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ABSTRACT: Formate (HCOO™) is the most dominant intermediate identified during carbon dioxide electrochemical reduction
(CO,ER). While previous studies showed that copper (Cu)-based materials that include Cu(0), Cu,O, and CuO are ideal catalysts
for CO,ER, challenges to scalability stem from low selectivity and undesirable products in the —1.0—1.0 V range. There are few
studies on the binding mechanism of intermediates and products for these systems as well as on changes to surface sites upon
applying potential. Here, we use an in situ approach to study the redox surface chemistry of formate on Cu thin films deposited on Si
wafers using a VeeMAX III spectroelectrochemical (SEC) cell compatible with attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR). Spectra for surface species were collected in real time as a function of applied potential during
cyclic voltammetry (CV) experiments. Results showed the reproducibility of CV curves on freshly prepared Cu/Si wafers with
relatively high signal-to-noise ATR-FTIR absorbance features of surface species during these electrochemical experiments. The
oxidation reaction of HCOO™ to bicarbonate (HCO;~) was observed using ATR-FTIR at a voltage of 0.27 V. Samples were then
subjected to reduction in the CV, and the aqueous phase products below the detection limit of the SEC-ATR-FTIR were identified
using ion chromatography (IC). We report the formation of glycolate (H;C,05”) and glyoxylate (HC,0;~) with trace amounts of
oxalate (C,0,”"), indicating that C—C coupling reactions proceed in these systems. Changes to the oxidation state of surface Cu
were measured using X-ray photoelectron spectroscopy, which showed a reduction in Cu(0) and an increase in Cu(OH),, indicating
surface oxidation.

B INTRODUCTION HCOO (aq) + 30H (aq) = CO,* (aq) + 2H,0 + 2¢~

Past efforts to understand the mechanistic details of E °=020V (R3)
heterogeneous carbon dioxide (CO,) electrochemical reduction o
(CO,ER) on copper-based materials emphasized the role of
reaction intermediates in forming the final products.' > Among
the most frequently observed intermediates in CO,ER are
bicarbonate (HCO,7)®” and formate (HCOO™), which form
directly from CO, in solution according to reactions R1—R3"’

Thin films and nanoparticles of copper (Cu)-based materials
that include metallic Cu and oxidized copper, Cu,0, and CuO
demonstrated promising potential in forming useful products
and fuels compared with precious metals such as platinum and
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palladium.>*~'" However, undesirable products form in the
—1.0—1.0 V electrochemical potential range due to the low
selectivity of these electrocatalysts. This issue with Cu-based
materials poses the _bi%%est challenge in CO,ER for scalability to
commercial scale."”>"' "

The efficiency of the CO,ER depends on the surface
properties of the Cu electrocatalysts such as site type, charge,
and morphology. Molecules in the gas and liquid phases react
with copper surface sites in the CO,ER. These reactions change
copper surface site speciation. For example, the dissociation of
oxygen and water produces an oxide layer that terminates copper
surfaces, as reported using ambient pressure X-ray absorption
spectroscopy (XPS).'>'* It is more challenging to characterize
the surface of copper electrocatalysts under an applied potential
in the presence of electrolytes. Electrochemical roughening of
polycrystalline Cu electrodes, Cu(poly), was observed in acidic
media and in the presence of chloride, which increased the
<100> facets and defect sites at the expense of the <111>
facets.'> Similar observations were reported upon potential
cycling using copper and copper oxide electrode surfaces in
neutral phosphate-buffered electrolyte solution from analyzing
in situ surface X-ray diffraction.'® The fact that the surfaces of
copper electrodes used in CO,ER are terminated with an oxide
layer and increase in roughness with applied potential needs to
be taken into account when investigating the mechanism of
CO,ER.” In this context, published reports assume that CO,ER
intermediates interact directly with copper centers through
forming metal—carbon and metal—oxygen bonds."”'”'® Re-
cently, we showed using attenuated total internal reflection
Fourier transform infrared spectroscopy (ATR-FTIR) that
formate, bicarbonate, and acetate form mostly outer-sphere
complexes mediated by hydrogen bonding with CuO nano-
particles.'” Analysis of the desorption kinetics of the surface
complexes of these molecules was reflective of the heterogeneity
of sites that affect the strength of hydrogen bonding, highlighting
its importance in the overall CO,ER mechanism with oxidized
Cu(II) materials.

The objective of our studies here is to explore the use of a
commercial and surface-sensitive spectroelectrochemical cell
(SEC-ATR-FTIR) to conduct systematic in situ experiments to
identify surface complexes due to the redox chemistry of formate
on Cu thin films. These experiments were coupled with XPS,
scanning electron microscopy/energy-dispersive X-ray spec-
troscopy (SEM/EDX), and ion chromatography (IC) measure-
ments to identify changes to the surface oxidation state of Cu,
surface morphology, and aqueous phase composition, respec-
tively. Coupling a spectroelectrochemical cell (SEC) to ATR-
FTIR spectroscopy has been common for studying surface
electrochemistry on metallic electrodes dating back to the
nineties (see as examples -but not limited to- ref 20—22).
Surface-enhanced infrared absorption has proven to be a
powerful technique in identifying surface species on a number
of metallic thin films." The Cu thin films used here were
deposited on a Si wafer suitable for SEC-ATR-FTIR measure-
ments and were characterized following deposition and after
formate redox chemistry in solution using XPS and SEM/EDX.
Water-soluble products were identified and quantified as well by
IC with the alkanol quaternary ammonium column. Such a
method is highly specific to separating monocarboxylic acids,
dicarboxylic acids, and tricarboxylic acids,”>*” resulting in an
excellent approach to determine the soluble intermediates/
products from CO, reduction. Therefore, the results below
provide not only method development for spectral collection of

2378

surface species using a commercial SEC-ATR-FTIR but also
evidence for surface Cu oxidation, increased roughness, and C—
C coupling reactions, producing C2—C4 products.

B EXPERIMENTAL SECTION

Chemicals. Copper thin films (25 nm thickness) were deposited on
Si wafers from copper nanoparticles (Kamis Inc. Cu 99.99%) with DC
magnetron sputtering at the National Research Council (NRC) in
Ottawa, Canada. The morphology and elemental composition of these
thin films were characterized by using SEM/EDX. The Cu/Si wafers
were chosen over Cu foil because the Si wafers were manufactured for
the spectroelectrochemical studies using the commercial ATR-FTIR
system utilized here. Aqueous phase solutions were freshly prepared
using ultrapure water (18.2 MQ cm) prior to the start of each
experiment. Sodium formate (HCOONa, Sigma-Aldrich, MW 68.01 g
mol™!) solutions were prepared with no added electrolytes. Experi-
ments designed for method development were conducted using the
redox chemistry of 4-methoxypyridine (4MOP) on gold films on Si
wafers (Au/Si) prepared at the University of Saskatchewan using
indium tin oxides (Himet Materials, 90% In,0;, 10% Sn0O,), KAuCl,,
and NaF (see the Supporting Information for additional details).*® For
IC experiments, standards included solutions of sodium formate
(HCOONGa, Acros Organics, 99%), sodium glyoxylate monohydrate
(HC,05Na-H,0, Santa Cruz Biotechnology, 95%), sodium glycolate
(H,C,0;Na, Thermo Fisher Scientific, 98.6%), sodium oxalate
(C,0,Na,, Alfa Aesar, 99.9%), and sodium bicarbonate (HCO;Na,
Sigma-Aldrich, 100.0%). Additional details are provided in the
Supporting Information.

SEC-ATR-FTIR Spectroscopy Experiments. Electrochemical and
surface chemistry adsorption experiments were conducted using a
Nicolet 8700 FTIR Spectrometer (Thermo Instruments) equipped
with a mercury—cadmium—telluride (MCT-A) detector and an ATR
VeeMAX III (Pike Technologies) accessory with a Jackfish
spectroelectrochemical cell (Pike Technologies). A Squidstat potentio-
stat (Admiral Instruments) was used to control the applied voltages
with an installed Squidstat program. N, gas was used as an inert purging
gas to reduce dissolved oxygen in the electrolyte solutions. Additional
details are provided in the Supporting Information.

XPS Measurements. For identifying the oxidation states of Cu, C,
and O, XPS analyses of the as-deposited and reacted Cu/Si wafers were
carried out with a Kratos AXIS Supra X-ray photoelectron spectrometer
using a monochromatic Al Ka source (15 mA, 15 kV) in the Surface
Science Western Facility at Western University. Additional details are
provided in the Supporting Information.

lon Chromatography (IC) Analysis. Five solution samples were
shipped to the University of Kentucky for IC analysis labeled as follows:
(A) water at pH 7, (B) 0.1 M formate at pH 7 (control before reaction),
(C) reacted 0.1 M formate at pH 7 (with reaction products), (D) S0
ppb LiF, and (E) SO ppb LiF with frozen HI. All five vials, labeled A
through E, were analyzed by IC following a protocol previously
established and highly selective for the identification of formate,”**
glycolate,> glyoxylate,”>*” bicarbonate,”® and oxalate.”*™>” Additional
details are provided in the Supporting Information.

B RESULTS AND DISCUSSION

In this paper, results are presented in four main sections: method
development using the redox chemistry of 4AMOP on Au/Si ATR
wafers; identification of surface species during spectroelec-
trochemical redox reactions of formate on Cu/Si thin films;
characterization of Cu/Si thin films before and after
spectroelectrochemical redox reactions of formate on Cu/Si
thin films; and identification and quantification of aqueous
phase products.

Method Development Using the Redox Chemistry of 4MOP
on Au/Si ATR Wafers. The molecule 4MOP undergoes
reversible potential-dependent adsorption on Au/Si wafer

https://doi.org/10.1021/acs.langmuir.3c03660
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Figure 1. Electrochemical oxidation of 4MOP on Au/Si wafers using SEC-ATR-FTIR: (a) CV of 0.1 mM 4MOP adsorption in 0.1 M NaF on Au/Si
ATR wafer at pH 7. (b) Comparison of SEC-ATR-FTIR spectra of 0.1 mM 4MOP adsorption in 0.1 M NaF on an Au/Si wafers at an electrical
potential of +0.3 V (fully oxidized Au surface sites). These absorbance spectra were obtained by referencing the single beam spectra to the one
collected at —0.9 V on an Au/Si ATR wafer (where Au surface sites exist as Au®). The “Reference” spectrum was obtained following Au deposition,
courtesy of Ian Andvaag and Professor Ian Burgess of Jackfish SEC (University of Saskatchewan).
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Figure 2. Electrochemical redox chemistry of formate (HCO,™) on Cu/Si wafers using SEC-ATR-FTIR: (a) representative absorbance spectrum of
the starting solution, 0.1 M HCO,~, in the absence of applied potential. This spectrum was obtained by referencing the single beam spectrum to that
recorded for background water at pH 7. (b) Representative CV curves for 0.1 M HCO,™ at pH 7 on a wafer with a freshly deposited Cu thin film and a
reacted Cu thin film following formate redox chemistry on the freshly deposited Cu thin film. Two sets of SEC-ATR-FTIR spectra were collected: set
IR(1) at —0.4 V, where no redox chemistry was taking place and set IR(2) at +0.28 V, where oxidation was taking place at the anodic peak. (c)
Representative set of IR(1) net normalized absorbance spectra collected at —0.4 V as a function of time obtained according to eq R4. (d)
Representative set of IR(2) normalized absorbance spectra collected at +0.28 V as a function of time obtained according to eq R4. The assignment of
spectral features in panel (a) and panel (d) is based on ATR-FTIR absorbance spectra recorded for formate and bicarbonate, respectively, in ref 19. The
spectra in Figure 2¢,d are offset from each other for clarity.

formin§ Au—(4MOP); complexes according to reaction The Au-(4MOP)j .4, surface complexes have distinct IR
31,3

R4: spectral features, as reported from the SEIRAS spectra on gold

Au?s) + 2(4MOP)(aq) N Au_(4MOP);(ads) +e film electrodes.”’ Figure la shows the cyclic voltammogram

(CV) for the adsorption of 4MOP (0.5 mM) in 0.1 M NaF on

B =+012V (R4) Au/Si ATR wafer at pH 7. The anodic peak is observed at +0.28,
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indicating oxidation, whereas the cathodic peak around —0.28 V
indicates reduction. The SEC-ATR-FTIR absorbance spectra
collected at +0.3 V are shown in Figure 1b.

The spectra show the three most intense features attributed to
Au-(4MOP)j 4 surface complexes centered at 1612, 1506, and
1308 cm™". The first two spectral features were assigned to
asymmetric and symmetric ring vibrations, respectively, and the
latter one to the ester COC asymmetric stretch.’’ These
experiments were valuable in ensuring that the electrical
connections within the SEC-ATR-FTIR accessory were intact
and that it is a reliable tool for reproducing earlier published
work prior to using it for new experiments with other chemicals
and thin films, as described below, for formate on Cu/Si wafers.

Identification of Surface Species during Spectroelec-
trochemical Redox Reactions of Formate on Cu/Si Thin
Films. The redox chemistry of formate per reaction R3 was
monitored in situ and in real time using SEC-ATR-FTIR
equipped with a freshly deposited Cu/Si ATR wafer. Figure 2a
shows the starting absorbance spectrum of 0.1 M formate at pH
7 prior to applying potential. The relatively high formate
concentration was used to generate detectable amounts of redox
products in the online SEC-ATR-FTIR spectral recording and
offline solution analysis of water-soluble products using IC. The
observed spectral features at 1581, 1381, and 1350 cm™' are
assigned to the vibrational modes of formate, the conjugated
base of formic acid with pK, 3.75.> We observed these spectral
features on a ZnSe ATR internal reflection element in liquid
H,O at pH 7 at 1581, 1381, and 1350 cm™, and in liquid D,O at
pH 7 at 1589, 1385, and 1350 cm™"." The same spectral features
were observed for outer-sphere formate complexes on CuO
nanoparticles at pH 7."

Then, a potential was applied to the working electrode (Cu/Si
wafer) starting at —0.6 V to collect the CV curve for formate.
Figure 2b shows a representative CV curve for formate (0.1 M)
at pH 7. The anodic peak for the oxidation of formate per
reaction R3 was observed at +0.28 V, whereas the cathodic peak
for formate reduction was observed at —0.08 V. Data
reproducibility was studied on another freshly deposited Cu/
Si wafer by collecting additional CV curves, as shown in Figure
S1. The first CV curve (CV2) showed the highest conductivity,
followed by three CV curves (CV2—4) with progressively lower
current. The fifth CV curve showed a —0.05 V shift in the anodic
peak and a +0.25 V in the cathodic peak. Hence, it was inferred
that the surface properties of the Cu/Si wafer were changing
with consecutive CV cycles for formate redox chemistry. When
comparing the CV curve in Figure 2b to CV2 in Figure S1, the
data showed that the voltage of the anodic peak at +0.28 V
shifted by 0.1 to +0.38 V and that the cathodic peaks appeared at
alower voltage, —0.08 V, similar to the one observed for CV3—S5.
The variability in the shape of the CV curves and magnitude of
the current indicated nonuniformity in the deposition of the Cu
thin films on the Si wafer, even though the procedure of the thin-
film deposition was automated. These studies clearly suggest
that for IR spectra to be collected at a given voltage that
corresponds to either oxidation or reduction on the Cu thin film,
the Cu/Si wafer should not be subjected to more than three
cycles of CV curve collections.

Once the locations of the anodic and cathodic peaks were
identified from the CV curve shown in Figure 2b, two sets of
SEC-ATR-FTIR spectra were collected as a function of time at
two voltage values: set IR(1) at —0.4 V, where no redox
chemistry is expected, and set IR(2) at +0.28 V. Figure S2 shows
the absorbance spectra of each set of IR spectra as a function of
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time from the start of applying potential. These spectra were
obtained by referencing the single beam spectra to the one
recorded for 0.1 M formate at 0 V. This method of referencing
would cancel out the features assigned to formate shown in
Figure la. The 2000—1300 cm™ spectral range contains
fundamental vibrational modes for most organic functional
groups and the bending mode of water, §(H,0). The
absorbance spectra in Figure S2a showed no detectable new
peaks attributed to organic species, which is expected at —0.4 V.
However, there was a net positive absorbance at 1630 cm™" for
8(H,0), suggesting an increase in the surface water concen-
tration. For comparison, the absorbance spectra in Figure S2b
showed new peaks at 1490 and 1448 cm™' assigned to
v(CO,Cu). These features were observed before for the solution
containing 1:1 Cu(Il) + [HCO; ](aq) at pH 4.8." Also, we
reported that inner-sphere monodentate carbonate complexes
on CuO nanoparticles were characterized by spectral features at
1489 and 1362 cm™!, whereas physisorbed bicarbonate species
were characterized by the 1612 and 1412 cm™ peaks."” The
latter had a net positive absorbance at 1635 cm™" for §(H,0),
suggesting an increase in the surface water concentration.

In order to amplify the spectral features assigned to
v(CO,Cu) from the oxidation products of formate at +0.28 V,
each absorbance spectrum in Figure S2a,b was normalized to the
absorbance at §(H,0) in the same spectrum. Then, the
normalized absorbance spectrum of the background liquid
water collected at the beginning of the experiments was
subtracted out to remove the 5(H,0), according to eqs 1 and 2

A _ A_guy(v, 1) B AOV,HZO(V)
norm, —0.4V A4 (1630,t)  Agyy,0(1630) (1)
A _ Agv(n t) AOV,HZO(V)
norm,0.28V -
Ag v (1635, t) AOV,HZO(1635) (2)

The resulting net normalized absorbance spectra are shown in
Figure 2c,d. Similar to the observations made in Figure S2a,b,
the spectra in Figure 2¢,d showed neither features attributed to
organic products at —0.4 V nor amplified new peaks at 1490 and
1448 cm™! assigned to v(CO,Cu). The 1362 cm™ feature
observed in the case of bicarbonate adsorption on CuO
nanoparticles was not clear in the spectra in Figures 2d and
S2b, and the 1612 cm™ peak was not isolated after subtracting
the broad and intense §(H,0) peak. These differences in the
observed spectral features of bicarbonate surface complexes on
the Cu/Si thin film and CuO nanoparticles reflected the
differences in surface sites and oxidation states of Cu in both
materials. Also, there was an apparent lack of time dependence
of the spectra in Figure 2d, suggesting that the formation of the
adducts detected in the aqueous phase using IC happened very
quickly (see below). The following section describes the
characterization of Cu/Si thin films, freshly deposited and
following redox chemistry with formate, for comparison with the
surface characterization of CuO nanoparticles reported earlier."”

Morphology and XPS Characterization of Cu/Si ATR
Wafers before and after Spectroelectrochemical Redox
Reactions of Formate. Figure S3a,b shows SEM/EDX images
and spectra with % weight of elements in different areas across
the Cu/Si wafers after deposition and following redox chemistry
with formate, respectively. There is a clear morphological
change due to surface electrochemistry accompanied by a
nonuniform decay in the % weight of Cu and an increase in the %
weight of C in some areas. This analysis explained the gradual
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Figure 3. XPS spectra of Cu/Si wafers used in our studies, with peak fittings assigned to functional groups. Results of the peak fittings are listed in the

legend as % area.

reduction in the conductivity of the Cu thin films observed with
multiple CV cycles, as shown in Figure S1.

Figure 3 shows the XPS spectra and results of peak fittings
aimed at identifying the oxidation state and speciation of the Cu,
C, and O elements at the surfaces of these Cu/Si ATR wafers.
Figure 3a—c shows the XPS Cu 2p, C 1s, and O 1s spectra,
respectively, for a new wafer after deposition of the Cu thin film.
The peak fittings indicated the presence of 64.7% Cu(0) + Cu(I)
and 35.3% Cu(II) in the form of Cu(OH),. The majority, 81.6%,
of the C speciation is in the form of C—C and C—H with some
oxidized functional groups. These species were likely from
adventitious carbon from handling the wafers and exposure to
ambient conditions. As stated in the Supporting Information,
the freshly deposited thin films did not undergo cleaning to
remove excess carbon because our goal was to conduct
experiments under realistic conditions that potentially mimic
larger-scale systems for industrial applications. The peak fittings
in the O Is spectra showed that only 5.6% was due to either the
underlying substrate (SiOx) or organic oxygen. The majority of
the XPS signal of the o 1s was due to the presence of O in
hydroxide or defective oxide (72.8%) and oxide (21.6%) of
(most likely) the Cu film.

Figure 3d,e shows XPS spectra of reacted Cu/Si ATR wafers,
highlighting the absence of Cu(0), a decrease in the relative
amount of Cu(I), and an increase in the relative amount of
Cu(II) to 43.6%. The direct evidence of the oxidation of Cu(0)
is shown in Figure S4 for the Cu Auger peaks (Cu LMM) in the
XPS spectra before and after the redox reaction of formate on the
Cu/Si ATR wafer. Figure S4a shows that the new Cu/Si ATR
wafer contained 10% of the Cu(0) along with 61% Cu(I) and
29% Cu(Il), whereas after formate redox reactions, the Cu(0)
peaks in Figure S4b disappeared, Cu(I) decreased to 49%, and
Cu(II) increased to 51%.

Similarly, the C 1s spectra showed a near doubling in the C=
O species to 12% and an increase in C—OH and C—O—-C to
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8.2%. Figure 3f shows a reduction in the % peak area of “oxide”
to 9.8% and an increase in the % peak area of “SiOx, organic
oxygen” to 17.3%. These results suggested irreversible changes
to the surface structure of Cu thin films that affected the
conductivity of the Cu/Si ATR wafers as working electrodes.
The evidence for the loss of conductivity is shown in the green
trace in Figure 2b labeled “CV2 (repeat)” with no current.
Progressive reduction in the recorded current is also shown in
Figure S1, indicating irreversibility of the redox chemistry. The
interpretation of the XPS results could explain how the change
from Cu(0) to Cu(Il) during the reduction step in Figure 2b
produced not only formate per reaction R3 (see the
Introduction section) but also other C2 aqueous phase
products, indicating C—C coupling reactions (see below). The
implications of these findings are detailed below in the
Conclusions and Significance section. Although Cu-oxides are
converted to metallic Cu during CO2ER,’ these changes are not
reversible due to chemical and structural changes of the
interface, with impacts on efficiency and product selectivity.

Identification and Quantification of Aqueous Phase
Products. Seven anions were detected after the electrochemical
treatment in the aqueous sample C by ion chromatography: (1)
formate, (2) fluoride, (3) glycolate, (4) chloride, (5) glyoxylate,
(6) bicarbonate, and (7) oxalate. The retention time for each
species under present chromatographic conditions is provided
in Table 1.

Quantifications were possible with calibration curves based on
the analysis of three replicates. The amount of formate
remaining in sample C relative to its original concentration in
sample A totaled 54%, meaning that 46.0 (+2.1) mM formate
was lost during the electrochemical reaction (conversion of
aqueous sample B to C). The growth of bicarbonate in sample C
represented 0.86 (+0.03) mM. The concentrations of produced
glycolate and glyoxylate were 640 (£20) and 95 (£5) uM,
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Table 1. Chromatographic Peak Number, Retention Time
(R.T.), and Name of Species in the Aqueous Sample C

peak # R.T. (min) compound
1 222 formate
2 3.10 fluoride
3 6.83 glycolate
4 10.43 chloride
N 14.22 glyoxylate
6 14.85 bicarbonate
7 15.27 oxalate

respectively. The trace of oxalate formed in sample (C) was 1.3
(£0.2) uM.

Scheme 1 displays the proposed electrochemical reactions
observed when a potential was applied to the formate solution.

Scheme 1. Proposed Electrochemical Reactions Starting
from Formate Intermediate

O R5
HJ< CO, +2€ + H*
o
Formate
CO, + H,0 =—= HCO3 + H*
R7
002 +29-+2H+ CO + Hzo
26+ 2H =2~ 1,
0 O
2C0,+ 2 —R9 >/._/<
O (e}
Oxalate
0 ) 0] O
H +2e'+3H+ﬂ>\\_< + H,0
o O o
Glyoxylate
0} (0] HO O
\\—< +2e+2H R, \—<
(0} O
Glycolate

During oxidation, formate is converted quickly to CO,, which
creates the bicarbonate surface complexes detected in our work
by consecutive reactions RS and R6 in Scheme 1, respectively.
Although not observed here, Scheme 1 includes reactions for the
reduction of CO, to carbon monoxide (R7) and hydrogen
evolution by R8.

The recombination of two reduced CO, species creates oxalic
acid by half-reaction R9, which acts as the precursor for the
reductive generation of glyoxylate and glycolate in R10 and R11,
respectively. It must be noted that the production of oxalate may
involve different steps, including an initial one-electron transfer
to CO, and radical-radical dimerization of CO, °*. The
products of reactions R9, R10, and R11 demonstrate that C—
C coupling reactions were accomplished.

Bl CONCLUSIONS AND SIGNIFICANCE

Mechanistic details of the surface chemistry of Cu-based
materials as the most versatile electrocatalysts in the CO,ER
are lacking, which makes it challenging to optimize conditions
for scalability. Here, we reported spectroelectrochemical data on
the redox chemistry of formate as the most commonly detected
intermediate on Cu thin films using a commercially available

SEC-ATR-FTIR designed for studying electrochemical pro-
cesses in solution. These measurements were coupled with
surface characterization of Cu thin films before and after the
redox chemistry with formate using SEM/EDX and XPS,
followed by water-soluble product identification using IC. The
results indicated that while formate formed outer-sphere
complexes with surface sites on the Cu thin films, it got oxidized
to form inner-sphere bicarbonate. The reduction step resulted in
forming several low-molecular-weight organic compounds with
C—C bonds. The oxidation—reduction cycles of formate
resulted in morphological changes to the deposited Cu thin
films and an irreversible increase in Cu(I) and Cu(Il) surface
sites at the expense of Cu(0), which reduced the conductivity of
the Cu thin films and rendered the Cu/Si ATR wafers
nonreusable for repeat experiments.

The results of this study are significant, as they are the first
systematic set of experiments conducted in situ and in real time
with a single intermediate, formate, as the major CO2ER
intermediate on Cu thin films using SEC-ATR-FTIR. Coupling
ATR-FTIR spectroscopy with electrochemistry and surface site
characterization before and after proved powerful in obtaining
mechanistic insights into this process. The chemical implica-
tions of these results highlighted that a single intermediate can
produce several reduction products with irreversible changes to
morphology and surface speciation that reduce conductivity.
These findings originate from the fact that outer-sphere surface
complexes of formate are dominant on copper surfaces
containing mostly oxidized Cu(I) and Cu(Il) sites. Hence,
hydrogen bonding plays a major role in driving unselective
product formation. Future surface-sensitive and theoretical
studies are needed to explore the optimum time and cost
associated with preparing metallic thin films on Si wafers,
investigate the spectroelectrochemical processes of the other
major intermediates bicarbonate and acetate, and unravel how
charge screening/reversal from added electrolytes would
influence the binding affinities of these intermediates and
distribution of reduction products. Future experimental and
computational methodologies need to simulate the liquid/solid
interface and terminations of surface sites under realistic CO,ER
reaction conditions.
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