
RESEARCH ARTICLE
www.advancedscience.com

Grain Boundary-Derived Cu+/Cu0 Interfaces in CuO
Nanosheets for Low Overpotential Carbon Dioxide
Electroreduction to Ethylene

Jianfang Zhang, Yan Wang,* Zhengyuan Li, Shuai Xia, Rui Cai, Lu Ma, Tianyu Zhang,
Josh Ackley, Shize Yang,* Yucheng Wu,* and Jingjie Wu*

Electrochemical CO2 reduction reaction can be used to produce value-added
hydrocarbon fuels and chemicals by coupling with clean electrical energy.
However, highly active, selective, and energy-efficient CO2 conversion to
multicarbon hydrocarbons, such as C2H4, remains challenging because of the
lack of efficient catalysts. Herein, an ultrasonication-assisted
electrodeposition strategy to synthesize CuO nanosheets for
low-overpotential CO2 electroreduction to C2H4 is reported. A high C2H4

Faradaic efficiency of 62.5% is achieved over the CuO nanosheets at a small
potential of −0.52 V versus a reversible hydrogen electrode, corresponding to
a record high half-cell cathodic energy efficiency of 41%. The selectivity
toward C2H4 is maintained for over 60 h of continuous operation. The CuO
nanosheets are prone to in situ restructuring during CO2 reduction, forming
abundant grain boundaries (GBs). Stable Cu+/Cu0 interfaces are derived from
the low-coordinated Cu atoms in the reconstructed GB regions and act as
highly active sites for CO2 reduction at low overpotentials. In situ Raman
spectroscopic analysis and density functional theory computation reveal that
the Cu+/Cu0 interfaces offer high *CO surface coverage and lower the
activation energy barrier for *CO dimerization, which, in synergy, facilitates
CO2 reduction to C2H4 at low overpotentials.
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1. Introduction

Electrochemical CO2 reduction reaction
(eCO2RR) can be employed to produce
value-added hydrocarbon chemicals (e.g.,
ethylene, C2H4) by coupling with clean elec-
trical energy.[1,2] According to recent tech-
noeconomic assessment studies, the pro-
duction cost of C2H4 in the eCO2RR process
is estimated to be as high as US$2.48 per
kg C2H4; thus, it is not economically ben-
eficial, as the market price is US$0.55 per
kg C2H4.[3] Increasing the energy efficiency
of a CO2 electrolyzer is a feasible approach
to reducing production costs. Cu catalysts
have achieved significant advances in the
production rate and Faradaic efficiency (FE)
of C2H4.[4,5] However, they still suffer from
low energy efficiency as the peak FE of C2H4
appears at considerably negative cathodic
potentials from−0.7 to−1.0 V (vs reversible
hydrogen electron (RHE hereafter)).[4,6] Re-
ducing the overpotential of the eCO2RR
over Cu catalysts while maintaining the se-
lectivity and productivity toward a target C2+

product can improve the market competitiveness of the eCO2RR;
however, this remains a big challenge.
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Oxide-derived Cu (OD-Cu) catalysts exhibit a significantly
lower overpotential of the eCO2RR toward C2+ products than Cu
metal catalysts.[7–11] The two main features of the OD-Cu catalyst,
including defect sites with low-coordinated Cu atoms and polar-
ized Cu𝛿+ (0 < 𝛿 ≤ 1) induced by residual subsurface O, have
been deemed responsible for promoting the C–C coupling step
at low overpotentials.[11–16] The defect sites combining the strain
and low coordination number effects enhance *CO adsorption,
increasing the CO coverage of the catalyst, which kinetically fa-
vors C–C coupling over hydrogenation.[17] Similarly, both the ex-
perimental results and theoretical calculations provide solid evi-
dence that *CO adsorption on the Cu+ site is stronger than that
on the Cu0 site because of the unoccupied 3d orbital of Cu+.[18,19]

Moreover, Cu+/Cu0 interfaces promote CO2 activation and CO
dimerization.[10,20–22] The Cu+/Cu0 interface has more favorable
energetics for C–C coupling than a single Cu+ or Cu0 site be-
cause attractive electrostatic interactions between the two Cs of
CO assist the C–C bond formation.[10] However, the existence
of subsurface O during the eCO2RR is a long-standing debate
in literature because its presence depends on the history of the
material.[16,23–26] Further, the theoretical prediction of the stabil-
ity of subsurface O differs because of the difference in the selec-
tion of the material model.[27–31] Thermodynamically, the CuO
will be fully reduced at neutral and alkaline pH for applied po-
tentials lower than −0.1 V.[32] However, the grand canonical po-
tential kinetics density functional theory method has predicted
that subsurface O is preserved in the disordered Cu region with
low coordination.[29–31] Notably, the electrochemical standard re-
dox potentials of Cu𝛿+/Cu0 shift to a more negative value with the
decrease in the bulk size to a few atoms (e.g., −2.7 V for Cu+/Cu°

for a single Cu atom).[33] This suggests that the Cu𝛿+ species
with the subsurface O can be thermodynamically trapped in the
grain boundaries (GBs) containing abundant low-coordinated Cu
atoms. Therefore, it is reasonable to assume that stable Cu𝛿+

species can induce active Cu𝛿+/Cu0 interfaces across Cu GBs.
The GBs in the OD-Cu are formed by the in situ reduction and

reconstruction of CuO nanostructures during the eCO2RR.[34–36]

The electrochemical reduction of CuO or Cu2O to Cu can create
more lattice distortions and defects, which decrease the structural
stability by improving the surface energy of the Cu atoms.[34,35]

The undercoordinated Cu atoms around the lattice distortions
and defect regions are conventionally unstable and inclined to-
ward surface reconstruction to form small-sized grains.[37] A
nanoclustering process is proposed to form relatively small Cu
nanoclusters and nanoparticles with an increasing number of
low-coordinated sites during the eCO2RR.[38] Resultantly, large
CuO or Cu2O nanoparticles spontaneously evolve into small Cu
nanograins with abundant GBs during dynamic reconstruction.
The dislocated lattices with low-coordinated Cu atoms in the re-
constructed Cu GBs provide defect sites for oxide nucleation, af-
fording Cu𝛿+ species along the Cu GBs.[39]

Here, we report a low overpotential yet highly active and selec-
tive CO2-to-C2H4 reduction over GBs involving Cu+/Cu0 inter-
faces. Rich-density GBs are formed via in situ reduction of CuO
nanosheets and subsequent reconstruction during the eCO2RR.
An ultrasonication-assisted electrodeposition method is devel-
oped for the facile synthesis of CuO nanosheets. In contrast to
the electrodeposition onto a substrate in the conventional pro-
cess, ultrasonication-assisted electrodeposition attains freestand-

ing CuO nanosheets formed by peeling Cu nanosheets off the
substrate by ultrasonication, followed by the spontaneous oxi-
dation of Cu in an alkaline solution. To the best of our knowl-
edge, the prepared CuO nanosheets exhibit the lowest potential
of−0.52 V to achieve an industrially relevant C2H4 partial current
density (jC2H4

) of 173 mA cm−2 in the eCO2RR. A high FE of C2H4
(FEC2H4

) of 62.5% at such a low potential contributes to a maxi-
mal half-cell cathodic energy efficiency (CEE) of 41%. The low-
coordinated Cu atoms in the GB regions shift the electrochem-
ical redox potential to more negative values, thereby stabilizing
the Cu+ species and creating the Cu+/Cu0 interfaces across the
GB width. The combined results of in situ Raman spectra and
density functional theory (DFT) computations suggest that the
reconstructed GBs with the Cu+/Cu0 interfaces serve as primary
active sites that steer the C–C coupling to produce C2H4 at low
overpotentials along the pathway of the *CO dimerization.

2. Results and Discussion

2.1. CuO Nanosheets Synthesis and Characterization

An ultrasonication-assisted electrodeposition method was devel-
oped to synthesize the CuO nanosheets at a large scale. Briefly,
the synthesis of the CuO nanosheets was performed in a gal-
vanostatic mode in an undivided two-electrode cell equipped
with a Cu-foam anode and carbon-paper cathode in a 3 m KOH
electrolyte solution, as shown in Figure 1. The electrodeposi-
tion cell was placed in an ultrasonic bath at an ultrasonic power
of 160 W. The entire electrodeposition process was reflected by
chronopotentiometry E–t curves (Figure S1, Supporting Infor-
mation). First, Cu2+ ions were produced by the electrochemical
anodization of the Cu-foam at the anode, and the ions were co-
ordinated with OH− ions to form [Cu(OH)4]2− complexes, fol-
lowed by reduction to Cu on the carbon-paper cathode (stage
I). Subsequently, the gradually cumulative Cu-nanosheet elec-
trodeposits on the cathode were peeled off under ultrasonica-
tion and oxidized into CuO nanosheets in the KOH electrolyte
(stage II). Owing to the accumulation of Cu(OH)2 on the sur-
face of the Cu foam, the predominant reaction on the anode
was switched from Cu anodization to the O evolution reaction
(OER) on Cu(OH)2 during electrodeposition for 40 min. The ap-
plied potential abruptly increased because of the activation po-
larization caused by the sluggish kinetics of the OER. The real-
time captured photo images of the electrolyte revealed that this
proposed two-stage reaction process produced large quantities of
CuO nanosheets (Figure S2, Supporting Information). The syn-
thetic process of the CuO samples at relatively low ultrasonic
powers (0–80 W) exhibited similar E–t curves (Figure S1, Sup-
porting Information). However, the periods of Cu anodization
were shortened to 20 min at 80 W and further to 5 min at 0 W.
These results indicated that the ultrasonic power could regulate
the anodic reaction time for Cu anodization versus the OER. A
high ultrasonic power corresponded to the anodic reaction dura-
tion for Cu anodization to form Cu2+ ions, increasing the yield
of CuO nanosheets by cathodic electrodeposition.

When prepared at a constant electrodeposition current den-
sity of 190 mA cm−2 under an ultrasonic power of 160 W, the
CuO showed a nanosheet morphology, as shown by scanning
electron microscopy (SEM, Figure 2a) and transmission electron
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Figure 1. Schematic illustration of ultrasonication-assisted electrodeposition of CuO nanosheets.

Figure 2. Structural characterization of CuO nanosheets. a) SEM image, b) TEM image, c) high-resolution TEM image and corresponding FFT pattern,
d) HAADF-STEM image, e,f) high-resolution STEM image, g) XRD pattern, h) Cu K-edge XANES spectrum, and i) Cu K-edge Fourier transformed EXAFS
spectrum.
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microscopy (TEM, Figure 2b) images. High-resolution TEM
(HRTEM) images and the corresponding fast Fourier transform
(FFT) revealed an integral crystal plane with a single orientation
of the (111) face (Figure 2c,f). The ultrasonic process facilitated
the formation of the CuO nanosheets and introduced abundant
cracks into the CuO nanosheets, as illustrated by the high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images shown in Figure 2d–f. X-ray diffraction
(XRD) analysis provided evidence of a pure CuO phase in the as-
prepared samples (Figure 2g). The normalized X-ray absorption
near edge structure (XANES, Figure 2h) of the CuO nanosheets
suggested the presence of only Cu2+ species. The coordination
environment of the Cu atom in the CuO nanosheets is the
same as that of the standard CuO reference, as identified by the
Fourier-transformed extended X-ray absorption fine structure
(EXAFS, Figure 2i), further demonstrating the pure composition
of the CuO nanosheets. The combination of the X-ray photo-
electron spectroscopy (XPS) and Auger spectroscopy results
of the Cu 2p, O 1s, and Cu LMM spectra confirmed that only
Cu2+ species were present in the CuO nanosheets (Figure S3,
Supporting Information).

We systematically investigated the effects of the synthetic pa-
rameters on the formation of CuO nanosheets. First, ultrasonic
waves played a critical role in the formation of CuO nanosheets.
Without ultrasonication (ultrasonic power of 0 W), the Cu sam-
ple electrodeposited on the carbon paper showed a microsphere
structure composed of nanoparticles at a deposition current den-
sity of 190 mA cm−2 (Figure S4, Supporting Information). The
as-deposited Cu could be oxidized to CuO (denoted as CuO-0W)
in KOH solution when the applied current was stopped, as con-
firmed by the XRD results (Figure S5, Supporting Information).
The microspheres continuously deposited on the carbon paper
without falling off into the solution during the 1 h electrodepo-
sition. By contrast, the accumulated Cu samples were peeled off
from the carbon paper assisted by the ultrasonic wave and oxi-
dized to CuO in the KOH solution, as demonstrated by the XRD
(Figure S6, Supporting Information). At a low ultrasonic power
of 80 W, the obtained CuO (CuO-80W) presented a hybrid mor-
phology of nanosheets and nanoparticles, indicating that some
partially cracked Cu nanoclusters aggregated to form nanopar-
ticles at a relatively low ultrasonic power (Figure S4, Support-
ing Information). The fragmented Cu nanoclusters were fully
transformed into CuO nanosheets when the ultrasonic power
was increased to 160 W (CuO-160 W). Second, the electrodepo-
sition current density controlled the Cu electrodeposition rate,
thereby affecting the morphology of CuO. Five CuO-160W sam-
ples were synthesized using different electrodeposition current
densities from 160 to 220 mA cm−2 under a fixed ultrasonic
power of 160 W. CuO showed an irregular shape containing thick
sheets at 160 mA cm−2 (Figure S7, Supporting Information).
The morphology of CuO changed to nanoflower, which was an
assembly of nanosheets, when the current density increased to
180 mA cm−2 and evolved into distinguishably thin nanosheets
as the current density increased to 190 and 200 mA cm−2. A
further increase in the current density to 220 mA cm−2 re-
sulted in a dendritic structure accompanied by a small fraction of
nanosheets.

Based on the above results, we propose a four-step growth
mechanism for the CuO nanosheets, as shown in Figure 1. Cu

nuclei were rapidly produced by the electrochemical reduction
of the [Cu(OH)4]2− complexes near the carbon-paper cathode
and continuously grown into Cu nanoclusters upon the reduc-
tion of more [Cu(OH)4]2− complexes (step 1). The ultrasonica-
tion induced the cavitation effect, which provided vacuum bub-
ble reaction conditions with extremely high temperatures and
pressures.[40] The bubbles were born and grown under ultrason-
ication and finally collapsed, facilitating the symmetrical break-
ing of the Cu nanoclusters (step 2). Resultantly, the cracked Cu
nanoclusters were oriented toward the growth of the nanosheet
structures attached to the cathode (step 3). Small nanosheets with
adherent nanoparticles were observed on the electrodeposited Cu
on the carbon paper (Figure S8, Supporting Information), veri-
fying the growth process of the Cu nanosheets. Ultimately, the
accumulated Cu nanosheets were peeled off from the cathode
under ultrasonication and oxidized into CuO nanosheets in the
KOH solution (step 4).

2.2. CO2 Electroreduction Performance

The effect of ultrasonic power on the CuO-based electrodes on
the eCO2RR was evaluated in a liquid electrolyte flow cell using
a 1 m KOH aqueous electrolyte. We compared the activity and
selectivity of the eCO2RR among CuO-0W, CuO-80W, and CuO-
160W prepared at the same electrodeposition current density of
190 mA cm−2. The CuO-0W electrode exhibited the most nega-
tive onset potential of −0.47 V for the formation of C2H4 (Figure
3a). The onset potential shifted positively to −0.33 V for the
CuO-80W electrode and further down to −0.28 V for the CuO-
160W electrode. The jC2H4

dramatically increased in the order of
CuO-0W < CuO-80W < CuO-160W electrodes in the potential
range from −0.28 to −0.55 V (Figure 3a; Figure S9, Supporting
Information). In particular, the CuO-160W electrode achieved a
high jC2H4

of 173 mA cm−2 at a low cathodic potential of −0.52 V,
outperforming prior Cu-based catalysts (Table S1, Supporting
Information). The surface roughness or electrochemical active
surface area (ECSA) of these three electrodes was estimated by
calculating the double-layer capacitance (Cdl) from cyclic voltam-
metry curves at various scan rates (Figure S10, Supporting In-
formation). The CuO-160W electrode showed considerably high
ECSA-normalized jC2H4

(Figure S11, Supporting Information),
indicating that the surface roughness could not fully account
for the increased activity and selectivity of the eCO2RR on the
CuO-160W electrode. Figure S12 of the Supporting Information
shows the FEs of all the eCO2RR products as a function of the
applied potentials for the CuO-0W, CuO-80W, and CuO-160W
electrodes. The CuO-0W electrode required more negative po-
tentials to reach a moderate FEC2H4

, e.g., a peak FEC2H4
of 45.9%

was observed at an applied potential of −0.75 V (Figure 3b). The
CuO-80W electrode showed enhanced C2H4 selectivity with a top
FEC2H4

of 52.4% at a considerably positive potential of −0.60 V.
Interestingly, a maximum FEC2H4

of 62.5% was achieved for the
CuO-160W electrode at a relatively low potential of −0.52 V. The
relatively low overpotentials and relatively high FEC2H4

afforded a
relatively high energy efficiency for CO2-to-C2H4 conversion over
the CuO-160W electrode compared to other CuO electrode coun-
terparts. The CuO-160W electrode attained a maximum half-cell
CEE of 41% for C2H4 formation, which was 1.4 and 3.4 times
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Figure 3. Electrochemical performance of eCO2RR. a) Partial current densities, b) faradaic efficiencies, c) cathodic energy efficiencies of C2H4 on CuO-
0W, CuO-80W, and CuO-160W under various potentials, d) compared faradaic efficiencies and partial current densities of C2H4 among various CuO-
160W electrodes prepared by different electrodeposition current density, e) comparison of partial current density, FE, half-cell CEE, onset potential and
overpotential (𝜂) of C2H4 on CuO-160W with those of state-of-the-art Cu-based catalysts, and f) long-term stability test of CuO-160W at −0.52 V (black
line, total current density; red ball, C2H4 faradaic efficiency).

that for the CuO-80W (30%) and CuO-0W (12%) electrodes,
respectively (Figure 3c). These results strongly suggested the
ultrasonic power dependence of the reactivity of the CuO
electrodes.

Next, we analyzed the effect of the electrodeposition cur-
rent density on the performance of the CuO electrodes for the
eCO2RR. The FEs and corresponding partial current densities
for the various products are shown in Figure 3d and Figures
S13 and S14 (Supporting Information). For the CuO electrodes
prepared at 160 W, both FEC2H4

and jC2H4
showed volcano pro-

files, and the highest was observed at the electrodeposition cur-
rent density of 190 mA cm−2. The corresponding potential of
the peak FEC2H4

displayed an inverse volcano plot as a function
of the electrodeposition current density. Figure 3e compares the
critical performance metrics of CO2 electrolysis, including the
onset potential, peak FEC2H4

, overpotential (𝜂), and jC2H4
for the

peak FEC2H4
, and the corresponding half-cell CEE between the

CuO-160W (deposited at 190 mA cm−2) and previous Cu-based
electrodes.[11,41–45] The CuO-160W electrode possessed the lowest
onset potential for C2H4 production. Moreover, the CuO-160W
electrode yielded the highest jC2H4

at the lowest corresponding po-
tential of −0.52 V. Accordingly, the CuO-160W electrode attained
the highest half-cell CEE of 41%. Additionally, the long-term sta-
bility test demonstrated that the CuO-160W electrode maintained
a steady jtotal of 300 mA cm−2 and a stable FEC2H4

of ≈60% for at
least 60 h when CO2 electrolysis was performed at a constant po-
tential of −0.52 V (Figure 3f).

2.3. Surface Reconstruction during the CO2 Reduction

To explore the underlying mechanisms of the enhanced activity
and selectivity toward CO2-to-C2H4 conversion on the CuO-
160W electrode, we first examined the morphology and chemical
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Figure 4. Morphological and compositional analysis of post CuO-160W after eCO2RR. a) HAADF-STEM image, b) high-resolution TEM image, c) high-
resolution HAADF-STEM image with magnified region of GBs and Cu+/Cu0 interfaces. Green, blue, and red lines in the right-hand image represent
Cu2O GBs, Cu GBs and Cu+/Cu0 interfaces, respectively. d) EELS mapping of Cu+ in 1 and Cu0 in 2, e) Corresponding EELS spectra collected from the
areas of 1 and 2 in (d), f) XRD patterns, g) Cu K-edge XANES spectra, h) Cu K-edge Fourier transformed EXAFS spectra.

composition of this electrode after the eCO2RR by ex situ
characterization analysis. The overall nanosheet structure of
the CuO-160W remained intact after the eCO2RR (Figures S15
and S16, Supporting Information). However, a large number of
pore defects were generated on the post-CuO-160W nanosheets,
which were observed in low-magnification HAADF-STEM
images (Figure 4a). Additionally, the HRTEM images provided
direct evidence for the reconstruction of the post-CuO-160W
nanosheets. The integral CuO(111) nanosheets were reduced and
reconstructed to form small fragments of Cu2O(111) (outlined in
green) and Cu(111) (outlined in blue), resulting in high-density
GBs (Figure 4b). The Cu2O grains were supposed to be formed
by the reoxidation of the Cu grains. The abundant defects in
the Cu GBs not only reduced the nucleation energy barrier of
Cu2O but also improved the dissociation of O2 to O owing to
the high O-sticking coefficient at the defective active site.[46]

The high-density Cu GBs were the preferential nucleation sites
for the growth of CuO and provided channels for O diffusion,
leading to the easy reoxidization of metallic Cu to Cu2O.[39,47,48]

Resultantly, the fragmented Cu2O(111) and Cu(111) grains
afforded abundant Cu2O(111)/Cu(111) (Cu+/Cu0) interfaces
(outlined in red) in the post-CuO-160W nanosheets. The high-
resolution HAADF-STEM image shown in Figure 4c further
exhibits both GBs and Cu+/Cu0 interfaces in the fragmented

post-CuO-160W nanosheets. Electron energy loss spectroscopy
(EELS) mapping showed the distinguished Cu2O and Cu grains
(Figure 4d,e; Figure S17, Supporting Information). Notably, the
post-CuO-0W microspheres showed an integrated lattice plane
of Cu(111) in the HRTEM image after the eCO2RR (Figure S18a,
Supporting Information), indicating that it was challenging to
reconstruct the GBs. The post-CuO-80W exhibited a medium
density of GBs between the Cu(111) grains (Figure S18b, Sup-
porting Information). The post-CuO-160W nanosheets electrode
exhibited the highest density of GBs (Figure S18c, Supporting
Information). The rich density of the reconstructed GBs afforded
the improved performance of the CuO-160W nanosheets rather
than the exposed (111) facet. The XRD pattern showed that the
post-CuO-160W nanosheets were composed predominantly of
Cu with minor Cu2O phases (Figure 4f). The Cu K-edge XANES
spectra of the post-CuO-160W nanosheets displayed a typical
absorption edge position for Cu (Figure 4g), suggesting that
metallic Cu predominated in this electrode. The corresponding
EXAFS spectra showed two main peaks corresponding to the
Cu–O and Cu–Cu coordination shells at 1.44 and 2.23 Å, respec-
tively (Figure 4h). The XPS analysis of the Cu 2p, O 1s, and Cu
LMM spectra further demonstrated that the surface composition
of the post-CuO-160W nanosheets was mainly composed of Cu
and Cu2O (Figure S19, Supporting Information).
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Figure 5. In situ Raman measurements of CuO-160W electrode during eCO2RR. a) eCO2RR under different potentials for 10 min at each potential, b)
eCO2RR under various durations at −0.50 V, and c) schematic illustration of the reconstruction mechanism of CuO-160W under eCO2RR condition.

Notably, the electrochemical standard potentials for small
metal clusters containing n atoms (n < 20) were more negative
than the value of the bulk metal (n >> 20).[49–52] In a limiting
case, the electrochemical standard reduction potentials for a sin-
gle metal atom were several volts more negative than for bulk
metal (e.g., −1.5 V for Au+/Au1

0, −1.8 V Ag+/Ag1
0, and −2.7 V

for Cu+/Cu1
0).[33,53,54] Lattice deformation and dislocation in re-

constructed GBs created many Cu and/or Cu+ surface sites with
a low coordination number. Thus, although the Cu2O(111) grains
will likely be reduced to Cu0 during eCO2RR, the Cu2O surface
sites in the region of the GBs could maintain a Cu+ state because
they held more negative reduction potentials than the applied
potential (the most negative applied potential in this study was
−0.55 V). We believe that the electrochemically stable Cu+/Cu0

interfaces across the reconstructed GBs were responsible for
the low-overpotential yet highly selective and productive CO2-to-
C2H4 conversion over the CuO-160W electrodes.

To further explore the surface reconstruction mechanism, we
carried out in situ Raman spectroscopy to monitor the structural
evolution of the CuO-160W electrode. As shown in Figure 5a,
the typical Raman peaks of CuO at 250 and 280 cm−1 were ob-
served for the CuO-160W electrode at an open-circuit potential
(OCP). The CuO Raman signals disappeared when a constant
potential of −0.15 V was applied. Meanwhile, a peak at 523 cm−1

was observed, which could be assigned to the Cu2O species.[55]

This Raman signal intensity of Cu2O continued to increase as
the applied potential increased to −0.30 V and remained almost
constant from −0.35 to −0.55 V. When the applied potential ex-
ceeded −0.55 V, the peak intensity of Cu2O slightly decreased but
was still retained at a high potential of −0.65 V. The decrease in
the peak intensity was ascribed to the applied potential exceeding

the standard reduction potential of −0.36 V for bulk Cu2O reduc-
tion to Cu in an alkaline solution. The Raman spectra results in-
dicated that the Cu2O species remained in existence during the
eCO2RR, which was largely attributed to abundant undercoordi-
nated Cu atoms or clusters in the dense Cu GBs.[33] Further, we
investigated time-dependent Raman spectra on the CuO-160W
electrode at −0.50 V to gain in-depth insight into the evolution of
reconstruction with time (Figure 5b). The Cu2O Raman signal
intensity increased as electrolysis extended, mainly because of
the increased concentration of the reconstructed GBs with time.
Combining these ex situ TEM and in situ Raman spectroscopy
results, we propose that the CuO nanosheets are first reduced to
metallic Cu. Thereafter, they are reconstructed to form Cu GBs,
followed by reoxidization to Cu2O under eCO2RR conditions, af-
fording electrochemically stable Cu+/Cu0 interfaces across the
reconstructed Cu GBs regions (Figure 5e).

2.4. Mechanism of the CO2 Reduction at Low Overpotentials

To gain mechanistic insight into the low overpotential CO2-to-
C2H4 conversion on the Cu+/Cu0 interfaces, DFT calculations
were performed to compare the thermodynamic reaction ener-
gies of the eCO2RR among the Cu GBs, Cu2O GBs, and Cu+/Cu0

interfaces (Figure 6a). Cu(111) and Cu2O(111) were selected as
the model planes based on the TEM results (Figure 4b). Since
*CO is the key intermediate for the C–C coupling step, the Gibbs
free energy of the CO2 reduction to *CO intermediates was first
calculated for three structures of active sites: the Cu GBs, Cu2O
GBs, and Cu+/Cu0 interfaces (Figure 6b). Along the pathway of
the CO2 reduction to *CO, the Cu+/Cu0 interfaces required the
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Figure 6. DFT calculations. a) Models for Cu GBs, Cu2O GBs, and Cu+/Cu0 interfaces. b) Free energy for hydrogenation of CO2 to form *CO on Cu
GBs, Cu2O GBs, and Cu+/Cu0 interfaces. c) Free energy for the different pathways following *CO formation reduction, i.e., *CO reduction and *CO
dimerization on Cu+/Cu0 interfaces. d) Energy diagram of *CO dimerization to *OCCO and the subsequent *OCCO hydrogenation to *OCCOH on Cu
GBs, Cu2O GBs, and Cu+/Cu0 interfaces. e) Calculated optimized structures for main reaction intermediates on Cu+/Cu0 interfaces. The blue, gray, red,
and white balls represent Cu, O, C, and H, respectively.

lowest uphill reaction energy of 0.5 eV to form *COOH inter-
mediates. The free-energy diagram suggests that the Cu+/Cu0

interfaces facilitated the *CO formation more than the Cu GBs
and Cu2O GBs. The following elemental reactions, involving the
three branch steps of *CO dimerization, the hydrogenation of
*CO to *COH, and the hydrogenation of *CO to *CHO inter-
mediates, were further analyzed over the Cu GBs, Cu2O GBs,
and Cu+/Cu0 interfaces (Figures S20–S22, Supporting Informa-
tion). For the Cu GB surfaces, the reaction energy for the hydro-
genation of *CO into *CHO was 0.44 eV (Figure S23, Support-
ing Information), which was lower than that for the dimerization
of *CO to *OCCO (0.92 eV) and the hydrogenation of *CO into
*COH (0.54 eV). This indicates that the C–C coupling step pre-
ferred the *CHO route over the *OCCO or *COH routes on the
Cu GBs. The reaction energy for the *CO dimerization for the
Cu2O GBs termination surface was reduced to 0.45 eV (Figure

S24, Supporting Information), which was lower than that for the
formation of *CHO (0.64 eV) and *COH (0.76 eV). Therefore,
the dimerization of *CO to form *OCCO is an energetically fa-
vorable route for Cu2O GBs. Interestingly, the reaction energy of
the *CO dimerization to *OCCO sharply declined to 0.12 eV on
the Cu+/Cu0 interfaces, which was the lowest one compared to
that for the formation of *COH and *CHO (Figure 6c). Therefore,
the pathway of the dimerization of *CO to *OCCO was the most
thermodynamically favorable for the Cu+/Cu0 interfaces. The sta-
ble Cu+/Cu0 interfaces were derived across the reconstructed Cu
GBs, even under the eCO2RR.

We further studied the kinetics of the dimerization of *CO
to *OCCO on the Cu GBs, Cu2O GBs, and Cu+/Cu0 interfaces,
as shown in Figure 6d,e. The *CO dimerization on the Cu GBs
surface required a high activation energy barrier (1.57 eV) to
form a transient state (TS1). The activation energy barrier for
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TS1 decreased to 0.97 eV on the Cu2O GBs surfaces. It was
further lowered to 0.64 eV on the Cu+/Cu0 interfaces, facilitating
the dimerization of *CO to *OCCO. Additionally, the activation
energy barrier for TS2 along the pathway of the hydrogenation
of *OCCO to *OCCOH on the Cu+/Cu0 interfaces was lower
than that for TS1, suggesting that *CO dimerization was the
rate-determining step (RDS) for eCO2RR. Further, previous
studies found that the synergistic effect between the surface Cu0

and Cu+ sites promoted *CO dimerization to form *OCCO.[10]

The positively charged *CO on the Cu+ site and the negatively
charged *CO on the Cu0 site were dimerized with feasible
thermodynamics and kinetics.[10,22]

Notably, the lowered activation energy barrier for the RDS of
the *CO dimerization could not explain the low overpotential of
CO2 reduction to C2H4 over the Cu+/Cu0 interfaces. The *CO
dimerization rate had a reaction order of two with respect to
the *CO surface coverage. Further, we compared the CO genera-
tion and dimerization rates as a function of the applied potential
among three different CuO electrodes (Figure S25, Supporting
Information). The CuO-160W electrode containing the Cu+/Cu0

interfaces showed the highest CO generation rate of 83 mA cm−2

at a low potential of −0.52 V, translating to the highest *CO sur-
face coverage. The in situ Raman spectra results supported the
high *CO surface coverage of the CuO-160W electrode. Upon
applying a potential ranging from −0.30 to −0.65 V, three new
bands at 280, 365, and 1900–2200 cm−1 were observed, which
were assigned to the CO–Cu frustrated rotation, CO–Cu stretch,
and C≡O stretch, respectively (Figure 5a).[56] The integrated area
of the C≡O stretching band was directly proportional to the *CO
surface coverage.[57] The CuO-160W electrode exhibited higher
*CO surface coverage than the CuO-0W and CuO-80W electrodes
according to the integrated area of the C≡O stretch band (Fig-
ure 5a; Figure S26, Supporting Information). Resultantly, the
*CO dimerization rate was not limited by accessible *CO, afford-
ing a low overpotential for CO2 to C2H4 reduction over the CuO-
160W electrode. Notably, the relatively high *CO surface cover-
age further boosted the *CO dimerization rate for the CuO-160W
electrode.[58,59] The *CO dimerization rate of the CuO-160W elec-
trode was 3.7 times higher than that of the CuO-0W electrode at
−0.52 V (Figure S25, Supporting Information).

3. Conclusion

In summary, CuO nanosheets synthesized by the
ultrasonication-assisted electrodeposition method are sus-
ceptible to in situ restructuring to form high-density GBs with
Cu+/Cu0 interfaces during the eCO2RR. Combining experimen-
tal results with DFT calculations, we found that the Cu+/Cu0

interfaces across the region of reconstructed GBs reduced the
kinetic energy barrier of the C–C coupling through the *CO
dimerization. The unique structure of the reconstructed GBs
with the Cu+/Cu0 interfaces provided abundant active sites for
the CO2 activation to produce more CO intermediates in the
low overpotential region. The high concentration of the CO
intermediates translated to a high *CO surface coverage, further
reducing the activation energy barrier of the C–C coupling.
Overall, high *CO surface coverage circumvented the limita-
tion of accessible *CO and allowed the *CO dimerization at
low overpotentials. Resultantly, the CuO nanosheet electrode

achieved a remarkable FEC2H4
of 62.5% with a current density

of 173 mA cm−2 at a relatively low potential of −0.52 V. Such a
low overpotential and high FEC2H4

yielded a high half-cell CEE
of 41% for C2H4 formation.

4. Experimental Section
Catalyst Synthesis: The CuO catalysts were synthesized using an

ultrasonic-assisted electrodeposition method. The electrodeposition was
conducted in a two-electrode cell equipped with a Cu-foam anode and
carbon-paper cathode. Further, 3.0 m KOH solution was used as the elec-
trolyte. The galvanostatic mode was employed for the electrodeposition of
Cu samples on the carbon paper. The accumulated Cu deposits were ex-
foliated from the carbon paper under an ultrasonic process at 160 W and
spontaneously oxidized into CuO in the KOH solution. Five CuO-160W
catalysts were synthesized with electrodeposition current densities of 160,
180, 190, 200, and 220 mA cm−2. Two control CuO samples were prepared
with ultrasonic powers of 0 and 80 W under an electrodeposition current
density of 190 mA cm−2.

Physical Characterization: SEM images were collected using an
SU8020 microscope to analyze the morphology of the catalysts. STEM was
performed using an FEI Talos 200F microscope with an acceleration volt-
age of 200 kV and an HAADF detector. XRD was performed using a PAN-
alytical X-Pert PRO MPD instrument with a Cu-target X-ray source (𝜆 =
1.5 Å). XPS was performed on an ESCAL AB250Xi spectrometer with Al K𝛼
X-ray radiation. X-ray absorption spectroscopy measurements at the Cu
K-edge were conducted at the National Synchrotron Light Source II of the
Brookhaven National Laboratory. In situ Raman spectra were collected on
a Horiba LabRAM HR evolution Raman spectrometer with a 633 nm laser
equipped with a gas–solid–liquid three-phase flow cell (Gaossunion Tech-
nology Co., Ltd.). During the in situ Raman testing, a 1.0 m KOH solution
serving as both the catholyte and anolyte was pumped into the electrolyte
compartment at a flow rate of 0.1 mL min−1, whereas CO2 (99.99%) was
continuously supplied to the gas compartment at a flow rate of 5 sccm.

ECO2RR Measurements: The eCO2RR experiments were performed on
a customized electrochemical test station equipped with a Gamry electro-
chemical workstation, homemade flow cell electrolyzer, mass flow con-
troller, and peristaltic pump. CuO catalyst inks were sprayed onto a 2 × 2
cm2 gas diffusion layer (GDL), a carbon paper with a microporous car-
bon layer (Sigracet 34BC), to prepare gas diffusion electrodes (GDEs).
The loading of the CuO catalysts was 0.5 mg cm−2 for all GDEs. The as-
prepared, relatively large CuO-based GDEs were cut into 1 × 1 cm2 pieces,
which served as the cathode for multiple independent tests, whereas Ni
foam pressed onto a 2 × 2 cm2 GDL acted as the anode. The current den-
sities were calculated based on the active geometric area of the cathode (1
cm2). Additionally, 1.0 m KOH solution was pumped into the cathodic and
anodic compartments at a flow rate of 1.0 mL min−1 and separated using
an anion exchange membrane (Fumasep FAA-3-PK-75). High-purity CO2
gas was fed into the serpentine flow channel on the cathode side at a flow
rate of 50.0 sccm. A constant cell voltage was applied to the flow cell during
CO2 electrolysis. An Ag/AgCl (saturated KCl) electrode was bridged to the
cathodic compartment to measure the electrode potential. All potentials
were converted to an RHE scale with manual iRs compensation: ERHE =
EAg/AgCl + 0.0591 × pH + 0.197 V − iRs. The iRs was determined by poten-
tiostatic electrochemical impedance spectroscopy measurements under
an OCP at frequencies ranging from 100 kHz to 0.1 Hz.

Product Analysis: The gaseous products were analyzed by online gas
chromatography (GC, Agilent 7890 B) with a flame ionization detector
(FID) and a thermal conductivity detector (TCD). The molar percentages
of the gaseous products were calculated from the GC peak areas based
on the calibration curves (TCD for H2, CO2, and CO; FID for CH4, C2H4,
and C2H6). The liquid products were quantified by 1H nuclear magnetic
resonance (NMR) spectroscopy (Bruker AV 400 MHz spectrometer). The
concentration of the liquid products was calculated based on the NMR
peak integral areas and calibration curves. To prepare the NMR samples,
500 μL of the collected electrolyte was mixed with 100 μL of D2O solution
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consisting of 5× 10−3 m 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium
salt (TSP). TSP was used as an internal standard.

The half-cell cathodic energy efficiency was calculated by the following
equation

CEE =

(
1.23 − E0

C2H4

)
× FEC2H4

1.23 − Ecathode
(1)

where the overpotential of anodic OER is assumed to be zero,
E0

C2H4
denotes the standard potential of CO2 reduction to C2H4, 0.08 V,

FEC2H4
is the FE of C2H4, and Ecathode is the applied potential of the cath-

ode.
DFT Calculations: First-principles were employed to perform all spin-

polarization DFT calculations within the generalized gradient approxima-
tion using the Perdew–Burke–Ernzerhof formulation.[60,61] The projected
augmented wave potentials were chosen to describe the ionic cores and
considered valence electrons using a plane-wave basis set with a kinetic
energy cutoff of 400 eV.[62] The symmetrical low-angle tilt boundary model
was chosen for the DFT simulation based on the HRTEM images. The par-
tial occupancies of the Kohn–Sham orbitals were allowed using the Gaus-
sian smearing method with a width of 0.05 eV. The electronic energy was
considered to be self-consistent when the energy change was less than
10−4 eV. Geometry optimization was deemed to be convergent when the
energy change was smaller than 0.04 eV Å−1. The vacuum spacing in the
direction perpendicular to the plane of the structure was 16 Å. Brillouin
zone integration was performed using 2 × 2 × 1 Monkhorst–Pack k-point
sampling for the structure. Gibbs free energy was calculated using the fol-
lowing equation

G = E + ZPE − TS (2)

where G, E, ZPE, and TS are the Gibbs free energy, total energy from DFT
calculations, zero-point energy, and entropic contributions, respectively.
The U correction was set to 3.41 eV for the Cu atoms in the systems.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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