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Abstract
Highly selective electrochemical reduction of CO2 (CO2RR) to multi-carbon (C2+) products at high current
density remains a big challenge. Herein we report copper oxide nanosheets (CuO-st) for selective
electrochemical conversion of CO2 to C2+ products at high current density. Bene�ting from the defect-rich
structure veri�ed by HR-TEM and XPS characterization and the designed gas diffusion electrode, such a
CuO-st material exhibits CO2RR FE (C2+) of 86 and 80 % at 1.0 and 1.8 A cm−2, respectively, with excellent

durability of 50 h @ 500mAcm−2 and storable lifetime for >10 months. Importantly, using quasi-situ XPS
and in-situ Roman spectra, we have shown the �rst evidence for the presence of Cu ( ) during the eCO2RR
on initial Cu ( ) material, and the proportion of Cu ( ) varies with the reaction current density. The rough
and defective surface of CuO-st serves as a favorable reservoir to produce enough Cu ( ) to assist the C-C
coupling, thus achieving selective CO2RR to C2+ products at high current density. Our study not only
provides a new insight into CO2RR, but also suggests that in-situ forming active species from stable Cu
( ) materials during the reaction may be a good choice for the practical application, which will be very
helpful to the development of cost-effective CO2RR electrocatalysts.

Introduction
The transformation of CO2 into value-added products using renewable power offers a promising strategy
to solve the energy and environment crisis, and therefore has drawn increasing interest in academic and
industry.1–6 Various carbon-based chemicals can be obtained through the electrochemical CO2 reduction
reaction (eCO2RR), among which, the deeply reduced ones, such as multi-carbon (C2+) molecules, are
preferred. Copper (Cu) based catalysts are known as the only family which can produce considerable
amounts of C2+ products in eCO2RR.7–9 However, it is di�cult to achieve high C2+ selectivity because the
formation of such products involves an eight or more electron transfer process, while the less-electron
transfer involved products, such as CO and CHOOH, are easier to form.10,11

The C−C coupling of eCO2RR intermediates (CO*, CHO* and et.al) results in producing C2+ molecules or

else to C1 products.10–16 Oxide-derived Cu materials have been reported to have good selectivity for C2+

products. Surface residual O on Cu has been suggested to stabilize CO*, promoting C−C coupling.17–20

However, in some oxide-derived Cu involved systems, O is found to disappear in eCO2RR.21–22 In addition

to O, residual Cu ( ) has also been revealed to assist the C−C coupling possess.23–27 Up to now, Cu2O
modi�ed Cu catalysts are the main oxide-derived Cu material type which have been extensively studied in
eCO2RR. Besides oxide-derived Cu, Cu materials with abundant high-index facets or defects, also have

showed good selectivity for C2+ products.28–35

Although valuable progresses have been made, numerous challenges are still existing. Firstly, some
reported catalysts have showed excellent Faraday e�ciency (FE) for multi-carbon (C2+) products (> 80%),

but selectively converting CO2 at high current densities (> 1 A cm−2) remains as a challenge. Secondly,
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some oxide-derived Cu materials have showed good C2+ selectivity, but the role of O or Cu ( ) is still on
debate. Thirdly, most of the reported e�cient catalysts need complicated preparation process with limited
synthetic quantity, and it is still di�cult to scale up the production. Additionally, sub-nano structured Cu or
Cu/Cu2O, especially those with high-index facets are easy to degenerate in air, which makes the materials
hard to store and sale as commodities. In this aspect, in-situ forming active Cu species in the course of
eCO2RR from stable precursors could be a good choice.

Herein, we developed a wet chemistry method for the preparation of copper oxide nanosheets (CuO-st).
Field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM) and X-
ray photoelectron spectroscopy (XPS) revealed that CuO-st possessed a rough and defective surface.
CuO-st showed excellent C2+ selectivity (mainly C2H4, ethanol and propanol) at high current density, with

FE (C2+) of 86 and 80 % at 1.0 and 1.8 A cm−2, respectively. Outstandingly, excellent catalytic stability

was also achieved (@ ~580 mA cm−2, 50 h). The C−C coupling rate was found positively correlated with
the concentration of KCl once the reaction initiated in �ow cell. Mechanistic study indicated the existence
of Cu ( ) in the CuO-st derived copper species during eCO2RR, and the amount of Cu ( ) varied with the
reaction. Moreover, CuO-st showed good storage stability, without distinctive changes in powder X-ray
diffraction (PXRD) and eCO2RR performance after more than 10 months exposed to air.

Synthesis and characterization of the catalysts. Copper oxide (CuO-st) was synthesized in gram scale
with hydrazine hydrate as an initiator (see the Methods for details). By adjusting the reaction condition,
cuprous oxide (Cu2O-pt) and copper (Cu-pt) were prepared for comparison. The composition of the
materials were �rstly con�rmed by powder X-ray diffraction (PXRD) (Supplementary Fig. 1-3). The
morphologies were investigated using �eld emission scanning electron microscopy (FE-SEM). Cu2O-pt
was revealed to have octahedron structures (Supplementary Fig. 6), while Cu-pt was amorphous particles
(Supplementary Fig. 7). CuO-st possessed a sheet-like structure under low magni�cation (Fig. 1a), but the
high power SEM images revealed that the nanosheets had rough surface, forming by the accumulation of
nano-particulates with an average diameter of 20 ± 3 nm (Fig. 1b). CuO-st was further studied by
transmission electron microscopy (TEM). The low-resolution image showed a sheet-like structure (Fig. 1c
and d). The HR-TEM image exhibited that the spacing of the lattice planes were ~0.27 and 0.23 nm,
which corresponded well to (110) and (111) planes of copper oxide, respectively (Fig. 1e). Interestingly,
lattice dislocation could be observed in the HR-TEM images (Fig. 1e and Supplementary Fig. 5), indicating
the existence of rich defects. Such a nature was further con�rmed by X-ray photoelectron spectroscopy
(XPS) analysis. As shown in Fig. 1f, the O 1s region of CuO-st can be �tted into three peaks with binding
energy (BE) of 592.6, 531.3 and 533.0 eV, respectively. The peak at 592.6 eV was attributed to lattice
oxygen, the minor peak at 533.0 eV was assigned to the surface hydroxide or chemisorbed oxygen, and
the peak between them (531.3 eV) was attributed to defective oxygen.36–38 The radio of defective
oxygen/ lattice oxygen is close to 1/2.1 (Supplementary Table 1).

Electrochemical performance evaluation. The eCO2RR performance of the catalysts were �rstly studied
with an H-cell. We analyzed the gas and liquid products at the applied potentials between −0.85 and
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−1.40 V (vs RHE) in CO2-saturated 0.1 M KCl (pH 3.8). It could be observed that the C-C coupling
e�ciency improved steadily once the voltage decreased from -0.9 to -1.2 V (vs RHE) for all the materials.
For CuO-st, the FEs of C2H4 and C2+ products reached up to 58 and 82 % at −1.21 V (vs RHE), respectively,
while the formation of CH4 and H2 remained at very low levels at all the tested potential range. Cu-pt and
Cu2O-pt showed maximum FE (C2+)s of 73 and 68 % at -1.24 and - 1.28 V (vs RHE), respectively, lower
than the one of CuO-st. Additionally, the partial current of C2+ products (j(C2+) ) of CuO-st was the highest
among the three materials achieved (Supplementary Fig. 8-10). The results indicate that CuO-st has better
performance than Cu-pt and Cu2O-pt in selective conversion of CO2 to C2+ products.

To explore the possible use of CuO-st in industry, we further evaluated the eCO2RR selectivity in a �ow
cell. The FEs distribution of cathode products vs currents in 1 M KCl, 2M KCl and saturated KCl (sa. KCl)
are shown in Fig. 3a-c. It was revealed that the FE (C2+) showed an increase in all the solutions when the

constant current density was raised from 600 mA cm−2 to 1.0 A cm−2. The FE (C2+) seemed to have a

positive correlation with the KCl concentration. In sa. KCl, the FE (C2+) at 1.0 and 1.8 A cm−2 were
achieved 86 and 80 %, respectively. Such an excellent C2+ selectivity at high reaction rate almost
represents the state-of-the-art performance of Cu-based catalysts. (Fig. 3f and Supplementary Table 2).
Potentiostatic electrolysis was chose for the stability test. It was observed that during the operation of the
reaction at -0.98 V (vs RHE, with iR correction) in 1 M KCl for ~50 h, the current density kept ~580 mA
cm−2 and the FE (C2H4) showed no signi�cant change (Supplementary Fig. 17). Moreover, storability of
CuO-st was also evaluated. It was revealed that no distinctive change happened in the PXRD and eCO2RR
performance of CuO-st after in air for ~10 months (Supplementary Fig. 18 and 19).

Mechanism And Discussion
The eCO2RR happens at the potentials negative to the CuO reduction reaction, so reconstruction may take
place during the eCO2RR process. We observed that after the eCO2RR, the color of the electrode changed
from grey to red, and then to yellow in 1h. XRD was used to disclose such phenomenon. As shown in
Supplementary Fig. 22, the used CuO-st electrode shows no signals of CuO any longer, but the pattern of
Cu (0), while the yellow electrode shows the ones of Cu2O. We speculated that CuO-st was almost
reduced to Cu (0) species during eCO2RR, which would be re-oxidized in air easily. In situ x-ray absorption
spectroscopy (XAS) study provided more evidence. The XAS of CuO-st showed the spectra matching with
CuO at �rst. When a potential of -1.2 V (vs RHE) applied for 20 mins, the observed spectra became close
to the ones of Cu foil (Supplementary Fig. 23).

To investigate the surface structure of CuO-st during eCO2RR and the origin of the excellent C2+

selectivity, in-situ Raman spectroscopy measurements were performed. As shown in Supplementary
Fig. 24, at open circuit potential (OCP), two peaks at 1339 and 1619 cm−1 are observed, which may be
caused by the adsorption of CO2 on the rough and defective surface of CuO-st. At a current density of 40

mA cm−2, peaks at around 275, 360, 527 and 1064 cm−1 became obvious (Fig. 4a). With increasing the
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current, the peaks at 275 and 1064 cm−1 disappeared, and the ones at around 360 and 527 cm−1

weakened. This might be resulted by the signal inhibition effect of the bubbles formed during the reaction
or the potential-dependent reaction-path change. Once the voltage was removed, several new peaks
appeared, but became weaker over time (Fig. 4a and c). Those peaks could be assigned to the adsorbed
intermediates formed during eCO2RR, including the bicarbonate at 1031 cm−1, hydrogenated species at

813, 1227, 1265, 1390, 1574 and 2907 cm−1,39 and *CO at 1930 cm−1. It should be mentioned that those
intermediates are common species for C2+ products formation. After the applied potential returned to

OCP, the peak at 275 cm−1 became signi�cant again (Fig. 4c). At such a stage, the eCO2RR intermediates
have almost gone. Compared with the previous report, it is reasonable to ascribe the peak at around 275
cm−1 to the adsorbed Cl* (Cu-Cl*).40 The vibrations of Cu-C 41–44 and CuxO/-OH*45,46 may appear at 520-

550 cm−1. As the signal around 527 cm−1 showed an obvious decrease but still existed when the voltage
was removed (Fig. 4a-c), we speculated that such a peak was mainly consisted by the reaction
intermediate (Cu-C), and accompanied by certain amount of CuxO/-OH* as the residual after returning to
OCP. Fig. 4b shows the partial spectra of Fig. 4a in the box. It could be observed that the peak of Cu-C
vibration was visibly shifted to higher place with the increasing of the reaction rate, and returned to lower
frequency once the reaction stopped (Fig. 4b). Previous reports have demonstrated that increasing the
proportion of charged metal (M) could strengthen the M-adsorbate interaction, inducing blue shifts.47

However, Stark effect which also can cause such changes is hard to be rule out here. Quasi-in situ XPS
was used to further disclose the structural change of the catalyst. After the reactions, the BEs of Cu 2p of
CuO-st (CuO-st-40, CuO-st-1000 and CuO-st-1400) all shifted to ~ 932.5 eV (Supplementary Fig. 25), and
the main Cu LMM peaks were close to 918.4 eV (Fig. 4d), indicating that CuO-st was almost reduced to
Cu (0). However, the Cu LMM spectra also showed the signal of Cu ( ) species (Fig. 4d).48 The spectra of
O 1s and Cl 2p regions provide more information. The O 1s of the CuO-st-40 showed a peak at ~530 eV,
which matched with the BE of lattice O in Cu2O. As such a peak disappeared in CuO-st-1000 and CuO-st-
1400 (Fig. 4e), we speculated the Cu2O in CuO-st-40 formed because of the partial reduction of CuO-st.
Fig. 4f shows the Cl 2p regions. Interestingly, it could be observed that the BEs persisted a positive
relationship with the reaction (C-C coupling) rate, and being much closer to the BE of Cu-Cl after the
reaction at a current density of 1400 mA/cm2. Such a phenomenon should be caused by the difference in
the amount of Cu ( ) on CuO-st derived Cu species surface. More Cu ( ) exists during the reaction, and
more Cu-Cl bonds will form after the reaction. The results here provide the �rst evidence for the presence
of Cu ( ) during the Cu ( ) material catalyzed eCO2RR, and indicate that the proportion of Cu ( ) would
vary with the reaction. The rough and defective surface of CuO-st serves as a favorable reservoir to
produce enough Cu ( ) to assist the C-C coupling, achieving selective conversion of CO2 to C2+ products
at high current density.

As the FE (C2+) showed a positive correlation with the KCl concentration in �ow cell (Fig. 3), we studied
the electrolyte effect on CuO-st. The linear sweep voltammetry (LSV) tests were conducted in different
concentration of KCl solutions. It turned out that the curves shifted markedly with the increase of the
concentrations (Fig. 5a) under CO2 atmosphere, while remained relatively constant under Ar
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Conclusions
In summary, we have developed the scalable synthetic method for the preparation of copper oxide
nanosheets (CuO-st) with rich defects, and demonstrated for the �rst time that Cu ( ) exists during the
eCO2RR on initial Cu ( ) material, and the proportion of Cu ( ) varies with the reaction current density, as
evidenced by quasi-situ XPS and in-situ Roman spectra. The rough and defective structure of CuO-st
serves as a reservoir to produce enough Cu ( ) to achieve the current over 1 A cm−2 with a FE (C2+) above
80%, exceeding the CO2RR performance of the previously reported Cu-based catalysts. Our study
indicates that in-situ producing active Cu species from stable Cu ( ) materials in the eCO2RR process is a
good choice for the practical application. The initial valence of Cu within a material may possess no

(Supplementary Fig. 26), indicating the close HER activity but varied eCO2RR performance. The Tafel
plots of C2H4 in 0.5 M and 2 M KCl solutions were calculated. As shown in Fig. 5b, the plots present good

linearity with a slope of 78.2 mV dec−1 in 2 M KCl, smaller than the one in 0.5 M KCl (97.9 mV dec−1). The
results demonstrate that in these two solutions a same rate-determining step exists. The gas products of
the eCO2RR in 0.5 M KCl and 2 M KCl were analyzed at different applied potentials (after iR corrections).
The highest FE (C2H4) in these two solution only showed ~5 % apart, but the over-potentials to achieve
the FE differed greatly (~1 V, Fig. 5c and d). The J (C2H4) and J (C2H4) / J (CO) in 2 M KCl were 100 and
14-times, respectively, higher than those in 0.5 M KCl at -1.0 V (vs RHE, Supplementary Fig. 27). The
results indicate that the eCO2RR, especially C−C coupling, is getting faster with the increase of the KCl
concentration once the reaction initiated.

Both cations and anions have been reported to affect the eCO2RR selectivity, but the effect varies with the

catalysts and systems.49–54 Lee and his coworkers reported that Cl− could assist the C−C coupling,49

while Strasser and his coworkers showed that Cl− increased CO selectivity.50 Cationic species have been
demonstrated to affect C2+ reaction pathways through the electrostatic interactions.51–54 In order to
further illustrate the effect of the electrolyte, the eCO2RR performance of CuO-st in different electrolytes
were evaluated. It was revealed that the FE (C2H4) in KCl (2 M) was very close to the ones in KI (2 M), KOH

(2 M) and KBr (2 M) at the current density of 1 A cm−2 (Supplementary Fig. 28), indicating that the effect
of the studied anions on the C2+ selectivity was not signi�cant.51 The cation effect seemed to be much
more pronounced (Supplementary Fig. 29). In 1 M NH4Cl, the FE (C2H4) decreased to 1.3% at the current

density of 600 mA cm−2, while the FE (H2) increased to 73%. We speculated that the moderated anion

effect might be caused by the OH− produced during eCO2RR. Supposing that the protons of the eCO2RR

products are all from H2O, the local concentration of OH− proximity to the catalyst surface is possibly

higher than the anion from bulk electrolyte when the eCO2RR are performed at high reaction rate.55–58

Indeed, the quasi-situ XPS spectra of the samples electrolyzed at high current density showed
pronounced peaks at ~532.8 eV (Fig. 5e), closing to the BE of reported OH.37 Therefore, K+ may be the
major contributor to the electrolyte-concentration-related C-C coupling e�ciency change in this study.
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controlling role on the C2+ formation, while lattice defects and morphology properties of the catalysts,
together with electrolyte, support the high selectivity of CO2RR.

Methods
In situ X-ray absorption spectroscopy. XAS measurements were carried out at the BL14W1 beamline in
Shanghai Synchrotron Radiation Facility (SSRF). The data were collected using a �xed-exit double-crystal
Si (111) monochromator. The hydrophobic carbon paper was used as the substrate for supporting CuO-st
to prepare the working electrode for the tests. A custom-designed in-situ cell coupled with the three-
electrode system was utilized. During the operando measurements, CO2 was continuously bubbled into
the electrolyte (0.1 M KCl). Lytle detector was used to collect the �uorescence signal of the Cu K-edge
(8979 eV) XAFS spectra.

In-situ Raman. The Raman was recorded on a HORIBA LABRAM HR Evolution Raman spectrometer. In the
measurements, the GDE was similar to the ones in electrochemical measurements, and CO2 was
continuously injected into the gas chamber, with saturated KCl as the cathode electrolyte, saturated
K2SO4/0.05 M H2SO4 as the anode electrolyte, and na�on 115 as the separator. Each current was applied
for around 5 min before collecting the spectra.

Quasi-in situ XPS. The XPS was performed on ESCALAB 250XI X-ray photoelectron spectrometer with an
Al Kα radiator and the vacuum in the analysis chamber was maintained at approximately 10−10 mbar.
The binding energy was calibrated by the C 1s peak energy at 284.8 eV. The GDEs were similar to the
ones in electrochemical measurements and the reactions were performed in the glovebox for 30 mins,
with saturated KCl as the cathode electrolyte, saturated K2SO4/0.05 M H2SO4 as the anode electrolyte,
and na�on 115 as the separator. After the reactions, the electrodes were washed with deionized water in
glovebox, and transferred by the X-ray photoelectron spectroscopy portable device to realize the quasi-in-
situ tests. During the test, the produced O2 were expelled out of glovebox, and the concentration of O2 in
glovebox kept under 0.01ppm.
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Figure 1

(a) and (b) FE-SEM images of CuO-st, (c) and (d) TEM images of CuO-st, (e) HR-TEM image of CuO-st,
and (f) the XPS (O 1s region) of CuO-st.
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Figure 2

Product compositions vs applied potentials (with iR corrections) in 0.1M KCl on (a) CuO-st, (b) Cu2O-pt,
and (c) Cu-pt; (d) the FE (C2+) of the materials
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Figure 3

Product compositions vs current densities of CuO-st in (a) 1M KCl, (b) 2M KCl and (c) sa. KCl, (d)
illustration of the �ow cell and gas diffusion electrode (GDE), (c) FE of C2+ vs applied potentials (without
iR corrections) and (d) A comparison of reported eCO2RR (see details in Supplementary Table 2)
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Figure 4

in situ and quasi-in situ experiments for CuO-st: (a), (b) and (c) Raman spectra, (d) the Cu LMM spectra,
(e) O 1s region and (d) Cl 2p region of XPS
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Figure 5

(a) LSV curves under CO2 atmosphere (scan rate: 50mV s-1), (b) the Tafel plots, (c) FE distribution in 0.5
M KCl, and (d) FE distribution in 2 M KCl. Note: 2 M KCl was used as the anodic electrolyte in the tests
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