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ABSTRACT: Oxide-derived copper (OD-Cu) has been shown to favor C2
and C3 products in electrochemical CO reduction at lower overpotentials than
polycrystalline copper (Cu-poly). Despite numerous studies and proposed
mechanisms, the exact nature of the active phase is still a topic of discussion. In
this work, we employ operando attenuated total reflection surface enhanced
infrared absorption spectroscopy (ATR-SEIRAS) to investigate different sites
available on Cu-poly and OD-Cu surfaces using CO as a probe molecule. We
identify a CO adsorption band on OD-Cu at 2058 cm−1 that is different from
those on Cu-poly but resembles CO bound to the Cu(100) facet. In
accordance with reactivity studies, we propose that this band corresponding to
distinct CO binding sites is responsible for OD-Cu’s enhanced CO reduction activity.
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CO2 and CO reduction reactions (CO2RR and CORR,
respectively) powered by renewable electricity are key

electrochemical transformations in mitigating anthropogenic
climate change.1 The ability to produce high-value chemicals
and fuels through these reactions is crucial to their large-scale
implementation. CORR has received recent attention because
CO is a known intermediate in the formation of C2+
hydrocarbons and oxygenates in CO2RR.

2,3 Copper is the
only metal with appreciable selectivity for hydrocarbons and
oxygenates in CO2RR and CORR, however, only at high
overpotentials.4

Among the strategies to improve the selectivity for C2+
products in CORR, OD-Cu developed by the Kanan group
stood out. OD-Cu was shown to favor C−C coupling reactions
at low overpotentials (e.g., a Faradaic efficiency (FE) toward
C2 products of 57% at −0.3 V).5 All voltages in this work are
referenced to the reversible hydrogen electrode (RHE) unless
otherwise noted. The enhanced activity and selectivity for C−
C coupling on OD-Cu were attributed to the presence of
strong CO binding sites on grain boundaries;5,6 however, the
exact nature and structure of these active sites remain unclear.
Alternatively, increased roughness of Cu surfaces has been
proposed to be in part responsible for the enhanced selectivity
for C−C coupling reactions on roughened and nanostructured
Cu catalysts.7−9 Earlier work by Hori et al. showed that
rougher electrodes promote the formation of C2 products like
ethane.2 The Kenis group found that higher current densities
toward C2 products were obtained in an electrolyzer when
using Cu nanoparticles with the highest surface roughness.10

Jeon et al. showed similar trends with rough Cu prism
nanocatalysts and suggested that surface roughness was the
cause for the enhanced C−C coupling.11 In addition, trace

amounts of residual oxygen from the CuO used to form OD-
Cu have been proposed to generate active sites responsible for
its enhanced activity. Mistry et al. proposed that the Cu+ sites
formed from residual oxygen are the active sites for the CORR;
however, the residual oxygen disappeared after an hour of
reduction.12 Eilert et al. claimed that subsurface oxygen
detected by X-ray photoelectron spectroscopy and trans-
mission electron microscopy electron energy loss spectroscopy
may aid in the stabilization of CO to the surface.13 However,
isotopic labeling studies by Lum et al. using secondary ion
mass spectrometry showed that the top 100 nm of the Cu
surface did not have oxygen during CO2RR conditions.14

Similarly, in situ Raman spectroscopy conducted by Yeo and
co-workers showed that Cu2O vibrations disappeared within
200 s at −0.99 V.15,16

The discussion in recent literature regarding the origin of
enhanced C−C coupling activity on OD-Cu and nano-
structured Cu for CORR could be at least in part attributed
to the difficulty in establishing a reliable correlation between
the activity and active sites present during reaction. In
particular, the scarcity of operando characterization techniques
is a key barrier. We recently developed an operando cell for
ATR-SEIRAS (Figure 1) which enables characterization of
catalysts under identical conditions to CORR. In this work, we
employ operando ATR-SEIRAS to identify distinct CO
binding sites on OD-Cu compared with Cu-poly that are
responsible for the C−C coupling reaction in CORR at a low
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overpotential (−0.4 V) and correlate these findings with
reactivity studies.
The product distribution in CORR on OD-Cu and Cu-poly

surfaces at −0.4 V in a reactivity cell (Figure S1) under
otherwise identical conditions shows that OD-Cu is uniquely
effective in catalyzing C−C coupling reactions at low
overpotentials. C2 and C3 hydrocarbons and oxygenates are
produced with a combined Faradaic efficiency of over 20% on
OD-Cu, whereas only hydrogen is detected on Cu-poly
(Figure 2). These results are consistent with the literature.4,5,17

The relatively poor charge balances for the OD-Cu samples are
likely due to the reduction of poorly connected CuO particles
during reaction. Cyclic voltammograms of OD-Cu and Cu-
poly do not reveal any detectable differences that could
account for the drastic difference in product distribution
(Figure S2).

Operando ATR-SEIRAS studies reveal that there are
multiple distinct COad sites on the Cu-poly surface. When
the Cu-poly surface is first brought to −0.4 V in CO-saturated
0.05 M KOH, one band centered at 2073 cm−1 and a weak
shoulder at 2089 cm−1 are observed (Figure 3, bottom trace).
Adsorbed CO bands located in the 2000−2150 cm−1 region
are generally attributed to linearly bound CO.3,18,19 In

Figure 1. Stirred spectroscopic cell used for all measurements in CO saturated 0.05 M KOH with Cu-poly or OD-Cu particles as a working
electrode, graphite rod counter electrode, and an Ag/AgCl reference electrode. Inset: Scanning electron microscope images of Cu-poly and OD-Cu
on a gold film.

Figure 2. Faradaic efficiency of products formed in CORR on OD-
Cu@C, Cu-poly, OD-Cu@Au, operando OD-Cu@Au and Cu@Au in
CO saturated KOH at −0.4 V vs RHE.

Figure 3. Operando ATR-SEIRAS spectra at −0.4 V vs RHE in CO
saturated 0.05 M KOH showing the time evolution of the different
CO binding sites on Cu-poly. Spectra presented correspond to 64
coadded scans collected with a 4 cm−1 resolution.
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particular, the two COad bands that are 15 cm−1 apart on Cu
surfaces have been assigned to CO bound to step (higher
wavenumber) and terrace (lower wavenumber) sites.20−22 The
intensity of the 2089 cm−1 peak increases at the expense of the
2073 cm−1 peak with time as the potential is held at −0.4 V for
30 min (Figure 3). We note that the system is saturated with
CO before applying the potential, so the change in relative
intensity of the two bands with time cannot be explained by
CO slowly populating the surface. The peak intensity of
adsorbed CO typically equilibrates to a constant intensity
within 1 min in a CO atmosphere. The intensity of the 2089
cm−1 peak is enhanced via dipole−dipole coupling with the
2073 cm−1 band so the intensities of these two bands are not
representative of the actual populations of the two types of
surface sites.21 Previous ATR-SEIRAS studies on CO
adsorption on Cu showed only a single band centered around
2075 cm−1.3,23 The difference between our results and these
studies could be attributed to the fact that those experiments
were conducted in less alkaline electrolytes (bicarbonate,
Figure S3).
The evolving spectra with time suggest that the Cu-poly

surface undergoes reconstruction at −0.4 V in the presence of
CO, which is consistent with recent reports.23,24 Interestingly,
a band at 2131 cm−1 appears over the course of 30 min, which
has been assigned to CO adsorbed on Cu+.25,26 It is unlikely
that metallic Cu is oxidized to Cu2O at a potential (−0.4 V)
much lower than the equilibrium potential for its oxide phases
(∼0.5 V),27 so we attribute this feature to COad, either on
reconstructed Cu sites24 or interacting with cationic species in
the electrical double layer (e.g., K+). Further investigations are
needed to elucidate the origin of this band. We do not observe
any spectroscopic feature attributable to CO adsorbed on
CuOx, which has been suggested to promote the reduction of
CO and CO2. To ensure the 2131 cm−1 band is not caused by
contaminants in the electrolyte electrochemically deposited on
the electrode surface at −0.4 V, control experiments are
conducted with a gold film, as well as in KHCO3 produced by
CO2 saturating KOH on the Cu-poly surface, under otherwise
identical conditions. No CO adsorption band at ∼2130 cm−1 is
observed in either case (Figure S4 and S5), confirming that
this band corresponds to CO adsorbed on Cu sites.
Operando ATR-SEIRAS investigations on OD-Cu particles

suggest that they possess distinct CO binding sites aside from
those present on the Cu-poly surface. CuO particles are
sprayed on to a polycrystalline Cu film and then electrochemi-
cally reduced to OD-Cu (OD-Cu@Cu). The loading of CuO
particles is between 0.6 and 0.8 mg/cm2, comparable to those
in the reactivity tests. When OD-Cu@Cu is brought to −0.4 V
in CO saturated 0.05 M KOH, the spectrum looks similar to
that of Cu-poly (Figure 4a,b), which suggests that either they
possess similar sites or the signal from OD-Cu in the OD-Cu@
Cu sample is overwhelmed by that of the Cu substrate. To
differentiate these two possibilities, we conduct a similar
experiment using OD-Cu particles supported on a gold film
(OD-Cu@Au). Au is employed as the substrate as it does not
adsorb CO at the relevant potentials (<−0.1 V, Figure S4).
The intensity of CO bands on OD-Cu@Au is almost 2 orders
of magnitude lower than that on Cu-poly. This difference
could be attributed to the micron-size of the OD-Cu particles
and the fact that the evanescent wave in SEIRAS only probes
5−10 nm from the SEIRA-active Au film28 so only a small
fraction of the OD-Cu particles is sampled. Importantly, in
addition to bands similar to those on Cu-poly (2073, 2089, and

2131 cm−1), a prominent band at 2058 cm−1 is observed
(Figures 4c and S6), demonstrating that OD-Cu possesses
distinct sites from those on Cu-poly surfaces. To exclude the
possibility that the 2058 cm−1 band is caused by CO adsorbed
on sites at the Cu/Au interface, a control experiment with
micron-size Cu particles supported on a gold film (Cu@Au) is
also conducted. Only CO adsorption bands similar to those on
Cu-poly appear (Figure 4d) with almost no C−C coupling
products (Figure 2). This confirms that the 2058 cm−1 band
corresponds to CO adsorbed on OD-Cu sites. All spectra in
Figure 4 are taken at −0.4 V when spectra no longer change
with time (i.e., at the steady state). SEM images of fresh and
spent catalysts (Figure S7) reveal no discernible morphological
changes. Faradaic efficiencies of liquid phase products in
CORR on OD-Cu@Au in the spectroscopic cell are similar to
those on OD-Cu in the reactivity study (Figures 2 and S8),
demonstrating that the spectroscopic tests are conducted
under operando conditions. Gaseous products are not
quantified in the spectroscopic experiments because CO is
continuously bubbled throughout the test.
The combined reactivity and operando spectroscopic

investigations indicate that the CO adsorption sites corre-
sponding to the band at 2058 cm−1 are most likely correlated
with OD-Cu’s ability to facilitate C−C coupling reactions at
low overpotentials. CO adsorption sites corresponding to the
2073, 2089, and 2131 cm−1 bands are shared by both Cu-poly
and OD-Cu (despite slight differences in their relative
intensities among the surfaces investigated in this work), and
thus, they cannot account for the difference in the product
distribution on these two materials. The 2058 cm−1 band is
similar to the CO adsorption band observed on the Cu(100)
surface at a similar potential vs the standard hydrogen
electrode potential by Hori et al.29 Thus, we hypothesize
that OD-Cu preferentially exposes the (100) facet which
enhances its CORR activity at low overpotentials. This is
consistent with a number of recent experimental and

Figure 4. Operando ATR-SEIRAS spectra showing CO binding sites
on different catalyst surfaces at −0.4 V vs RHE in CO saturated 0.05
M KOH. Spectra presented correspond to 64 coadded scans collected
with a 4 cm−1 resolution.
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computational studies claiming that Cu(100) is particularly
effective in mediating C−C coupling. Schouten et al.
experimentally showed that ethylene formation begins at a
lower overpotential on Cu(100) than Cu(111).30 Jiang et al.
attributed the superior C−C coupling activity primarily to the
(100) facet of Cu which showed the lowest activation barrier
for the C−C coupling step.31 This peak assignment is
consistent with the lower wavenumber of the distinct band
on OD-Cu compared to those present on Cu-poly because of
the stronger interaction of CO with undercoordinated (100)
sites.32 The presence of strong CO binding sites on OD-Cu
also agrees with the recent temperature-programmed desorp-
tion report of CO from Cu surfaces.6 However, we do not
observe the CO dimer species reported by Koper and co-
workers, possibly due to the interference of bending mode of
water and absorbance of Si.33

In summary, we demonstrate that OD-Cu possesses distinct
CO adsorption sites from those on Cu-poly via operando
ATR-SEIRAS, and correlate the presence of these sites with
OD-Cu’s ability to facilitate C−C coupling in CORR at −0.4
V. The distinct CO adsorption band at 2058 cm−1 on OD-Cu
could be attributed to the preferentially exposed Cu(100)
facet.
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