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ABSTRACT The electrocatalytic CO2 reduction technology is
expected to simultaneously alleviate increasing CO2 emissions
and the depletion of fossil resources. However, it is still a big
challenge to improve the selectivity toward valuable multi-
carbon products in electrocatalytic CO2 reduction reaction. In
this study, the synergistic role of Cu+ and Cu0 species in Cu2O-
Cu interfaces is unravelled through density functional theory
(DFT) calculations, in which the electrode surface exhibits low
free energy of *COCO intermediate formation and H2O dis-
sociation, which are beneficial to the high selectivity towards
multi-carbon products, especially C2H4. Guided by these DFT
results, an oxide-derived copper electrode activation strategy
that builds the synergistic Cu+ and Cu0 on Cu2O-Cu interfaces
is designed to boost the selectivity toward multi-carbon pro-
ducts. Interestingly, Cu2O cubes chosen as the pristine catalyst
are activated via a square-wave (SW) potential treatment to
form SW-Cu2O cubes that bear Cu+ and Cu0 species. The as-
prepared SW-Cu2O cubes exhibit superior Faradaic effi-
ciencies for C2H4 (60%) and C2+ products (75%) in an H-type
cell, which are about 1.5 times that of the Cu2O cubes. This
study demonstrates the synergistic Cu0 and Cu+ on Cu2O-Cu
interfaces for improving the selectivity of a specific valuable
multi-carbon product in electrocatalytic CO2 conversion.

Keywords: Cu+ and Cu0, C–C coupling, CO2RR, Cu2O-Cu in-
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INTRODUCTION
Converting CO2 into fuels and value-added chemicals is a pro-
mising route to alleviate increasing CO2 emissions and achieve a
sustainable carbon-neutral energy conversion in industrial
society [1–3]. Particularly, CO2 electroreduction technology
utilizing renewable electricity can effectively store energy in the
form of chemical bonds by breaking and rearranging the strong
bonding in CO2 and water, thereby generating fuels and valuable
chemicals [4,5]. Until recently, the electrocatalytic CO2 reduc-

tion reaction (ECO2RR) to form C1 products (CO and HCOOH)
has been achieved with a high Faradaic efficiency (FE > 90%)
and partial current density almost close to the industrial level
[6–9]. However, the production of multi-carbon valuable com-
pounds from ECO2RR still remains a challenge due to the dif-
ficulty in restraining the kinetically favored hydrogen evolution
reaction (HER) and the low selectivity toward specific products.
Therefore, designing electrodes with high activity and selectivity
toward multi-carbon products for ECO2RR remains one of the
major priorities [10]. Among various electrocatalysts reported
for ECO2RR, metallic Cu and Cu-based materials have shown
great potential to produce multi-carbon products in aqueous
solutions due to their suitable adsorption energy for the key
intermediate (*CO) during CO2 transformation [11–13].
Nevertheless, these electrocatalysts suffer from moderate bind-
ing energies with most intermediates (i.e., *CHO, *COCO, or
*COCOH), which leads to low selectivity toward valuable pro-
duct formation [14–16].
Previous studies reported that Cu2+ species are not active sites

in ECO2RR [14,17]. Intriguingly, an electrode surface with a
dominant low chemical state of Cu (oxidized Cu+ and metallic
Cu0) has been reported to offer higher yields of valuable pro-
ducts (i.e., C2H4, C2H5OH, CO, CH4, and HCOOH) [17].
Moreover, the importance of Cu+ species towards CO2 trans-
formation was confirmed by electrocatalytic selectivity studies
on ECO2RR. For instance, Cuenya’s group [18] demonstrated
the oxidized Cu (Cu+) surface can produce C2H4 with higher
selectivity compared with the H2-plasma treated Cu surface
(Cu0). Following this seminal study, the presence of Cu+ species
was speculated to alter the thermodynamic adsorption energies
of the key intermediates as well as the kinetic barrier of the
reaction, which led to the change in ECO2RR pathways [19].
Additionally, Lee’s group [20] reported that the mixed Cu+ and
Cu0 states favored C2+ production, in which the Cu2O layer with
mixed Cu+ and Cu0 states exhibited enhanced selectivity toward
C2H4. Some other reports also revealed that the Cu electrode
with different degrees of oxidation state (mixed Cu+ and Cu0) is
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capable of directing a particular CO2RR pathway to obtain the
corresponding C2H4/C2H5OH products [21,22]. To further
investigate the positive effects of Cu+ and Cu0 on efficient and
selective C2+ production, the roles of Cu+ and Cu0 for CO2
adsorption and activation as well as H2O dissociation for
boosting the C–C coupling and improving multi-carbon pro-
duction are discussed using theoretical analysis in this work.
Density functional theory (DFT) calculations reveal that the
synergistic Cu+ and Cu0 on Cu2O-Cu interfaces facilitate the
formation of *COCO intermediates with low free energy and
H2O dissociation on the electrode surface, which is beneficial to
the high selectivity towards multi-carbon production, especially
C2H4 formation.
Inspired by the DFT findings, an oxide-derived copper elec-

trode activation strategy that builds the synergistic Cu+ and Cu0

sites on Cu2O-Cu interfaces was designed. The pristine Cu2O
cubes were activated via a square-wave (SW) potential treatment
to form SW-Cu2O cubes. Interestingly, the fast and periodic
exposure to anodic and cathodic potentials in the process of SW
significantly modified the distribution of Cu species on the
surface of Cu2O cubes and formed SW-Cu2O cubes with uni-
formly distributed Cu+/Cu0 interfaces. The designed structure
exhibits high FEs for C2H4 (~60%) and C2+ products (~75%),
which is about 1.5 times higher than that of pristine Cu2O cubes
(~39% for C2H4 and ~51% for C2+ products) under optimal
conditions. Moreover, the as-prepared SW-Cu2O/Cu cubes also
display a higher partial current density for C2H4 (~60 mA cm−2)
in an H-type cell, which is about 2.3 times higher than that of
pristine Cu2O cubes. Therefore, SW-Cu2O cubes can be regarded
as a model catalyst for C2+ production, due to the synergistic
effect of Cu+ and Cu0 on Cu2O-Cu interfaces, which improves
the key processes of C–C coupling and H2O dissociation in
ECO2RR. Furthermore, creating effective interfaces with Cu0 and
Cu+ species can also be extended to design other Cu metal and
Cu-based catalytic systems to boost the selectivity of electrodes
toward a specific valuable multi-carbon product.

EXPERIMENTAL SECTION

Synthesis of pristine Cu2O cubes
Cu2O cubes were synthesized via a wet chemical reduction
method according to a previous report [23]. Firstly, 2.0 mL of
0.9 mol L−1 C6H5Na3O7·2H2O was added into 400 mL of distilled
water and stirred for 20 min. Then 2.0 mL of 1.2 mol L−1

CuSO4·5H2O aqueous solution was rapidly added into the above
solution and stirred for 5 min. Next, 2.0 mL of 4.8 mol L−1

NaOH aqueous solution was added to the above-mixed solution
and contineously stirred for 5 min to obtain a blue solution.
Finally, 2.0 mL of 1.2 mol L−1 ascorbic acid solution was added
into the obtained blue solution and stirred for 30 min to obtain
the orange-yellow turbid liquid. The obtained precipitate was
collected by centrifugation and then washed with distilled water
and methanol. Afterward, the as-prepared orange powder was
dried under a vacuum at 60°C for 6 h.

Cu2O cubes activated by SW
A certain amount of pristine Cu2O cubes was loaded onto a gas
diffusion layer electrode. The pristine Cu2O was activated via
SW in a CO2-saturated 0.1 mol L−1 KHCO3 electrolyte by
alternating the oxidation and reduction potentials and SW
treatment was also employed for different times to obtain SW-

Cu2O/Cu electrodes at a fixed pulse time of 0.1 s.

Theoretical calculations
In the present work, the geometric structures of models were
first optimized to obtain the corresponding energy values, and
then electronic structures and other properties were calculated
under the optimized geometric structure. The calculations were
performed to obtain structural parameters and electronic
properties by using Vienna ab-initio Simulation Package (VASP)
in the framework of DFT [24,25]. The ion-electron interaction
was described by the projector-augmented wave (PAW) method
[26]. The exchange-correlation potential was treated using the
generalized gradient approximation (GGA) parameterized by
Perdew-Burke-Ernzerhof (PBE) approach [27]. Each atom in the
reactant and product was relaxed by the conjugate gradient
method. The plane wave cut-off energy was 450 eV and the
Brillouin Zone (BZ) integral was automatically generated by the
Monkhorst-Pack method (5 × 5 × 1) irreducible k-space grid.
The bulk spin was not restricted and the internal stress con-
vergence standard of the crystal was 0.02 GPa. The single-atom
energy convergence standard was <10−4 eV Å−1, and the con-
vergence standard of the interaction force between atoms was
0.01 eV nm−1. The calculation model of Cu2O and Cu2O-Cu
included six layers and the unit cell was separated by a vacuum
layer with a thickness greater than 15 Å in the Z-axis direction to
avoid electrostatic Coulomb interaction between atoms on the
upper and lower surfaces. The three layers of atoms below were
fixed while relaxing other atoms at the same time.

RESULTS AND DISCUSSION

DFT calculations
Previous experimental efforts have unveiled the role of Cu+ and
Cu0 species on ECO2RR products. To investigate their syner-
gistic influence and further uncover the mechanism for the
enhanced selectivity toward C2+ production, a theoretic analysis
was conducted. The Cu2O-Cu model is used to simulate the Cu+/
Cu0 interfaces, in which some Cu0 crystalline domains are
embedded in the Cu2O crystal. The crystal structure models of
Cu2O (100) and Cu2O-Cu (100) are shown in Fig. 1a, b. The
electronic analysis of Cu2O and Cu2O-Cu was performed by
density of states (DOS), as shown in Fig. S1. It can be seen that
the energy bandgap of Cu2O-Cu (0.78 eV) is lower than that of
Cu2O (1.25 eV), illustrating the enhanced conductivity of Cu2O-
Cu. Additionally, the electronic structures of Cu2O and Cu2O-
Cu were first studied via DFT calculations to explore the rela-
tionship between the structure and their ECO2RR performance.
From the local charge on Cu2O and Cu2O-Cu (Fig. 1c, d), the
arrangement of the electrons between Cu+ ions in Cu2O crystal is
relatively concentrated and isolated. Whereas, the electron dis-
tribution on Cu+ ions and Cu0 atoms of Cu2O-Cu is in a con-
nected form, thus improving the conductivity and facilitating the
progress of surface catalytic reactions. Furthermore, the charge
difference for the adsorption of CO2 molecules on the surface of
Cu2O and Cu2O-Cu is shown in Fig. S2. The adsorption of CO2
molecules on the surface of Cu2O in Fig. S2a shows that the
electrons are mainly concentrated between Cu+ ions in Cu2O
crystals and C atoms in CO2 molecules, which indicates the
vertical adsorption configuration. While influenced by the
arrangement of the electrons between Cu+ ions and Cu0 atoms
on Cu2O-Cu, the adsorption of CO2 molecules on Cu2O-Cu
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(Fig. S2b) exhibits that the electrons are mainly concentrated
between the CO groups in CO2 molecules and Cu0 atoms on
Cu2O-Cu and the electrons are more inclined to the side of CO.
This indicates that the crucial *CO intermediates in ECO2RR are
much easier to form on Cu2O-Cu interfaces. In addition, the
electron density on C atoms in the *CO intermediate on the
surface of Cu2O and Cu2O-Cu was analyzed by the Bader charge
analysis, as shown in Fig. S3. The electron density around the C
atoms in *CO intermediates on Cu2O-Cu is significantly
increased compared with that on Cu2O, suggesting the presence
of more electrons on the adjacent C atoms in *CO intermediates
for coupling reactions to form *CO dimerization [28].
To further explore the influence of the electronic structure

distinction between Cu2O and Cu2O-Cu on ECO2RR towards
C2H4, the possible ECO2RR pathway was investigated by DFT

using Cu2O (100) and Cu2O-Cu (100) models [29–31]. The *CO
dimerization is regarded as a critical step toward C2+ product
formation [16,32]. The free energy profiles of forming *CO and
its dimerization to form *COCO are presented in Fig. 1e. As
noted, the potential barrier of *CO dimerization on Cu2O (100)
is higher than that on Cu2O-Cu (100), which indicates the ease
of *CO dimerization on Cu2O-Cu than on Cu2O. To verify that
*CO dimerization tends to form on Cu2O-Cu, the reaction
energy barrier and transition state of *CO dimerization on Cu2O
(100) and Cu2O-Cu (100) were simulated (Fig. 1f), and the
corresponding optimized structure of *CO dimerization on the
surface of Cu2O and Cu2O-Cu are shown in Fig. 1h, i and
Fig. S4. The bond length of C–C and the energy barrier of *CO
dimerization on Cu2O-Cu (100) are about 2.311 Å and 1.13 eV,
while it is about 2.593 Å and 2.81 eV on Cu2O (100). The shorter

Figure 1 Theoretical calculations on Cu2O and Cu2O-Cu interfaces. The top view of the structure model of (a) Cu2O (100) and (b) Cu2O-Cu (100). Local-
charge of (c) Cu2O (100) and (d) Cu2O-Cu (100). (e) Free energy profiles of CO2RR on Cu2O (100) (black line) and Cu2O-Cu (100) (red line). (f) Energy
barriers of *CO dimerization (*CO + *CO → *COCO) on Cu2O (100) (black line) and Cu2O-Cu (100) (red line). (g) Energy barriers of H2O dissociation
(*H2O → *H + *OH) on Cu (100) (blue line), Cu2O (100) (black line), and Cu2O-Cu (100) (red line). Optimized structure of *CO dimerization on the surface
of (h) Cu2O and (i) Cu2O-Cu. Optimized structure of H2O dissociation on the surface of (j) Cu, (k) Cu2O, and (l) Cu2O-Cu. The dark red, dark orange, red,
grey, and white spheres represent Cu0, Cu+, O, C, and H, respectively.
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bond length between C–C and the lower *CO dimerization
energy barrier on Cu2O-Cu further confirm that *CO dimer-
ization on Cu2O-Cu is more easily than that on Cu2O. Fur-
thermore, H+ ions dissociated from H2O also play an important
role in ECO2RR for multi-carbon products. Therefore, it is very
important to explore the energy barriers of H2O dissociation on
Cu, Cu2O, and Cu2O-Cu [33–35]. Fig. 1g exhibits the energy
barriers of H2O dissociation on Cu, Cu2O, and Cu2O-Cu and the
corresponding optimized structures are shown in Fig. 1j–l and
Fig. S5. The energy barrier of H2O dissociation on the surfaces of
Cu, Cu2O, and Cu2O-Cu is about 2.33, 2.15, and 1.64 eV,
respectively. Therefore, the H2O dissociation is easier to occur
on the surface of Cu2O-Cu interfaces, which can provide more
H+ for C2+ products. Based on the above analysis, Cu2O-Cu can
be designed as a model catalyst for ECO2RR to C2+ products,
especially C2H4. The synergistic Cu+ and Cu0 on Cu2O-Cu
interfaces could facilitate *COCO intermediate formation and
H2O dissociation [29].

Catalyst synthesis and characterization
Our DFT calculation shows that Cu+ and Cu0 on Cu2O-Cu

interfaces could play a synergistic role in obtaining the CO
dimerization toward C2+ product formation. Based on this
analysis, a facile SW method was utilized to rationally design
Cu2O-Cu interfaces with uniformly distributed Cu+/Cu0

(Fig. 2a). Firstly, Cu2O was synthesized by a wet chemical
reduction method [23]. Then the as-prepared Cu2O was acti-
vated via SW with alternating oxidation and reduction potentials
five times a second and maintained for 30 min in a CO2-satu-
rated 0.1 mol L−1 KHCO3 electrolyte to form Cu2O-Cu interfaces
(denoted as SW-Cu2O). The oxidation and reduction potentials
applied to obtain SW-Cu2O were 0.8 and −0.4 V (all potentials
hereafter were given with respect to reversible hydrogen elec-
trode (RHE)), respectively. The applied SW potentials were
chosen according to the cyclic voltammetry (CV) curve of Cu2O
in Fig. S6. The selected oxidation potential is slightly more
positive than the oxidation potential of Cu to Cu2O and the
reduction potential is more negative than the reduction potential
of Cu2O to Cu. In the course of SW, the redox shuttle manner by
the periodical cycling between oxidation and reduction pro-
cesses was utilized to obtain uniformly distributed Cu+ and Cu0

species on the surface of Cu2O.

Figure 2 Preparation and characterization of SW-Cu2O cubes. (a) Schematic illustration of the fabrication procedure of SW-Cu2O/Cu cubes. The red,
champagne and cyan spheres represent Cu0, Cu+ and O, respectively. (b) HRTEM image of SW-Cu2O/Cu cubes (scale bar: 100 nm). (c) HRSTEM bright-field
image of an SW-Cu2O cube (scale bar: 2 nm) and the corresponding FFT pattern (in the top left). (d) STEM image of a single SW-Cu2O cube (scale bar:
20 nm). (e–h) High magnification elemental mapping of Cu0, Cu+, and O by the STEM-EELS spectrum imaging (scale bar: 20 nm).

ARTICLES SCIENCE CHINA Materials

1804 May 2023 | Vol. 66 No.5© Science China Press 2023



Microscopic characterizations were conducted to reveal the
morphology features of the pristine Cu2O and as-prepared SW-
Cu2O. The transmission electron microscopy (TEM) image in
Fig. S7a shows that the morphology of the pristine Cu2O is a
cubic shape with a size of about 100 nm. The high-resolution
TEM (HRTEM) image of a pristine Cu2O cube in Fig. S7b
reveals the obvious lattice fringes of 0.212 nm, corresponding to
the (200) planes of Cu2O. The TEM image of the as-prepared
SW-Cu2O (Fig. 2b) indicates that the cubic shape of Cu2O is
retained during the SW process. The high-resolution scanning
TEM (HRSTEM) bright-field image of an SW-Cu2O cube in
Fig. 2c shows the concave-convex structure with different
orientations on the edges, corresponding to (220) and (111)
planes of Cu2O. The fast Fourier transform (FFT) pattern of the
SW-Cu2O cube (inset of Fig. 2c) is also indexed to the (220) and
(111) planes of Cu2O. The different orientation planes between
SW-Cu2O (Fig. 2c) and pristine Cu2O cubes (Fig. S7b) could be
attributed to the reconstruction of the Cu2O surface during the
SW process. Furthermore, the STEM image of the as-synthesized
SW-Cu2O cube (Fig. 2d) and the atomic-scale electron energy-
loss spectroscopy (EELS) profiles across an SW-Cu2O cube
(Fig. 2e–g) were investigated to identify their elemental dis-
tributions. It can be seen that Cu0 and Cu+ species coexist but
distribute in different positions of the SW-Cu2O cubes. The Cu+

species distribute throughout the cube corresponding exactly to
the O distribution, while Cu0 mainly distributes on the surface of
the SW-Cu2O cubes, which contrasts sharply with the elemental
distribution of the pristine Cu2O nanocube (Fig. S8). The mixed
elemental mapping image in Fig. 2h further demonstrates that
Cu+ and Cu0 species coexist on the surface of the SW-Cu2O

cubes.
The X-ray diffraction (XRD) technique was employed to

investigate the phase structure of Cu2O before and after SW. As
shown in Fig. 3a, the main phase of pristine Cu2O (JCPDS: 34-
1354) is retained after SW for 30 min. The peaks indexed to Cu
(111) and Cu(200) (JCPDS: 04-0836) are remained after being
activated via SW for 30 min, demonstrating the coexistence of
metallic Cu and Cu2O in SW-Cu2O. Additionally, the extra
peaks appearing in the XRD diffractogram belong to the sub-
strate. Furthermore, the XRD patterns of fresh Cu2O and after
different times of SW activation are shown in Fig. S9. The
relative intensity of (111) and (200) peaks of metallic Cu
becomes higher with prolonging the SW time from 15 to 60 min,
which indicates that the composition of Cu2O-Cu interfaces
could be adjusted by tuning the SW time. The atomic-scale
electron EELS mapping profiles across the lateral edge of an SW-
Cu2O cube were also investigated (Fig. S10). It can be seen that
Cu0 in region A and Cu2O in region B formed interconnecting
interfaces in the overlapping mapping of an SW-Cu2O cube.
From the corresponding EEL spectra of Cu L2,3-edge ( Fig. 3b),
the values of L3/L2 in regions A and B are 1.71 and 2.65,
respectively, which corresponds to Cu0 and Cu+, confirming the
existence of Cu+ and Cu0 interfaces on the surface of SW-Cu2O
cubes. Moreover, the surface valence state of Cu2O before and
after SW for different times was examined by X-ray photoelec-
tron spectroscopy (XPS). The Cu 2p XPS spectra and Cu LMM
(L-inner level-M-inner level-M-inner level electron transition)
Auger spectra of Cu2O before and after SW for different times
are shown in Fig. S11 and Fig. 3c. In the Cu 2p XPS spectra of
Cu2O sample, the typical peaks are centered at 932.4 and

Figure 3 Structure characterization of Cu2O before and after SW. (a) XRD patterns, (b) EEL spectra of Cu L2,3-edge circled as point A and point B in Fig. S9,
(c) Auger spectra of Cu LMM, and (d) XPS spectra of Oads and Olatt of Cu2O before and after 30 min SW.
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952.3 eV for Cu(0)/Cu(I) species (Fig. S11a). Moreover, the
kinetic energies of the main Auger peaks (Fig. S11b) are mea-
sured to be 918.8 and 916.8 eV for Cu and Cu2O, respectively
[36,37]. The presence of Cu+ and Cu0 species on SW-Cu2O cubes
and only Cu+ on pristine Cu2O cubes further demonstrate that
Cu2O cubes were partially reduced to metal Cu during the SW
process, which is consistent with the conclusion from STEM-
EELS and XRD analysis. In addition, the XPS spectra of Oads and
Olatt (Fig. 3d and Fig. S11c) exhibit that the Oads/Olatt molar ratio
in SW-Cu2O is far higher than that in pristine Cu2O, suggesting
that the surface of Cu2O was reconstructed to form Cu2O-Cu
interfaces during the SW process (Fig. 2h and Fig. S9).

ECO2RR performance
The ECO2RR activity of Cu2O before and after SW treatment at
different times was investigated in a CO2-saturated 1 mol L−1

KCl aqueous solution using a typical H-type cell, and the cata-
lysts were loaded onto a gas diffusion electrode. Initially, the
linear-sweep voltammetry (LSV) curves (Fig. 4a), show that the
fresh Cu2O cubes and the SW-treated Cu2O for 30 min exhibit
superior current density responses and lower onset potential
under the CO2 atmosphere compared with that under the N2
atmosphere. Moreover, the comparison of LSV curves of SW-
treated Cu2O cubes for different times clearly shows that the
current density of the sample increases with the prolonging SW
time till 30 min (denoted as SW-Cu2O-30) and then decreases

under CO2 atmosphere (Fig. 4b), indicating a possibly higher
activity of SW-Cu2O cubes for ECO2RR. Bulk electrolysis was
conducted to explore the ECO2RR performance of Cu2O cubes
after SW at different times (Fig. S12). According to the product
distribution, HER is obviously suppressed on SW-Cu2O and the
best FEs for carbon products (especially C2H4) are obtained on
the Cu2O cubes with the SW treatment time of 30 min. How-
ever, the FE for C2H4 slightly decreases with further reaction
time possibly due to the structure destruction of SW-Cu2O
cubes. The electrochemically active surface areas (ECSA) of
Cu2O cubes after 15–60 min of SW were investigated via double-
layer capacitances (Cdl) (Fig. S13). The values of ECSA follow the
trend: SW-Cu2O-30 > SW-Cu2O-45 > SW-Cu2O-60 > SW-
Cu2O-15, which is in accordance with the C2H4 selectivity on
Cu2O cubes after different SW times. The synergistic Cu0 and
Cu+ on Cu2O-Cu interfaces are likely to be the key factor for the
different ECSA and C2H4 selectivity on SW-Cu2O. To further
validate this, Cu2O cubes were also activated by different
potentials of SW and the corresponding surface valences were
examined with Cu LMM Auger spectra (Fig. S14). There is no
peak of Cu0 species after pristine Cu2O cubes activated by the
reduction potential of SW below −0.2 V or oxidation potential
of SW above 1.0 V, which means that Cu2O-Cu interfaces were
not formed under such conditions. As shown in Fig. S15, the
C2H4 selectivity on Cu2O cubes activated by a low SW reduction
potential of −0.2 V or a high oxidation potential above 1.0 V is

Figure 4 ECO2RR performance of Cu2O before and after SW. (a) LSV curves obtained at a scan rate of 1 mV s−1 on Cu2O before and after 30 min SW
activation. The test was performed in 1 mol L−1 KCl aqueous solution under CO2 or N2 atmosphere. (b) LSV curves of Cu2O after different time SW for
modified electrodes in a CO2-saturated 1 mol L−1 KCl aqueous solution. (c) FEs of ECO2RR products on SW-Cu2O (SW-oxidation potential: 0.8 V; SW-
reduction potential: −0.4 V; SW-time: 30 min) at the applied potentials. (d) FEs of ECO2RR products on Cu2O before and after SW. (e) Summary of the FEs of
C2+, C1, and H2 products for SW-Cu2O-30 at varying applied potentials. (f) Comparison of C2H4 FE on Cu and Cu-based electrocatalysts reported in recent
literature [38–49].
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unsatisfactory. While the C2H4 selectivity is increased (FE for
C2H4 reaches 60%) and the competitive HER activity is declined
(FE for H2 below 20%) when Cu2O cubes are activated by
reduction potential of −0.4 V and oxidation potential of 0.8 V
for 30 min. Based on the above electrochemical tests and the
surface valence analysis, the Cu2O-Cu interfaces with suitable
composition of Cu0 and Cu+ were built when −0.4 and 0.8 V
were utilized as the reduction and oxidation potentials for
30 min.
Moreover, bulk electrolysis tests were performed on pristine

Cu2O and SW-Cu2O-30 cubes to further prove the synergistic
role of Cu+ and Cu0 for improving the selectivity during
ECO2RR toward C2+ product formation (Fig. S16). For SW-
Cu2O-30 cubes, except for the unavoidable hydrogen product,
the major product is C2H4 when the applied potentials are above
−1.2 V. Note that there are also other products such as CO, CH4,
HCOOH, C2H5OH, and n-propanol, with much lower FEs
(Fig. 4c). The FE for C2H4 on SW-Cu2O-30 cubes reaches 60% at
−1.5 V, while it is only 39% on pristine Cu2O cubes, as shown in
Fig. 4d. Moreover, the FEs for C2+, C1 and H2 on SW-Cu2O-30 at
applied potentials (Fig. 4e) exhibit different trends for C1 and C2
products; the FEs decrease as the applied potentials become
more negative for the case of C1 products and increase with the
highest FEC2+ of 75% at −1.5 V for C2+ products. Compared with
SW-Cu2O-30 cubes (Fig. 4c), the FEs for H2 are obviously
increased while the FEs for C2H4 are decreased on the pristine
Cu2O cubes (Fig. S17). Furthermore, the total current densities
and partial current densities for C1, C2+ and H2 products on SW-
Cu2O-30 electrocatalyst were evaluated at different applied
potentials, as shown in Fig. S18. Specifically, the partial current
density for C2H4 (~60 mA cm−2) on SW-Cu2O-30 cubes is about
2.3 times higher than that on pristine Cu2O cubes
(~26 mA cm−2) at −1.5 V (Figs S17 and S18). The superior
ECO2RR selectivity toward C2H4 on SW-Cu2O cubes further
proves that the suitable synergistic Cu+ and Cu0 on Cu2O-Cu
interfaces play an important role in promoting C2H4 production,
which is also in accordance with the results from DFT. The
structural stability of SW-Cu2O-30 during ECO2RR was inves-
tigated by analyzing the structure and surface valence state of
SW-Cu2O-30 after electrolysis for 60 min, which solidly evi-
denced the coexistence of Cu0 and Cu+ in SW-Cu2O-30 during
ECO2RR (Figs S19 and S20). A long-term stability test was
further conducted over 5 h (Fig. S21). The FE C H2 4

shows a
gradual decay from 57% to 43% and then remained unchanged.
It corresponds to the disappearance of the Cu+ and Cu0 inter-
faces on SW-Cu2O until SW-Cu2O was completely reduced to
metallic copper at negative applied potential throughout the
course of the reaction (Fig. S22), which further proves the
important role of the synergistic Cu+ and Cu0 interfaces. In
addition, the ECO2RR performance of SW-Cu2O-30 was also
compared with previously reported Cu-based electrocatalysts in
an H-type cell (Fig. 4f), indicating an obvious advantage of SW-
Cu2O cubes with the competitively superior partial current
density and FE for C2H4.

CONCLUSIONS
This study discloses the improved selectivity and activity of
oxide-derived copper electrodes for C2+ production. DFT cacu-
lations reveal that the synergistic Cu+ and Cu0 sites on Cu2O-Cu
interfaces endow the electrode surface with the low free energy

of *COCO intermediate formation and H2O dissociation, which
are responsible for the high selectivity toward multi-carbon
products, especially C2H4. Experimentally, pristine Cu2O cubes
were chosen as the model, and further activated via suitable SW
to obtain SW-Cu2O/Cu cubes with synergistic Cu0 and Cu+ on
Cu2O-Cu interfaces. The FEs for C2H4 (~60%) and C2+ products
(~75%) on SW-Cu2O cubes are about 1.5 times higher than that
on pristine Cu2O cubes. Moreover, the as-prepared SW-Cu2O/
Cu-30 cubes also exhibit a superior partial current density for
C2H4 (~60 mA cm−2) during ECO2RR in an H-type cell, which is
about 2.3 times higher than that of pristine Cu2O cubes.
Therefore, creating effective interfaces with synergistic Cu0 and
Cu+ species offers insight into improving the selectivity of a
specific valuable multi-carbon product and promotes practical
CO2 conversion technology.
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Cu2O-Cu界面上的Cu+和Cu0协同促进电催化CO2还
原高效和高选择性地生成C2+产物
王胜楠1,2†, 王丹1†, 田本强2†, 高响响2†, 韩璐2, 钟洋3, 宋舒畅2,
王智立2, 李亚平2, 归家宁1, Marshet G. Sendeku4, 张颖1*, 邝允2*,
孙晓明2

摘要 电催化CO2还原技术有望同时缓解化石燃料濒临枯竭及大气中
CO2浓度不断攀升等问题. 然而, 对于高附加值的电催化CO2还原多碳
产物的选择性提升, 仍然面临巨大挑战. 密度泛函理论(DFT)计算表明,
Cu2O-Cu界面上Cu+和Cu0的协同耦合效应使其表面上*COCO中间体
的生成能降低, 同时H2O的解离自由能也降低, 从而有利于电催化CO2

还原高选择性生成多碳产物特别是C2H4. 受DFT计算结果的启发, 本文
设计了一种氧化物衍生铜电极的活化策略 , 构建Cu2O-Cu界面 , 以
Cu+和Cu0协同促进电催化CO2还原高效高选择性生成C2+产物. 其中,
Cu2O立方体被用作初始催化剂, 经方波电位处理后, 在Cu2O-Cu界面
上形成了具有Cu+和Cu0协同作用的SW-Cu2O/Cu立方体. 在H型电解池
中, SW-Cu2O/Cu电催化CO2还原生成C2H4和C2+产物的法拉第效率分
别为60%和75%, 约为前驱体Cu2O立方体的1.5倍, 证明Cu0和Cu+在
Cu2O-Cu界面上的协同作用的确可提高电催化CO2还原过程中特定高
附加值多碳产物的选择性.
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