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Abstract

Metal electrodes with rough surfaces are of-
ten found to convert CO or CO,y to hydrocar-
bons and oxygenates with high selectivity and
at high reaction rates in comparison with their
smooth counterparts. The atomic-level mor-
phology of a rough electrode is likely one key
factor responsible for its comparatively high
catalytic selectivity and activity. However, few
methods are capable of probing the atomic-
level structure of rough metal electrodes un-
der electrocatalytic conditions. As a result,
the nuances in the atomic-level surface mor-
phology that control the catalytic character-
istics of these electrodes remain largely unex-
plored. Because the C=0 stretch frequency of
atop-bound CO (COgtep) depends on the co-
ordination of the underlying metal atom, the
IR spectrum of this reaction intermediate on
the copper electrode could, in principle, pro-
vide structural information about the catalytic
surface during electrolysis. However, other ef-
fects, such as dynamical dipole coupling, easily
obscure the dependence of the frequency on the
surface morphology. Further, in the limit of
low COpgtop coverage, where coupling effects are
small, the C=0 stretch frequencies of COa,op
on Cu(111) and Cu(100) facets are virtually
identical. Therefore, on the basis of the C=0
stretch frequency, it is not straightforward to

distinguish between these two ubiquitous sur-
face facets, which exhibit vastly different CO
reduction activities. Herein, we show that key
features of the atomic-level surface morphology
of rough copper electrodes can be inferred from
the potential-dependence of the lineshape of the
C=0 stretch band of CO,p. Specifically, we
compared two types of rough copper thin film
electrodes that are routinely employed in the
context of surface-enhanced infrared absorption
spectroscopy (SEIRAS). We found that copper
films that are electrochemically deposited on Si-
supported Au films (CuAu-Si) are poor cata-
lysts for the reduction of CO to ethylene in com-
parison to copper films (Cu-Si) that are electro-
lessly deposited onto Si crystals. As quantified
by differential electrochemical mass spectrome-
try (DEMS), the onset potential for ethylene is
~ 200+ 65 mV more cathodic for CuAu-Si than
that for Cu-Si. To reveal the origin of the dis-
parate catalytic properties of Cu-Si and CuAu-
Si, we probed the surfaces of the electrodes with
cyclic voltammetry (CV) and SEIRAS. The CV
characterization suggests that the (111) surface
facet predominates on CuAu-Si, whereas the
(100) facet is more common on Cu-Si. SEIRAS
reveals that the lineshape of the C=0 stretch
of COgtop 1s composed of two bands that are
attributable to CO,sp on terrace and defect
sites. The different surface structures mani-
fest themselves in the form of starkly differ-



ent potential-dependencies of the lineshape of
the C=0 stretch mode of COyep on the two
types of electrodes. With a simple Boltzmann
model that considers the different adsorption
energies of COyop on terrace and defect sites,
and the resulting CO,top populations on ter-
race and defect sites, we deduced that the ob-
served electrode-specific potential-dependence
of the lineshape is consistent with the presence
of different predominant terrace sites on the
two types of films. This strategy for assessing
the atomic-level morphology is not restricted to
SEIRAS, but could also be applied to the C=0
stretch bands recorded with surface-enhanced
Raman spectroscopy (SERS), which is suitable
for probing a wide range of rough copper elec-
trodes. Therefore, with this work, we establish
the potential-dependence of the C=0 stretch
band of COgop as a probe of the atomic-level
surface structure of rough metal electrodes un-
der electrochemical conditions. When coupled
with complementary techniques, this method-
ology provides essential structural information
for improving further the reaction selectivity of
rough metal electrodes.
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Introduction

Metal electrodes of high surface roughness often
display high conversion rates for CO and CO, to
desirable reduction products with good reaction
selectivity. The strategies that have been em-
ployed for the preparation of high-surface area
electrodes include the deposition of nanoparti-
cles,'™ reduction of variously prepared metal
oxide phases,®12 halide-induced surface recon-
struction, ' !® electrodeposition,!?2?? and the
use of porous supports. %24

The resulting electrodes are among the most
selective and efficient catalysts for the reduc-
tion of CO and CO,. For example, the elec-
trodeposition of copper and copper alloy films
in the presence of the nucleation inhibitor
3,5-diamino-1,2,4-triazole results in electrocata-
lysts with high surface area and tunable surface

morphology.??! Copper nanowire electrodes
produced by this method reduce CO4 to ethy-
lene with a Faradaic efficiency (F.E.) of ~ 40%
at a potential of —0.5 V versus the reversible hy-
drogen electrode (RHE). By comparison, ~ 1%
F.E. for ethylene was observed on a polycrys-
talline Cu foil at the same potential.!® Sim-
ilarly, oxide-derived copper electrodes convert
CO to Cyy-oxygenates with a F.E. of close to
~ 60% at moderate overpotentials (—0.25 to
—0.5 V versus RHE), whereas only =~ 10% F.E.
for these products was reported on a polycrys-
talline Cu foil in the same potential range.®

The favorable catalytic properties of these
electrodes are thought to arise from a com-
bination of factors that include the predomi-
nance of certain surface facets,>'%?° a suitable
surface-density of edge and kink sites, 1:314:26:27
the presence of subsurface oxygen or partially
oxidized copper species, %22 and a synergis-
tic interplay between electrode morphology and
electrolyte that brings about interfacial condi-
tions favorable for the reduction of CO and
C02'20,23,29

The attribution of the observed catalytic ac-
tivity for CO and COs reduction to specific
atomic-level characteristics of high-surface area
electrodes has proven challenging, though. For
example, the high selectivity for Cy, hydro-
carbons and oxygenates of oxide-derived cop-
per electrodes have been variably attributed to
the presence of metastable copper sites in the
vicinity of grain boundaries,3? the preferential
occurrence of (100) surface facets,?® or the pres-
ence of residual oxygen at or below the sur-
face.?®3! Other studies suggested the absence of
such oxygen species.??3* Further, a recent re-
port indicated that high-surface area electrodes
primarily bring about a favorable product spec-
trum through the suppression of the hydrogen
evolution reaction rather than the promotion of
the reduction of CO.!2

These diverging views highlight the great
challenge that lies in identifying the key char-
acteristics of rough electrodes that engender
their high catalytic activity and selectivity. One
of the key obstacles is the relative scarcity of
methods that are suitable for the characteri-
zation of these complex materials under elec-



trocatalytic conditions. While ex situ char-
acterization techniques such as transmission
electron microscopy (TEM), scanning electron
microscopy (SEM), x-ray diffraction (XRD),
or temperature programmed desorption (TPD)
provide insightful structural information, they
are mute on the structure of the surface in
the electrochemical environment. Electrochem-
ical scanning tunneling microscopy (ESTM) is
a powerful technique for probing flat electrode
surfaces in situ.>>3% However, the method is of
limited use for the characterization of rough
electrodes. Though various x-ray techniques
can probe electrode surfaces in situ,?22428:37
these methods require synchrotron radiation
and can therefore not be employed for routine
measurements.

Infrared (IR) spectroscopy has been estab-
lished as a useful complementary technique for
probing the surface structure of heterogeneous
catalysts. Specifically, the frequency of the
C=O0 stretch mode of atop-bound CO (CO,tep)
is sensitive to the coordination and nature of
the metal atom to which COgp is bound.®®
Therefore, by monitoring the peak frequency of
the C=0 stretch band of COgtep, atomic-level
structural characteristics of the catalytic sur-
face can be probed.?53? 44 Because COatop 1s an
on-pathway intermediate in the electroreduc-
tion of CO and CO, to hydrocarbons,* 47 the
C=0 stretch frequency could provide atomic-
level morphological information on rough metal
electrodes under electrocatalytic conditions.

Correlating the C=0 stretch frequency with
the structural properties of the electrode during
electrolysis is complicated by three factors:

e First, due to experimental constraints, IR
and Raman spectroscopies are often car-
ried out under conditions disparate from
those employed during electrolysis exper-
iments for the detection of products. For
example, in surface-enhanced infrared ab-
sorption spectroscopy (SEIRAS), spectra
are often taken during a potential sweep
on a timescale of a few minutes. By con-
trast, electrolysis is typically carried out
on a timescale of tens of minutes. Elec-
trocatalysts are well-known to undergo

surface reconstructions under electrocat-
alytic conditions. 36424850 For this reason,
spectroscopy often reports on the tran-
sient surface characteristics, whereas the
measured product distributions are aver-
aged over different states of the electrode
surface.

Second, besides the coordination of the
underlying metal atom, the C=0 stretch
frequency of COagp is profoundly af-
fected by the absolute CO coverage on
the surface. The coverage affects the
frequency in two distinct ways:31 (a)
As the coverage changes, the bond en-
ergy between CO,op and the surface is al-
tered,®? thereby modifying the frequency.
These effects are termed “chemical ef-
fects”. (b) The coupling between the dy-
namical dipoles of CO,toy, gives rise to new
vibrational modes of the coupled system
that can greatly affect the observed fre-
quencies and band intensities. These cou-
pling effects increase with increasing cov-
erage. Although information on the sur-
face structure from the C=0 stretch spec-
tra can be obtained despite these coupling
effects in certain cases, the extraction of
this information can be very challeng-
ing and requires elaborate investigations
with isotopic mixtures.?® Therefore, the
character of the adsorption site is most
straightforwardly revealed by the C=0O
stretch frequency of COgtop in the limit
of low coverage.*

Third, in the limit of low coverage, where
coupling effects are expected to be small,
the C=0 stretch frequency of COytop is
generally determined by the character of
the adsorption site. For example, in
the limit of low coverage of COgop On
copper, the C=0 stretch frequency typ-
ically increases with increasing CO,qop
binding strength to the surface site (Fig-
ure S1, Supporting Information (SI)).
However, CO,tp on copper (111) and
(100) surface facets has virtually the same
C=0 stretch frequency,®® even though
the binding strength of COgp is about



40-100 meV larger on the (100) facet. %6
Whereas the (111) facet is a poor cata-
lyst for CO and COg reduction, the (100)
facet is one of the most active.®” 5% There-
fore, it is not straightforward to distin-
guish between these two surface facets on
polycrystalline Cu catalysts on the basis
of the C=0 stretch frequency.?®

Herein, we describe a strategy that overcomes
these three challenges. We carried out time-
resolved differential electrochemical mass spec-
trometry (DEMS) and SEIRAS on two types of
rough copper electrodes during the reduction
of CO. By simultaneously carrying out the two
measurements on the same electrode, we were
able to connect rigorously the structural infor-
mation contained in the C=O0 stretch spectra
with the onset potentials for ethylene forma-
tion. Our key findings are as follows:

First, we examined two types of rough,
SEIRAS-active electrodes: FElectrochemically
deposited copper films on Si-supported Au
(CuAu-Si) and electrolessly deposited copper
on Si (Cu-Si). The CuAu-Si film displays a
~ 200 £ 65 mV more cathodic onset potential
for the formation of ethylene in comparison to
the Cu-Si film, which suggests that the surface
morphologies of the films are distinct. It is often
implicitly assumed that SEIRAS-active Cu thin
films posses catalytic properties similar to those
of polycrystalline Cu foils, which are routinely
employed in electrolysis studies. Our finding
shows that care has to be taken when compar-
ing results from these Cu thin films with those
from Cu foils.

Second, with isotope dilution experiments, we
show that the lineshape of the C=0O stretch
band at potentials more negative than ~ —1.0
V versus the Ag/AgCl reference electrode is
strongly dominated by the effects of dynami-
cal dipole coupling on both types of SEIRAS-
active films. Our finding demonstrates that the
saturation coverage of COgtop on the SEIRAS-
active electrodes is sufficiently large to give
rise to strong dynamical dipole coupling effects.
Such effects should be thoroughly considered
in the interpretation of future SEIRAS stud-
ies, because dynamical dipole coupling obscures

surface-structural information contained in the
C=0 stretch band.

Third, in contrast to the C=0 stretch band
at potentials more negative than ~ —1.0 V| the
evolution of the lineshapes on the two types of
films with increasing cathodic potential in the
range of —0.6 to =~ —1.0 V exhibits stark dif-
ferences. We show that the disparate potential-
dependencies of the lineshapes can be explained
with a simple Boltzmann model that consid-
ers the different binding energies of CO,op 0N
terrace and defect sites. On the basis of this
model, we suggest that the different onset po-
tentials for ethylene arise from distinct predom-
inant surface facets on the two films. Specif-
ically, our results indicate that (111) facets
predominate on CuAu-Si films, whereas (100)
facets are more ubiquitous on Cu-Si films.

Our analysis shows that the observation of
the lineshape of the C=0 stretch as a function
of applied potential can be utilized to gain in-
sights into the atomic-level structure of rough
metal electrodes under electrocatalytic condi-
tions. While we applied this method to two
types of SEIRAS-active copper films, it can
be broadly applied to other rough metal elec-
trodes. Therefore, the strategy established in
this work could be employed to guide the de-
velopment of preparation methods that yield
rough metal electrodes with certain desired
preferential surface facets.

Results

Choice and Characteristics of Thin Film
Electrodes. Herein, we compare two distinct
types of rough and SEIRAS-active thin film
electrodes. The first type of copper film was
electrolessly deposited on a Si attenuated total
internal reflection (ATR) crystal (Cu-Si). 42:46:60
The second type of copper film (/~ 8 nm thick)
was electrodeposited onto a gold layer on a Si
ATR crystal (CuAu-Si).%%? The detailed film
preparation protocols are described in the Ex-
perimental Procedures section.

We chose to study these films because they
represent the most commonly used copper

thin films in SEIRAS studies. SEIRAS in



an ATR configuration has become an in-
dispensable technique for probing the elec-
trode/electrolyte interface during CO and CO4
reduction.%*%* The physical characteristics of
the films enable the facile spectroscopic inter-
rogation of the electrode/electrolyte interface
under a wide range of electrochemical condi-
tions. However, because the films tend to peel
off from the Si support and undergo surface re-
constructions under extended periods of polar-
ization, there is limited information on their
catalytic properties.?64” For this reason, it is
often tacitly assumed that these thin polycrys-
talline copper films possess catalytic properties
similar to those of the polycrystalline copper
foils that are routinely employed in electrolysis
studies. However, there is no rigorous scien-
tific basis for this assumption. In this work, we
characterize the CO reduction activity of these
SEIRAS-active copper films.

The nanoscopic surface structures of the two
types of films were characterized with atomic
force microscopy (AFM) (Figure S2, SI). The
AFM images show that Cu-Si films are com-
posed of interconnected particles with an ap-
proximate average diameter of 80 nm. The
CuAu-5Si films show a similar nanoscopic struc-
ture, albeit with a smaller average particle size
of about 40 nm. The roughness factor (RF)
of each film under electrochemical conditions
was determined by measuring the capacitance
of the electric double layer (Figure S3, SI). The
RF is the measured double layer capacitance of
the electrode/electrolyte interface compared to
that of the interface involving a smooth poly-
crystalline copper electrode (28 uF cm™2).%
For Cu-Si and CuAu-Si, typical RFs are ~ 10
and ~ 5, respectively. The X-ray diffraction
(XRD) spectra of the films show the character-
istic peaks of Au, Cu, and CuyO (Figure S4,
SI).

Onset Potentials for CO Reduction Prod-
ucts for Cu-Si and CuAu-Si. To con-
nect rigorously the electrocatalytic and IR
spectroscopic observations for each thin film,
we simultaneously conducted DEMS and
SEIRAS on the same electrode. The combined
DEMS/SEIRAS setup is shown in Scheme 1.
Experiments were conducted in aqueous solu-

tions of 0.1 M potassium phosphate at a pH
of 7. Before the collection of DEMS/SEIRAS
data, the Cu thin films were subjected to three
potential cycles between —0.6 and —1.2 V at
a scan rate of 0.01 V s~!. This treatment was
carried out to remove surface oxides and hy-
droxides.*™% During an experiment, the elec-
trolyte was purged with CO gas at a flow rate of
5 standard cubic centimeter per minute (sccm)
and the electrode potential was scanned from
—0.6 to —1.8 V at a rate of 0.001 V s™!. Unless
otherwise noted, all potentials herein are refer-
enced against the Ag/AgCl electrode. During
the scan, IR spectra of the interface and the
mass spectra of volatile reduction products
evolving from it were concurrently collected
with a time resolution of a few seconds. Fur-
ther experimental details are provided in the
Experimental Procedures section.

Figure 1 shows the electrochemical current
densities and partial pressures of the ions of hy-
drogen (m/z = 2), methane (m/z = 15), and
ethylene (m/z = 26) for the two types of elec-
trodes. m/z denotes the mass-to-charge ratio
of the fragments detected by the mass spec-
trometer. To account for the differences in the
electrochemically active surface areas of the two
thin films, all signals in Figure 1 were divided
by the RF of the respective electrode.

As shown in Figure 1B, the onset potential for
Hs; evolution is &~ —1.2 V for both types of thin
films, indicating that they exhibit comparable
water /proton reduction activity. Similarly, the
two films have comparable onset potentials for
CHy evolution (=~ —1.7 V). By contrast, the on-
set potential for CoHy is &~ 200 £ 65 mV more
cathodic for CuAu-Si compared to that for Cu-
Si: On Cu-Si and CuAu-Si the onset potentials
for CoHy are = —1.4 and = —1.6 V, respec-
tively. Herein, we defined the onset potential of
each product as the potential at which the par-
tial pressure of the product is 10% of that at
—1.8 V. Choosing a different definition slightly
affects the absolute values of the onset poten-
tials, but has no impact on the general tends
reported herein. The quoted values are based
on four independent experiments for each film.
The entire set of experiments is shown in Figure

S5 of the SI.
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Scheme 1: DEMS/SEIRAS setup. RGA, CE,

and RE denote residual gas analyzer, counter
electrode, and reference electrode, respectively.
The sampling tip was inserted through a poly-
tetrafluoroethylene (PTFE) bellows and con-
nected to a micrometer, enabling the fine ad-
justment of the tip-electrode distance.

We note that the absolute rates of prod-
uct formation cannot be accurately determined
with this DEMS setup: The partial pressures
depend on the tip-electrode distance, which is
difficult to precisely reproduce among indepen-
dent experiments. Like in prior studies where
similar setups were employed, 57 we therefore
restrict the discussion to the onset potentials
for the products. Further, our measured on-
set potentials are somewhat more cathodic than
those reported for polycrystalline copper elec-
trodes.% While these differences may arise from
distinct surface morphologies, the absolute val-
ues of the determined onset potentials also de-
pend on the time-resolution of the DEMS setup,
which is a complex function of the mass trans-
port of reduction products from the electrode
surface to the detector.%® The exact absolute
value of the onset potential is not essential for
the following discussion. The key observation
herein is that there is a pronounced difference
in the onset potentials for ethylene for Cu-Si
and CuAu-Si thin film electrodes.

To ensure that the different onset potentials
for ethylene are truly due to disparate proper-
ties that are intrinsic to the two thin film elec-
trodes, we conducted the following control ex-
periments: (1) The product selectivity for CO

reduction is sensitive to the pH of the elec-
trolyte in the vicinity of the electrode.™ ™ Be-
cause each electron transfer gives rise to the for-
mation of a hydroxide anion, the interfacial pH
may increase during electrocatalysis.?*™ 7" To
test if the different onset potentials for ethylene
arise from different interfacial pH conditions,
we conducted DEMS experiments in aqueous
solutions of potassium hydroxide at a pH of
12.85. In this electrolyte, no significant change
in the interfacial pH is expected to occur dur-
ing electrocatalysis. As shown in Figure S6 of
the SI, the same trend in ethylene formation is
observed. These results suggest that the dis-
parate onset potentials for ethylene for the two
types of films do not arise from local pH ef-
fects. (2) Exposed gold and/or the formation
of a gold/copper alloy may impact the selectiv-
ity of the CO reduction reaction. ™ To test if
the underlying gold substrate is exposed in the
CuAu-Si thin film under electrochemical con-
ditions, we employed the C=0 stretch band of
COatop as a probe of the electrochemically ac-
tive surface. The center frequency of the C=0
stretch band sensitively depends on the chemi-
cal identity of the metal substrate and is there-
fore a suitable probe of exposed gold under elec-
trochemical conditions.®"8! As shown in Figure
S7 of the SI, SEIRAS does not show any ev-
idence for exposed gold. (3) The DEMS sig-
nals for ethylene and methane are absent in
Ar-purged electrolyte, demonstrating that the
signals arise from the reduction of CO (Figure
S8, SI).

Taken together, the control experiments sug-
gest that the difference in the onset potentials
for ethylene formation on the two thin films
arises from intrinsic differences in the copper
surfaces. The product selectivity of the reduc-
tion of CO to hydrocarbons is sensitive to the
surface structure of the electrode.’ 5 There-
fore, the more cathodic ethylene onset poten-
tial for CuAu-Si compared to that for Cu-Si
suggests that the two types of films possess dif-
ferent predominant surface facets.

Analysis of the C=0 Stretch Spectra of
CO,top on Cu-Si and CuAu-Si. To gain in-
sights into the surface morphology of the two
types of copper thin films, we analyzed the
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Figure 1: DEMS for Cu-Si and CuAu-Si in con-
tact with CO-saturated 0.1 M potassium phos-
phate buffer at a pH of 7. (A) Electrochemical
current densities. (B) Hy (m/z = 2), (C) CHJ
(m/z = 15), and (D) CoHJ (m/z = 26) partial
pressures. All signals in this figure were divided
by the RF of the respective electrode.

C=0 stretch band of CO,top. The peak fre-
quency of this band is sensitive to the coordina-
tion number of the metal atom to which COgep
is bound. 25:39742:44 The adsorption of CO on late
transition metals is partly controlled by the de-
gree of hybridization of the d-band of the metal
with the 7* orbital of CO.%2% The d-band
shifts to more positive energies with decreasing
coordination of the metal sites, resulting in a
larger hybridization energy with the 7* orbital.
Though a higher degree of hybridization weak-
ens the intramolecular C=0 bond, it does not
necessarily result in a lower C=0 stretch fre-
quency: The C=O0 stretch frequency of COgtop
on Cu blue-shifts with increasing strength of
the surface bond (Figure S1, SI). Early theoret-
ical studies suggested that with stronger bind-
ing, the surface bond becomes shorter and the
carbon atom increasingly oscillates against the
surface of the metal. %86 This effect, termed the
“wall effect”, shifts the frequency to higher val-
ues. It has been proposed that the relative mag-
nitude of these two opposing effects determines
the overall shift.®

Apart from the coordination number of the
underlying metal atom, the peak frequency of
the C=0 stretch band is also affected by “chem-
ical effects” and dynamical dipole coupling. 381
As the coverage of CO is modified, the chemical
interaction of CO,y0p With the surface changes.
This change in the surface bond affects the fre-
quency. On Cu, this “chemical effect” leads to
a decrease in the C=0 stretch frequency with
increasing coverage of COg0p.”! Additionally,
the coupling of dynamical dipoles of COgtop
gives rise to new normal modes whose band fre-
quencies and intensities are different from those
of isolated COgtop molecules in the absence of
coupling.®® “Chemical effects” and dynamical
dipole coupling are functions of the surface cov-
erage. We therefore monitored the lineshape as
a function of cathodic potential, which changes
the coverage of COytop on the electrode. Fur-
ther, we conducted experiments with isotopi-
cally diluted CO mixtures, where dynamical
dipole coupling is partly disrupted.?®

Figure 2 shows the potential-dependence of
the C=0 stretch band of CO,ep from —0.87 to
—1.05 V. Within this potential range, the most
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Figure 2: Potential-dependence of the C=0

stretch band of CO,tep on (A) Cu-Si and (B)
CuAu-Si. The labels in the panels denote the
electrode potential in volts versus the Ag/AgCl
reference electrode. These spectra were concur-
rently collected with the DEMS data shown in
Figure 1.

significant changes in the lineshape occur. At
potentials close to the COyop saturation cov-
erage (~ —1.3 V), the changes in lineshape are
comparatively small. The evolution of the spec-
tra over the entire potential range is shown in
Figure S9 of the SI. The change of the C=0
stretch band with potential is markedly specific
to the type of the thin film: For Cu-Si, a promi-
nent band peaked at ~ 2045 cm ™! first develops
before a band at ~ 2080 cm ! steeply gains am-
plitude with decreasing potential (Figure 2A).
By contrast, for CuAu-Si, the band at ~ 2080
cm~! dominates at all potentials, whereas no
distinct band appears at ~ 2045 cm™! at any
potential (Figure 2B). We note that the exact
peak positions of the bands depend on the ap-
plied potential. In the following, we refer to the
band at ~ 2045 cm ™! as the low frequency band
(LFB) and the band at &~ 2080 cm™! as the high
frequency band (HFB). Duplicate experiments
confirm the reproducibility of the results (Fig-
ure S10, SI).

The LFB is attributable to CO,0p on terrace
sites, whereas the HFB arises from COgtop on
defect sites. The peak assignments are well
supported by spectroscopic studies on single
crystalline copper electrodes: On the Cu(100)
electrode in contact with phosphate buffer at
neutral pH, the C=0 stretch band of COgtep
appears in the range 2040 to 2056 cm™!, de-
pending on the applied potential.®” For exam-
ple, the band is centered at a frequency of
~ 2050 cm~! at a potential of ~ —1.0 V ver-
sus the Ag/AgCl reference electrode. This peak
position is in good agreement with the LFB
in our spectra (Figure 2A). On polycrystalline
Cu, it has been suggested that Cu(100) is the
predominant facet under electrochemical condi-
tions. 358 It is therefore reasonable to attribute
the LFB to CO,40p 0n terrace sites. However, as
discussed above, we emphasize that on the basis
of the C=0 stretch frequency, it is difficult to
distinguish between Cu(100) and Cu(111) ter-
races. We address the question of the prevalent
surface facet further below and in the Discus-
sion section.

On stepped single crystal Cu electrodes in
phosphate buffer at neutral pH, the C=0
stretch band of CO,top appears at = 2080 £ 7



cm™!, depending on the stepped crystal facet
and the applied potential.®® This band was as-
signed to COgagep On step sites on the basis of
two observations:® (a) On Cu(111) single crys-
tal electrodes, the C=0 stretch band of CO,gcp
was not observable. Therefore, for the n(111)-
(100) single crystal electrodes, the C=0 stretch
band could only originate from step sites. (b)
The integrated C=0 stretch band area scaled
linearly with the step-site density.

Taken together, on the basis of these prior
studies of Cu single crystal electrodes under
electrolyte and potential conditions similar to
those employed in this study, we can confidently
assign the LEB and HFB to COgp on terrace
and step (defect) sites, respectively.

The coverage of CO on the electrode is de-
pendent on the mass transport conditions at
the electrocatalytic interface.  The spectra
in Figures 2 were collected in a static elec-
trolyte to enable simultaneous product detec-
tion with DEMS (Figure 1). To test if the dis-
tinct potential-dependencies of the lineshapes
are also observed under different mass trans-
port conditions, we conducted additional exper-
iments in a spectro-electrochemical cell in which
the electrolyte was stirred (Figure S11, SI).
During these experiments, the potential was
scanned from —0.6 to —1.4 V at a rate of 0.002
V s71. As shown in Figures S12 and S13 of the
SI, the same trends were observed. Further,
for these experiments, we recorded the spec-
tra for two consecutive cyclic voltammorgams
(CV) for each film. No major differences in the
lineshapes are noticeable between consecutive
cycles. These results demonstrate that the dis-
tinct potential-dependencies shown in Figure 2
are observable over a wide range of mass trans-
port conditions and are not due to irreversible
processes at the interface (such as irreversible
surface reconstructions). These control exper-
iments suggest that at the onset potential for
ethylene formation on Cu-Si (= —1.4 V), no ir-
reversible surface reconstruction takes place on
either of the two thin film electrodes. Although
irreversible reconstructions may occur at more
cathodic potentials, we can exclude those recon-
structions as the origin for the different ethylene
onset potentials for the two films on the basis

of these experiments. Therefore, the distinct
potential-dependencies of the spectra in Figure
2 provide insights into the origin of the differ-
ent onset potentials for this product on the two
types of films.
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Figure 3: Peak-normalized C=0O stretch band
of COgutep on Cu-Si and CuAu-Si at a poten-
tial of —1.3 V. The peak amplitudes are 17.2
and 15.2 mOD for the spectra of CO,p on
Cu-Si and CuAu-Si, respectively. These spec-
tra were concurrently collected with the DEMS
data shown in Figure 1.

Effect of Dynamical Dipole Coupling
on the C=0 Stretch Band of COgp.

Figure 3 shows the peak-normalized C=0
stretch bands of COgtep on the two types of
films at a potential of —1.3 V, that is, at a po-
tential close to the onset for ethylene formation
on Cu-Si. Comparison of the spectra reveals
only minute differences: The HFB of CO 4, on
Cu-Si exhibits a small blue shift of ~ 5 cm™!
with respect to that for CuAu-Si. Further, at
~ 2045 cm™!, the LFB appears as a shoulder
on the HFB in the spectrum of COgtop on Cu-
Si. We previously showed that the C=0 stretch
band of CO,p can indeed be modeled by the
sum of two (skewed) Gaussian functions.*? Fits
of these Gaussian functions to the spectra are
shown in Figure S14 of the SI. Given the signif-
icant difference in the onset potentials for ethy-
lene formation, the strong similarity between
the two spectra may seem surprising. However,
as detailed below, dynamical dipole coupling



strongly impacts the spectra in the vicinity of
this potential.

The amplitudes of the two Gaussian func-
tions corresponding to the LFB and HFB do
not necessarily reflect the relative populations
of COutop on terrace and defect sites: Dynami-
cal dipole coupling can greatly enhance the in-
tensity of the high frequency modes at the ex-
pense of the low frequency modes of the coupled
system. %89 This intensity borrowing amplifies
the band that predominantly arises from COgtop
on defect sites and attenuates that of CO,op 01
terrace sites. The strength of dynamical dipole
coupling decreases with increasing separation
of the singleton frequencies of CO,top (the fre-
quencies in the absence of coupling).3® There-
fore, 12C'%0 40, that is primarily surrounded by
B0 440p will exhibit a lesser degree of dynam-
ical dipole coupling with its neighbors, because
the singleton frequencies of the two isotopes are
separated by ~ 100 cm™!.

To assess the degree of dynamical dipole cou-
pling within CO,p adlayers on Cu-Si and
CuAu-Si, we conducted SEIRAS of isotopic
mixtures of CO. Figure 4A shows the peak-
normalized C=0 stretch band of isotopically
pure 2C'Q0,p, (dashed line) and that of a
mixture of 10% 2C'0 440 and 90% C™ 0,40,
(solid line) on Cu-Si at a potential of —1.3
V. These experiments were carried out in a
two-compartment spectro-electrochemical cell
under stirring of the electrolyte (Figure S11,
SI). The spectrum of the isotopically pure
120180 440p adlayer exhibits the sharp HFB and
the broader LFB as a shoulder. As indicated in
the figure, the spectrum of the isotopic mixture
shows similar bands, labeled HFBy; and LEBy;
(the subscript stands for “heavy isotope”). Be-
cause these two features primarily arise from
B0 440p, they are red-shifted by ~ 100 cm™*
compared to the corresponding bands of the iso-
topically pure 2C'Q0,,, adlayer. Additionally,
the spectrum of the isotopic mixture also con-
tains a band centered at ~ 2045 cm™! (labeled
with a star symbol, *), which primarily arises
from '2C'0,,,. Clearly, the isotopic mixture
does not show a HFB due to the light isotope
(12C1603t0p). This observation indicates that
the large amplitude of the HFB in the case of
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isotopically pure ?C1%0,,, is primarily a re-
sult of intensity borrowing due to dynamical
dipole coupling. Similar observations can be
made for the lineshape of COgtop on CuAu-Si
(Figure 4B). Taken together, these results show
that dynamical dipole coupling greatly impacts
the C=O0 stretch band of COgop, on both types
of films in a potential range that gives rise to a
CO coverage at or close to saturation.

Assessment of Relative CO,,, Cover-
age on Cu-Si and CuAu-Si. We assessed
the CO,top coverage on the thin film electrodes.
Unfortunately, it is not possible to determine
the absolute COyiop coverage on the films: In
the case of CO adsorbed on Pt, the abso-
lute coverage of CO is easily determined by
electrostripping of the CO adlayer (oxidation
of adsorbed CO to CO,).? This method is
not applicable here because COgtop on cop-
per is in dynamic equilibrium with solution-
phase CO.424%46 Comparison of the integrated
C=0 stretch band areas also does not neces-
sarily provide insight into the relative cover-
ages: The surface-enhancement factors may be
significantly different between the two types of
films. The accurate determination of surface-
enhancement factors is a non-trivial task. Fur-
ther, dynamical dipole coupling leads to devia-
tions from Beer’s law. 3889

Although the absolute coverage cannot be
determined, the relative coverage between the
two films can be estimated from the isotope
dilution experiments: While dynamical dipole
coupling between 2C1%0,;,, and ¥C¥0,, is
weak, it still occurs because of the broadness
of the bands. Dynamical dipole coupling be-
tween COgtop molecules of different isotopic
composition typically leads to negligible fre-
quency shifts but manifests itself through in-
tensity borrowing.3® Specifically, the degree of
intensity transfer from the bands primarily due
to 13Clgoat0p (LFBHI and HFBHI n Figure 4)
to the one mostly due to 12016Oat0p (* in Fig-
ure 4) increases with increasing CO,op cover-
age. Therefore, the ratio of the peak ampli-
tude of HFBy; to that of the (*) band is a
semi-quantitative measure of the COgtop cOV-
erage. Because this method requires only com-
parison of relative peak amplitudes within the



same spectrum, variation of the absolute inten-
sity of the spectra from film to film does not
affect the following analysis.

Inspection of the spectrum of the isotopic
mixture of COy,¢op on Cu-Si shows that the am-
plitude of the band primarily associated with
L2CY0440p (*) is &= 30% relative to the ampli-
tude of the HFByy (Figure 4A; arrows). By
contrast, the corresponding band of CO,40p on
CuAu-Si (*) has only an amplitude of ~ 10%
with respect to the HFBy; peak maximum of
the same spectrum (Figure 4B; arrows). This
result shows that dynamical dipole coupling is
stronger in the case of Cu-Si. We conclude that
the saturation coverage of COgtop on Cu-Si is
higher in comparison to the coverage on CuAu-
Si. Duplicate experiments confirm the repro-
ducibility of the isotope dilution experiments
(Figure S15, SI).

Cyclic Voltammetric Characterization
of the Surface Facets of Cu-Si and CuAu-
Si. The mass spectrometric and spectroscopic
data suggest that the two types of films posses
distinct predominant crystallographic surface
facets. To characterize further the surface
facets, we employed cyclic voltammetry (CV).
In the CVs of copper single crystals in contact
with basic electrolyte, the adsorption and des-
orption of hydroxide give rise to voltammetric
waves whose peak potentials are specific to a
certain crystallographic facet. "%

Figures 5A and B respectively show the CVs
of Cu(100) and Cu(111) single crystals in con-
tact with Ar-saturated aqueous solutions of 0.1
M KOH. The CVs are not centered around zero
on the current density axis because of resid-
ual oxygen in the electrolyte.®? For compari-
son with prior studies, the potentials in Fig-
ure 5 are referenced against the reversible hy-
drogen electrode (RHE). The peaks in the un-
derpotential region of CuyO formation (—0.25
to 0.2 V) are attributable to the adsorption and
desorption of hydroxide. The observed peak
potentials for the adsorption/desorption of hy-
droxide are clearly distinct for the two surface
facets. Additionally, the magnitude of the ox-
idation/reduction current density at potentials
> 0.3 Vis smaller for Cu(111) than for Cu(100).
These observations are in good agreement with

~
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prior reports.? % Taken together, these fea-
tures characterize the Cu(111) and Cu(100) sur-
face facets.

Figures 5C and D respectively show the CVs
of the Cu-Si and CuAu-Si electrodes. The ca-
thodic scan of the CV for Cu-Si displays a peak
at —0.17 V (labeled with a star symbol, *), con-
sistent with the potential of the hydroxide des-
orption peak for the Cu(100) single crystal. By
contrast, the CV for CuAu-Si shows a peak at
+0.07 V (*) during the anodic scan. This peak
falls within the potential range of the hydroxide
adsorption peaks for Cu(111). The peaks are
not observable on the respective reverse scans,
likely because of the sloping baselines and the
small amplitudes of these features. At poten-
tials > 0.3 V, the Cu surface is oxidized to
Cus0. In that region, the shape of the CV for
Cu-Si bears a resemblance to that for Cu(100),
whereas the shape of the CV for CuAu-Si in
that same region is more similar to that for
Cu(111).

The CV data suggest that the predominant
surface facet on Cu-Si is Cu(100). This con-
clusion is further supported by prior reports,
which showed that the electrocatalytic proper-
ties of polycrystalline Cu electrodes are similar
to those of Cu(100).% Further, electrochemi-
cal STEM studies revealed that Cu(100) is a
stable facet on polycrystalline Cu under elec-
trocatalytic conditions.3® By contrast, the CV
data indicate that the major facet on CuAu-Si
is Cu(111). The predominance of the Cu(111)
surface facet on CuAu-Si is likely a result of
semi-epitaxial growth of the Cu layer on the
Au substrate. As shown in Figure S16 of the
SI, the CV of the electrolessly deposited Au
film electrode resembles that of a Au(111) elec-
trode.?® This finding is consistent with prior
studies, which found that the electroless depo-
sition of Au on Si results in films that pref-
erentially expose their (111) facet. Epitaxial
growth of Cu(111) with a thickness of ~ 30 nm
on Au(111) has been demonstrated for core-
shell nanoparticles.®” Therefore, it is proba-
ble that the preferential (111) orientation of
the electrochemically deposited Cu layer (=~ 8
nm thick) of the CuAu-Si films arises from
its semi-epitaxial growth on the Au(111) sub-
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Figure 4: Comparison of the peak-normalized C=0 stretch bands of isotopically pure 2C'0O and
a mixture of 10% 2C'0 and 90% 3C'¥0 adsorbed in the atop configuration on (A) Cu-Si and (B)

CuAu-Si at a potential of —1.3 V.

strate. Possible interfacial Cu/Au alloying and
surface reconstruction are considered in the Dis-
cussion section. In summary, the CV character-
ization indicates that Cu(100) is the major facet
on Cu-Si, whereas Cu(111) is predominant on
CuAu-Si.

The in situ characterization of the electrode
surfaces with the CV method requires alka-
line electrolyte. Cu electrodes may undergo re-
construction under alkaline conditions.3¢ How-
ever, our mass spectrometric control experi-
ments show that the distinct selectivity of Cu-Si
and CuAu-Si for ethylene is also observed un-
der alkaline conditions (Figure S6, SI). Further,
the distinct potential-dependence of the C=0
stretch spectrum of COgp is also observed at
high pH (Figure S17, SI). On the basis of these
control experiments, we conclude that the infor-
mation on the surface characterization obtained
at high pH can be employed for the interpreta-
tion of the experiments conducted at neutral
pH.

Discussion

The CV characterization suggests that the
Cu-Si surface consists mostly of (100) facets,
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whereas the CuAu-Si surface exhibits mainly
(111) facets. On the basis of this result, we
can rationalize the potential-dependence of the
spectra. The following analysis is based on a
simple framework in which we consider only
two types of surface sites with different binding
affinities for CO,top. Of course, on the poly-
crystalline electrode, there are many different
types of surface sites (edges, kinks, various ter-
races) that give rise to a distribution of CO,top
binding energies. However, this added complex-
ity does not affect the core of our argument.
Further, the assumption is justified because the
lineshape of the C=0 stretch band at satura-
tion coverage can be modeled by the sum of two
Gaussian functions, one representing COgtop 0N
terrace sites, the other CO,p on defect sites
(Figure S14, SI).

The relative occupancy of COagep on defect
and terrace sites is governed by the Boltzmann

equation:
AFE
— 1
ew(+37)

where ggefect and Grerrace are the degeneracies of
the two types of sites, k is the Boltzmann con-
stant, and 7" the absolute temperature. AE =
Eaetect — Frerrace > 0 is the difference between

Ndefect - Gdefect

N terrace gterrace
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the binding energies of CO,sp on defect and
terrace sites (Herein, we define the binding en-
ergies as positive quantities). From eq. (1), it is
clear that the relative occupancy is determined
by two factors: The relative abundance of de-
fect to terrace sites, %, and the difference
in the CO,yp binding Z}rrrfeergy between the two
types of sites, AFE.

We first consider the possibility that the ratio
;def:“ could be significantly different for the two
types of films. Specifically, the C=0 stretch
spectrum of CO,p on CuAu-Si at potentials
> —1.0 V may be a result of a higher density of
defect sites on that film in comparison to Cu-Si,
that is, the ratio 24t in eq. (1) may be higher.
If CuAu-Si had a substantially higher density
of defect sites and an otherwise similar compo-
sition of surface facets, a higher COgiop satu-
ration coverage would be observed (relative to
that on Cu-Si, because defect sites bind COgtop
more strongly). However, the isotope dilution
experiments show that the opposite is the case
(Figure 4). On the basis of these data, it is
unlikely that CuAu-Si possesses a significantly
higher defect site density compared to Cu-Si.
Therefore, the distinct potential-dependencies
of the C=0 stretch spectra on the two types of
films likely arise from differences in the expo-
nential term in eq. (1) rather than from differ-
ent values of defect,

By considerirelrgcethe differences in the expo-
nential term in eq. (1), we can understand
why the lineshapes of the C=0 stretch ex-
hibit starkly different potential-dependencies
for the two types of films. As described in the
Results section, the CV characterization indi-
cates that on CuAu-Si, Cu(111) facets predom-
inate, whereas Cu(100) facets prevail on Cu-Si.
The experimental energies for the desorption
of CO,tep from Cu(111) and Cu(100) are 0.49
and 0.53 eV, respectively.?® DFT calculations
predict the same trend for the COgtop bind-
ing energies, though the predicted energy differ-
ence is about twice as large.®® On both films,
we assume that the binding energy of COgtop
on defect sites is 0.60 eV, the experimentally
determined desorption energy of COgtop from
polycrystalline copper surfaces as determined
by temperature programmed desorption.®® This




assumption is justified because this value is sim-
ilar to that observed for COg,p desorption from
step edges on Cu(211).°

On the basis of these values, AE in eq. (1) is
smaller for Cu-Si than for CuAu-Si. As a result,
according to eq. (1), the probability for CO to
occupy a terrace site is about five times higher
on Cu-Si than that on CuAu-Si at room tem-
perature. This population of CO,tep on (100)
terrace sites manifests itself in the IR spectrum
as the C=0 stretch band at 2045 cm ™!, which
dominates the spectrum at potentials > —1.0
V (Figure 2A). Once a certain threshold cov-
erage has been reached, dynamical dipole cou-
pling amplifies the band associated with COatop
on defect sites, producing the marked change
in lineshape around —1.0 V. By contrast, on
CuAu-Si, the large difference in binding ener-
gies between (111) terrace and defect sites pre-
vents the buildup of a significant population of
COatop On terrace sites. As a result, even at
relatively anodic potentials, the band exhibits
a higher peak frequency due to the binding of
CO to defect sites (Figure 2B). Figure 6 sum-
marizes this analysis.

The model provides a simple explanation for
the disparate evolution of the C=O0O stretch
spectrum on the two film types. Impor-
tantly, the analysis establishes the potential-
dependence of the C=0 stretch band of COgep
as a suitable probe of the atomic-level sur-
face morphology of rough electrodes. As dis-
cussed above, the peak frequency of the C=0
stretch band is often a complex function of cou-
pling effects and the applied potential. Because
our analysis presented here focuses on general
trends of the lineshape rather than exact nu-
merical values, we expect this method to be
more robust and versatile than an analysis that
solely focuses on peak frequencies.

Taken as a whole, the CV characterization
and the spectroscopic data indicate that (100)
terraces are prevalent on Cu-Si, whereas (111)
terraces are more ubiquitous on CuAu-Si. This
finding is consistent with our DEMS results
that show that the onset potential for ethylene
is ~ 200 £ 65 mV more cathodic for CuAu-Si
compared to that for Cu-Si: In prior studies,
DEMS on single crystalline copper electrodes
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in phosphate buffer at a pH of 7 showed that
the onset potential for ethylene formation on
Cu(111) is about 200 mV more cathodic than
that on Cu(100).5%°97 This trend does not
only hold for Cu(111) and Cu(100), but it is
more general. Single crystals on which the (111)
facet predominates exhibit more cathodic onset
potentials for ethylene formation than crystals
on which the (100) facet is more abundant.®
Similarly, the F.E. for ethylene during the re-
duction of COy in 0.1 M KHCOj3 on Cu(111)
electrodes is about five times lower than that
on Cu(100).°"

Consideration of Alternative Explana-
tions. The relatively high C=0 stretch fre-
quency on CuAu-Si at potentials > —1.0 V
could also arise from the formation of CO is-
lands, that is, a non-uniform distribution of CO
on the surface. Such island formation would en-
able dynamical dipole coupling even at low ab-
solute coverage. Islands of CO were observed on
single crystalline Pt electrodes when the cov-
erage was lowered from saturation by partial
oxidation of the CO adlayer.? Spatially non-
uniform oxidation of the CO adlayer then re-
sults in patches of CO on the electrode. In the
case of COytop on Cu-Si, island formation is un-
likely: DFT calculations and experiment work
showed that the interaction between neighbor-
ing CO molecules is highly repulsive.?*% Unlike
in the case of Pt, CO,p is reversibly bound
to copper and in dynamic equilibrium with
solution-phase CO.424546 Therefore, COatop is-
land formation on Cu is less likely than on Pt
electrodes.

To confirm this notion, we monitored the
potential-dependence of the C=0 stretch band
of the light isotope in a mixture of 50%
120180 440p and 50% B C™0,440p. In this mixture,
we can observe the band of the light isotope at
potentials > —1.0 V. As shown in Figure S18
of the SI, at a potential of —0.93 V, isotopic
dilution has essentially no effect on the peak
frequency of the band arising from 2C'%0,0p.
This experiment confirms that the compara-
tively high frequency of this band at potentials
> —1.0 V is mostly due to adsorption of CO on
defect sites. Dynamical dipole coupling does
not make a major contribution at these rela-
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Figure 6: Cartoon summarizing the key findings. Cu-Si (Left): Because the difference in COgtqp
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tively anodic potentials.

We note that in a recent study on the mass
transport effects of CO on the spectrum of
COatop, Malkani et al. concluded that CO ad-
sorbs on Cu in islands.? The spectra of Malkani
et al. exhibit different lineshapes in comparison
to ours. This observation indicates that their
film morphology is different from those of our
films. Further, they conducted their work at a
more cathodic potential (—0.6 V versus RHE).
It is entirely possible that CO island forma-
tion occurs on their electrodes and experimen-
tal conditions, whereas it does not in our ex-
periments. Therefore, our findings do not con-
tradict their conclusions. The possibility that
the formation of CO,yep islands on Cu could be
potential-dependent is intriguing and warrants
further investigation.

The isotope dilution experiments presented
here show that dynamical dipole coupling
strongly influences the lineshape at potentials
more cathodic than ~ —1.0 V. However, it is
not the sole contributing factor. In an ear-
lier publication,*? we presented evidence that
a CO-induced, reversible surface reconstruc-
tion process also contributes to the change

~
~
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in lineshape with decreasing potential. For
example, the concurrent enhancement of the
metal-adsorbate bands and the HFB in the
surface-enhanced Raman spectra reported in
that work cannot be explained with a dynam-
ical dipole coupling picture, but is consistent
with an adsorbate-induced reconstruction pro-
cess. While such a reconstruction process adds
complexity to the picture, it does not impact
the qualitative aspects of the model presented
herein.

Recently, it was suggested that co-adsorbed
hydroxide on Cu electrodes lowers the C=0
stretch frequency and influences the binding en-
ergy of adsorbed CQ.%:100 Specifically, Iijima
et al. showed that the lineshape of the C=0
stretch mode of COgp on Cu electrodes is
profoundly dependent on the number of CVs
(—0.13 and —0.7 V) that are performed as a
pre-treatment prior to spectroscopic measure-
ments.% With an increasing number of CVs
(from zero to 15), they observed an increase
in the C=0 stretch frequency. They attributed
this observation to a decrease in the coverage of
hydroxide with increasing number of CV pre-
treatments.



In our experiments, we pre-treated each elec-
trode with five cleaning CVs between —0.13
and —0.7 V, followed by three CVs with turn-
ing potentials of —0.6 and —1.2 V prior to the
collection of SEIRAS/DEMS data (see Exper-
imental Procedures Section for details). Fol-
lowing these steps, we ensured that the elec-
trode was never returned to oxidizing potentials
until the end of the experiment. The follow-
ing observations suggest that this protocol is
effective in minimizing the impact of hydrox-
ide on the C=0 stretch spectrum: First, to
test if the spectra are sensitive to the number
of CV pre-treatments, we collected additional
SEIRAS data in which we increased the num-
ber of cleaning CVs (—0.13 and —0.7 V) from
5 to 15. All other steps of the protocol were
left unchanged. Iijima et al. suggested that
this treatment minimizes the amount of hydrox-
ide on the surface.% As shown in Figure S19 of
the SI, the potential-dependencies of the spec-
tra shown in Figure 2 (5 CV pre-treatments)
are also observed after 15 CV pre-treatments.
Second, to probe if the spectra change with an
increase in the bulk hydroxide concentration,
we carried out SEIRAS on the two films in con-
tact with 0.1 M phosphate buffer at a pH of 12.
As shown in Figure S17 of the SI, we observed
similar potential-dependencies of the spectra as
reported in Figure 2. This finding shows that an
increase of the bulk hydroxide concentration by
five orders of magnitude does not significantly
impact the lineshape. Third, the changes in
lineshape with potential are reversible on both
types of films and are also observed during con-
secutive CV cycles (Figures S12 and S13, SI).
Fourth, from the hydroxide desorption waves in
the CVs in Figure 5, the hydroxide desorption
potentials for Cu(100) and Cu(111) are —0.78
and —0.67 V vs. Ag/AgCl at neutral pH, re-
spectively. Because we examined the potential-
dependence of the spectra at more negative po-
tentials, the amount of hydroxide on the surface
is expected to be minimal.

Taken together, these observations suggest
that the impact of hydroxide on the lineshape of
the C=0 stretch band of CO,tep on Cu is min-
imal under our experimental conditions. How-
ever, it is possible that co-adsorbed hydroxide is
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a small contributing factor. Indeed, a possible
contribution of hydroxide would be consistent
with our conclusion that on Cu-Si, the major
surface facet is (100). As shown in Figure 5,
the desorption potential of hydroxide is ~ 0.1
V more cathodic for Cu(100) compared to that
for Cu(111). Therefore, the appearance of the
LFB band on Cu-Si may be in part because
of co-adsorbed hydroxide, but this effect is ex-
pected to be small on the bases of the observa-
tions discussed in the preceding paragraph.

Different coverages of bridge-bonded CO
(COpyidge, referring to adsorbed CO interacting
with two or three Cu surface atoms) on Cu-Si
and CuAu-Si could influence the onset poten-
tial of ethylene. Recent studies showed that
COprigge on Cu electrodes is an electrochem-
ically inactive species under CORR/CO;RR
conditions. "% For the data presented herein,
the amplitude of the band of COpyigge Was close
to the detection limit on both types of films dur-
ing the cathodic forward scans under neutral
pH conditions, suggesting that COpyigee does
not give rise to the different catalytic activities
of the films.

Lastly, we consider the possibility that the
Cu overlayer may be affected by strain and lig-
and effects. 1927104 Qur CV characterization of
CuAu-Si suggests that the surface is of Cu(111)
character (Figure 5). Indeed, pseudomorphic
Cu overlayers on Au(111) substrates have been
imaged with electrochemical STM. % However,
overlayers of Cu on Au have a tendency to coa-
lesce into islands and to form interfacial Cu/Au
alloys under cathodic polarization.43195:196 A]
though our SEIRAS control experiments did
not reveal the presence of Au on the surface
(Figure S7, SI), the amount of Au at the sur-
face may be below the detection limit of the
method. Because Cu/Au alloys bind CO less
strongly than pure Cu,**!°7 the incorporation
of Au into Cu terraces of the CuAu-Si films is
an alternative explanation for the absence of a
distinct LFB on that electrode.

Semi-epitaxial growth of Cu on Au(111) and
any strain or ligand effects are expected to be
limited to thin overlayers. Indeed, for CuAu-Si
electrode with a 16 nm thick Cu overlayer, the
potential-dependence of the C=0 stretch band

~
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resembles that observed for Cu-Si (Figure S20,
SI), suggesting the CuAu-Si system as a conve-
nient SEIRAS platform to study the impact of
Cu overlayer thickness on catalyst selectivity.

Conclusions

We showed that the two most commonly used
methods for the deposition of SEIRAS-active
copper films on Si result in electrode surfaces
that exhibit greatly different catalytic activi-
ties towards the reduction of CO to ethylene:
Films produced by the electrochemical deposi-
tion of copper on Si-supported Au thin films
(CuAu-Si) display a =~ 200 + 65 mV more ca-
thodic onset potential for the formation of ethy-
lene compared to that of Cu thin films that are
electrolessly deposited on the Si support (Cu-
Si).

Despite the great difference in CO reduc-
tion activity, in the vicinity of the potential of
COpgtop saturation coverage (—1.3 V), the C=0
stretch bands of CO,t0p on CuAu-Si and Cu-Si
are remarkably similar. SEIRAS of isotopically
diluted mixture of COgtop show that the C=0
stretch lineshape at the saturation coverage is
profoundly influenced by dynamical dipole cou-
pling on both films. However, the degree of
dynamical dipole coupling on CuAu-Si is lower
than in the case of Cu-Si, suggesting a higher
COatop surface coverage on the latter film. Fur-
ther, the potential-dependence of the lineshape
of the C=0 stretch band at potentials > —1.0
V is remarkably different for the two thin films.
We rationalize the potential-dependence of the
spectra with a Boltzmann model that consid-
ers the difference in CO adsorption energy on
defect sites and the sites of the prevalent crys-
tallographic surface facet. On the basis of this
model, we conclude that the major surface facet
on Cu-Si binds CO more strongly than that on
CuAu-Si. Based on our CV characterization of
the electrodes and our electrocatalytic results,
we suggest that the prevalent crystallographic
facet on CuAu-Si is (111), whereas that on Cu-
Si is (100). Our study highlights the complex-
ities involved in the interpretation of the C=0
stretch band of COgep on polycrystalline cop-
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per electrodes. Further, our work shows that
the analysis of the potential-dependence of the
C=0 stretch lineshape can reveal differences in
the surface structure of electrocatalysts under
electrocatalytic conditions. This strategy could
be employed to guide the design of rough elec-
trodes with certain desired surface facets.

Experimental Procedures

Materials. Chemicals for Cu or Au thin film
deposition on Si: NH,F (40 wt.% in H,0),
HF (48 wt.%), NaAuCly - 2H50 (99.99%; met-
als basis), NapSOj3 (98.5%; for analysis, anhy-
drous), NapS,03 - 2H50 (99.999%; trace metal
basis), and NH,Cl (99.999%; metal basis) were
purchased from Fisher Scientific (Waltham,
MA). CuSOy - 5H50 (99.999%; trace metal ba-
sis), EDTA-Nay (99.0 —101.0%; ACS Reagent),
2,2-bipyridine (> 99%; ReagentPlus), HCHO
(35 wt.%; 10% methanol as stabilizer), and
NaOH (99.99%; trace metals basis) were ac-
quired from Sigma Aldrich (St. Louis, MO).
Polycrystalline diamond pastes and alumina
slurry were procured from Ted Pella (Redding,
CA) or Electron Microscopy Sciences (Hart-
field, PA).

Chemicals for electrochemical measurements:
(KHyPO3, > 99.995%, TraceSELECT, metals
basis; KoHPO3, > 99.999%, TraceSELECT,
metals basis; KOH, 99.99%, trace metals ba-
sis, Sigma Aldrich). High-purity water for elec-
trolyte preparation was derived from a Barn-
stead Nanopure Diamond system.

Ar (ultra high purity), Ny (ultra high purity),
and CO (99.999%) were obtained from Air Gas
(Radnor, PA). Doubly labeled 3C*0 (99 atom
% 13C, 95 atom % '80) was purchased from
Sigma Aldrich.

Cu(100) and Cu(111) single crystals (5 x 5 x
1 mm) were purchased from MTI Corporation
(Richmond, CA).

Cu-Si Film Deposition. Thin polycrys-
talline Cu-Si films were deposited in an elec-
troless manner on the reflecting surface of a 60°
Si prism (Pike Technologies; Madison, WI) as
previously described.!%® The thin Cu films had
a resistance of 3 — 5 Q.



CuAu-Si Film Deposition. Thin polycrys-
talline Au films were first deposited in an elec-
troless manner on the reflecting surface of a 60°
Si prism (Pike Technologies; Madison, WI) ac-
cording to established procedures.%%2 The Si
crystal was cleaned with aqua regia solution
to remove Au residue prior to each deposition.
To prepare the Si crystal surface, it was suc-
cessively polished with 6 and 1 pm diamond
pastes and 1 um alumina slurry on a polishing
pad. Then, the crystal was rinsed under high-
purity water and sonicated in water or acetone
alternately for 5 times. For deposition, the Si
crystal was first etched in 40 % NH4F for 90 s
to remove surface oxides and to terminate the
surface with hydrogen. A gold nanofilm was
plated by immersing the Si crystal in a 2 : 1
mixture of a plating solution and 2% HF at
60°C for 120 s. The plating solution contained
15 mM NaAuCl;-2H50, 150 mM NaySOs3, 50
mM NaQSQOg'QHQO, and 50 mM NH4C1 To
improve Au film adhesion to the Si crystal, the
deposited Au film was removed by placing a few
drops of aqua regia on the film.% Then, the Si
crystal was thoroughly washed with high-purity
water and dried with ultra high-purity nitrogen.
On this Si crystal, a second gold nanofilm was
plated by immersing the crystal in the plating
solution as described above. Removal and re-
deposition of the Au film was repeated until a
homogeneous film was obtained. Typically, the
second or third re-deposition yielded a stable
gold nanofilm on the Si crystal. The deposited
Au thin films had a resistance of 8 — 10 €.

The Au film was cleaned with five CVs in 0.1
M H,SOy solution from 0 to 1.5 V at a scan rate
of 0.05 V s7! under 5 scem Ar purging. Then,
the Cu electrodeposition was carried out with
an addition of 5.75 mM CuSOQOy to the solution.
The film was held at a potential of —0.2 V un-
til the desired amount of charge (~ 40 mC) was
passed. The thickness of the film was calculated
according to: tc, = QCZ"]‘J'ZL;“, where Qcy, Mcy,
z, F', A, and p represent the total charge during
deposition, Cu atomic mass, electrons needed
per Cu atom deposition, Faraday constant, de-
position area, and Cu film density, respectively.
The CuAu-Si film was then rinsed with high-
purity water.
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Pre-treatment of Cu-Si and CuAu-Si
Films Prior to DEMS and SEIRAS Ex-
periments. Prior to the collection of DEMS
and SEIRAS data, Cu-Si and CuAu-Si were
pre-treated according to the following protocol:
With the cell at open circuit, the electrolyte was
purged with Ar for 20 minutes at a rate of 5
sccm. The electrode was then treated with five
CVs from —0.13 to —0.7 V vs. Ag/AgCl at a
scan rate of 0.05 V s~ followed by the RF deter-
mination. To determine the RF of the film, the
capacitance of the electrochemical double layer
in Ar saturated electrolyte (Figure S3, SI) was
measured as previously described.!%® Immedi-
ately after this step, Cu film was subjected to
three CVs from —0.6 to —1.2 V at a 0.01 V s71
scan rate. Following this step, the Cu electrode
was never returned to oxidizing potentials un-
til the end of the DEMS/SEIRAS experiments.
After completion of the CVs, potential was held
at —0.6 V in the 0.1 M phosphate buffer elec-
trolytes and at —0.8 V in 0.1 M KOH for 20
min while CO was purged at a rate of 5 sccm.

DEMS/SEIRAS Measurements. The
components of the DEMS setup were described
previously. '® The DEMS setup in this work
only differed in the configuration and position-
ing mechanism of the sampling tip within the
spectro-electrochemical cell (Scheme 1). The
sampling tip was positioned ~ 100 pum above
the electrode surface. A single compartment
spectro-electrochemical cell was used as shown
in Figure 1. The catholyte volume was 6 mL.
Prior to each experiment, the cell was cleaned
for 1 h in an acid solution (30 wt.% HzSOy,
30 wt.% HNO3) and afterwards sonicated for 1
h in Nanopure water. A Ag/AgCl (RE-5B, 3
M NaCl; BASi Inc.; West Lafayette, IN) and a
Pt foil (Premion 99.99%, 0.025 mm; Alfa Ae-
sar) were utilized as the reference and counter
electrodes, respectively. The Ag/AgCl refer-
ence electrode was regularly checked against
a saturated calomel electrode (CHI 150; CH
Instruments Inc.; Austin, TX). The spectro-
scopic methods were described previously.!%®
Following the pre-treatment steps described
above, the DEMS/SEIRAS experiments were
conducted. For the combined DEMS/SEIRAS
experiments in 0.1 M phosphate buffer, the po-



tential was scanned from —0.6 to —1.8 V at a
rate of 0.001 V s71. In 0.1 M KOH, the poten-
tial was scanned from —0.8 to —1.8 V at the
same rate.

Isotope Dilution Measurements. Isotope
dilution experiments were carried out with gas
mixtures of either 90% *C®0 + 10% 2C'0
or 50% BC®O + 50% 2C*0. The electrolyte
was purged with 4.5 scem of ¥C¥O and 0.5
sccm of 2C10 to produce a 90% : 10% mix-
ture. To obtain the 50% : 50% mixture both
130180 and 2C1°0 were purged at a rate of 2.5
sccm. Then, the potential was scanned from
—0.6 to —1.4 V at a rate of 0.002 V s7! in
CO-saturated electrolyte while SEIRAS spectra
were collected. These experiments were carried
out in the spectro-electrochemical cell shown in
Figure S11 of the SI under stirring of the elec-
trolyte.

Cyclic Voltammetric Characterization
of Cu Surfaces. The backsides of the Cu(100)
and Cu(111) single crystals were covered with
epoxy. Prior to CV characterization, the sin-
gle crystal electrodes were cleaned electrochem-
ically in an acid solution of H3PO4:H5SO4:H,0O
=10:5:2. A potential of 2.3 V vs. Cu was ap-
plied for 2 s followed by 30 s at open circuit po-
tential and another 2 s at 2.3 V. The electrodes
were then thoroughly rinsed with high-purity
water before they were immersed in an Ar sat-
urated 0.1 M KOH solution. CVs of Cu(100)
and Cu(111) were collected in a single compart-
ment cell while the electrolyte was purged with
Ar gas at a rate of 5 sccm. The electrolyte
was stirred. Ten CV cycles were collected from
—0.3 to 0.45 V vs. RHE at a 0.05 V s7! scan
rate and the 10" cycle is shown in Figure 5.
CVs of the Cu-Si and CuAu-Si films were col-
lected in Ar saturated 0.1 M KOH in the cell
shown in Figure S11 of SI under stirring of the
electrolyte. The Cu-Si and CuAu-Si films were
pre-treated by applying five CVs with turning
potentials of —0.13 and —0.7 V at a scan rate
of 0.05 V s~!. This step was followed by capac-
itance measurements to determined the RF of
each film (Figure S3, SI). Then, 10 CVs were
collected from —0.3 to 0.45 V versus RHE at
a 0.05 V s7! scan rate while Ar was purged at
a rate of 5 sccm. The 10" cycle is shown in
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Figure 5. Similar CV shapes as those shown in
Figure 5 were also observed in the other cycles.

Supporting Information Avail-
able

Literature data showing the dependence of the
C=O0 stretch frequency on the CO,0p desorp-
tion energy. Characterization of the films with
AFM, double layer capacitance measurements,
and X-ray diffraction. Repeat DEMS measure-
ments in CO-saturated phosphate buffer at pH
7. DEMS in CO-saturated 0.1 M KOH. Spectra
of CuAu-Si film from —0.3 to —1.4 V in CO-
saturated phosphate buffer at pH 7. DEMS
for Cu-Si in Ar-saturated phosphate buffer at
pH 7. Spectra concurrently collected with
DEMS in Figure 1. Additional SEIRAS spec-
tra concurrently collected during DEMS exper-
iments. Scheme of two-compartment SEIRAS
cell. SEIRAS of Cu-Si and CuAu-Si for con-
secutive CVs. Lineshape analysis of the C=0
stretch band. Duplicates of the experiments in
Figure 4 with isotopic mixtures. CV of the Au-
Si film. SEIRAS spectra in phosphate buffer
at pH 12. Spectra in a mixture of 50% 2C0
and 50% C™0 and isotopically pure 2C*0O
on CuAu-Si. SEIRAS spectra after 15 CV pre-
treatments. SIERAS of a 16 nm CuAu-Si film
in 0.1 M phosphate buffer at pH 7.

This information is available free of charge on
the ACS Publication website.
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