
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
8/

20
26

 2
:3

4:
19

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Selectively electr
aDepartment of Chemistry, Zhejiang Univers
bState Key Laboratory of Silicon and Advan

Materials Science and Engineering, Zhej

11826060@zju.edu.cn
cWenzhou Key Laboratory of Novel Optoel

Wenzhou, Zhejiang University, Wenzhou 32

† Electronic supplementary informa
https://doi.org/10.1039/d4ra07259f

Cite this: RSC Adv., 2024, 14, 36602

Received 9th October 2024
Accepted 30th October 2024

DOI: 10.1039/d4ra07259f

rsc.li/rsc-advances

36602 | RSC Adv., 2024, 14, 36602–
olyzing CO2 to ethylene by a Cu–
Cu2O/rGO catalyst derived from copper hydroxide
nanostrands/graphene oxide nanosheets†

Chenxiang Peng,a Bing Yao,bc Lei Wangb and Xinyi Wan *bc

Electrolyzing CO2 into ethylene (C2H4) is a promising strategy for CO2 utilization and carbon neutrality since

C2H4 is an important industrial feedstock. However, selectively converting CO2 into C2H4 via the CO2

electro-reduction reaction (CO2 ERR) is still a great challenge. Herein, Cu–Cu2O nanoparticles anchored

on reduced graphene oxide nanosheets (Cu–Cu2O/rGO) were prepared from copper hydroxide

nanostrands (CHNs) and graphene oxide (GO) nanosheets via in situ electrochemical reduction. Cu–

Cu2O nanoparticles with diameter less than 10 nm were formed on the surface of rGO nanosheets. After

assembling the Cu–Cu2O/rGO catalyst into a flow cell, it demonstrated high Faraday efficiencies (FEs) of

55.4%, 37.6%, and 6.7% for C2H4, C2H6, and H2, respectively, and a total 93% FE for C2 at −1.3 V vs. the

standard hydrogen electrode (SHE). Moreover, its FE was 68.2% for C2H4, 10.2% for C2H6, and 20.5% for

H2 at −1.4 (vs. SHE). Besides, no liquid carbon product was detected. This high selectivity is attributed to

the synergistic effect arising from the small diameter of Cu–Cu2O NPs with the combination of Cu0–

Cu+ and rGO nanosheets, which promotes the activation of CO2 molecules, facilitates C–C coupling,

and enhances stability. This may provide a facile way for designing an efficient catalyst for selectively

electrolyzing CO2 into valuable C2 chemicals.
Introduction

CO2 electro-reduction into valuable chemicals is a desirable way
for carbon neutralization.1 Tremendous attention has been paid
to design novel catalysts to produce ethylene (C2H4), an
important chemical feedstock, from CO2 via the CO2 electro-
reduction reaction (ERR).2–4 Among them, the most promising
are Cu-based catalysts owing to their unique electronic struc-
tures, which exhibit high CO2 activation ability and moderate
CO adsorption affinity and facilitate the formation of C2H4.5–7 It
has been found that copper crystal facets,8 copper oxidation
states,9 crystal size,10 interaction between nanocrystals,11 grain
boundaries,12 coordination environments,13 electrolytes14 and
so forth could signicantly affect the performance for electro-
lyzing CO2 to C2H4. Some researchers have conrmed that the
Cu+ state in the Cu/Cu2O catalyst plays a critical role in the
selective formation of C2H4.3,5,9–12 For example, Zhang et al.
prepared Cu/Cu2O convex spheres with an adjustable Cu0–Cu+
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36609
interface to improve C2 production by modulating hydro-
thermal synthesis time.11 Gong's group also found that the
synergism of Cu0–Cu+ pairs could enhance CO2 ERR activity.
Cu0 activates CO2 and facilitates electron transfer, while Cu+

forces *CO adsorption and boosts C–C coupling.12 Most Cu0–
Cu+ catalysts were prepared via the hydrothermal process from
copper salts with a reducing agent.11,12 The hydrothermal
process may be energy intensive like a black box and not easily
controllable. In addition, the preservation of the oxidation of
Cu+ in the Cu0–Cu+ catalyst during the CO2 EER process is still
a challenge.13–17 Recently, it has been proposed that carbon-
based materials,13–17 including C60,14,15 graphene-related mate-
rials16 and carbon nanotubes (CNTs),17 could enhance the
stability of the Cu+ state of Cu–Cu+ during the CO2 EER process.
Meanwhile, it is well known that the smaller the catalyst size,
the higher the activity.2–5

In this work, we prepared Cu0–Cu+ (Cu–Cu2O) nanoparticles
with a diameter less than 10 nm anchored on reduced graphene
oxide (rGO) nanosheets, named as Cu–Cu2O/rGO, via in situ
electrochemical reduction from a composite composed of 2 nm
copper hydroxide nanostrands/graphene oxide nanosheets
(CHNs/GO). It has been reported that the CHNs are highly
positively charged.18 In addition, it is well known that GO
nanosheets are negatively charged.19 Therefore, due to the
strong electrostatic interaction, the CHNs and GO were well
assembled together to form the CHNs/GO composite, similar to
those reported.19 Aer drop-casting CHNs/GO with Naon on
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a gas diffusion electrode, it was in situ electrochemical reduced
to Cu–Cu2O/rGO in a ow cell. It demonstrated high selectivity
and stable performance for CO2 ERR. The Faraday efficiency
(FE) of C2H4 was 55.4% and 68.2% at −1.3 V and −1.4 V vs.
standard hydrogen electrode (SHE), respectively, while it is
37.6% and 10.2% for C2H6. No liquid product was detected.
This holds potential for the synthesis of efficient Cu-based
catalysts for the electrolysis of CO2 to C2H4.

Experimental
Chemicals and materials

Copper nitrate (Cu(NO3)2$3H2O), 2-aminoethanol (NH2–CH2-
CH2OH, AE), and potassium bicarbonate (KHCO3) were
purchased from ACROS Chemicals. Ethanol and isopropanol
were purchased from Sinopharm Chemical Reagent Co. Ltd.
Graphene oxide nanosheets dispersion with diameter of about 1
micrometer was purchased from GaoxiTech Co. Ltd. Naon was
purchased from Sigma-Aldrich. Ultrapure water with 18.2
MU cm, resistivity produced by a Millipore direct-Q system
(Millipore), was used throughout the experiments. All materials
used in this work were used without further purication.

Synthesis of CHNs

The CHNs were prepared by mixing equal volume of 4 mM
Cu(NO3)2 and 1.6 mM AE aqueous solution under stirring for
5 min, then aged for 2 days at room temperature, as described
elsewhere.18

Synthesis of the CHNs/GO composite

The CHNs/GO composite was typically synthesized by mixing
2 mL 2 mg mL−1 GO aqueous solution (zeta potential − 46 mV)
with a certain volume of CHNs solution under stirring for
10 min following the process reported elsewhere.19 Then, the
gel-like precipitate was collected by centrifugation at 8000 rpm
and dried at room temperature overnight. CHNs/GO with
various volume ratios of CHNs to GO were prepared, as listed in
Table S1.†

Synthesis of the Cu–Cu2O/rGO composite

The dried CHNs/GO 10 mg powders, 0.02 mL Naon solution,
0.96 mL isopropanol, and 1 mL water were mixed together and
ground for 30 min. Then, this mixture was cast on the gas
diffusion electrode (or porous carbon paper) with a loading
amount of 2 mg cm−2 and dried under infrared light (0.1 W
cm−2) for 3 hours. Aer drying, the electrode loaded with CHNs/
GO was electrochemically reduced to Cu–Cu2O/rGO in 0.5 M
KHCO3 solution, with CO2 ow rate of 20 mLmin−1, under−3 V
vs. SHE for 1 hour in the ow cell. The counter electrode was a Pt
foil. The reference electrode was the Ag/AgCl electrode.

Characterization

The crystalline data were collected on an X-ray powder diffrac-
tometer (SmartLab, 5°–70°, Cu Ka). Scanning electron micros-
copy (SEM, Ultra 55) with X-ray energy-dispersive spectroscopy
© 2024 The Author(s). Published by the Royal Society of Chemistry
(EDS) and transmission electron microscopy (TEM, HT7700)
were used. The X-ray photoluminescence spectra (XPS) were
recorded employing an XPS AXIS SUPRA (Kratos, UK). Liquid-
phase products were detected by 1H nuclear magnetic reso-
nance (NMR) spectroscopy (Bruker AVANCE AV III 500 MHz).
400 mL catholyte was added in 50 mL dimethyl sulfoxide (DMSO)
(6 mM) solution as the internal standard and 50 mL D2O as the
identication and quantication of liquid products. The spectra
were measured with water suppression by excitation sculpting.
Online gas chromatography (GC, FuLi 9790II) equipped with
a ame ionization detector (FID) and a thermal conductivity
detector (TCD) was employed to quantify the gas products.

CO2 ERR test

The CO2 ERR test was carried out in home-made ow cell
assembled with an anion exchange membrane on an electro-
chemical workstation CHI 760E, with Pt foil counter electrode,
Ag/AgCl reference electrode, and the gas diffusion electrode
loaded with the catalyst working electrode. The electrolyte was
1 M KHCO3 aqueous solution (pH 8.4) for CO2 ERR, while it was
0.5 M KHCO3 aqueous solution (pH 8.2) for CHNs/GO reduction
and activation. CO2 gas (99.99%) with 20 mL min−1

ow rate
was lled. The effective area of the working electrode was 1 cm2.

Linear sweep voltammetry (LSV) was recorded by a ow cell
with 20 mLmin−1

ow rate of CO2 and 1M KOH. The electrolyte
(1 M KOH) was circulated at a ow rate of 10 mL min−1 by
a pump. The potential was converted to the SHE without
internal resistance correction.

In situ FTIR and Raman measurement

The in situ attenuated total reection-surface enhanced infrared
absorption spectroscopy (ATR-SEIRS) were recorded by an
infrared spectrometer (Nicolet 6700) equipped with a liquid
nitrogen cooled mercury–cadmium–telluride (MCT-A) detector.
A homemade cell was assembled on top of the Si prism. First, an
Au layer was chemically deposited on the Si prism. Then, the
catalysts were loaded on the Au-coated Si prism and used as the
working electrode. A Pt wire and Ag/AgCl served as the counter
electrode and reference electrode, respectively. 0.1 M KOH was
used as the electrolyte. Aer running for 100 s, the FTIR spectra
were collected with a resolution of 8 cm−1 in the range from
1000 to 4000 cm−1 under a certain potential. In order tomonitor
the CHNs of the CNHs/GO conversion in the Cu–Cu2O process,
in situ Raman spectra were recorded by a LabRAM Odyssey™
(HORIBA France SAS) using the same homemade cell with 0.5 M
KHCO3 solution and CO2 ow rate of 20 mL min−1 at −3 V vs.
SHE.

Results and discussion
Fabrication and characterization of Cu–Cu2O/rGO

The typical synthesis process of Cu–Cu2O/rGO is illustrated in
Scheme 1. The highly positively charged CHNs were prepared by
adding AE solution into Cu(NO3)2 under stirring following the
method described by Prof. Ichinose.18 They conrmed that half
of the surface copper atoms of the CHNs are positively charged
RSC Adv., 2024, 14, 36602–36609 | 36603

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07259f


Scheme 1 Illustration of the synthesis process of Cu–Cu2O/rGO from CHNs/GO via in situ electrochemical deposition.
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by adsorbing negatively charged dyes. The SEM image
(Fig. S1a†) and TEM image (Fig. 1d) indicate that the linear
structure of CHNs with diameter of about 2 nm is successfully
formed, as reported elsewhere.18 The CHNs/GO composites
were formed by mixing CHNs with GO solution via electrostatic
interaction as described by Prof. Peng for molecular separation
membrane.19 The microstructures of the CHNs/GO prepared
from 125 mL CHNs and 1 mL GO solution (2 mg mL−1) are
presented in Fig. 1a and e. Due to the highly charged surface of
CHNs18 and negatively charged surface of the GO nanosheet, it
is obvious that the ultrane brous CHNs and GO nanosheets
are uniformly assembled together via electrostatic interaction.
Similar morphology was observed for the CHNs/GO with
a volume ratio of CHNs to GO of 100 : 1 and 150 : 1 (Fig. S1b and
c†), respectively. The CHNs/GO was further mixed with Naon
and drop casted on a gas diffusion electrode (or porous carbon
paper). An electrochemical reduction was applied to convert
CHNs/GO to Cu–Cu2O/rGO in 0.5 M KHCO3 electrolyte under
−3 V vs. SHE for 1 hour. The samples prepared from various
volume ratios of CHNs solution and GO solution (2 mg mL−1)
were named as S1 to S11 (see details in Table S1†). The SEM
images of the S10 Cu–Cu2O/rGO catalyst (prepared from 125
CHNs and 1 mL 2 mg mL−1 GO) are shown in Fig. 1b (high
Fig. 1 (a) SEM image of CHNs/GO prepared from 125mL CHNs and 1 mL
after in situ electrochemical reduction. (d) The TEM image of CHNs. (e)

36604 | RSC Adv., 2024, 14, 36602–36609
magnication), Fig. 1c and S2† (large scale view), respectively.
Aer electrochemical reduction, the brous CHNs disappeared,
while nanoparticles with uniform size of less 10 nm were
formed and anchored on the surface of the wrinkled rGO sheets.
The wrinkled surface with grooves is rough and resulted in
a high active surface area for the electrochemical reaction. The
TEM image (Fig. 1f) of the Cu–Cu2O/rGO (S10) further conrms
that the size of the nanoparticles is several nanometers. The
corresponding SEM EDS element mapping images (Fig. 2)
indicate Cu, C, and O are uniformly distributed in the sample. It
also shows the overlapping part of Cu and O (Fig. 2b and c). All
of these mean that the particles are mostly Cu and Cu–O
species.

The XRD patterns of the S10 Cu–Cu2O/rGO sample before
and aer electrochemical reduction are shown in Fig. 3a. Two
strong peaks at 43.3° and 50.4° are indexed to the (111) and
(200) planes of Cu, respectively (JCPDS 04-0836).7,11 The small
peak located at 36.4° is assigned to the (111) plane of Cu2O
(JCPDS 005-0667).7,11 No peaks for crystalline CuO were
observed. The broad peak at 25° is indexed to rGO.20 These
results indicate that the major products of the electrochemical
reduction of CHNs are Cu with minor Cu2O. Similar results for
S9 and S11 were achieved, as shown in Fig. S3.† In order to
2mgmL−1 GO. (b and c) SEM images of the sample S10 Cu–Cu2O/rGO
TEM image of CHNs/GO. (f) TEM image of Cu–Cu2O/rGO.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM image of S10 Cu–Cu2O/rGO with EDS mapping. The corresponding EDS mapping images; (b) overall elements combined
together; (c) enlarged section of (b); (d) Cu, (e) oxygen and (f) carbon.
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monitor the CHNs electrochemical reduction process, the in
situ Raman spectra (Fig. S4†) in the range from 200 to 700 cm−1

were recorded during the electrochemical reduction of CHNs/
GO. The characteristic peaks at about 292 and 470 cm−1

assigned to Cu(OH)2 (ref. 21 and 22) continuously decline and
nally disappear aer 1 hour, while the peak at about 525 cm−1

indexed to Cu2O21,22 is clearly observed aer 15 min and up to 1
hour. These results indicate the Cu2O phase is really formed
during the electrochemical reduction. The formation of Cu–
Cu2O is further supported by the XPS results (Fig. 3d and 4)
recorded for S10 before and aer electrochemical reduction.
Fig. 3d is the corresponding survey scan XPS spectra. It clearly
demonstrates the Cu 2p, O 1s and C 1s peaks.7,9,11 The atomic
percent of these elements are 11.09 at% for Cu, 35.26 at% for O,
Fig. 3 (a) The XRD patterns and (b) survey scan XPS spectra of S10 befo
table in (b) lists the atomic ratio of Cu, O, and C of S10 before and after

© 2024 The Author(s). Published by the Royal Society of Chemistry
and 53.65 at% for C in CHNs/GO. Aer electrochemical reduc-
tion, Cu is almost the same while oxygen signicantly deceases
to 17.17 at% and C dramatically increases to 72.66 at% (inset
table in Fig. 3b). These mean that the reduction of CHNs and
GO occurs. Fig. 4a, b and d–f are the corresponding high reso-
lution Cu 2p, O 1s and C 1s XPS spectra of CHNs/GO and Cu–
Cu2O/rGO, respectively.

It is clearly seen that before electrochemical reduction, the
Cu valent state is Cu2+ with typical XPS spectrum having two
obvious satellite peaks at 942 and 945 eV (Fig. 4a) in CHNs/GO,
while, it is Cu0 and Cu+ with overlapped two strong peaks and
small satellite peaks aer reduction in Cu–Cu2O/rGO
(Fig. 4b).9,11,23–30 To more clearly distinguish the valent sate of
Cu0 and Cu+, the Cu LMM spectra (Fig. 4c) were recorded. The
re (CHNs/GO) and after electro-reduction (Cu–Cu2O/rGO). The inset
electro-reduction, calculated from the XPS results.

RSC Adv., 2024, 14, 36602–36609 | 36605
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Fig. 4 High resolution XPS spectra of (a and b) Cu 2p, (c) Cu LMM, (d and e) C 1s; (f) O 1s of S10 before (CHNS/GO) and after (Cu–Cu2O/rGO)
electro-reduction.
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typical XPS LMM Cu2+ peak of CHNs/GO is observed, while
a strong Cu0 peak with a weak shoulder Cu+ peak in the XPS
LMM spectrum of Cu–Cu2O/rGO is seen.9,11,24,27 Comparing the
C 1s spectra of CHNs/GO (Fig. 4d) with that of Cu–Cu2O/rGO
(Fig. 4e), the C–O, C]O peaks signicantly decrease. Similar
decrease trends of C–O and Cu(II)]O peaks are also observed in
the O 1s spectra (Fig. 4f).31,32 The intensity of O 1s from the
Cu2+]O and C–O peaks dramatically declines.9,11,32,33 In addi-
tion, the total intensity of O 1s is signicantly decreased aer
reduction. These mean that both CHNs and GO are really
reduced. Based on the weak Cu2O peak in the XRD pattern
(Fig. 3a) and small shoulder peak of Cu+ in the Cu LMM spec-
trum (Fig. 4f), the atomic ratio of Cu+ to Cu in the Cu–Cu2O/rGO
(S10) calculated by Gauss-tting is about 10%.
CO2 ERR performance

The aforementioned XRD, in situ Raman and XPS results
conrmed the formation of the Cu–Cu2O/rGO composite. It has
been reported that the Cu0–Cu+ combination is desirable for
selectively converting CO2 to C2H4 by the CO2 ERR
process.3,5,7,9,11,12,14,17 It has also been conrmed that carbon-
based supports for copper-based catalyst could enhance their
stability during the CO2 ERR process.7,13–17 Therefore, the
prepared Cu–Cu2O/rGO samples were examined for CO2 ERR.
Linear sweep voltammetry (LSV) investigation was carried out
using a ow cell under CO2 ow in 0.5 M KHCO3 electrolyte to
study the activity of the resulting samples. A typical activation
curve of S10 is shown in Fig. S5a.† It is clearly seen that the
catalyst shows onset activity at −1.1 V vs. SHE. The chro-
noamperometry curves of S10 at different potentials is shown in
36606 | RSC Adv., 2024, 14, 36602–36609
Fig. S5b.† The current increases from −1.3 to −1.8 V vs. SHE. It
is critical to suppress H2 evolution during the CO2 ERR.30–34 In
order to nd the appropriate sample with less H2 evolution, the
FE of H2 by the catalysts prepared from different volume ratios
of CHNs to GO, from S1 to S11, under −1.3 V vs. SHE were
calculated from the gas products during the operation
(Fig. S6†). Fig. S6† indicates that the FE of H2 increases from
8.2% to about 12% with the volume ratio of CHNs to GO in the
range from 5 : 1 up to 20 : 1. Then, it declines to about 6.7% for
the volume ratio of CHNs to GO at 125 : 1 (S10) and slightly
increases when the volume ratio is 150 : 1 (S11). The FE calcu-
lation follows the methods described elsewhere.2–17,21–30,33–37 It is
clear that S10 is the optimal catalyst, which has the lowest FE of
H2. Therefore, S10 was chosen to investigate the CO2 ERR
performance in detail. Fig. S5b† is the chronoamperometric
curves of S10 under various potentials. The NMR results
(Fig. S7–S12†) indicate that there are no liquid carbon products
in the potential range from −1.3 to −1.8 V vs. SHE. The corre-
sponding FE of the gas products are shown in Fig. 5a and Table
S2.† The FE of C2H4, C2H6, H2 and CO are 55.4%, 37.6%, 6.7%
and 0.3%, respectively, at −1.3 V vs. SHE. The total FE for C2H4

and C2H6 is 93%.When the potential is−1.4 V vs. SHE, the FE of
C2H4, C2H6, H2 and CO are 68.2%, 10.2%, 20.5% and 1.1%,
respectively, with the total FE for C2H4 and C2H6 of 78.4%.
These FE of C2H4 and the total FE of C2 are competitive with
those reported for Cu–Cu+ hybrids catalysts (Table S3†) with FE
of C2H4 in the range from 10% to 59.3% and the FE of total C2 in
the range from 61% to 90.5% in recent works (Table
S3†).2,4,7,9,11,12,14,17,22,24,35 For example, Dinh et al. found that the
FE of C2H4 and total C2+ were 70% and 83%, respectively, using
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) FE of the products generated by S10 at various potentials. (b) The FE of C2H4 and current density of the CO2 ERR using the S10 catalyst
at −1.3 V and −1.4 V vs. SHE, respectively.

Fig. 6 Electrochemical in situ FTIR spectra of the S10 Cu–Cu2O/rGO
at a potential of −1.3 V vs. SHE. All the spectra were subtracted from
the initial one (recorded after activation of 100 s).
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the hydroxide-modied Cu nanocatalyst in 7 M KOH at −0.55 V
vs. relative hydrogen electrode (RHE) by a ow cell electrolyzer.2

Wang et al. achieved 53% FE of C2H4 and 74% of total C2 using
Cu–CuOx/carbon black catalyst in 0.1 M KHCO3 electrolyte at
−1.3 V vs. RHE.4 A similar FE of 46% for C2H4 was observed in
the case of CuO–Cu2O/carbon black in 0.1 M KHCO3 using
a ow cell.7 The highest FE of 59.5% for C2H4 and 90.5% for
total C2 were reported by Cuenya's group using Cux@Cu2O on
carbon paper as the catalyst in an H cell lled with 0.1 M KHCO3

solution at −1.2 V vs. RHE.11 In our case, however, at a potential
of −1.5 V vs. SHE, the FE of C2H4, C2H6, H2 and CO was 43.2%,
2.9%, 51.2% and 3.7%, respectively. The FE for C2 products
dramatically declined to less than 10% when the potential was
close to or less than −1.6 V vs. SHE. It is obvious that the more
negative the potential, the more the formation of H2.

Considering the current density and FE efficiency of C2H4

products, the time dependence of the FE and current density of
S10 for CO2 ERR were investigated to evaluate the stability at the
potential of−1.3 V and−1.4 V, respectively. The results (Fig. 5b)
indicate that during continuous operation for 50 hours, both
the FE of C2H4 and current density of the CO2 ERR at these two
potentials show almost no change. In addition, the SEM image
of the catalyst aer operating for 50 hours at −1.3 V vs. SHE is
shown in Fig. S13.† It shows the similar nanoparticular struc-
tures on the rGO surface as those in the original catalyst
(Fig. 2c). This result demonstrates the good stability of the Cu–
Cu2O/rGO catalyst. It has been reported that fullerenes can
stabilize the catalytic CO2 ERR performance of the Cu–Cu2O–
C60 catalyst.14–16 Furthermore, it has been found that carbon-
based materials, such as carbon layer,7 carbon black13 and
CNTs,17 could stabilize the Cu+ species of the CuOx@C and
Cu2O/CNTs since the carbon layer or CNTs can increase the
electronic conductivity of Cu+ catalyst, which enables the elec-
trons from the external circuit to transfer to the surface and
facilitate the timely conversion of the reactant molecules, thus
suppressing the reduction of Cu+ species.7,13,17 Similarly, in our
case, the rGO layer will enhance the electronic conductivity of
© 2024 The Author(s). Published by the Royal Society of Chemistry
Cu2O, transfer the electrons to the catalyst surface and facilitate
CO2 reduction, thus suppressing the reduction of Cu+ species.
In situ ATR-SEIRS of the CO2 ERR

In order to understand the CO2 ERR process on the Cu–Cu2O/
rGO catalyst, S10 was investigated by an in situ ATR-SEIRS
setup (see details in the Experimental section). Aer running
for 100 s, the FTIR spectra were recorded at −1.3 V vs. SHE. The
interval for the spectra was 2 min. The spectra shown in Fig. 6
were recorded in the wavenumber range from 1400 to
2200 cm−1. The FTIR peak at about 2050 cm−1 is assigned to the
adsorbed *CO.5,7,9 The peak at about 1750 cm−1 is indexed to
O–C]O intermediates.11–17 Also, the peak at about 1525 cm−1

comes from the O]C–C]O species, the key intermediate for
the formation of C2H4 or other C2 products.24–30 It is obvious
RSC Adv., 2024, 14, 36602–36609 | 36607
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that the O]C–C]O dimers are the dominant species on the
surface. Previous works11–17,24–30 indicate that the Cu0/Cu+

interfaces play a key role in the activation and CO dimerization,
promoting the C2 selectivity. Similarly, the conversion of CO2 on
Cu–Cu2O/rGO by CO2 ERR is achieved through the following
steps: rst, CO2 is activated by Cu and Cu+ to *CO and adsorbed
on the catalyst surface. Two *CO species are coupled to form
O]C–C]O and then further hydrated to C2H4 or C2H6. The
rGO support enhances the electronic conductivity and protects
the Cu+ species. Therefore, the synergistic effect of Cu0, Cu+ and
rGO of the Cu–Cu2O/rGO catalyst contributes to its high selec-
tivity and stability for the conversion of CO2 to C2H4.
Conclusion

In summary, we prepared a Cu–Cu2O/rGO catalyst from the
CHNs/GO composite via an in situ electrochemical reduction
process in a CO2 ERR ow cell. The prepared Cu–Cu2O/rGO
demonstrated ∼10 nm Cu–Cu2O nanoparticles with Cu–Cu+

combination anchored on the surface of rGO. These Cu–Cu+

species are desirable for the activation of CO2 and dimerization
of C–C species, then selectively facilitating the formation of
C2H4.5,7,9–17,24–30 Due to these advantages, this Cu–Cu2O/rGO
catalyst presented highly selective CO2 ERR to convert CO2 to
C2H4 in a ow-cell model. At −1.3 V vs. SHE, it shows an FE of
55.4% and 37.6% for C2H4 and C2H6, respectively, with a total
C2 FE of 93%. At −1.4 V vs. SHE, it shows an FE of 68.2% and
10.2% for C2H4 and C2H6, respectively, with a total C2 FE of
78.4%. It also presents a good stability. This may provide a facile
way to design Cu-based catalysts for selectively converting CO2

to C2H4 via CO2 ERR.
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