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iate binding enables selective
electroreduction of carbon dioxide to carbon
monoxide on a copper–indium catalyst†

Shengzhou Xu, a Chenglong Wang, a Chunjing Ran,a Hexing Yang,a

Wangjiang Gao,a Bitao Dong,*b Yuhang Liuc and Dan Ren *a

Electrosynthesis of carbon monoxide (CO) from carbon dioxide (CO2) and water driven by renewable

electricity represents a sustainable route to carbon upgrading, but the lack of cost-effective catalysts

hinders its scaling-up. Here, we judiciously designed a bimetallic Cu–In catalyst via in situ

electroreduction of In-coated CuO nanowires. This facilely-prepared Cu–In catalyst delivers an excellent

performance towards CO production in a flow cell, with a faradaic efficiency of CO of up to 91% at

a geometric current density of −69 mA cm−2. Different from previous studies suggesting that In-

modified Cu strengthens the adsorption of *COOH and/or weakens the binding of *H, we discovered

that In acts as the active site. The modification of In by Cu weakens the adsorption of *CO. This

facilitates a faster desorption of *CO, thus inhibiting the C–C coupling process. As a result, the formation

of multi-carbon products is suppressed. This conclusion was drawn through a rigorous analysis of the

electrochemical reduction of CO, the electrochemical adsorption of *CO and in situ Raman

spectroscopy. Finally, we wired our CuIn-based electrolyzer to an efficient triple-junction solar cell for

the demonstration of solar-driven CO2 conversion and achieved a solar-to-chemical energy conversion

efficiency of greater than 10% for CO.
Introduction

The global climate change caused by the excessive emission of
carbon dioxide (CO2) into the atmosphere is a potential threat
to human beings. Electrochemical reduction of CO2 to fuels and
chemicals, driven by renewable electricity, could potentially
reduce the atmospheric concentration of CO2.1,2 Among over 20
carbonaceous products reported from the electroreduction of
CO2,3–5 carbon monoxide (CO) is a vital raw material for the
Fischer–Tropsch synthesis of a range of chemical feedstocks.6

The global market size of CO, which is mainly derived from
fossil fuels, reached over 3 billion USD in 2023.7 Synthesis of CO
from the electrochemical reduction of CO2 serves as a prom-
ising alternative to the generation of this feedstock. However,
the lack of cost-effective, efficient and stable electrocatalysts
hinders its large-scale deployment.8,9
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Extensive research efforts have been devoted to designing
efficient electrocatalysts based on Au,10–12 Ag13–15 or Pd16–18 for
the electrochemical reduction of CO2 to CO. For example, Sun
and co-workers investigated Au nanoparticles of different sizes
for CO2 reduction to CO and found that 8-nm Au nanoparticles
exhibited a faradaic efficiency (FE) of 90% for CO at −0.67 V vs.
RHE (reversible hydrogen electrode).12 Liu et al. synthesized
triangular silver nanoplates, which delivered a FE of 96.8% for
the production of CO at −0.855 V vs. RHE.14

Interestingly, bimetallic catalysts, such as copper-indium (Cu–
In)19–22 and copper-tin (Cu-Sn)23–26 have shown potential as a cost-
effective alternative to Au or Ag for CO production. Takanabe and
co-workers rst reported the selective production of CO with a FE
of 95% on a Cu–In alloy.19 By density functional theory (DFT)
modelling, they proposed that the presence of In weakens the
binding of *H on Cu and strengthens the adsorption of *CO2 on
Cu, thus making Cu sites suitable for CO formation. Later, Pérez-
Raḿırez and co-workers found that the presence of In(OH)3 in
their Cu–In electrocatalysts is crucial in catalyzing the formation
of CO.20 Züttel and co-workers proposed that the Cu–In interface
enhances the adsorption strength of *CO and destabilizes the
adsorption of *H through DFT modelling.21 Shao and co-workers
suggested that the binding energy of key intermediates is tuned
through Cu–In interaction.22

To recapitulate, although the selective formation of CO has
been achieved on Cu–In catalysts, the exact synergistic
Chem. Sci., 2025, 16, 8661–8672 | 8661
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mechanism of Cu and In for CO production is still under
debate. Controversial statements on the active site within CuIn
by different research groups have been made. According to the
early study by Hori. et al.27 as well as the computational
modeling by Rossmeisl et al.,28 Cu and the formate-producing
group metal (including Sn and In) are located on the opposite
side of the CO-producing group metals (including Ag and Au) in
terms of the binding strength of key intermediates, such as
*CO. This seems to indicate that the mixture of Cu and In might
lead to the characteristic of CO selectivity.29 A deeper under-
standing of this effect is urgently needed for an understanding
of this type of bimetallic synergy.

Here, we develop a facile method to prepare Cu–In bimetallic
catalysts and investigate their electrocatalytic activity for the
reduction of CO2. Namely, In is sputtered onto a CuO nanowire
substrate to form CuO–In, where the thickness of In is
systematically varied by altering the time of sputtering. The Cu–
In catalyst, formed by electrochemical reduction of CuO–In,
exhibits good selectivity and activity towards the production of
CO. The synergy between Cu and In was thoroughly investigated
through the analysis of electrochemical CO reduction, electro-
chemical CO adsorption, and surface-enhanced in situ Raman
spectroscopy. In contrast to the previous studies, which suggest
that In-modied Cu enhances the adsorption of *COOH and/or
weakens the binding of *H, we experimentally reveal that the
modication of In on Cu weakens the adsorption of *CO and
facilitates rapid desorption of *CO from Cu, thus inhibiting the
C–C coupling process hence the formation of multi-carbon
products. The catalyst we developed is further used as the
cathode for a CO2 electrolyzer that is powered by a triple-
junction solar cell, delivering a decent solar-to-chemical
conversion efficiency.
Results and discussions
Synthesis and characterization of Cu and Cu–In catalysts

The schematic ow of the preparation of the CuO/GDE and
CuO–In/GDE lms is depicted in Fig. 1a. Briey, a sputtered Cu
lm with a thickness of 900 nm on a GDE (Fig. S1, S2 and Table
S1†) was rst anodized in 3 M KOH solution to form Cu(OH)2
nanowires. Cu(OH)2 was annealed at 150 °C for 1 h to form CuO
on the GDE (CuO/GDE).30

This lm was subsequently coated with In of varying thick-
nesses ranging from 0.5 to 60 nm via sputtering. It is noted that
here the spontaneous exchange reaction between In and CuO,
as given below, is expected to take place.

2In(s) + 3CuO(s) ! In2O3(s) +3Cu(s) (1)

DG0 = −442.8 kJ mol−1 at 298 K

Thus, the resulting lm may exhibit various oxidation states of
Cu and In. For simplication, these lms are denoted based on the
precursors as CuO–In-X (where X represents the thickness of In).
8662 | Chem. Sci., 2025, 16, 8661–8672
The as-prepared CuO–In-X and CuO were characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). CuO consists of wires with a length of a few
micrometers and a diameter of <100 nm (Fig. S3†). Aer the
coating of In, CuO–In maintains the nanowire structure
(Fig. 1b). The transmission electron micrograph of the CuO–In
wire shows a uniform coating of In, with a distinct boundary
between the two layers (Fig. 1c). The thickness of the In coating
with the sputtering time of 628 s is estimated to be 29.91 ±

9.61 nm by quantitative analysis of multiple TEM images
(Fig. S4 and Table S2†), hence being named as CuO–In-30. A
lattice spacing of 0.271 nm, which belongs to the diffraction of
the (101) spacing of the In lattice (I4/mmm space group),31 is
observed in the HR-TEM of CuO–In-30 (Fig. 1d).

CuO and CuO–In-30 were reduced at a constant geometric
current density of −69 mA cm−2 for 600 s. Both CuO and CuO–
In-30 are expected to be reduced to metallic lms (as will be
discussed later),21,32,33 hence being named as Cu and CuIn-30.
SEM shows that Cu exhibits a rougher texture with nano-
particles of around 500 nm covered on the surface as compared
to CuO (Fig. S5†). The roughness factor of Cu was determined to
be 136, based on the estimation using double layer capacitance
(Fig. S6 and Table S3†).

CuIn-30 maintains a wire-like structure, with agglomerates of
particles present on the surface (Fig. 1e–f and S7†). SEM-EDX
analysis reveals a dramatic increase in the atomic ratio of Cu/In
on CuIn-30 (Cu/In = 3.32) as compared to CuO–In-30 (Cu/In =

1.36) in the bulk, indicating the possible leaching of In species
(Fig. S8 and Table S4†), which is further demonstrated by ICP-MS
analysis of the electrolyte (Table S5†). HR-TEM reveals that CuIn-
30 particles show lattice spacings of 0.251 nm and 0.286 nm,
corresponding to diffractions from the (002) spacing of CuO (C2/c
space group) and (222) spacing of the In2O3 lattice (I213 space
group), respectively (Fig. 1g).34,35 High-angle annular dark-eld
imaging with energy dispersive X-ray spectroscopy on CuO–In-
30 reveals the coverage of In over the CuO nanowires (Fig. 1h).
Aer reduction, In is homogeneously distributed across the
surface of the CuIn-30 nanowires (Fig. S9†). It is evident that Cu
atoms within the inner shell migrate to the surface during
reduction, leading to a mixture of Cu with In on the surface.

CuO–In-30 and CuIn-30 were also characterized by X-ray
photoelectron spectroscopy (XPS). For In 3d3/2 and 3d5/2,
CuO–In-30 only shows features of In3+, while CuIn-30 merely
consists of In0 species (Fig. 1i). For Cu 2p1/2 and Cu 2p3/2, peaks
at 954.1 eV and 934.1 eV, respectively demonstrate that the
surface of CuO–In-30 and CuIn-30 contains Cu(II) species. This
is further corroborated by the appearance of satellite features at
942.9 eV and 962.5 eV. The peaks at 932.6 and 952.3 eV are
attributed to Cu+/Cu0 species (Fig. 1i). The presence of Cu0/Cu+

on the surface of CuO–In-30 demonstrates that the surface CuO
has been partially reduced. We also analyzed the surface Cu/In
atomic ratio of the CuO–In-30 and CuIn-30 catalysts to be 0.27
and 2.13, respectively (Table S6†), indicating the migration of
Cu species to the surface during electrochemical reduction.

In the X-ray diffractograms, Cu exhibits visible peaks at 2q =
43.3°, 50.4°, and 74.1°, which could be assigned to the diffrac-
tions from the (111), (200), and (220) facets of Cu (Fm�3m space
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural and chemical characterizations of the GDE, CuO, CuO–In, Cu and Cu–In. (a) Schematic route for the synthesis of CuO and
CuO–In. (b and e) Scanning electron micrograph (SEM), (c and f) transmission electron micrograph and (d, g) high-resolution transmission
electron micrograph of (b–d) CuO–In-30 and (e–g) CuIn-30. (h) High-angle annular dark-field image and energy dispersive mapping of CuO–
In-30. (i) X-ray photoelectron spectra of In 3d and Cu 2p of CuO–In-30 and CuIn-30. (j) X-ray diffractograms of the GDE, Cu, CuO, CuO–In-30
and CuIn-30. (k) Ex situ Raman spectra of CuO and CuO–In-30.
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group), respectively (Fig. 1j).36 For the CuO and CuO–In-30 lms,
the diffractograms show additional peaks at 2q = 35.5°, 38.7°,
and 48.7°, corresponding to the diffractions from the (002),
(111), and (�202) facets of CuO (C2/c space group).26 The peaks
corresponding to metallic Cu in the two diffractograms could be
partially attributed to the residual sputtered Cu underneath.
The diffractogram of CuO–In-30 also exhibits visible peaks at 2q
= 32.9°, 36.3°, 39.2°, and 63.2° that are assigned to diffractions
from the (101), (002), (110), and (103) facets of In (I4/mmm space
group),37 respectively. This demonstrates the successful coating
of In on the substrate. The diffractogram of the CuIn-30 catalyst
still exhibits the diffractions of In, together with the diffractions
of CuO.

CuO and CuO–In-30 were further characterized by ex situ
Raman spectroscopy (Fig. 1k). The Raman peak at 155–
© 2025 The Author(s). Published by the Royal Society of Chemistry
157 cm−1 corresponds to the G−
15 phonon of the Cu2O lattice,

which is observed in both the CuO NWs and CuO–In-30 cata-
lyst.38 The Raman peaks at 286 and 600 cm−1 for the CuO NWs
correspond to Cu–O vibrations in the CuO lattice.38 The Raman
peaks at 472 and 560 cm−1 for the CuO–In-30 catalyst corre-
spond to the phonons associated with the bcc-structured
indium oxide.39

From TEM, XPS, XRD, and Raman analysis of CuO and CuO–
In-30, it is evident that Cu species exist in a mixed state of Cu0

and Cu2+ aer the coating of In, which is consistent with the
expected reaction as shown in eqn (1). However, only metallic In
species are observed in the XRD and TEM of CuO–In-30, but XPS
shows that the surface of CuO–In-30 only contains In3+, indi-
cating that the formed In2O3 is likely to be amorphous or the
quantity of In2O3 is too small. We thus conclude that the coated
Chem. Sci., 2025, 16, 8661–8672 | 8663

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01110h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
 1

40
4.

 D
ow

nl
oa

de
d 

on
 1

8/
09

/1
40

4 
06

:2
4:

29
 ..

 
 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
In lm of CuO–In-30 contains both metallic and oxide In
species. TEM analysis of Cu and CuIn-30 shows the existence of
oxides, which is likely due to the quick oxidation of the surface
in air. Nevertheless, these catalysts are named as CuIn-X in the
following context.
Improved activity of CO2 reduction to CO on the Cu–In
catalyst

Eight different electrocatalysts, including Cu, CuIn-0.5, CuIn-5,
CuIn-15, CuIn-20, CuIn-30, CuIn-60, and In, were individually
used as the cathode for CO2 reduction in 0.5 M KHCO3 using
a customized ow cell (Fig. S10†).40 Linear sweep voltammo-
grams show that CuIn-30 exhibits a larger cathodic geometric
current density compared to Cu (Fig. 2a). Moreover, the
cathodic current density increases under CO2 as compared to
the one under Ar, if the potential reaches <−0.6 V vs. RHE. The
Fig. 2 Electrocatalytic carbon dioxide reduction performance of Cu, In a
Cu and CuIn catalysts as a function of applied potential under CO2 or Ar at
(e) CuIn-60 catalysts as a function of cathodic current density. (f) FE of di
about −70 mA cm−2. (g) FE of the produced CO and the detected half-ce
30 catalyst. Each data point in (b)–(f) corresponds to the average of m
standard deviation of these measurements. Electrolyte: 0.5 M KHCO3. F

8664 | Chem. Sci., 2025, 16, 8661–8672
catalytic behavior was then assessed under chronopotentio-
metric bias, with the gaseous products being analyzed using
online gas chromatography and the liquid products being
quantied through high-performance liquid chromatography
aer electrolysis (Fig. S11 and S12†). The steady state potential
under different current density and j–V plots of all the catalysts
under a CO2 atmosphere are presented in Fig. S13.† The values
of FE are tabulated in Tables S7–S15.†

Cu catalyzes the formation of a mixture of carbonaceous
products, including CO, formate, ethylene, ethanol, acetate and
n-propanol at different current densities, from −42 to −250 mA
cm−2 (Fig. 2b and Table S7†). When the cathodic current
density reaches 250 mA cm−2, the FE for the C2+ products peaks
at 60%. The selectivity of the C2+ species rises along with
a decline in the FE of CO, which corroborates that CO is the
intermediate towards the formation of C2+ products.41,42 On the
contrary, the In catalyst delivers formate as the major product in
nd the CuIn-X catalysts. (a) Total geometric current density (jtotal) of the
mosphere. FE of different products on the (b) Cu, (c) In, (d) CuIn-30 and
fferent products on the CuIn-X catalysts with different In thicknesses at
ll potential at −70 mA cm−2 over 450-min of electrolysis on the CuIn-
ultiple independent measurements and the error bar represents the
low rate of CO2 or Ar: 15 cm3 min−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the electrochemical reduction of CO2, which is in line with
previous studies using In-based catalysts (Fig. 2c).43,44 Interest-
ingly, the CuIn-X catalysts show drastically different activity
(Fig. S14–17†). Specically, the CuIn-30 catalyst exhibits
a decent selectivity in catalyzing electrochemical CO2 reduction
to CO. The FE for CO remains above 83% within a wide current
density range from −41 to −80 mA cm−2. At −69 mA cm−2, the
FE for CO production reaches up to 91 ± 3% (Fig. 2d), with
a trace amount of hydrogen and hydrocarbons being detected.
Our catalyst is among the best reported literature values in
terms of the selectivity towards CO (Tables S16 and S17†).
Compared to recently-emerged single atom catalysts and
molecular catalysts, the ease of preparation of our catalyst offers
advantage over those materials that require solvents or high-
temperature treatment.

The effect of the thickness of In on the catalytic performance
of CuIn-X was also investigated. Upon the thickness of coated In
increasing to 60 nm, only a FE of 62.7% for CO is achieved and
the FE of formate increases to 16.5% at −70 mA cm−2 (Fig. 2e).
It is clear that excessive loading of In leads to the formation of
formate. Formate ions could migrate from the catholyte to the
anolyte through the anion exchange membrane (AEM) and its
oxidation at the Pt anode (Fig. S18†) leads to the under-
estimated quantication of formate and hence a relatively low
total FE value, especially on In and CuIn-60 (Table S14†). Once
the cathodic current density exceeds −100 mA cm−2, C2+

products are generated from the electrochemical reduction of
CO2 on CuIn-60, in accordance with the one on CuIn-30. This is
likely due to the improved CO coverage on CuIn-60 at large
current density, facilitating the C–C coupling process.

The catalytic performance of different CuIn-X catalysts at
a current density of about −70 mA cm−2 is compared in Fig. 2f.
For CuIn-5 and CuIn-15, C2+ products are formed, with a FE of
3.8% and 0.6%, respectively. Hence, an optimal value for the
thickness of In being coated on the CuO NWs is needed for
maximized suppression of C2+ products.

The long-term electrolysis shows an appreciable stability of
CuIn-30 in CO production (Fig. 2g). It is noted that the half-cell
potential uctuates periodically, likely due to salt precipitation,
which hinders the mass transport of CO2 and reactants, and
subsequently results in the accumulation and release of
bubbles. The faradaic efficiency of CO remains relatively stable
over a 450-min electrolysis at a current density of−69 mA cm−2,
with the average FE for CO remaining nearly 80%. Aer 450-min
electrolysis, the ratio of Cu/In shows a decrease from 3.32 to
2.29 (Fig. S19, S20 and Table S18†). This might be ascribed to
the dissolution of both Cu and In, which is veried by the ICP-
MS analysis (Table S19†). More importantly, the CuIn-30 surface
suffers from severe aggregation of the In particles (Fig. S21 and
S22†). Both the structural change and the dissolution of Cu
could lead to the degradation of the catalytic performance of
CuIn-30 aer 450-min of electrolysis.
Active sites of CuIn-30 for CO2 reduction to CO

To reveal the underlying reason for the catalytic activity of CuIn-
30 towards the production of CO, we rst investigated the
© 2025 The Author(s). Published by the Royal Society of Chemistry
surface characteristics of CuIn-30 as well as those of Cu and In.
The cyclic voltammograms of Cu, In, and CuIn-30 under CO
ow are shown in Fig. 3a. It is noted that the slightly skewed
baseline observed is due to the inevitable reduction of residual
oxygen within the pores of the GDE substrate.

Cu exhibits two reduction peaks at −0.16 V and −0.73 V,
which represent the reduction of copper oxides.45,46 In shows
a cathodic peak at −0.26 V and an anodic peak at 0.83 V, which
are likely due to the redox reactions between In and In2O3/
In(OH)2+.47 CuIn-30 shows both Cu/CuOx redox peaks and In-
related redox peaks, indicating a mixture of Cu and In
features on the surface, consistent with the TEM analysis
(Fig. 1f–h). In addition, the cyclic voltammogram of CuIn-30 in
1 M KOH clearly exhibits the adsorption of *OH on Cu (100),
demonstrating the presence of Cu species on the surface of
CuIn-30 (Fig. S23†).

Further, *CO adsorption on CuIn-30 catalyst was character-
ized to reveal the binding strength between the active sites and
*CO. As a comparison, the CO adsorption behaviours on Cu
metal and Inmetal were also characterized (Fig. 3b–d). The peak
observed at −0.07 V vs. RHE on Cu could be attributed to the
desorption of CO from Cu,23,48 while the peak observed at
−0.16 V vs. RHE on In is likely due to the desorption of CO from
In. Interestingly, only a cathodic peak at −0.07 V is observed on
CuIn-30. This identical feature to the one observed on Cu
thereby indicates that Cu sites in CuIn-30 are capable of
adsorbing CO. Conversely, CuIn-30 shows no *CO adsorption/
desorption peak on In, demonstrating that the presence of Cu
modies surface In species, making them not capable of
binding CO strongly. The temperature-programmed desorption
(TPD) behaviour of Cu and CuIn-30 in a CO atmosphere further
veries that the interaction between Cu and In results in
a relatively weak adsorption of CO on the Cu–In catalyst
(Fig. S24†). The weak binding between In and CO favors the
release of CO from CuIn at low overpotential.

The above analysis raises the question of why the formation
of C2+ products is suppressed on CuIn-30, as Cu sites within
CuIn-30 show the capability of adsorbing CO. Therefore, we
further investigated the electrochemical reduction of carbon
monoxide on the Cu and CuIn-30 catalysts, as shown in Fig. 3e–f
(Tables S20, S21, Fig. S25 and S26†). Interestingly, CO reduction
on Cu leads to the generation of C2+ products, with the FE of C2+

products reaching around 40% in a wide current density range
from −34 to −94 mA cm−2. Interestingly, CuIn-30 also exhibits
the generation of C2+ products in CO reduction at a current
density from −40 mA cm−2 to −95 mA cm−2. The FE of C2+

products reaches approximately 44% at −77 mA cm−2. This
value is signicantly higher than the one observed in CO2

reduction on CuIn-30. It is also noted that H2 is produced with
a FE of 18–44%, indicating the non-optimal binding strength of
CO on CuIn.

As suggested by theoreticians, the key step towards the
formation of C2+ product is the coupling of two single-carbon
(C1) intermediates. This not only requires overcoming the
reaction energy barrier for carbon–carbon coupling but also
ensures adequate adsorption of the C1 intermediate on the
catalyst surface.8 Combined with electrochemical *CO
Chem. Sci., 2025, 16, 8661–8672 | 8665
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Fig. 3 Investigation of the synergy betweenCu and In. (a) Cyclic voltammograms of CuIn-30 as well as the Cu and In catalystsmeasured in a flow
cell at a scan rate of 50 mV s−1 under a CO atmosphere. (b–d) Cyclic voltammograms of the Cu, In and CuIn-30 catalysts measured within
a narrow potential range at a scan rate of 50 mV s−1, with N2 (dash line) or CO (solid line) being flowed at a rate of 50 cm3 min−1. FE of different
products in the electrochemical reduction of CO on the (e) Cu and (f) CuIn-30 catalysts. (g) Catalytic performance of the CuIn-X catalysts in the
electrochemical reduction of CO2 at a current density of about−140mA cm−2. Each data point in (e)–(g) corresponds to the average of multiple
independent measurements and the error bar represents the standard deviation of these measurements. Electrolyte: 0.5 M KHCO3.
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adsorption and the performance of the CO reduction on Cu and
CuIn-30, we conclude that Cu sites in CuIn-30 are capable of
adsorbing *CO as well as further reducing adsorbed *CO to C2+

products at the tested potential/current. However, CuIn-30
hardly catalyzes the production of C2+ products in CO2 reduc-
tion at low overpotential. Thus, the limited production of C2+

from CO2 on CuIn-30 could only be attributed to the insufficient
availability of *CO on Cu at low overpotential. This is further
corroborated by electrochemical CO2 reduction on CuIn-30 at
higher cathodic current density, where Cu sites become active
for CO2-to-CO conversion to produce CO intermediates. At−140
mA cm−2, the FE of C2+ products on CuIn-30 is 10%, and the
value on CuIn-15 reaches around 27% (Fig. 3g and Table S15†).

In situ Raman spectroscopy

The reconstruction of the catalysts during pre-reduction and the
binding behavior of key species was further investigated by in
situ Raman spectroscopy at various current densities on repre-
sentative lms (Fig. 4).40 A custom-built spectro-electrochemical
Raman ow cell (Fig. 4a and S27†) was used to perform CO2

electrolysis in 0.5 M KHCO3, with the catalytic interfaces being
simultaneously probed by a Raman spectrometer. The catalyst-
loaded GDE was positioned upward, between the cathodic gas
chamber and the catholyte chamber. To ensure a better signal-
8666 | Chem. Sci., 2025, 16, 8661–8672
to-noise ratio, we employed a water immersion objective,
featuring a small working distance and a large numerical
aperture, to collect the scattered light.

We rst investigated the time-dependent surface change
during pre-reduction using CuO–In-5, CuO–In-30, and CuO–In-
60, at a current density of −30 mA cm−2 (Fig. 4b–d). At open-
circuit potential, multiple Raman peaks at about 470 and
570 cm−1 correspond to the phonons associated with the bcc-
structured indium oxide.39,49 The Raman peak at about
620 cm−1 corresponds to the G−

15 phonon of the Cu2O lattice.50

Once a negative bias is applied, the reduction of oxides is
demonstrated by the gradual disappearance of these peaks.38

The spectrum becomes almost featureless aer 2 min, proving
that the majority of the oxides have been reduced to their
metallic forms during the pre-reduction process. Recently, it
has been proposed that Cu+ species could be favorable for the
C–C coupling process.51–55 However, the reduction process leads
to a change of the bulk oxides to their metallic forms on our
catalysts.

Interestingly, when the negative bias is removed, under
open-circuit potential, the oxide emerges on the surface within
tens of seconds. It can be explicitly stated that both Cu and In
were mainly metallic during the CO2 reduction process. The
oxides observed in the TEM might be ascribed to the rapid
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 In situ Raman spectra on Cu and CuIn catalysts. (a) Exploded view of the in situ Raman electrolysis flow cell. In situ Raman spectra and
corresponding chronoamperograms (inset) of the (b) CuO–In-5, (c) CuO–In-30 and (d) CuO–In-60 catalysts at −30 mA cm−2. In situ Raman
spectra of the (e) Cu, (f) CuIn-0.5, (g) CuIn-1.25 and (h) CuIn-30 catalysts during electrochemical reduction of CO2 at different current densities.
CO2 was continuously flowed to the cathodic gas chamber during measurement. A near-infrared laser (785 nm) was used as the excitation
source. The spectra were collected at a range of 100−2200 cm−1 after sufficient electrolysis time to ensure the reduction of oxides. A repre-
sentative spectrum of multiple measurements at steady state of the electrolysis is shown under each condition. Electrolyte: 0.5 M KHCO3. The
spikes in some spectra are due to cosmic rays.
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oxidation of the catalyst aer the cathodic bias is removed
(Fig. 1g).

The Raman spectra of four representative catalysts during
CO2 reduction were then collected (Fig. 4e–h). The peak at
∼1070 cm−1, observed on Cu, CuIn-0.5, CuIn-1.25, and CuIn-30
during CO2 electrolysis, corresponds to the vibration of CO3

2−.56

*CO adsorbed on Cu exhibits distinct Raman peaks at 280, 360,
and 2100 cm−1, representing the restricted rotation of Cu–C,
Cu–C stretching, and ^O stretching of atop-adsorbed *CO on
Cu, respectively (Fig. 4e).57 These peaks are still visible on thin-
In-coated catalysts, such as CuIn-0.5 and CuIn-1.25 (Fig. 4f–g),
demonstrating the adsorption of *CO on Cu. This phenomenon
is consistent with the observed formation of C2+ products in
CO2 reduction on CuIn-0.5 and CuIn-1.25 (Fig. 2f). Interestingly,
no peak related to adsorbed *CO is observed on the CuIn-30
catalyst (Fig. 4h), which agrees well with the suppressed
formation of C2+ products on CuIn-30. It is noted that comple-
mentary Infrared spectroscopy might provide more insights
into CO vibration signals but engineering a ow-type spectro-
electrochemical cell for in situ infrared spectroscopy is
© 2025 The Author(s). Published by the Royal Society of Chemistry
technically challenging. In addition, a Raman peak at
1248 cm−1 is observed on CuIn-30, which might correspond to
the symmetric stretching of adsorbed *CO2

−.58 The appearance
of the *CO2

− adsorption peak indicates the enhanced activation
of CO2 on CuIn-30.
Mechanism of CO2 reduction to CO on the CuIn catalyst

We then carried out DFT calculations through the Vienna Ab
initio Simulation Package (VASP) model (Fig. 5a–c and S28–
S30†). CO2 is rst converted into the key adsorbed intermediate
*COOH. Subsequently, *COOH undergoes proton-coupled
electron transfer to form *CO, which then desorbs from the
catalyst surface to yield CO. Compared with Cu and In, the DG
required for the formation of *COOH on the surface of CuIn-30
is lower, indicating that the surface of the CuIn catalyst is more
prone to the formation of *COOH (Fig. 5a). Additionally, the
competing hydrogen evolution reaction and formate produc-
tion processes exhibit higher energy barriers compared to those
of Cu and In (Fig. 5b and c).
Chem. Sci., 2025, 16, 8661–8672 | 8667
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Fig. 5 Free-energy diagrams for (a) CO2 to CO, (b) H2 evolution, and (c) CO2 to HCOOH on CuIn, Cu, and In surfaces. (d) Proposed mechanism
for the formation of CO and C2+ products on the CuIn-30 catalyst under different conditions.
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Combining electrochemical analysis and DFT modelling, we
suggest the reaction mechanism of CO2 or CO reduction on
CuIn-30 (Fig. 5d). At a current density from −30 mA cm−2 to
−100 mA cm−2, In is the main active site. Due to the modi-
cation of Cu, In could not only actively transform CO2 to CO but
also release the weakly-bonded CO (Fig. 3b) to form CO gas, with
a small amount of CO being transferred to adjacent Cu sites,
which hinders efficient C–C coupling (Fig. 2d). Consistently, the
signal of adsorbed *CO is invisible in the Raman spectrum
(Fig. 4h). When the current density reaches −140 mA cm−2, the
coverage of CO on Cu is enhanced, either by the spillover of CO
from the In site or the activated CO2-to-CO conversion on the Cu
site. The improved surface coverage of CO on Cu will trigger C–C
coupling to generate C2+ products (Fig. 3e). We note here that
the Raman features of adsorbed *CO under this condition are
hardly acquired, as the Raman signal is adversely affected by the
gas bubbles (Fig. 4h). Nevertheless, the enhanced production of
C2+ products at higher current density on CuIn indicates that
the surface coverage of CO is high. Additionally, the surface
coverage of CO is greatly enhanced during CO reduction at
a current density from −30 mA cm−2 to −100 mA cm−2, leading
to the generation of C2+ products.
Photosynthesis of CO from CO2 on the CuIn catalyst

With the CuIn catalyst, we further constructed a two-electrode
electrolyzer with electrodeposited InOx as the anode
(Fig. S31†).59 We deliberately eliminated the AEM and employed
2 M KOH instead of 0.5 M KHCO3 as the electrolyte to minimize
the voltage loss. The electrolyzer is further powered by a trip-
junction solar cell under illumination, as a proof-of-concept
8668 | Chem. Sci., 2025, 16, 8661–8672
of an articial photosynthesis system (Fig. 6a). The solar-
driven CO2 reduction system was engineered by wiring the
solar cell with the electrolyzer. The solar cell employed here is
a triple-junction InGaP2/InGaAs/Ge photovoltaic cell, with an
effective illumination area of 0.92 cm2. The full system was also
illuminated continuously, with the generated gas products
periodically sampled into GC for quantication.

The voltage–current behaviour of the solar cell under global
air mass (AM) 1.5 G illumination was rst characterized. The
open-circuit photovoltage (Voc) is 2.42 V and the short-circuit
current density (jsc) is 15.40 mA cm−2, with a ll factor of
82.0%, yielding a maximum power conversion efficiency (PCE)
of 30.6% (Fig. 6b). The initial linear sweep voltametric scan of
the electrolyzer shows a peak at about 1.6 V, but this peak
disappears in the subsequent scan. This is likely due to the
reduction of surface oxides on the cathode. The intersection of
the j–V curves of the electrolyzer and solar cell shows that the
predicted operating voltage and current density are about 1.9 V
and 11.5 mA cm−2, respectively (Fig. 6b). It is noted that the
electrolysis current is also normalized against the effective
illuminated area of the solar cell (0.92 cm2).

The full system was then operated under continuous AM 1.5
G illumination for 105 min. The average current density is
recorded to be 10.59 mA cm−2 (Fig. 6c). The FE of CO reaches
lower than the value in the three-electrode system, likely due to
the change of electrolyte from 0.5 M KHCO3 to 2 M KOH. The
high alkalinity of the electrolyte, though it reduces voltage loss,
affects the activity of the CuIn catalysts. Over a 105 min elec-
trolysis period, our solar-driven system shows a peak solar-to-
fuel energy conversion efficiency of 10.3% for solar-to-CO
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photosynthesis of CO from solar-driven CO2 reduction. (a) A schematic of the solar-driven system, which consists of a III–V triple-
junction solar cell and a two-electrode flow reactor. (b) Representative linear sweep voltammograms of the solar cell and electrolysis cell. (c)
Photocurrent density of the unassisted photovoltaic-driven electrolysis under standard AM 1.5 G illumination. (d) FE of the generated CO and
solar-to-CO energy conversion efficiency in the unassisted photovoltaic-driven electrolysis under standard AM 1.5 G illumination. The current
density in (b) and (c) is normalized against the working area of the solar cell (0.92 cm2). MPP denotes the maximum power point of the solar cell.
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(Fig. 6d), with an average value of about 9.3% during a 105-min
test (Table S22†). This efficiency value stands high among the
previously-reported energy efficiencies (Table S23†).

The deployment of efficient solar-driven CO2 reduction
remains as a vital step towards the industrialization of a CO2

reduction system. This not only requires a fundamental
advancement in the understanding of the structure–perfor-
mance relationship, but also depends on system engineering.
Here, we proposed the usage of a CuIn catalyst as an alternative
to Ag or Au for the efficient electrosynthesis of CO from CO2.
This proof-of-concept demonstration of solar-driven CO2

reduction makes a step forward towards the utilization of excess
solar electricity for carbon upgrading.
Conclusions

In summary, we developed a CuIn catalyst for highly efficient
CO synthesis through CO2 electroreduction. In a custom-
designed ow cell, CuIn-30 delivers a high FE for CO produc-
tion, reaching up to 91% at −69 mA cm−2. By electrochemical
CO adsorption and CO reduction, we propose that the In serves
as the active site for CO generation with rapid desorption of CO.
In situ Raman spectroscopic investigation on the key binding
species further supports our hypothesis. We also employed
a triple-junction photovoltaic cell to power our electrolyzer, with
a solar-to-fuel energy conversion efficiency exceeding 10%.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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