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ABSTRACT: Electrodeposition of Cu, Cu/Ag, and Cu/Sn alloy films by using 3,5-
diamino-1,2,4-triazole (DAT) as an electrodeposition inhibitor yields a high surface

area Cu-based catalyst. All three Cu-based electrodes exhibit high Faradaic
efficiency (FE) of CO, reduction toward C,H, production. The CuSn-DAT
electrode exhibits the highest FE for CO (~90% at —0.4 V) and C,H, (~60% at

—0.8 V) production and high current density (~—225 mA/cm? at —0.8 V). In situ

surface enhanced Raman spectroscopy (SERS) studies in a flow cell obtained from

the three Cu-based samples show a correlation between the decreased oxide imxon
content on the Cu surface, increased presence of CO, and increased activity for CO

and C, production. The CuSn-DAT electrode has the lowest amount of Cu,O and co, ~
exhibits the highest activity, whereas the Cu-DAT electrode has an increasing Cu,O
content and exhibits lower activity as the potential is made negative. These results
demonstrate that incorporation of different well-mixed alloy materials provides a

way to tune CO, reduction speciation.
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1. INTRODUCTION

As a result of fossil fuel combustion, annual CO, emissions

Carbon monoxide is one of the most desired products of
CO, reduction, and electroreduction of CO, to CO has been
well-studied on Au and Ag nanoparticles (NPs).'*'” The
Faradaic efficiency (FE) for CO production on Au and Ag NPs
can reach over 95% at high current densities. Formic acid or
formate production is found to be dominant on the electrodes
based on Sn,”>~*° Pb,*” and Co*® with ~90% FE. Among all
the metal catalysts, Cu is the only known metal that can
convert CO, to hydrocarbons and oxygenates at appreciable
levels during electroreduction as demonstrated in the pioneer-
ing work by Hori et al. in 1990s.””7>" Although electro-
reducing CO, to hydrocarbons has promise, bulk Cu has very
poor selectivity toward any specific product.'” The hydrogen
evolution reaction (HER) can also take place on the Cu
surface, leading to loss of Faradaic efficiency for the desired
product.

have increased dramatically since the Industrial Revolution.' In
2019, the atmospheric CO, level exceeded 410 ppm and is
expected to continue to rise.” The rise in CO, concentration is
correlated with several environmental problems, such as global
warming, rising sea levels, and more erratic weather
patterns.”™> One way to reduce CO, content in the
atmosphere is to utilize renewable energy sources such as
solar energy, wind power, and geothermal energy. However,
the intermittency of many renewable energy sources makes
them unreliable and inappropriate for grid use without
storage.”” Electrochemical reduction of CO, may provide a
promising solution to renewable energy intermittency and to
the high atmospheric CO, levels, with CO, being converted to

carbon monoxide, ethylene, ethanol, or other value-added
chemicals.”~"” By utilizing excess electricity generated from
clean renewable energy sources, CO, reduction may provide a
solution to the renewable energy intermittency problem
through the storage of excess renewable electricity as chemical
energy.'*”’ CO, reduction may also be utilized in direct
. - 21,22
atmospheric remediation schemes.
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Intensive studies show that the selectivity for CO,
electroreduction to one specific product can be enhanced by
tuning the morphology,'”"” alloying with other elements,”~*
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and controlling the oxidation state of Cu in Cu-based
catalysts.”® ™' For example, Cu,O or Cu,O-derived Cu
catalysts are reported to give better selectivity for C,
products.”®™>" Previously, our group reported that electro-
deposition of Cu and bimetallic CuAg using 3,5-diamino-1,2,4-
triazole (DAT) as a deposition additive yielded rough and
porous surface structures, both of which exhibit high selectivity
for ethylene production (40—60% FE) during CO, electro-
reduction.'”"® In addition, various Cu-based bimetallic
catalysts have been developed to control speciation, such as
phase-separated CuPd,'* uniform AuCu NPs,>> and a
Agy14Cuggs alloy catalyst®® to enhance the selectivity
specifically for C, or C, products. The addition of Sn to Cu
has been explored to control speciation during CO, reduction
in configuration, such as Cu/SnO, core/shell NPs,** Sn-
modified Cu foam,™ a Sn/Cu(100) catalyst,36 and CuSn
nanowires.”* However, most of these bimetallic CuSn catalysts
only improve selectivity for C; products.”*~*

Many laboratory-based CO, electroreduction measurements
are performed in a CO, saturated KHCO; solution in an H-
cell”?™>* Several problems may be caused by the H-cell
configuration, such as the depletion of dissolved CO,, change
of surface pH over time, limitations in available pH values at
the electrode, and poisoning of the surface by products. Mostly
due to mass transport limitations, H-cells also exhibit relatively
low current density (~20 mA/cm?) for CO, reduction, a value
inconsistent with industrial requirements. Compared to the H-
cell setup, the alkaline flow electrolyzer provides more control
of surface composition and exhibits substantially higher current
densities (up to 1 A/cm?) with increased durability."®> The
ability to continually remove products away from the surface
and to operate in a more alkaline environment are benefits that
make this configuration desirable.

A number of studies examining CO, reduction on Cu by
using in situ vibrational spectroscopic techniques have been
reported.’” >® These studies are performed with stationary
electrolyte, leading to issues similar to those encountered in
the H-cell studies described above. For example, a recent in situ
Raman study evaluated potential-dependent surface speciation
but in stagnant KHCOj electrolyte.” It is desirable to obtain
spectroscopic insight into surface speciation during high
current CO, reduction in more alkaline electrolyte, since this
configuration is more industrially relevant. It is also desirable
to obtain in situ spectroscopic insight into the change in surface
oxidation state during CO, reduction on Cu with the flowing
electrolyte.

In this study, we compare the relative selectivity of CO,
electroreduction among three different samples based on Cu
alone, a CuAg alloy, and a CuSn alloy. The samples are
prepared using an electrodeposition protocol that yields high
surface area catalysts featuring well-mixed, low alloy content
materials. In situ surface enhanced Raman spectroscopy
(SERS) is utilized to understand the observed differences in
catalytic behavior relative to the formation of CO and C,
products attendant the three Cu-based systems (Cu-DAT,
CuAg-DAT, and CuSn-DAT). Our data indicates the
reduction of CO, to CO is affected by the degree of surface
oxidation and limited by the available Cu sites on the surface.
The addition of Sn to Cu, and to a lesser extent Ag, is shown to
diminish the amount of Cu,O on the electrode surface, leading
to a higher concentration of adsorbed CO and attendant
greater FE for CO and C, product formation.
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2. EXPERIMENTAL SECTION

2.1. Preparation of Catalysts. All samples are comprised
of a carbon paper-based gas diffusion layer (GDL) substrate
(Sigracet 35 BC, Ion Power Inc.) on which a catalyst was
electrodeposited. The plating baths for CuSn-DAT and CuSn-
control were made from 10 mM CuSO,, 10 mM SnSO,, and
0.5 M H,SO, with or without 1 mM 3,5-diamino-1,2,4-triazole
(DAT). The Cu-DAT sample was prepared from 0.1 M CuSO,
and 10 mM DAT at pH 1.5 adjusted by H,SO,, as described
previously.'” The CuAg-DAT sample was prepared from 10
mM CuSO,, 0.1 mM Ag,SO,, and 1 mM DAT at pH 1.5
adjusted by H,SO,. This 1preparation is slightly different from
that reported previously'” and was chosen to maintain a
constant [Cu®"] between the different plating baths. All the
chemicals were obtained from Sigma-Aldrich. Galvanostatic
electrodeposition on the GDL at a constant current density of
—4 mA/cm? was performed until a final deposition charge of 2
C/cm® was reached to generate the four samples with identical
loading. Before electrodeposition, the GDL was pretreated by
sputtering 10 nm of Cu using an AJA Orion-8 Magnetron
Sputtering System. Pt was used as the counter electrode, which
was separated from the working electrode by an ion exchange
membrane (Fumatech FAP-375-PP) to prevent DAT from
being oxidized at the counter electrode. A “leakless” Ag/AgCl
(eDAQ) electrode was used as the reference electrode.

2.2. Characterization of Materials. Scanning electron
microscopy (SEM) images were obtained utilizing a JEOL
7000F Analytical SEM. The amount of electrodeposited Cu
and Sn was measured using inductively coupled plasma optical
emission spectrometry (ICP-OES; PerkinElmer 2000 DV
optical emission spectrometer). X-ray diffraction (XRD)
patterns were obtained by using a PANalytical Phillips X'pert
MRD system #2. X-ray photoelectron spectroscopy (XPS) was
performed with a Physical Electronic PHI 5400 instrument. Pb
underpotential deposition (UPD) was used to determine the
electroactive surface area of each sample.”’

An X-ray absorption fine structure (XAFS) experiment was
performed at the sector 9 beamline at the Advanced Photon
Source at Argonne National Laboratory utilizing a beam cross
section of 2.6 mm (horizontally) X 0.75 mm (vertically).
Samples were studied ex situ by layering 12 sheets of carbon
paper onto which the CuSn films had been electrodeposited.
Measurements for both Cu and Sn were recorded in
transmission mode using a double-crystal Si (111) mono-
chromator at 50% detuning. The ion chamber detector for Cu
was filled with a mixture of He/N,, and the ion chamber
detector for Sn was filled with Ar.

2.3. CO, Electroreduction in a Flow Reactor. Electro-
reduction experiments and product analysis were conducted in
a flow reactor setup described previously.">'® A mass flow
controller (Smart Trak 2, Sierra Instruments) was used to flow
CO, gas (SJ. Smith Welding Supply) at a flow rate of 7
standard cubic centimeters per minute (SCCM) over the
cathode GDL. A syringe pump (PHD 2000, Harvard
Apparatus) was used to pump 1 M KOH at a constant flow
rate of 0.2 or 0.5 mL min~". The CO, electroreduction activity
for all catalysts was measured by controlling the cathode
potential with respect to a Ag/AgCl electrode (3 mol kg™' KCl,
RE-SB, BASi) using an Autolab PGSTAT-30, EcoChemie
potentiostat in the potentiostatic electrolysis mode. All cathode
potentials were converted to the reversible hydrogen electrode
(RHE) by using the Nernst equation: E (vs RHE) = E (vs Ag/
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Figure 1. SEM images obtained from (a) Cu-DAT, (b) CuAg-DAT, and (c) CuSn-DAT samples electrodeposited on a GDL. All samples are

shown at the same magnification.

AgCl) + 0.209 V + 0.0591 V X pH. IrO, with a loading of 2
mg/cm? on the GDL was used as the counter electrode.'®

Three minutes after the potential was applied, the gaseous
product stream was sampled automatically and diverted for
analysis in a gas chromatograph (Thermo Finnigan Trace GC)
equipped with both a thermal conductivity detector (TCD)
and a flame ionization detector (FID). The exit electrolyte
containing liquid products was collected and analyzed in an
Agilent VNS7SONB NMR spectrometer using a '"H NMR
technique described previously.'> Dimethyl sulfoxide (DMSO)
was used as an internal standard.

2.4. In Situ Electrochemical Raman Measurements. In
situ Raman measurements were carried out by utilizing a
spectro-electrochemical flow cell (Figure S4). A 2.0 mm thick
polyether ether ketone (PEEK) spacer with a 0.5 X 2 cm hole
was placed between a quartz window and the cathode GDL.
For each in situ Raman measurement, the Raman spectrum was
accumulated by 30 acquisitions (1 s per acquisition). A syringe
pump (PHD 2000, Harvard Apparatus) was used to pump 1 M
KOH at a constant flow rate of 1.0 mL min~" over the GDL.
CO, gas was introduced to the back of the GDL in a stainless-
steel chamber at a flow rate of 7 SCCM controlled by a mass
flow controller (Smart Trak 2, Sierra Instruments). For control
trials using 1 M KOH electrolyte without CO,, saturated
Ca(OH), (99.995% trace metals basis, Aldrich) was added to
remove atmospheric CO, as insoluble CaCOj solid. Argon gas
was introduced to the back of the GDL at a flow rate of 7
SCCM. Working electrodes were formed from Cu-DAT,
CuAg-DAT, or CuSn-DAT electrodeposited on a GDL.
Potentials were applied (in potential holds) with respect to a
Ag/AgCl reference electrode (3 mol kg™ KCl, RE-5B, BASi)
and reported with respect to RHE. To be consistent with the
electrolysis measurements, Raman spectra were obtained 3 min
after the potential was initially applied. Potential-dependent
spectra were obtained between —0.1 and —0.8 V vs RHE,
except for the Cu-DAT and CuAg-DAT samples where
substantial gas evolution precluded spectra at potentials more
negative than —0.6 V. Airbrushed IrO, on a GDL placed in
front of the cathode GDL was used as the counter electrode.

3. RESULTS

3.1. Characterization of CuSn Films. Figure 1a)b shows
SEM images obtained from the Cu and bimetallic CuAg
samples electrodeposited on a GDL with DAT. Both Cu-DAT
and CuAg-DAT exhibit a wire-like structure, consistent with
prior reports.'”"” Figures lc and Sla show SEM images
obtained from bimetallic CuSn films electrodeposited on a
GDL with and without DAT present in the plating bath,
respectively. Both the CuSn-DAT and CuSn-control samples
exhibit a series of circular particles, but the particles are
approximately a factor of 2 smaller in diameter in the CuSn-
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DAT sample, compared to the CuSn-control. This result is
consistent with prior work showing that the presence of the
DAT inhibitor leads to smaller particles, likely because of
increased nucleation density during deposition.'* The atomic
% of Sn (as measured by ICP) in the CuSn-DAT and CuSn-
control samples is 8.3% and 15.2%, respectively. In comparison
to films deposited either from Cu alone or CuAg, the CuSn
films are less filamentous and exhibit a denser structure.

Pb UPD was utilized to determine the electroactive surface
area of each sample, and the integrated Pbypp charge values are
listed in Table $1.°°" The smaller Pbypp charge of CuSn-
control shows that CuSn-control has a smaller electroactive
surface area compared to CuSn-DAT. This result is expected
due to the larger circular particles for the CuSn-control
observed in the SEM. Cu-DAT and CuAg-DAT, which both
have the wire surface structure, exhibit an electroactive surface
area ~1.7 times larger than the CuSn-DAT. The surface area
for all the electrodeposited Cu samples is some 35—8S times
larger than the GDL substrate with sputtered Cu alone.

Since Sn-alloying using our electrochemical method is new,
Cu K-edge and Sn K-edge XAFS spectra (Figure 2) were
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Figure 2. XAFS spectra of the Cu foil, Sn metal, and CuSn-DAT: (a)
Cu K edge and (b) Sn K edge normalized XANES spectra and Fourier
transform magnitudes of the k*-weighted (c) Cu K edge and (d) Sn K
edge EXAFS spectra.

measured to understand the Cu and Sn local bonding
environments in the CuSn-DAT sample. As shown in Figure
2a,c, the Cu K edge X-ray absorption near edge structure
(XANES) and extended XAFS (EXAFS) spectra of the CuSn-
DAT sample are similar to those of Cu foil, suggesting the
metallic nature of Cu in CuSn-DAT and bulk Cu-like local
structure for Cu species. On the other hand, the Sn K edge
spectra of the CuSn-DAT sample are different from those of Sn
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metal. In the near edge region (Figure 2b), the absorption edge
energy of CuSn-DAT shifts to a higher value compared to that
of Sn metal, and the white line intensity (at about 29208 eV) is
higher than that in the Sn metal spectrum. These differences
suggest the electronic properties of Sn in the CuSn-DAT are
strongly modified by local environments, specifically, some
degree of charge transfer from Sn to Cu. This charge transfer
was also observed in prior work.””

In R space (Figure 2d), the EXAFS spectrum of Sn metal is
dominated by a peak at about 2.8 A due to the Sn—Sn
contribution, while the spectra obtained from the CuSn-DAT
sample shows a distinct peak at about 2.2 A, suggesting again a
different Sn local environment in the CuSn-DAT sample
compared to Sn metal. Instead of neighboring Sn atoms, in
CuSn-DAT, Sn could be predominantly coordinated by Cu
atoms as implied by the spectral similarity between k-space
EXAFS of the Sn edge of the sample and the Cu edge of the
Cu foil (Figure S2).

To confirm the hypothesis of Sn mixing with Cu and to
obtain quantitative local structure information, EXAFS data
were analyzed. For the Sn K edge data analysis, the fitting
model includes one path: Sn—Cu; for the Cu K edge data
analysis, the fitting model includes two paths: Cu—Cu and
Cu—Sn. The Cu K edge and Sn K edge data for each sample
were fitted concurrently with several constraints applied: the
bond distances and the disorder factors of the heterometallic
bonds were constrained to be equal: R(Sn—Cu) = R(Cu—Sn),
6*(Sn—Cu) = ¢*(Cu—Sn). The same energy shift variable was
used for the Cu—Cu and Cu—Sn contributions. For Sn K edge
data, the fitting k range is 2.0—11.0 A~!and the fitting R range
is 1.8—2.8 A; the amplitude reduction factor (S,* = 1.1 + 0.1)
was obtained by fitting the Sn foil spectrum. For Cu K edge
data, the fitting k range is 2.0—12.0 A~! and the fitting R range
is 1.6—2.7 A; S,* (0.89 + 0.05) was obtained by fitting the Cu
foil spectrum. The best fitting results are summarized in Table
1, and the comparison between the experimental and fitted
spectra are plotted in Figure S3.

Table 1. Values of Structural Parameters for the Near
Coordination Shells of Cu and Sn Atoms in Cu Foil, Sn
Metal, and CuSn-DAT Samples

samples path N R (A) o (A%)
Cufoil  Cu—Cu 12 2.540 + 0.003  0.0087 + 0.0005
Snmetal  Sn—Sn 4 3.000 + 0.006  0.0088 + 0.0005
Sn—Sn 2 3.11 + 0.05 0.020 + 0.007
CuSn- Sn—Cu 116+ 15 265+ 0.02 0.009 + 0.004
DAT Cu—Cu 84 + 04 2.55 + 0.01 0.011 + 0.003
Cu=Sn 0.6+ 03 2.65 + 0.02 0.009 + 0.004

As shown in Table 1, the average coordination number (N)
for Cu—Cu in the CuSn-DAT is approximately 8.4. There is a
small contribution from Cu—Sn, indicating that Cu is
surrounded predominantly by Cu atoms. This observation is
reasonable, considering the low weight percent of Sn in the
CuSn-DAT. For CuSn-DAT, the total coordination number of
Cu—metal (Cu—Cu and Cu—Sn) is 9.0 + 0.5, which is smaller
than that found in Cu foil.'> A possible explanation for this
discrepancy is the granularity of the films or the strongly
disordered nature of the Cu environment, or both, that
decreases the apparent coordination number of Cu due to the
presence of the surface or grain boundaries or enhanced bond
length disorder. Reduction in the long-range order that
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accompanies both of these effects (the presence of nanosized
grains and/or the amorphous nature of the films) is also
consistent with the XRD results. The fact that the Sn—Cu
coordination number is consistent with the bulk value of 12
indicates that the Sn location within the film is predominantly
in the inner volumes or in the subsurface regions of the grains.
While it is difficult to evaluate the tendency for cluster
formation for such a small concentration of Sn in the CuSn-
DAT samples, the absence of Sn—Sn contributions is
consistent with the absence of Sn-rich regions. Finally, in
CuSn-DAT, the distance of the Cu—Sn bond of ca. 2.65 A is
longer than the Cu—Cu distance (2.54 A) in bulk Cu but
shorter than the Sn—Sn distance (3.04 A) in bulk Sn. This
behavior, typical for alloys,'***** represents an independent
confirmation that Sn substitutes for Cu in the Cu lattice rather
than forming a separate metal structure. EXAFS of CuAg-DAT
was reported previously and showed a well-mixed alloy."?
3.2. Electroreduction of CO, in a Flow Reactor. To
evaluate the catalytic performance for CO, electroreduction, all
the Cu-based catalysts electrodeposited on the GDL were
characterized in a flow reactor.'”'® Faradaic efficiencies for all
the products on different catalysts are listed in Table S2. Figure
3a shows the current density for CO, electroreduction as a

- Cu-DAT — CuAg-DAT -= CuSn-DAT

%

2z Or (@ 3 100 (b) 1
= s
2o -50r 1 8 eor .
8 § -100F 1 QE 6o .
£ < 1500 1% 4o 1
= [}
5 ~ -200F 1 B 20+ J
3 S
-250¢ . . L1 & 0, . . )
® 80— . . . ® 40— . . .
oy (c) 2 (d)
S 60f {_ 8 30 ,
< 'S 3]
TE 40 1S E 20 1
[$) % I, u‘j
8 20f 40 5 10 1
© o L
08 06 04 02 08 06 04 02

Cathode Potential (V vs. RHE) Cathode Potential (V vs. RHE)

Figure 3. (a) Total current density and Faradaic eficiency for (b) CO
production, (c) C,H, production, and (d) C,H;OH production for
electroreduction of CO, as a function of cathode potential on the Cu-
DAT (black), CuAg-DAT (red), and CuSn-DAT (blue) electrodes.

function of cathode potential for three different electrodes: Cu-
DAT, CuAg-DAT, and CuSn-DAT. At a cathode potential
more positive than —0.6 V, all three samples exhibit similar
CO, electroreduction current densities. At more negative
cathode potentials, CuSn-DAT has the highest CO, electro-
reduction current density while Cu-DAT has the lowest.
Specifically, the current density values at the cathode potential
of —0.8 V on CuSn-DAT, CuAg-DAT, and Cu-DAT are
~—225, —150, and —110 mA/cm?, respectively. Interestingly,
CuSn-DAT exhibits an ~20% higher CO, electroreduction
current density than that of the CuSn-control (Table S2),
corresponding to the difference in their electroactive surface
area (Table S1).

Figure 3b—d shows the FE of major products (CO, C,H,,
and C,H;OH) as a function of cathode potential. Figure 3b
shows that CO production starts at around —0.2 V and
increases at more negative potentials to reach a maximum FE
value of ~85% on CuSn-DAT, ~60% on CuAg-DAT, and
~50% on Cu-DAT at a cathode potential of —0.4 V. At
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Figure 4. Potential-dependent in situ SERS spectra obtained from (a) Cu-DAT, (b) CuAg-DAT, and (c) CuSn-DAT in a flow Raman cell with a 1
M KOH flow rate of 1 mL min~" and an Ar flow rate of 7 SCCM (No CO,). Normalized intensity of the peak @ as a function of cathode potential

on (d) Cu-DAT, (e) CuAg-DAT, and (f) CuSn-DAT.

increasing negative potentials, the FE for CO production
decreases while the FEs for both C,H, and C,H;OH
production increase on all three samples (Figure 3c,d). This
trend is consistent with the assumption that the adsorbed CO
is an important intermediate of the formation of C, products,
as has been suggested previously.' "~

As shown in Figure 3c,d, these three catalysts behave
differently relative to the formation of C, products in the
alkaline flow electrolyzer. CuSn-DAT has the best selectivity
toward C, products, with the FE for C,H, and C,H;OH
production reaching nearly 60% and 25%, respectively, at a
cathode potential of —0.8 V. In contrast, the maximum FE of
C, products on Cu-DAT is slightly over 40% at —0.8 V (~20%
for ethylene and ~20% for ethanol). CuAg-DAT behaves
better than Cu-DAT but still not comparable to CuSn-DAT,
with the FE for C,H, and C,H;OH production on CuAg-DAT
reaching around 40% and 25%, respectively, at a cathode
potential of —0.8 V.

3.3. In Situ Surface Enhanced Raman Spectroscopy
(SERS). In situ SERS is performed to understand the different
catalytic behaviors attendant the three Cu-based systems.
Figure 4a—c reports potential-dependent in situ SERS spectra
obtained from Cu-DAT, CuAg-DAT, and CuSn-DAT samples
in the flow cell with a 1 M KOH (saturated Ca(OH), added)
flow rate of 1 mL min™" in front of the cathode GDL and an Ar
flow rate of 7 SCCM in the back of the cathode. At open
circuit potential (OCP), all three Cu-based samples exhibit
peaks at 415 cm™' (peak @), 534 cm™' (peak @), and 620
cm™ (peak ®). These three peaks are associated with the
presence of Cu,0.57%°77 Cu,0 belongs to the Oy, point group
and exhibits a cubic crystal structure with two formula units
per unit cell (Figure SSa). Peak @ at 534 cm™ is the Ty
vibrational mode (Figure SSb) from Cu,O, which is Raman
active.””®*”7 Peak ® at 620 cm™' is the T,, mode (Figure
85¢), which is IR active for a perfect Cu,O crystal””*" ™!
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However, this Raman silent mode may be activated by the
defects within the crystal lattice (including oxygen and copper
site defects).”> The mode at 415 cm™' (peak @) results from a
multiphonon process, which can also be observed via Raman
spectroscop)7.59’7l’72

As the potential is made more negative, Figure 4a—c shows
that three Cu-based samples exhibit reduced intensity
associated with Cu,O bands compared to the spectrum
obtained at OCP. Figure 4d—f reports the potential depend-
ence of the normalized intensity of peak @ on the Cu-DAT,
CuAg-DAT, and CuSn-DAT surfaces, respectively. On Cu-
DAT, Figure 4d shows that the intensity of peak @ decreases
gradually as the potential becomes more negative. At —0.8 V,
the intensity of peak @ on the Cu-DAT surface decreases to
80% of the original intensity at OCP. Figure 4e shows that the
intensities of Cu,O related peaks ®—® remain high at all
potentials for CuAg-DAT. The Cu,O layer on CuAg-DAT is
stable at all negative potentials. Figure 4f shows that spectra
obtained from CuSn-DAT exhibit decreased intensity
associated with peak @ as the potential becomes more
negative. At —0.8 V, the intensity of peak @ on the CuSn-
DAT surface decreases to 70% of the original intensity at OCP.
These spectra show that the Cu,O is relatively stable without
CO, introduction even at the negative potentials utilized for
CO, reduction.

The persistence of oxide-related Raman signals at —0.8 V vs
RHE in the flow cell is interesting. The Pourbaix diagram
suggests that bulk oxide reduction occurs at —0.36 V vs SHE at
pH 14 (047 V vs RHE), which is relevant to this
measurement.”* More recently, however, new calculations
suggest the presence of Cu oxides and hydroxides at more
negative potentials in alkaline conditions.” Density functional
theory (DFT) calculations suggest that the Cu-terminated
Cu,0 (111) surface is favored over the O-terminated surface
under conditions relevant to CO, reduction and that the
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Figure 5. Potential-dependent in situ SERS spectra obtained from (a) Cu-DAT, (b) CuAg-DAT, and (c) CuSn-DAT in a flow Raman cell with a 1
M KOH flow rate of 1 mL min~" and a CO, flow rate of 7 SCCM. Potential dependence of normalized intensity of the peak B and peak @ on (d, g)

Cu-DAT, (e, h) CuAg-DAT, and (f, i) CuSn-DAT.

alkaline environment can stabilize the oxide surface.”® Many
papers discuss copper oxide formation in alkaline conditions.
There is less in situ work describing the reduction of the oxide
at negative potentials. Prior work showed the presence of a
thin Cu-oxide related layer at potentials more negative than the
region of stability suggested by the Pourbaix diagram. In situ
vibrational spectra reported by Anderson and co-workers
showed the presence of Cu,O at —0.801 V vs SCE in a 0.1 M
NaOH solution (0.213 V vs RHE).”” Weaver and co-workers
also reported the appearance of Cu,O related bands in the
SERS spectra obtained at a })otential of —0.95 V vs SCE at pH
13 (0.064 V vs RHE).”® The difference between the
experimental observation of oxide and the Pourbaix diagram
was explained by invoking kinetic limitations on the oxide
removal process. Calculations suggest that Cu,O might be
stabilized by the presence of a surface hydroxide layer.”’
Interestingly, the presence of such a layer was inferred from in
situ AFM force curve measurements at potentials negative of
the Cu,O bulk reduction wave in the voltammetry.*’
Potential-dependent in situ SERS during CO, reduction was
performed on all three Cu-based samples in order to correlate
activity with surface speciation. Figure S reports the potential-
dependent SERS spectra obtained from Cu-DAT, CuAg-DAT,
and CuSn-DAT samples in the flow cell with a 1 M KOH flow
rate of 1 mL min~! in front of the cathode GDL and a CO,
flow rate of 7 SCCM in the back of the cathode. The spectrum
obtained from Cu-DAT (Figure Sa) exhibits several new peaks
appearing when the cathode potential is more negative than
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—0.2 V. In particular, there are new peaks at 279 cm™ (peak
A) and 360 cm™' (peak B). These two peaks are associated
with the frustrated p(Cu—C—0O) rotational mode and the
v(Cu—CO) stretching mode, respectively.”**'™** The corre-
sponding normal modes for these two vibrations are shown in
Figure S6a,b. The intensities of both peaks A and B are found
to increase as the potential is made more negative. Figure 5d
shows the normalized intensity of (Cu—CO) (peak B) as a
function of cathode potential. Interestingly, the intensity of
peak B increases and remains high once a cathode potential of
—0.4 V is reached. In contrast, the FE for CO production on
the Cu-DAT catalyst increases first and decreases at potentials
more negative than —0.4 V.

Figure Sa also shows the potential dependence of the Cu,O
related peaks for Cu-DAT. At OCP, the SERS spectrum
exhibits all three Cu,O related peaks ©—®, which is similar to
that obtained at OCP without the presence of CO, (Figure
4a). At —0.1 V, the SERS spectrum obtained from Cu-DAT
with CO, exhibits reduced intensity in the Cu,O-associated
bands compared to the spectrum obtained at OCP. In contrast
to the SERS measurements obtained without CO, where the
intensity of the Cu,O bands decreases gradually as the
potential is made more negative (Figure 4d), the intensity of
peak @ obtained during CO, reduction is found to increase as
the potential becomes more negative (Figure Sg). At even
more negative potentials, peak @ becomes dominant relative to
peaks @ and ®. Interestingly, when peak @ starts to grow at
—0.2 V, the Cu—CO related peaks A and B also appear.
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Therefore, the presence of Cu—CO on the electrode is
correlated with the growth of a Cu,O layer on the Cu-DAT
sample surface.

The frequency of the v(Cu—CO) stretching mode (peak B)
is found to blue-shift by 15 cm™ from the reported v(Cu—
CO) mode on Cu(100),* indicating stronger Cu—CO
bonding on the Cu-DAT surface relative to Cu(100) in
UHV. The increased bond strength has been reported
previously from the interaction between the CO molecules
and the unsaturated Cu* sites on the Cu,O(100) surface.**
Prior work also reported the presence of the v(Cu—CO)
stretching mode at 350—360 cm™ on the Cu electrode in
aqueous media.”**

The spectrum obtained from CuAg-DAT in the presence of
CO, (Figure Sb) also exhibits the two Cu—CO related peaks A
at 279 cm™" and B at 360 cm™ at negative cathode potentials.
Peak A appears at a more positive potential on the CuAg-DAT
surface (—0.1 V) relative to Cu-DAT (—0.2 V). While peaks A
and B exhibit similar potential dependence at all potentials on
Cu-DAT, peak B on the CuAg-DAT surface appears at more
negative potentials (—0.2 V) but becomes dominant at
potentials more negative than —0.3 V. The intensities of
both peaks A and B are found to increase and then decrease as
the potential is made more negative. Interestingly, Figure Se
shows that the potential dependence of the normalized
intensity of ¥(Cu—CO) (peak B) is similar to the potential
dependence of the FE for CO production on the CuAg-DAT
catalyst. Peak C at 480 cm ™' is another new peak seen on the
CuAg-DAT surface but not present on Cu-DAT. Peak C is
associated with the presence of Cu(OH),.”" 788586

Figure Sh reports the potential dependence of the
normalized intensity of peak @ on the CuAg-DAT surface
during CO, reduction. The intensity of peak @ increases and
remains high once a cathode potential of —0.3 V is reached.
During CO, reduction, only the T,, vibrational mode (peak @)
remains on the surface. In contrast, the SERS spectra obtained
in the absence of CO, exhibited relatively constant intensity
for peak @ at all negative potentials on the CuAg-DAT surface
(Figure 4b,e; Table 2).

Table 2. Assignments of Raman Peaks and Corresponding
Vibrational Modes

Raman shift
peaks (em™) species assignments reference

® 415 Cu,O multiphonon 59, 71, 72

@ 535 Cu,O0 Ty 59, 69-73

® 620 Cu,0 Th 59, 69—71

A 279 CO frustrated 54, 81-83
p(Cu—C-0)

B 360 co 1(Cu—CO) 54, 8183

C 480 Cu(OH), Cu-O-H 77,78, 85,
deformation 86

D 570 $n0, Ay 87-90

Figure Sc reports the potential-dependent SERS spectrum
obtained from CuSn-DAT in the presence of CO,. In contrast
to the Cu-DAT and CuAg-DAT cases, only one Cu—CO
related peak, peak B at 360 cm™’, is observed from CuSn-DAT
at negative potentials. The energy of peak B on CuSn-DAT is
the same as that found on Cu-DAT, suggesting that putative
interactions between CO and surface Sn are not large. The
absence of peak A may be related to the increased CO
concentration on the CuSn-DAT surface. Indeed, prior work in
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the ultra high vacaum (UHV) environment showed that, as the
surface CO concentration was increased, the intensity of peak
B on the Cu also increased at the expense of peak A.*""" As
shown in Figure 5f, the potential dependence of the
normalized intensity of v(Cu—CQO) (peak B) mirrors the
potential dependence of the FE for CO production from the
CuSn-DAT sample. Figure Sc also shows the presence of a new
peak on the CuSn-DAT surface at 570 cm™". This new peak D
is associated with the A;, Sn—O stretch and is typically
obs;rvgod in Raman spectra obtained from SnO, nanocryst-
als.”’ ™

Figure Si shows the potential dependence of Cu,O for
CuSn-DAT during CO, reduction. As the potential is made
more negative, the intensity of peak @ decreases dramatically.
At a cathode potential more negative than —0.3 V, the intensity
of peak @ decreases to ~30% of its intensity at OCP. However,
under Ar, CuSn-DAT exhibits evidence for the presence of
Cu,O at all negative potentials, with somewhat decreasing
intensity at negative potentials. Therefore, the disappearance of
the Cu,O layer on the electrode is correlated with the
reduction of CO, for the CuSn-DAT sample.

The relative ratio of bicarbonate to carbonate peaks in the
SERS provides a measure of the surface pH.”” In the case of
CuSn-DAT, SERS (Figure S7c) shows the presence of only a
carbonate peak (peak F), suggesting that the surface pH is >11.
Alternatively, SERS from Cu-DAT and CuAg-DAT (Figure
S7ab) shows the presence of both carbonate (peak F) and
bicarbonate (peak E) signals, suggesting the surface pH is
lower.

The in situ SERS spectra obtained from all three Cu-alloy
samples suggest that Cu,O on the surface plays a significant
role in the reduction of CO, to CO. To further investigate the
correlation between Cu,O and CO production, Figure 6a—c
shows the intensity ratio of peaks B/@ (v(Cu—CO)/
ng(CuzO)) on Cu-DAT, CuAg-DAT, and CuSn-DAT as a
function of cathode potential. On all three Cu-alloy samples,
the intensity ratio of peak B/® increases first and decreases as
the potential is made more negative. Interestingly, the potential
dependence of the intensity ratio of peak B/® is similar to the
potential dependence of the FE for CO production on all three
Cu-alloy samples. At —0.4 V, the intensity ratio of peak B/® is
the largest on CuSn-DAT (~2000) compared to that on Cu-
DAT (~4S) and CuAg-DAT (~500). The large value of the
intensity ratio of peak B/® for CuSn-DAT corresponds to the
highest FE for CO production obtained from this sample. The
intermediate value obtained for CuAg-DAT corresponds to the
intermediate FE for CO production. The lower value obtained
for Cu-DAT likewise corresponds to the lower FE for CO
production obtained from this sample. Thus, the reduction of
CO, to CO is related to both the Cu—CO adsorption and the
presence of a Cu,O layer on the Cu surface.

4. DISCUSSION

Figure 6a—c shows that the maintenance of a more substantial
Cu,0 layer on the Cu surface during CO, reduction leads to a
lower FE for CO production. We next address the origin of the
Cu,0 layer in the presence of CO,. Calculations suggest that
oxygen atom transfer from CO, to make OH™ or H,O is a step
during CO, reduction to make CO (Scheme 1)."**” This
suggests that surface alkalinity and therefore the amount of
Cu,O should increase during the course of CO, reduction.
Indeed, this increase in Cu,O is seen during CO, reduction on
Cu-DAT and to a lesser extent on CuAg-DAT with more
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negative potentials. As the amount of Cu,O increases on the
electrode surface, the FE for CO production achieves a
maximum and then decreases. This correlation suggests that
Cu,0 is a byproduct of CO, reduction but also blocks active
sites at higher concentrations on the surface. Indeed,
calculations suggest that, while thin layers of Cu,O are
beneficial for CO, reduction, thick layers are not.®

In the presence of alloyed Ag or Sn, the FE for CO
production increases. Correspondingly, the relative amount of
CO vs Cu,O on the surface increases. The origin of this
increase likely relates to the ability of the alloyed element to
remove oxygen from the Cu surface (or equivalently to reduce
the Cu surface), yielding increased density of the active sites.
Interestingly, the SERS from CuSn-DAT shows the presence of
only a carbonate peak, indicating the surface is relatively basic
even though there is less Cu,O compared with the Cu-DAT or
CuAg-DAT cases. This result suggests that Cu,O is being
removed from the Cu surface through the agency of the
alloyed Sn. Indeed, SERS spectra show the presence of SnO, at
intermediate potentials. The ability to reduce Cu,O leads to
higher FE for CO production. CuAg-DAT exhibits inter-
mediate results for CO production due to the reduced
oxophilicity of the Ag compared with Sn.”?

Finally, we address the origin of increased FE for C,
products also seen with the alloy surfaces compared to Cu-
DAT. The presence of alloying leads to the increased density
of CO on the electrode surface. Indeed, the absence of peak A
in the CuSn-DAT sample indicates the presence of a dense CO
layer on the CuSn-DAT surface. The increased density of CO
is associated with increased FE for C, products. The
mechanism proposed by Koper and co-workers suggests that
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the rate determining step (RDS) of ethylene formation would
be the dimerization of CO.”* In addition, higher local pH on
the CuSn-DAT surface relative to Cu-DAT and CuAg-DAT
can also contribute to a higher FE for C, products. CO
dimerization and ethylene formation are reported to be
enhanced on a high local pH electrode.””” The lower FE
for C, products on Cu-DAT may also be a consequence of the
thick oxide layer on the electrode surface. The stronger binding
of the CO* intermediate to the Cu,O relative to metallic Cu
leads to a less reactive CO and consequent lower efficacy for
the hydrogenation process.**>' We note that the CuSn-DAT
sample is most efficient at ethylene formation at very negative
potentials where the amount of oxide on the surface, as
interrogated by SERS, is low relative to more positive
potentials. This observation suggests that Cu,O by itself is
not necessary for C, product formation. Rather, a high
concentration of surface CO leads to enhanced C, production.

In summary, the removal of Cu,O from the Cu surface
through the agency of the alloyed Sn may result in more active
Cu sites for the CO adsorption. With increased density of CO
on the electrode surface, C—C coupling could be facilitated to
form more C, products. Thus, CuSn-DAT has an enhanced FE
for CO and C,H, production compared to Cu-DAT and
CuAg-DAT.

5. CONCLUSION

In this study, we compare the CO, reduction performance of
three electrodes based on Cu alone, a Cu/Ag alloy, and a Cu/
Sn alloy. The electrode films were deposited onto a GDL by
using DAT as a deposition bath inhibitor and exhibited high
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surface area and porous structure. CO, reduction in a flow
reactor shows that the three Cu-based electrodes all exhibit
high activity and selectivity for the production of CO and C,
products. CuSn-DAT exhibits the highest activity, followed by
CuAg-DAT.

Potential-dependent in situ SERS spectra obtained in a flow
cell from the three samples show the presence of an inverse
correlation between the magnitude of the Cu,O layer and CO
and C, production from the sample. While Cu-DAT exhibits
an increasing Cu,O presence during the course of CO,
reduction, CuSn-DAT exhibits decreasing Cu,O intensity in
the potential-dependent SERS. This decrease in Cu,O
intensity is correlated with relatively more Cu—CO intensity.
The data suggest that the presence of Sn in the sample helps to
remove oxide from Cu centers, leading to higher CO
availability on the electrode surface during CO, reduction.
This higher availability is correlated with increased efficiency
for CO and C, product formation.
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