed above, the
the orientation and structure of water at the surface of a positively charged electrode is quite
different from that of a negatively charged electrode, and the changes in peak position were

attributed to shifts in the water orientation.”!

We consider these three species together because their concentrations are linked by the

following reactions (Equation 1] and [Equation 2J).

CO, + H,0 = H' + HCO; (1)

HCO; = H' 4+ CO%" 2)

The peak area trends can be understood through the equilibrium between HCOjz, COZ™,
and CO,. As the applied cathodic potential increases in magnitude the current density
increases due to increasing CO, reduction and Hs formation rates . As both
of these reactions consume protons, equations (1| and [2] shift to the right, converting COq

at the surface into HCO3 and CO3~. This results first in an increase in the concentration
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of HCOj; beginning at -0.56 Vgyug followed by an increase in the concentration of CO3~
starting at -0.69 Vgryg, as seen through the positive peaks that increase in area
and . This also results in a decrease in the concentration of CO,, which we
observe as a negative peak with an increasing area beginning at -0.65 Vgug and
. Additionally, the CO, concentration will decrease fiéar the surface as it is reduced
to form CO and formate, especially as the current density increases and exceeds the mass-
transfer rate of COq to the surface. The OH™ concentration will also increase at the cathode

surface resulting in an increase in the local pH 193

When comparing dark and 365 nm illuminated conditions, the IR spectra are very similar
for nearly all species discussed in this article, with the lone difference being a shift in the
HCOj; peak position. As presented in the introduction, our prior study of a plasmonic Ag
cathode showed significant differences in the product distribution in the dark and under 365
nm LED illumination.® CO production was enhanced and H, evolution was suppressed at
low overpotentials upon illumination; formate production was enhanced at all overpotentials
in the light; and methanol was only formed under illuminated conditions at potentials more
cathodic than -0.8 Vigg.? In this study we performed both CV and CA experiments under
365 nm LED illumination but we observed very few differences between SEIRAS spectra
in the light and the dark. No methanol (1470 and 2970 cm™!)* or formate (1350, 1383,
and 1581 cm™1)®! peaks were observed in the light or the dark at any potential. As the
expected methanol Faradaic efficiency at -0.8 and -0.9 Vgyug is 0.1% and 0.4% respectively,”
it is possible that the methanol concentration at the surface was below the detection limit
of the IR spectrometer. Due to stability issues with the Ag thin film at potentials more
cathodic than -0.9 Vygg we were unable to study the potential regions with higher methanol

Faradaic efficiencies.

As previously discussed, the onset of CO formation in the light and the dark was identically

-0.25 Vgrpg (Figure 5)). [Figure S13|shows there is no difference between the light and dark
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average peak positions for CO,, CO, v°H, or 6"°H during 90 seconds of CA at any potential
from -0.2 to -0.7 VRug. CO?{ is not plotted because there is insufficient data for this peak in
this potential range. Surprisingly, the only measureable difference between the illuminated
and dark cathode is the HCO3 peak position, which increases by approximately 6 cm™!
under illumination at -0.5, -0.6, and -0.7 Vgyug . This 6 cm ™! increase in position
can also be observed when the system was allowed to stabilize in the dark at -0.5 Vygg for
20 minutes before rapidly turning on the light source. The change was observed in the first

spectrum taken in the light (10 seconds) before any heating could occur. This peak shift

was also accompanied by an immediate increase in the peak area.

1290 F T T T T T T 7]

1288

1286

Absorbance / a.u.

1284

|
|
|
!

1282 1350 1300 1250 1200 -
Wavenumber / cm !
1280 |- -

1278 B

HCO, — Wavenumber / cm™

1276 —0—|_|ght 4

—a— Dark| 1

1274 1 1 1 1 1 1 7
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2

Potential / Ve

Figure 6: Average position of the HCOj3 peak during CA for 90 seconds at -0.5, -0.6, and
-0.7 Vgryg in the dark (black) and under 365 nm LED illumination (125 mW cm~2) (pink).
Average values and standard deviations are calculated from 2-5 CA experiments at each ap-
plied potential. Experiments were performed on different days with a new cathode prepared
each day. Error bars represent one standard deviation. The inset shows two representative
spectra in the dark and light at -0.6 Vrgg. The activated Ag cathode on a Ge ATR crystal
was in 0.1 M KHCOj3; with continuous CO, flow through the electrolyte. The background
spectrum was taken at 0.2 Vgyygg. The inset scale bar gives the y-axis scale in absorbance
units (a.u.).

An increase in the HCO; peak position signifies an increase in the strength of the bond.
As no other immediate changes are apparent between the dark and light spectra, we can
conclude that this increase in the HCO3 bond strength is not caused by changes in the

other species we observe at the surface. In the potential range of -0.5 to -0.7 Vrug where
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this change occurs we know that CO production will be enhanced, Hy evolution will be
suppressed, and at -0.7 Vrygg formate production will be enhanced in the light (Figure S8
and [Figure S9).” An increase in the concentration of HCO; fiééi the surface would raise the

local pH which would lead to enhancement in CO5 reduction and diminished Hy evolution.®®

The Raman shift of a probe molecule (4-methoxyphenyl isocyanide) on Au core Pt shell
nanoparticles upon illumination at the plasmon resonance frequency (530 nm) was used
by Yang et al. to determine the surface temperature. They found that the peak position
decreased linearly with increasing temperature, which they attributed to a weakening of
the interaction between the molecule and the substrate, allowing the molecules to reorient.
Similarly, we find that the HCO3; peak position continues to increase linearly over time
under constant illumination, which corresponds to a linear increase in temperature. However,
they showed that the peak position did not change upon illumination until 50 seconds had
elapsed.® Therefore we conclude that the immediate HCO; peak shift we observe within
the first 10 seconds of illumination is not caused by a temperature rise at the surface.
We hypothesize that the observed increase in the peak position upon illumination is due
to interactions of HCO; molecules with the enhanced local electric field generated by the
plasmon resonance, similar to the observed increase in peak position in the dark due to the

electric field generated by the applied voltage (Stark effect).

Although CO also experiences a shift in peak position in the dark, there is no change in
the wavenumber upon illumination (Figure S13/C). We would expect a shift in the CO peak
position in the light similar to that of HCO3 if the change in the dark was due to the Stark
effect. However, if the CO shift in the dark is due to the chemical bonding effect, we would

not expect an additional shift with a plasmonically enhanced local electric field.
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Conclusions

We used in situ ATR-SEIRAS to probe the species at the surface of a plasmonic Ag cathode
during CO, reduction in both the dark and under illumination. The SEIRAS signal can be
enhanced while still maintaining cathode stability by optimizing the deposition conditions
and through electrochemical CV cycling. We observe peaks for HCO; (1278 cm™2), CO3~
(1395 cm~2), §™OH (1600 cm~2), CO (1970 cm~2), CO, (2342 cm~2), and v°% (3402 cm~—2)
under a range of applied potentials relevant to CO, reduction. Trends in the water §7OH
and O peaks show that the water reorientation at the charged electrode surface can be
slow to stabilize and slow to return to the original orientation. It is therefore important to
"reset" the EDL by an anodic scan during SEIRAS to ensure that experimental results are

repeatable. In addition, experiments considering product distribution should wait until the

EDL has stabilized (approximately 5-10 minutes) before conducting product analysis.

We find that CO remains on the Ag surface until an anodic potential of 0.20 Vgryg is reached
or after 10 minutes during OCV relaxation. Despite current density trends showing a decrease
in the overpotential for CO formation upon illumination, we find that the onset of COy
reduction to CO is identical in the light and the dark (-0.25 Vgug). We conclude that the
light must be assisting the desorption of CO from the surface, possibly through a DIET

mechanism induced by excited electrons generated through LSPR relaxation.

Finally, we confirm the expected increase in local pH at higher current densities through the
changing concentrations of HCO3, CO3™, and CO at the surface. The only change between
spectra in the light and the dark is the immediate increase in the HCO3 wavenumber and
peak area upon illumination. We propose that the enhanced local electric field that results
from the LSPR is strengthening the HCO3 bond, further increasing the local pH. While the
exact mechanism of plasmon-enhanced CO, reduction at a Ag surface is still uncertain, this

in situ ATR-SEIRAS study sheds some light on how Hs evolution is suppressed while COq
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reduction is promoted at an illuminated Ag cathode.
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