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A B S T R A C T

Cu-based electrocatalysts have become the focus in the field of electrochemical CO2 reduction reaction (ECO2RR)
due to their ability to produce multicarbon products. However, the research on generating single carbon products
with higher economic feasibility via ECO2RR based on Cu-based electrocatalysts is rather rare, and the roles of the
surface architecture and oxides of the electrocatalysts have not been explained exactly. In this work, a two-step
method including thermal oxidation and electroreduction is proposed to introduce Cuþ into pure Cu foil to form
Cu2O/Cu electrocatalyst. By regulating the surface composition and morphology of the electrocatalyst in this way,
the activity of ECO2RR to C1 products has been greatly improved. The Faradaic efficiency of carbon products of
the Cu2O/Cu electrode reaches 84% at �0.7 V vs. RHE with good selectivity for HCOOH and CO. The current
density of Cu2O/Cu electrode reaches �12.21 mA cm�2 at �0.8 V vs. RHE, which is much higher than that of the
Cu foil electrode (�0.09 mA cm�2). In-situ Raman characterization shows that Cuþ in Cu2O/Cu electrode could
inhibit hydrogen generation and promote ECO2RR by stabilizing the adsorption of CO2.
1. Introduction

The continuous advance of industrialization and the accelerated
consumption of fossil fuels have led to a sharp increase in atmospheric
carbon dioxide (CO2). At present, the concentration of CO2 in the at-
mosphere reaches as high as 400 ppm, keeping an annual growth of
2.11%, which greatly influence the global carbon cycle.1 Electrochemical
CO2 reduction reaction (ECO2RR) is an effective way to mitigate CO2
emission by converting CO2 into value-added fuels to achieve carbon
recycling.2–8 While ECO2RR is favorable, it comes at a significant large
overpotential, poor selectivity and low energy efficiency.5,8–12 Therefore,
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it is urgent to develop high-performance electrocatalysts and explore
their catalytic mechanisms.

Cu-based electrocatalysts are the most widely studied due to their
high catalytic activity, low cost, abundant reserves and easy modifica-
tion.6,8,9 Furthermore, they act as the key component to form C2þ
products owing to their specific binding energy to *CO intermediates.13

However, when used in ECO2RR, Cu-based catalysts suffer from the
problems of hydrogen side reaction, high overpotential and poor selec-
tivity of carbon products.

Some studies have shown that the oxidation state on the surface of
metal-based catalysts can reduce the activation barrier of CO2, thereby
(F. Luo).
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improving the performance of ECO2RR and solving the above-mentioned
problems.14 The Cu-based catalysts derived from Cu oxide or hydroxide,
namely OD-Cu (oxidation derived Cu) catalysts, with Cu oxidation state
retained on surface generally, exhibit excellent catalytic performance and
attracted extensive attention.14 Some findings have indicated that the
presence of Cuþ on the surface of OD-Cu would act as CO2RR active
site.14 Moreover, OD-Cu catalysts hold more grain boundaries and the
oxidation state of Cu, which are capable of stabilizing the activated CO2
and the adsorbed intermediates on the surface of catalysts.15–17 Cuenya
and co-workers confirmed the survival of Cuþ species on the surface of
OD-Cu during ECO2RR (�1.2 V vs. RHE) via operando X-ray absorption
fine-structure spectroscopy (XAFS). They found that Cuþ sites prevented
the generation of CH4, resulting in the selective generation of C2H4 with a
Faradaic efficiency (FE) of up to 60% (�0.9 V vs. RHE).18 In order to
further understand the role of Cuþ, Goddard and co-workers studied the
surface with adjacent Cuþ and Cu0 species through computational
simulation, unveiling the capability of such surface in greatly reducing
the energy barrier of CO2 activation and promoting the *CO polymeri-
zation.19 The above results demonstrated that the retention of a certain
amount of Cuþ on the surface of the Cu-based catalysts is an effective way
to improve the reaction activity and product selectivity of the catalysts
during ECO2RR process.20 However, most reported researches on OD-Cu
were focused on improving its catalytic activity for generating C2þ
products rather than C1 products.

Compared with C2þ products, C1 product has simple and small
building-block molecules that can then be up-converted to a variety of
products with lower energy consumption and higher economic feasi-
bility.21 In recent years, remarkable progress has been made in the
ECO2RR to C1 products. In particular, the Faradaic efficiency of formic
acid, formate, and carbon monoxide (CO) has exceeded 95% in many
works.22–28 It has been widely accepted that the catalysts based on Pd,
Sn, Bi, In, Pb, etc. have high selectivity for formic acid and formate, while
those based on Au, Ag, Pd, Zn, etc. have high selectivity for CO. In
contrast, the performance of Cu-based catalysts, especially OD-Cu-based
catalysts, in ECO2RR to C1 products is not prominent. Conflicts still
exist,29 and there is still a lack of in-situ tests to reveal the reaction
process and mechanism. Therefore, the study on the performance and
mechanism of OD-Cu in the ECO2RR process is of great significance to
developing Cu-based catalysts for C1 production.

In this work, the OD-Cu catalysts were prepared by modifying the
surface composition and structure of Cu foil electrode via a facile two-
step method containing thermal oxidation and potentiostatic reduction.
We found that some Cuþ was introduced into the metal Cu, and a Cu2O/
Cu composite OD-Cu catalyst was formed after the sequential treatment
of oxidation and reduction. The Cu2O/Cu presents good selectivity for C1
product, including gas product CO and liquid product HCOOH, and its
activity for the ECO2RR is greatly improved compared with that of the
initial Cu foil. The FE of gas product CO reaches 39% at �0.4 V vs. RHE,
and it still remains about 30% from �0.4 to �0.7 V vs. RHE during
ECO2RR. The FE of HCOOH reaches 52% at�0.7 V vs. RHE, and the total
FE for CO2RR reaches 84%. The mechanism of ECO2RR was explored by
in-situ Raman characterization. This simple method of modifying the
surface morphology and structure of catalyst and in-situ characterization
provide a new idea for the ECO2RR research.

2. Experiment

2.1. Preparation of catalysts

The electrode was prepared by a two-step method, including thermal
oxidation and electroreduction processes. First, Cu foil with the size of
0.8 � 2.0 cm2 and thickness of 0.3 mm was ultrasonically cleaned in
2

ethanol for 15 min to remove organic pollutants on the surface. Then, the
Cu foil was heated in a quartz tube furnace under a mixed gas atmosphere
of argon and oxygen with volume ratio of 200:3. The heating tempera-
ture of 950 �C is chosen to ensure good crystallinity, higher oxidation
thickness, single film composition and stable surface of the obtained
samples. When heating was conducted, the furnace temperature was first
raised from room temperature to 950 �C within 20 min, and then
maintained at 950 �C for 30 min. After natural cooling of the furnace to
room temperature, the sample (marked as Cu2O) could be obtained.
Finally, the electroreduction treatment was carried out by processing the
Cu2O sample in 0.1 M CO2-saturated KHCO3 solution with potential of
�0.3 V vs. RHE for 80 min, and the sample (marked as Cu2O/Cu) was
obtained.
2.2. Characterizations

The morphology and surface element distribution of Cu2O, Cu2O/Cu
and Cu electrodes were characterized by field emission scanning electron
microscopy (FE-SEM, JEOL JSM-6700F) equipped with an energy-
dispersive spectroscopy (EDS). The phase was studied by X-ray diffrac-
tometer (XRD, Rigaku MiniFlexII), and Cu Kαwas used as the radioactive
source (λ ¼ 0.15406 nm, 40 kV, 100 mA) with a scanning step of 0.02�.
Transmission electron microscopic (TEM) images were recorded by
transmission electron microscope (TEM, Tecnai G2 F20). Before TEM
measurements, the electroreduced Cu2O/Cu sample was scraped off the
electrode, dispersed into absolute ethanol and treated with ultrasound
for 1.5 h. Drop the obtained suspension onto a nickel mesh, and place the
nickel mesh on a filter paper and let it dry. Repeat this process 2 to 3
times, to obtain the sample used for TEM characterization. Chemical
components and valence states were analyzed by X-ray photoelectron
spectroscopy (XPS, PHI5000 Versa Probe, equipped with an Auger
electron detector) with Al Kα X-ray source (hv ¼ 1486:8 eV). In-situ
Raman spectroscopy was recorded on a micro-confocal Raman spec-
trometer (TEO SR-500I-A) with the 785 nm laser. The test wave number
ranged from 180 to 2400 cm�1. The Raman spectra of the corresponding
samples were obtained under different potentials. During the in-situ
Raman tests, ECO2RR on Cu2O/Cu electrode was performed in a home-
made in-situ Raman cell with a quartz optical window. The reaction
conditions in the in-situ Raman test process are the same as those in the
electrochemical tests, and the CO2 flow rate was maintained at 5 sccm.
During the measurement, each potential lasted for 3 min and then each
Raman spectrum was recorded with twenty accumulations over an
acquisition time of 20 s.
2.3. Electrochemical tests

Electrochemical properties were characterized by a potentiostat/
galfvanostat (CH Instruments, CHI660E and CHI760E) with a three-
electrode configuration in an H-type electrolytic cell. The Cu2O/Cu and
Cu samples were used as working electrodes, Ag/AgCl in saturated KCl
aqueous solution was used as reference electrode, platinum mesh was
used as counter electrode, and the electrolyte environment was 0.1 M
CO2-saturated KHCO3 solution (pH ¼ 6.8). All the potentials in this work
were converted into RHE scale using the Nernst equation ERHE ¼
EAg=AgCl þ 0:0591� pHþ 0:197. For chronoamperometry, a constant
potential in the range of �0.3 ~ �0.8 V vs. RHE was applied. Electro-
chemical impedance measurements were carried out at 0 V vs. RHE with
frequencies varying from 0.1 Hz to 1 MHz. Cyclic voltammograms were
conducted from 0.40 to 0.5 V vs. RHE with a scan rate of 20, 40, 60, 80
and 100mV s�1, respectively. Electrochemical active surface area (ECSA)
was estimated by the charge corresponding to Cu foil.



Fig. 1. (a) SEM image, (b) high-resolution SEM image and (c) element distribution (EDS) of Cu. (d) SEM image, (e) high-resolution SEM image and (f) EDS of Cu2O.
(g) SEM image, (h) high-resolution SEM image and (i) EDS of Cu2O/Cu.

Fig. 2. (a) HRTEM image of Cu2O/Cu sample. (b) Enlarged view of the area circled with red lines in (a).

Fig. 3. (a) XRD patterns of Cu2O/Cu, Cu2O and Cu electrodes. (b) Charging current density differences plotted against the scan rates.
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Fig. 4. Reduction products Faradaic efficiency (FE) of (a) Cu2O/Cu electrode and (b) Cu electrode. (c) Reduction current density (J) curves and the current density for
ECO2RR (JC, dotted line). (d) Active area normalized current density curves (JECSA) and the active area normalized current density curves of C1 products (JC1ECSA,
dotted line).
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2.4. ECO2RR products analysis

The gas products were analyzed by gas chromatography (FULI,
GC9790 Plus) in a gas-tight H-type electrolytic cell. The liquid products
were collected and determined by proton nuclear magnetic resonance
spectroscopy (1H NMR, Bruker Avance AV III 400) by taking dime-
thylsulfoxide (DMSO) as a reference. 500 μL electrolyzed electrolyte,
10 μL DMSO (0.04 μL mL�1) and 100 μL D2O were thoroughly mixed and
added into the nuclear magnetic tube to obtain 1H spectrum.

3. Results and discussion

3.1. Structure, morphologies and composition

The morphologies and element distribution of Cu, Cu2O and Cu2O/Cu
electrodes were characterized by scanning electron microscopy (SEM)
and the results are shown in Fig. 1. It can be seen that the surface of Cu
electrode is flat and smooth (Fig. 1a and b), and the surface of Cu2O
presents obvious pillar-shaped microcrystalline structure (Fig. 1d and e).
The surface of Cu2O/Cu electrode maintains the pillar-shaped micro-
crystalline structure after electroreduction process (Fig. 1g), and it pre-
sents a coarser surface with stripedmorphology compared with other two
electrodes (Fig. 1h), which is conducive to increasing the active sites of
the reaction.20 In addition, according to the EDS results in Fig. 1c, f and i,
Cu content in the samples follows the order of Cu2O < Cu2O/Cu < Cu,
indicating that Cu2O/Cu sample may consist of both Cu and Cu2O phases
after the process of thermal oxidation and electroreduction. The
following XRD results can further confirm the existence of mixed phase of
Cu.11,12,30,31
4

Fig. 2 shows the high-resolution transmission electron microscope
(HRTEM) images of Cu2O/Cu thin films, from which the lattice fringes of
cubic Cu2O and Cu can be clearly observed. The characteristic average
lattice spacings of 0.243 nm and 0.211 nm given in Fig. 2b correspond to
the cubic Cu2O (111) and Cu2O (200) crystal planes, respectively, and the
included angle between the two crystal planes is 54.7�. In Fig. 2b, the
crystal plane with the average lattice spacing of 0.183 nm corresponds to
the cubic phase Cu (200) plane.

The as-prepared samples Cu2O/Cu, Cu2O and Cu were characterized
by X-ray diffraction (XRD) and the results are shown in Fig. 3a. For Cu
sample, the peaks at 43.32�, 50.45� and 74.12� are attributed to Cu
(111), (200) and (220) crystal planes (PDF#85–1326), respectively. For
Cu2O sample, the characteristic peaks are assigned to the Cu2O
(PDF#05–0667) and the substrate Cu (PDF#05–0667). Among them, the
peaks at 29.55�, 36.42�, 61.34� and 77.32� correspond to Cu2O (110),
(111), (220) and (222) crystal planes, respectively. The peak at 50.45�

corresponds to Cu (200) crystal plane. The Cu2O/Cu sample after elec-
troreduction presents two phases, that is, Cu (PDF#05–0667) and Cu2O
(PDF#05–0667). The characteristic peak of Cu2O is relatively weak,
indicating that most of the electrode has been reduced to Cu.6 Compared
with the XRD standard pattern, the relative intensity of (200) crystal
plane is significantly increased, indicating that Cu2O/Cu sample has
oriented growth.

X-ray photoelectron spectra (XPS) and Auger electron spectra (AES)
were tested to further confirm the existence of Cuþ at the surface of the
Cu2O/Cu sample. In the Cu LMM spectra in Fig. S1, it can be seen that the
peak at 569.9 eV is attributed to Cuþ of Cu2O, and the peak at 568.1 eV is
attributed to Cu0 of metallic Cu. The results show that Cuþ and Cu0

coexist on the catalyst surface after electroreduction, which is consistent



Fig. 5. Raman spectra of (a) Cu2O/Cu electrode and (b) Cu electrode at
different potentials.

Table 1
Raman spectra peak positions and corresponding substances16,29–31.

Raman shift (cm�1) Assignment

200 Cu2O39

412 Cu2O39

518 *OCO�16

572 Deformation (HO–H) of H2O16

632 Cu2O38,39

718 Deformation (O–C–O) of *COO�3 16

1130 Symmetrical stretching (O–C–O) of *COO�3 16,40

1298 Deformation (C–H) of *OCHO16,40

1386 Stretching (C–O) of *COOH16

1420 1460 Stretching (O–CH–O) of *OCHO16,40

1540 Antisymmetrical stretching (O–C–O) of *COO�3 16

2035 Stretching of *C
–

–

–O, CO16

Fig. 6. Reaction paths of HCOOH and CO.
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with XRD results. The ratio of Cuþ:Cu0 at the surface of Cu2O/Cu is
calculated to be 3.36:1 through fitting the Cu LMM spectra. The stable
oxidation state of copper at negative potential may be attributed to the
stable existence of oxygen within the amorphous subsurface of OD-Cu.32

The Cu2O/Cu and Cu electrodes were tested by potential sweep cyclic
voltammetry with different scanning speeds (from 20 to 100 mV s�1) at
the non-Faradaic potential region (Fig. S2). The double-layer capacitance
of the electrodes can be estimated from the slope of the linear relation-
ship in Fig. 3b. The capacitances of Cu2O/Cu and Cu electrodes are 16.46
and 0.72 mF cm�2, respectively. Obviously, the capacitance of Cu2O/Cu
electrode is approximately 17 times that of Cu electrode. Therefore, the
active area of the electrode increases after the thermal oxidation and
electroreduction processes, which is consistent with the result observed
from SEM images.
3.2. ECO2RR performance

ECO2RR activities of Cu2O/Cu and Cu electrodes were tested in a
typical H-type electrolytic cell with 0.1 M CO2-saturated KHCO3 solution
(pH¼ 6.8) as the electrolyte. In Fig. 4a and b, the Faradaic efficiency (FE)
of carbon products for Cu2O/Cu electrode is greatly improved compared
with that of Cu electrode. Among the ECO2RR products of Cu2O/Cu
electrode, the Faradaic efficiency of CO (FECO) reaches 39% at�0.4 V vs.
RHE, realizing the high selection of CO products at low potential. The
FECO is maintained at about 30% between�0.4 V and�0.7 V vs. RHE. In
addition, the Faradaic efficiency of HCOOH (FEHCOOH) is improved with
the increasing bias potential, and it reaches 52% at �0.7 V vs. RHE,
realizing the high selectivity of liquid products at low potential. The total
FE of carbon products reaches 84% at �0.7 V vs. RHE. It should be noted
that the Faradaic efficiency of CO and HCOOH tested repeatedly at
different potentials has little fluctuation compared with the mean value
under the continuous sampling test (Fig. S3), indirectly verifying the
stability of the catalyst. In Fig. 4b, it can be seen that the main product of
Cu electrode under negative bias is H2. The highest FE of carbon product
is only 22% at �0.5 V vs. RHE and it shows no selectivity for any carbon
product. Fig. 4c and d summarize the current density for reaction (J), the
current density for ECO2RR (JC), the active area normalized JC (JECSA)
and the active area normalized C1 products current density (JC1ECSA) with
the application of bias voltage, respectively. It is obvious that J and JC of
Cu2O/Cu electrode are much higher than that of Cu electrode. The JC for
5

Cu2O/Cu electrode reaches�12.21 mA cm�2 at�0.8 V vs. RHE, which is
much higher than that of Cu electrode (�0.09 mA cm�2). On one hand,
the improvement of the ECO2RR activity may be attributed to the in-
crease of active area of Cu2O/Cu electrode (Supplementary Material S2);
on the other hand, it may be ascribed to the increase of intrinsic activity
of Cu2O/Cu electrode. As shown in Fig. 4d, after the normalization with
active area, both the JECSA and JC1ECSA of Cu2O/Cu electrode are still
much larger than that of Cu electrode within the potential range of
�0.4 V to �0.7 V vs. RHE, proving the enhanced intrinsic activity of
Cu2O/Cu electrode. Here, the increase of intrinsic activity originates
from the change of electrode surface structure and composition after
treatment, such as the appearance of mixed valence state of Cu.11,12,30–34

Through the above analysis, it can be concluded that the modified
Cu2O/Cu electrode performs higher activity and better selectivity for C1
product compared with pure Cu electrode.

The stability of Cu2O/Cu electrode was characterized by continuously
testing current for 10 h at different potentials in the H-type electrolytic
cell. The current was recorded and the gas products were extracted every
hour. The gas composition was analyzed in the gas chromatograph, and
the current density and Faradaic efficiency of carbon monoxide at each
potential and each sampling moment were calculated. The stability test
results are shown in Fig. S4. It can be seen that the current density stays
stable during the 10-h continuous ECO2RR test, and the absolute value of
CO Faradaic efficiency fluctuated basically within 10% during the test.
3.3. Mechanism of ECO2RR

In-situ characterization technologies are the common methods to
characterize the changes of catalysts during the reaction process, so as to
detect the active sites and the intermediate products to reveal the reac-
tion path and the reactionmechanism.35,36 In-situ Raman test was carried
out in a customized electrolytic cell with 0.1 M CO2-saturated KHCO3
solution to understand the mechanism of ECO2RR and the reason for
improving the reduction activity and product selectivity of Cu2O/Cu



Fig. 7. Nyquist plots and the fitted spectra of (a) Cu2O/Cu and (b) Cu. (c) Equivalent circuit model.
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electrode. The Raman spectra are shown in Fig. 5, and the functional
groups corresponding to the observed peaks are summarized in
Table 1.7,31,37,38 As can be seen in Fig. 5a and b, there are three sorts of
Raman peaks, wherein the red peaks represent the characteristic peaks of
Cu2O electrode components, the green peaks represent the adsorption of
CO3

2�, and the blue peaks represent the adsorption of *OCHO, *COOH,
*OCO and primary reduction intermediates. In Fig. 5a, some character-
istic peaks of Cuþ appear at 200, 412, 572 cm�1 on the surface of
Cu2O/Cu electrode, which is consistent with the previous SEM, XRD and
TEM results. Besides, it shows that Cuþ always exists in the range of�0.3
to �0.8 V vs. RHE during ECO2RR, indicating the relative stability of
Cuþ. Compared with Cu foil electrode, Cu2O/Cu electrode shows a
stronger peak at 1130 cm�1, which corresponds to the adsorption of
CO3

2� on the electrode surface. This indicates that the OD-Cu electrode
surface adsorbs more CO3

2� and is more conducive to CO2 activation.
Cu2O/Cu electrode exhibits more adsorption peaks of *OCHO, *OCO�,
*COOH and primary intermediates (Fig. 5a and b), further illustrating the
superiority of Cu2O/Cu electrode surface to the activation, adsorption
and conversion of CO2 compared with Cu foil electrode. From the above
analysis, we can draw two conclusions: (i) Cuþ still appears on the
Cu2O/Cu electrode surface during the process of ECO2RR; (ii) Cu2O/Cu
electrode adsorbs and converts more CO2, producing more intermediates
than the original pure Cu electrode.

In Fig. 5a, *OCHO, *OCO�, *COOH and the primary intermediates are
probed on the surface of Cu2O/Cu electrode. According to the above
results, the reaction path of HCOOH and CO, as well as the main products
of Cu2O/Cu electrode are drawn and shown in Fig. 6. For HCOOH gen-
eration, CO2 forms the *OCO� intermediate through the oxygen coor-
dination on the Cu2O/Cu electrode surface; after that, an H atom is added
at the C-end to form the *OCHO intermediate; then, after coupling pro-
tons and transferring electrons, HCOOH is formed and desorbed. For CO
generation, CO2 is chemically adsorbed on the catalyst surface to form
the *COO� intermediate through carbon coordination, and then H atom
is added at the C-end to form *COOH; finally, CO is generated and des-
orbed from the catalyst surface.40

Compared with Cu electrode, Cu2O/Cu electrode with mixed valence
state of Cu is advantageous to adsorb more CO2 for reaction.19 Goddard
et al. theoretically calculated the mixed interface of Cuþ/Cu0 and found it
conducive to activate CO2. The calculation results show that the presence
of Cuþ sites at the mixed Cuþ/Cu0 surface can bind H2O molecules at the
6

edge of Cu0 region, and these H2O molecules on the Cuþ site form strong
hydrogen bonds with CO2 to stabilize the adsorbed CO2 for further re-
action (Fig. 6). In the Raman spectra in Fig. 5a, the peak at 572 cm�1

corresponds to the deformation vibration of HO–H, demonstrating the
stronger H2O adsorption and more CO2 adsorption on mixed Cuþ/Cu0

surface, which is consistent with the theoretical calculation results.19

According to above analysis, we come to a conclusion that the mixed
Cuþ/Cu0 surface on the Cu2O/Cu electrode can promote ECO2RR and
inhabit hydrogen evolution by stabilizing the adsorbed CO2.40

In order to further understand the mechanism of Cu2O/Cu electrode
accelerating the reaction process, electrochemical impedance spectros-
copy (EIS) was also conducted, and the Nyquist plots were obtained by
running at 0 V vs. RHE. Fig. 7a and b shows the EIS impedance spectra
and their fitted spectra of Cu2O/Cu and Cu, respectively. The equivalent
circuit fitting is carried out according to the model shown in Fig. 7c.
Based on the fitting parameters, it can be calculated that the charge
transfer resistance of Cu2O/Cu is about 88.82 Ω, while that of pure Cu is
about 21016 Ω. The charge transfer resistance of Cu2O/Cu is greatly
reduced, and electron transfer on Cu2O/Cu electrode is easier than that
on Cu electrode, which is related to the existence of Cu2O/Cu interface in
the electrode.19

The above results show that the Cuþ/Cu0 hybrid interface is condu-
cive to CO2 activation to produce primary products, which provides ideas
for subsequent catalysts design. It is worth mentioning that the synthesis
of C2þ products is still the future goal. Some additional efforts are
required to promote the formation of C2þ products, such as providing
higher reduction potential, improving the diffusion and mass transfer of
CO, constructing three-dimensional microstructure to improve the
confinement of intermediates, etc., which should be considered and
improved in the future.

4. Conclusion

In this work, Cu2O/Cu electrode was prepared by a facile thermal
oxidation-electroreduction method, which improved the activity of
ECO2RR and realized the high selectivity of C1 product. This simple
method changes both surface morphology and components of Cu-based
electrode to form an OD-Cu film with mixed Cuþ/Cu0, which increases
the active area, improves intrinsic activity of ECO2RR and inhabits
hydrogen evolution. In-situ Raman spectra results show that the OD-Cu
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electrode can adsorb more CO2 and generate more primary in-
termediates. In addition, the Cuþ existing on the surface of Cu2O/Cu
electrode is conductive to CO2 activation, which further proves the great
effect of electrode composition on products selectivity. This simple
method provides a new idea to improve the performance of Cu-based
ECO2RR catalyst.
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