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ABSTRACT: CO electroreduction activity on oxide-
derived Cu (OD-Cu) was found to correlate with
metastable surface features that bind CO strongly. OD-
Cu electrodes prepared by H2 reduction of Cu2O
precursors reduce CO to acetate and ethanol with nearly
50% Faradaic efficiency at moderate overpotential.
Temperature-programmed desorption of CO on OD-Cu
revealed the presence of surface sites with strong CO
binding that are distinct from the terraces and stepped
sites found on polycrystalline Cu foil. After annealing at
350 °C, the surface-area corrected current density for CO
reduction is 44-fold lower and the Faradaic efficiency is
less than 5%. These changes are accompanied by a
reduction in the proportion of strong CO binding sites.
We propose that the active sites for CO reduction on OD-
Cu surfaces are strong CO binding sites that are supported
by grain boundaries. Uncovering these sites is a first step
toward understanding the surface chemistry necessary for
efficient CO electroreduction.

The use of renewable energy to convert CO2 into chemicals
and fuels is an attractive means of mitigating emissions and

increasing energy security.1,2 Electrochemical CO2 conversion
could help achieve this goal by enabling decentralized CO2
recycling powered by local renewable electricity sources. One
strategy for efficient electrochemical CO2 conversion is to
separate the process into two steps: CO2 reduction to CO,
followed by CO reduction to oxygenates and hydrocarbons.
Numerous CO2 reduction catalysts have been reported that may
enable practical CO2 to CO conversion at low temperature.3−8

Copper is the only catalyst that has shown significant CO
reduction activity in aqueous electrolyte.9,10 However, the
overpotential required to drive CO reduction on polycrystalline
Cu foil is prohibitively high, which indicates that the low-index
terrace and stepped facets that dominate the surface are
inefficient catalysts. We recently showed that nanocrystalline
Cu prepared via reduction of a Cu2O precursor, “oxide-derived
Cu” (OD-Cu), has unprecedented activity for the reduction of
CO to acetate, ethanol, and propanol.11 Transmission electron

microscopy (TEM) revealed that OD-Cu consists of an
interconnected network of nanocrystallites with randomly
oriented grain boundaries at the crystallite interfaces. Dispersed
nanoparticles of comparable dimensions did not show enhanced
CO reduction activity. Based on these data, we hypothesized that
grain boundaries created the active sites for CO reduction.
Insight into the surface chemistry of OD-Cu is vital for
developing improved catalysts.
This study examines the impact of OD-Cu microstructure and

adsorbate binding thermodynamics on electrocatalytic CO
reduction activity. By comparing OD-Cu to thermally annealed
derivatives, we show that the CO reduction activity is tied to
metastable structural features. Temperature-programmed de-
sorption (TPD) of CO is then used to probe the binding strength
of CO on the surfaces of these electrodes.12 We show that CO
reduction activity correlates with the abundance of strong
binding sites that are not found on terraces or stepped surfaces.
TPD has been used to study catalysts such as Cu/ZnO/Al2O3 for
methanol synthesis12,13 as well as model surfaces for low-
temperature electrocatalysis,14−16 but to the best of our
knowledge this is the first time TPD has been used on
nanocrystalline electrocatalysts.
OD-Cu can be prepared by either electrochemical or H2

reduction of Cu oxide precursors. For this study, H2 reduction
was used to facilitate TPD experiments. OD-Cu samples were
synthesized via air oxidation at 500 °C followed by H2 reduction
at 130 °C (herein referred to as OD-Cu−500).11 Scanning
electron microscopy (SEM) showed aggregated particles in a
porous morphology. TEM nanodiffraction indicated that the
material is composed of irregularly shaped, 100−300 nm grains
that are joined by grain boundaries in a dense polycrystalline
network (Figure 1a, e). In order to modulate its structure and
catalytic activity, OD-Cu−500 electrodes were annealed under
N2 at 200 and 350 °C. Annealing at 200 °C had little effect on the
grain size, while annealing at 350 °C resulted in a smoother
morphology and significantly increased grain sizes of ∼1 μm
(Figure 1b, c, f, g). For comparison, an OD-Cu electrode was
prepared by growing the oxide in air at 300 °C for 30 min and
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reducing in H2 at 130 °C (OD-Cu−300). The grain sizes in OD-
Cu−300 are similar to those of OD-Cu−500 and its 200 °C−
annealed derivative (Figure 1d, h), but OD-Cu−300 has a much
smoother, nonporous morphology, as seen by cross-sectional
SEM (Figure S6).
To further characterize the grain boundaries, TEM nano-

diffraction was used to collect orientation maps,17,18 from which
grain boundary density and misorientation angles can be
extracted. From this analysis, the grain boundary densities of
OD-Cu−500, OD-Cu−500 annealed at 200 °C, and OD-Cu−
300 are similar: 15 ± 2, 13 ± 1, and 21 ± 2 μm−1, respectively
(Figures S9, S10, S11, S13). Moreover, the distribution of grain
boundaries is similar in these three electrodes, with ∼37% low-
energy twin boundaries and the rest randomly oriented and
nontwin coincident site lattice boundaries (Figures S9−S14). By
contrast, OD-Cu−500 annealed at 350 °C has a much lower
grain boundary density of 1.7 ± 0.1 μm−1 with ∼53% twins
(Figures S9, S12).
X-ray diffraction and X-ray photoelectron spectroscopy (XPS)

of all four samples indicate that the only bulk crystalline phase
present is Cu0, and the surface comprises primarily Cu0 with
some Cu1+ due to native oxide formation during transfer of the
sample to the XPS chamber (Figures S1−S4). Based on
electrochemical capacitance measurements, OD-Cu−500 has a
roughness factor of 51 (where electropolished Cu foil is 1) arising
from the porous structure. The roughness factor drops to 24 and
14 after annealing at 200 and 350 °C, respectively. OD-Cu−300
has a roughness factor of 6, lower than that of both thermally
annealed electrodes.
Electrochemical activity for CO reduction was assessed via

constant potential electrolysis in 0.1 M KOH electrolyte under 1
atm CO. As previously reported,11 OD-Cu−500 exhibits a peak
Faradaic efficiency of 48% for CO reduction at −0.4 V vs RHE

and generates acetate, ethanol, n-propanol, ethylene, and ethane
(Figure 2a), measured by gas chromatography and nuclear
magnetic resonance (NMR). The surface-area corrected current
density for CO reduction (jCORedn) increases with increasing
overpotential, but rapidly reaches a plateau corresponding to the
mass-transport limit of ∼1 mM dissolved CO in water (Figure
2c).19

Upon annealing, the intrinsic CO reduction activity of the
electrode is significantly reduced. The surface-area corrected
jCORedn is attenuated 2.5-fold on the 200 °C annealed sample and
44-fold on the 350 °C annealed sample (Figure 2c). The loss of
intrinsic CO reduction activity is reflected in the Faradaic
efficiencies (Figure 2a). The ratios of oxygenate to hydrocarbon
products remain similar, but there is a drop in total Faradaic
efficiency for CO reduction and a corresponding increase for H2
evolution. While the 200 °C annealed sample still shows 30%
total Faradaic efficiency for CO reduction, the 350 °C annealed
electrode has less than 5% efficiency, which is comparable to
what was seen previously with commercial Cu nanoparticles.11

These results suggest that the catalytically active sites are tied to
metastable structural features that are kinetically trapped during
reduction of the Cu2O precursor. In contrast, annealing has little
effect on the surface area−corrected current density for H2

evolution (jH2
) (Figure 2d).

The catalytic activity of OD-Cu depends on the thickness of
the Cu2O precursor. OD-Cu−300 is prepared from a thinner
oxide than OD-Cu−500, and it has essentially the same surface-
area corrected jCORedn and Faradaic efficiency as OD-Cu−500
after annealing at 200 °C. Since OD-Cu−300 has 4-fold lower
roughness factor than the 200 °C annealed electrode, this result
indicates that neither electrode porosity nor surface area is a
significant determinant of CO reduction activity. This conclusion
is further supported by the fact that OD-Cu−300 has lower
surface area but much higher CO reduction activity than the 350
°C annealed sample.
In order to connect catalytic activity to the thermodynamics of

adsorbate binding on the surface, CO-TPD was used to probe
the surface chemistry of OD-Cu. To prepare OD-Cu samples for

Figure 1. SEM (a−d) and image quality maps constructed from TEM
electron diffraction data (e−h) of OD-Cu electrodes. (a, e) OD-Cu−
500, (b, f) OD-Cu−500 after 200 °C anneal, (c, g) after 350 °C anneal,
(d, h) OD-Cu−300.

Figure 2. (a) Faradaic efficiency for CO reduction at −0.4 V vs RHE in
CO-saturated 0.1 M KOH. The remainder of the charge passed is H2
evolution. (b) Electrochemical roughness factors (RF). (c) Surface-area
corrected jCORedn vs potential. (d) Surface-area corrected jH2 vs potential.
The error bars represent one standard deviation based on 2−5
measurements.
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TPD, Cu foil was oxidized externally and mounted in the UHV
chamber. Adventitious contamination from exposure to air was
removed by mildly sputtering the surface, and the samples were
reduced at 130 °C under a flow of 1 bar of H2 (Supporting
Information (SI)). XPS at this stage showed a Cu0 surface
(Figure S17) with no trace of Ni (a common contaminant in
UHV in the presence of CO due to the formation of nickel
carbonyl in the gas lines20) or other metallic impurities. The
samples were cooled to 77 K, and CO was dosed into the
chamber. The temperature was then ramped up at 2 K s−1, and a
mass spectrometer monitored the signal from CO at mass 28.
The annealed OD-Cu−500 samples were prepared in an
identical manner and annealed in UHV prior to CO dosing.
The experiments were carried out with a constant dosage of 200
L, which results in variable CO coverage given the different
surfaces areas of the samples (Figure S15).
Figure 3a shows a typical TPD profile for electropolished

polycrystalline Cu foil. Based on literature data from single

crystalline Cu,12,21,22 the low temperature desorption feature
between 100 and 200 K is due to low-index facets such as
Cu(111) and Cu(100), and the high temperature feature
between 200 and 250 K is characteristic of stepped surfaces
such as Cu(211). Figure 3b shows the CO-TPD profile of OD-
Cu−500. The OD-Cu−500 profile shows a high-temperature
feature centered at 275 K that is clearly absent from the profile for
polycrystalline Cu but is present in different proportions in the
profiles for the other OD-Cu samples (Figure 3b−e). Annealing
OD-Cu−500 to 200 and 350 °C reduces the area of the high-
temperature feature (Figure 3c−d). The profile of OD-Cu−300

exhibits broader and less-defined peaks than OD-Cu−500
because its low roughness factor results in a higher CO coverage.
Nonetheless, the high-temperature feature is clearly still present
on OD-Cu−300 (Figure 3e).
Two possible factors could account for the high-temperature

feature in theOD-Cu profiles: (i) CO readsorption in the catalyst
layer, which causes peak broadening and a shift of the peak
maximum to higher temperature, or (ii) surface sites with
enhanced binding to CO. Both of these effects have been
observed in TPD studies on industrial Cu/ZnO/Al2O3 and Cu/
SiO2 catalysts.

23,24 OD-Cu−500 has a large roughness factor, and
a significant fraction of the sample surface may reside in
mesopores where readsorption could occur. Yet, OD-Cu−300
has the lowest roughness factor of the OD-Cu samples and
appears nonporous. Despite its lower roughness factor, OD-Cu−
300 presents a higher proportion of the high-temperature feature
than the 350 °C annealed sample, indicating that readsorption
alone cannot account for the high-temperature feature on OD-
Cu.
Direct, quantitative interpretation of the TPD profiles shown

here is not possible because the morphology of each sample is
different. The same CO dosage gives variations in surface
coverage and differing degrees of readsorption on each sample,
both of which affect the relative proportions of the low-index,
stepped, and strong-binding TPD features. To decouple these
effects, the TPD profiles were simulated using microkinetic
modeling of CO binding to Cu surfaces with different binding
sites and porosities (Figure 3a−e, red dashed line).
To determine the contribution of readsorption to the OD-Cu

profiles, simulations were performed for porous polycrystalline
Cu with two binding sites that have adsorption energies of ∼52
and ∼60 kJ/mol, which correspond to low-index and stepped
facets of Cu (described in the SI). As shown in Figure S21,
increasing the depth of the porous layer causes a shift of the TPD
profile to higher temperature. While simulated porous
polycrystalline Cu has a major peak at 260 K, the overall profile
clearly does not fit that of OD-Cu. It is only possible to model the
experimental TPD profile for OD-Cu by including a strong
binding site with an adsorption energy of ∼67 kJ/mol.
The microkinetic model also enabled quantification of the

proportions of each surface site on OD-Cu. OD-Cu−500 has the
largest proportion of strong-binding sites with 11% surface
coverage. The proportion drops to 5% after annealing at 200 °C
and 1.5% after annealing at 350 °C.While these percentages have
large uncertainty due to assumptions made about the electrode
pore structure, the proportion of strong-binding sites is clearly
reduced by thermal annealing. The proportion of strong-binding
sites on OD-Cu−300 is 5%. When plotted against electro-
chemical activity, a linear correlation is obtained between surface
area-corrected jCORedn and the percentage of strong binding sites
(Figure 3f). On the basis of this correlation, we propose that the
active sites for CO reduction at low overpotential on Cu are
strong-binding sites. Strong CO binding may increase the rate of
CO reduction at a surface site by increasing its steady-state CO
coverage. In addition, a high density of strong binding sites at a
surface region created by a bulk defect may be necessary if the
rate-limiting step involves reductive CO coupling.25,26 However,
these strong-binding sites may not be sufficient for CO
reduction. The OD-Cu−500 electrode annealed at 350 °C
retains 1.5% of the strong binding site despite having jCORedn that
is 44-fold lower than OD-Cu−500. The broad high-temperature
feature observed in TPD does not reflect a single surface atomic
structure; rather it most likely consists of a range of strained or

Figure 3. TPD profiles. (a−e) Experimental data (solid black lines) and
fit resulting from microkinetic simulations (dashed red lines). The
dotted green lines indicate the central position of the low-index facets
and stepped sites in polycrystalline Cu. (a) Polycrystalline Cu. Features
arising from low-index facets are highlighted in light green, stepped sites
are highlighted in dark green; (b) OD-Cu−500; (c) OD-Cu−500
annealed at 200 °C; (d) OD-Cu−500 annealed at 350 °C; (e) OD-Cu−
300; (f) Surface-area corrected jCORedn at −0.4 V (vs RHE) vs the
percentage of strong binding sites estimated from microkinetic
modeling. The solid black line is a linear fit through all of the points.
The horizontal error bars are a means of showing the uncertainty in the
simulations (described in the SI).
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defective structures, all of which bind CO more strongly within
an ∼10 kJ/mol range. As such, it is possible that only a small
subset of these defective structures is capable of catalyzing the
CO reduction reaction. In addition, CO is simply a probe
molecule in these experiments. In electrolyte solution with an
applied potential, the relevant catalytic transition state structures
and binding energies may not scale with the CO binding energy
in UHV.
The reduction in the proportion of strong binding sites upon

thermal annealing qualitatively correlates to the microstructural
change observed in TEM. The 7-fold drop in the strong binding
sites percentage is similar to the 9-fold drop in grain boundary
density observed between OD-Cu-500 and the electrode after
350 °C annealing. Notably, the proportion of strong binding sites
estimated from TPD is significantly larger than the proportion of
grain boundary surface terminations estimated from TEM. Based
on the grain boundary orientation maps and assuming a 1 nm
boundary width, we estimate that OD-Cu-500 has 1−2%
coverage of grain boundary surface termination area while the
TPDmodeling indicates 7−15% coverage of strong binding sites.
If the grain boundaries are responsible for creating all of the
strong binding sites, these results indicate that the surface
terminations affect the structure and binding properties of a
region that encompasses a much larger width of 4−10 nm.
Previous simulations of nanocrystalline fcc metals have shown
that grain boundaries strain the surfaces up to several nanometers
away.27 Annealing the samples to a moderate temperature (200
°C) may relax out some of the strong binding sites without
significantly changing the grain boundaries.
In summary, we present evidence that the high CO reduction

activity on OD-Cu is correlated to surface sites that bind CO
more strongly than low-index and stepped Cu facets. These
metastable sites may arise from disordered surfaces at grain
boundary and defect terminations, which are stabilized by the
interconnected nanocrystalline network. Further structural
elucidation of the surface of OD-Cu will enable the design and
synthesis of more efficient CO reduction catalysts.
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