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ABSTRACT: We report on Cu nanowires as highly active and selective catalysts for electroreduction of CO at low
overpotentials. The Cu nanowires were synthesized by reducing pregrown CuO nanowires, with the surface structures tailored by
tuning the reduction conditions for improved catalytic performance. The optimized Cu nanowires achieved 65% faradaic
efficiency (FE) for CO reduction and 50% FE toward production of ethanol at potentials more positive than −0.5 V (versus
reversible hydrogen electrode, RHE). Structural analyses and computational simulations suggest that the CO reduction activity
may be associated with the coordinately unsaturated (110) surface sites on the Cu nanowires.
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Cu has been extensively studied as heterogeneous catalysts
for CO hydrogenation in gas-phase reactions1,2 and also

as electrocatalysts for CO reduction in aqueous solutions.3−6

The recent growth of interest in electrochemical CO2

reduction, as a promising means for artificial carbon recycling
and solar-fuel energy conversion,7−9 has further stimulated the
interest in CO reduction electrocatalysis, because CO is the
intermediate for reduction of CO2 to hydrocarbons and
oxygenates.10,11 Early studies of CO reduction on polycrystal-
line Cu surfaces reported the production of hydrocarbons such
as methane and ethylene, but it requires large overpotentials
(about −1.0 V versus RHE; the same reference electrode is
used in the following discussion), and the efficiency is limited
by the competing hydrogen evolution reaction (HER; with
>40% faradaic efficiency (FE) toward H2).

3,12 Investigations of
Cu single crystals indicate that the CO reduction electro-
catalysis is structure-sensitive,5,13,14 with ethylene favorably
produced on Cu(100) at low overpotentials via electron
mediated CO−CO coupling.15,16 Nanocrystalline Cu electrodes
derived from cuprite were recently reported to be active for CO
reduction at low overpotentials (i.e., more positive than −0.5
V), but selectively produce ethanol and acetate.6 It is suggested
that the active sites on these catalysts are associated with grain

boundaries and bind to CO more strongly than low-index Cu
facets.17 Nevertheless, substantial challenges are still present in
synthetic control and characterization of the surface structures
for Cu-based nanocatalysts, which has limited the mechanistic
understanding and design of more efficient electrocatalysts for
CO (and CO2) reduction.
Here we report on Cu nanowires as advanced electrocatalysts

for electroreduction of CO at low overpotentials. Highly dense
Cu nanowires were synthesized by thermal reduction of CuO
nanowires using hydrogen, by modifying the method previously
reported by our group.18 Electrosorption of hydroxide (OHad)
and temperature-programmed CO desorption (CO-TPD) were
combined to probe the surface structures of these Cu
nanowires. The obtained information was correlated to the
catalytic activities and selectivities derived from electrochemical
studies, on the basis of which density functional theory
(DFT)19 calculations were further performed to elucidate
possible active sites and reaction pathways for low-over-
potential CO reduction.
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The Cu nanowires prepared by hydrogen reduction at 150,
200, and 300 °C are hereby denoted as HR-150, 200, 300,
respectively (HR-300 (1 h) and HR-300 (15 h) for the
nanowires annealed at 300 °C for 1 and 15 h, respectively)
(Figure S1). Electrocatalytic studies for CO reduction were

carried out in a gas-tight electrolysis cell containing 0.1 M KOH
as the electrolyte. Gas- and liquid-phase products were analyzed
by using gas chromatograph−mass spectrometry (GC-MS) and
nuclear magnetic resonance (NMR) spectroscopy, respectively.
The HR-200 nanowires generated the largest current density

Figure 1. Electrocatalytic performance of the Cu nanowires for CO reduction. (a) Total current densities per geometric area of the electrode. (b−d)
Product distributions depending on the electrode potential for the various types of Cu nanowires.

Figure 2. Comparison of catalytic performance for the various types of Cu nanowires. (a) Geometric current densities (per electrode area), (b)
specific current densities (per ECSA), and (c) Faradaic efficiencies (FEs) for total CO reduction, namely, accounting for all the carbon-containing
products. (d−f) Corresponding comparisons for the selectivity for reduction of CO to ethanol.
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(per electrode area), achieving 0.48 mA/cm2 at −0.3 V (Figure
1a), as compared to 0.36 mA/cm2 for the HR-150 nanowires.
The nanowires prepared at 300 °C gave much lower geometric
current densities, at only 0.16 mA/cm2 for the HR-300 (1 h)
and 0.05 mA/cm2 for the HR-300 (15 h) nanowires at the same
potential. The trend of geometric current densities correlates
well with the electrochemically active surface areas (ECSAs)
estimated by electrochemical capacitance measurements, with
the surface roughness factor found to decrease as the reduction
temperature and time increase (Table S1). The current
densities after taking the roughness factors into account are
rather similar for the different types of Cu nanowires, except
that the HR-300 (1 h) nanowires had a slightly higher value
than the rest (Figure S4).
Throughout the studies, oxygenated C2 hydrocarbons,

ethanol, and acetate were found to be the major products of
CO reduction. The various types of Cu nanowires exhibit
consistent onset potentials at −0.15 ∼ − 0.20 V for CO
reduction, whereas the HR-150 nanowires are the most
selective catalyst at more negative potentials. In the latter
case, production of acetate starts at −0.15 V with a FE of 7%,
which increases to 21% at −0.25 V and then decreases as the
potential goes more negative (Figure 1b). The production of
ethanol appears at −0.25 V with an FE of 29% on the HR-150
nanowires and reaches the maximum FE of 50% at −0.30 V,
which also drops as the potential goes more negative. Other C2

products such as ethylene (up to 7%) and ethane (up to 2.3%),
as well as a C3 product, 1-propanol (up to 1.8%) are also
produced at potentials more negative than −0.30 V. The total
FE for CO reduction achieves 65% (at −0.30 V) for the HR-
150 nanowires. The Cu nanowires prepared at higher
temperatures have lower selectivities for CO reduction, with

the total FE down to <37% for the HR-200 and <16% for the
HR-300 (1 h) nanowires (Figure 1c,d). The HR-300 (1 h)
nanowires produce some acetate (up to 15% FE at −0.25 V),
whereas HR-300 (15 h) nanowires produce mostly hydrogen
(>90% FE) (see supplemental Figure S9).
To better illustrate the differences in catalytic performance,

we have compared the partial current densities for CO
reduction (jCO) and ethanol production (jEtOH) and the
corresponding FEs for the various types of Cu nanowires
(Figure 2). Throughout the potential range examined here
(−0.15 ∼ − 0.45 V), the geometric current densities for both
CO reduction and ethanol production decrease as the
preparation temperature increase (Figures 2a,d). The HR-150
nanowires have the highest geometric current densities,
reaching 0.33 mA/cm2

geo for CO reduction and 0.25 mA/
cm2

geo for ethanol production at −0.35 V. The HR-150
nanowires also possess the highest specific activity (namely, the
current density with normalization of ECSA), generating 2.3
μA/cm2

Cu for CO reduction and 1.7 μA/cm2
Cu for ethanol

production at −0.35 V (Figure 2b,e). For almost all of the
nanowire catalysts the maximum FEs for CO reduction and
ethanol production were reached at −0.30 V, with the HR-150
nanowires being the most selective (Figure 2c,f). It is noticed
that the HR-150 nanowires outperformed at potentials more
positive than −0.35 V as compared to the previously reported
Cu electrodes derived from cuprite, in particular with a positive
shift of the onset potential by ∼100 mV (Figure S10).
Previous reports on cuprite-derived Cu electrodes indicate

that CO reduction activity is correlated to the density of crystal
boundaries.17,20 By examination of the Cu nanowires using
scanning precession electron diffraction (SPED) analysis, we
find that the density of grain boundaries decreases as the

Figure 3. Surface structure analysis for the Cu nanowires. (a) Voltammograms collected in 1 M KOH showing the OHad peaks. (b) CO-TPD
patterns collected for the HR-150 Cu nanowires. (c) Fractions of surface facets for the Cu nanowires derived from the CO-TPD patterns.
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temperature of preparation increases (Figure S11), which is
consistent with the previous observations on cuprite-derived
Cu nanocrystals.17,20 It is however difficult to derive surface
structure information from such analyses for the polycrystalline
Cu nanowires.21,22 Direct imaging of the atomic structures on
the surface of the Cu nanowires using high-resolution TEM
(HRTEM), on the other side, was found to be challenging,
partially due to surface oxidation after the nanowires were
exposed to air.18 To probe the surface structures of the Cu
nanowires, we turned to electrochemical OHad and CO-TPD
studies.
Various facets of Cu single crystals exhibit distinct OHad

peaks at different potentials in voltammograms, allowing for the
use of OHad to probe the surface structures of polycrystalline
Cu electrodes.23 The voltammograms measured for the Cu
nanowires exhibit a series of reversible peaks in the potential
region of 0.35−0.50 V, which can be assigned to the features of
low-index facets of face-centered cubic (fcc) Cu (i.e., ∼0.36 V
for (100), ∼0.43 V for (110), and ∼0.45 V for (111); Figure
3a). An additional shoulder peak was observed at ∼0.34 V,
which was not reported before by the studies on extended
surfaces. Because this peak appears at relatively low potentials,
it is likely associated with more oxophilic surface sites than the
low-index facets. We tentatively assign it to stepped surfaces
such as (211) that have smaller coordination numbers. Based
on the calculated OH adsorption energies (Table S10), this
peak may also correspond to a reconstructed (110) surface. For
simplicity, we denote it as (211)* in the following discussion.
By comparing the voltammograms, it can be seen that the
nanowires prepared at high temperatures have much more

pronounced (211)* features, whereas the (110) peak almost
diminishes (Figure 3a). The surface features shown in the
voltammograms are largely preserved after the electrocatalytic
studies, indicating the structural stability of the nanowires
under the cathodic CO reduction conditions (Figure S14).
The dependence of surface structures on the preparation

conditions was corroborated by CO-TPD studies. The TPD
patterns recorded for the Cu nanowires show CO desorption in
a wide temperature range (i.e., 150−300 K), corresponding to
CO binding energies varying from ∼40 to ∼80 kJ/mol (Figure
3b). Deconvolution of these patterns on the basis of the
previously reported desorption temperatures for various single-
crystal facets24 (as well as the calculated CO binding energies,
see the discussion below) gives four peaks associated with the
four types of surface structures as observed in the voltammo-
grams, namely, (111) at ∼180 K, (100) at ∼205 K, (110) at
∼230 K, and (211)* at ∼260 K. Although quantitative analysis
of the TPD patterns may be obscured by the varying surface
roughness factors, an explicit difference in surface structures can
still be seen among the different types of Cu nanowires from
the integrated peak areas. For example, the HR-150 nanowires
have a substantially larger fraction (14.3%) of (110) facet
exposed on the surface than the HR-300 (15 h) nanowires (3%,
see Figure S15), whereas a reversed scenery was observed for
the (211)* feature for these two types of nanowires (Figure
3c). The differences for the (111) and (100) facets are rather
marginal. These observations are consistent with the findings
from the electrochemical OHad studies.
We have performed DFT calculations to better understand

the surface characterization results. Among the four types of

Figure 4. Simulation of the Cu surfaces for CO reduction based on DFT calculations. (a) Surface energies and (b) CO binding energies for different
Cu facets; (c,d) Free-energy diagrams for CO reduction to C2 products via (c) the CHO−CHO mechanism and (d) the CO−CO coupling
mechanism. (110)-rec indicates a (110) surface with a missing-row reconstruction. The dashed arrows in (d) represent possible CO−CO coupling
through an Eley−Rideal mechanism. The likely formation of *OCCOδ‑ between steps 3 and 4 in (d) is not included for reasons discussed in the
Supporting Information. The illustrations of the configurations of surface adsorbates are on the Cu(110) facet.
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facets considered here, Cu(110) has the highest surface energy,
followed by (211), (100), and (111) (Figure 4a). Our
calculations suggest that the relatively high-energy Cu(110)
surface may be created by the removal of oxygen from the
relatively low-energy (011) surface of CuO (see the Supporting
Information for more details). The Cu(110) surface is likely
metastable, as it does not show up on a calculated Wulff
construction of the equilibrium shape for Cu nanocrystals,25

which may explain the smaller fractions of (110) facet observed
on the surface of Cu nanowires prepared at higher temper-
atures. It is also possible that the (110) surface undergoes a
missing-row reconstruction upon annealing, as the recon-
structed surface is calculated to have slightly lower surface
energy (Figure 4a).26,27 The calculated CO binding energies
exhibit the trend (111) < (100) < (110) < (211) (Figure 4b),
in support of the above assignment of CO desorption peaks in
the TPD studies.
The OHad and CO-TPD results suggest that Cu(110) facets

may be responsible for the high activity and selectivity of the
HR-150 nanowires as compared to those prepared at higher
temperatures. To understand the potential role of this open
facet in the CO reduction electrocatalysis, we have used DFT
calculations to elucidate the reaction pathways of CO reduction
on the various Cu facets. Two possible mechanisms of C−C
coupling, which is believed to be the rate-limiting step in CO
reduction to produce C2 species, are considered: one via the
coupling of two *CHO to form *OCH−CHO*28 and the
other involving the direct coupling of *CO to form C2

species.15,16 The calculated onset potentials are the least
negative potentials at which all reaction steps become
exergonic, which are estimates of the upper (i.e., least negative)
bounds of the real onset potentials do not include possible
transition states for which the uncertainty in the calculated free
energies may be high (see more details of the calculations in the
Supporting Information). From the calculated free-energy
diagrams, the upper bounds of the electrochemical potentials
required for the CHO−CHO coupling mechanism are
estimated to be −0.48, −0.36, −0.43, −0.45, and −0.57 V for
the (211), (110), (110)-reconstructed, (100) and (111)
surfaces, respectively (Figure 4c). The calculated potentials
are consistent with experimental values on (100) and (111),5,14

but the values are somewhat less negative than the previously
reported theoretical values.29−31 This could be due to the
inclusion of van der Waals interactions in our calculations for
hydrogenated adsorbates, which has been shown to provide
more accurate adsorption energies for organic molecules.32−35

A similar trend was found for the CO−CO coupling pathway to
generate *COCHO or *COCOH, with upper bounds of
−0.68, −0.34, −0.49, −0.31, and −0.53 V for the (211), (110),
(110)-reconstructed, (100), and (111) surfaces, respectively
(Figure 4d). If the reaction proceeds through an Eley−Rideal
mechanism (Figure 4d), the calculated upper bounds of the
onset potentials are −0.53, −0.14, −0.37, −0.20, and −0.53 V
for the five types of surfaces. It is possible that on surfaces with
high adsorption energy of OH, such as the (211) facet (Table
S10), the adsorbed OH may limit CO reduction at low
overpotentials.23,30,36 These results indicate that Cu(110),
having an intermediate binding strength to CO among the
five facets studied here, may be the most active for the selective
reduction of CO to C2 species.
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