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Facet Dopant Regulation of Cu2O Boosts Electrocatalytic 
CO2 Reduction to Formate
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Electrochemical carbon dioxide reduction reaction (CO2RR) using clean elec-
tric energy provides a sustainable route to generate highly-valuable chemicals 
and fuels, which is beneficial for realizing the carbon-neutral cycle. Up to 
now, achieving a narrow product distribution and highly targeted product 
selectivity over Cu-based electrocatalysts is still a big challenge. Herein, 
sulfur modification on different crystal planes of cuprous oxide (Cu2O) is 
demonstrated, results in an improvement for formate generation to different 
degrees. Experimental results and density functional theory (DFT) calcula-
tions reveal that sulfur species modified on the surface of Cu2O (100) facet 
effectively lower the formation energy of key intermediate *OCOH for formate 
generation compared with Cu2O (111) facet. As a consequence, the modi-
fication of p-Block elements over Cu-based electrocatalysts is an effective 
strategy to optimize the adsorption energy of key intermediate during CO2RR, 
leading to a highly selective product.
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mate changes.[1] Electrochemical reduction 
of CO2 (CO2RR) has become an attrac-
tive route for CO2 conversion, owing to 
its virtues of mild operation conditions, 
environmental-friendly, and high energy 
efficiency.[2] Depending on the number 
of electrons and protons converted, the 
products of CO2RR can be CO, HCOOH, 
CH4, C2H4, C2H5OH, C3H8O, etc. Formic 
acid is an important feedstock in the phar-
maceutical, rubber, and textile industry. It 
has been reported that production cost of 
formic acid from CO2RR is of the highest 
economic value by techno-economic 
assessment.[3]

Previously, Cu-based electrocatalysts 
have been extensively studied in CO2RR 
because of their ability in converting CO2 
to CO, HCOO−, hydrocarbons, and alco-

hols by multiple electron-proton pairs transfer reactions.[4] How-
ever, Cu-based electrocatalysts have moderate binding energy to 
the reaction intermediates, so that they have a broad range of 
CO2RR products and poor energy efficiency[5] Alloying,[6] sur-
face functionalization,[7] defect engineering,[8] oxidation state 
regulation,[9] and facet engineering[10] of Cu-based electrocata-
lysts have been applied to tune the selectivity and electrolytic 
efficiency of CO2RR. Among these tactics, adjusting exposed 
facets of nano-electrocatalysts can rationally change specific 
atom arrangements, reaction intermediate affinity, and surface 
energy, thereby effectively influencing CO2RR pathways and 
product distribution.[11] For example, Cu nano-electrocatalysts 
with various shapes (spheres, cubes, and octahedra) tend to 
electrocatalytically convert CO2 to different products, nano-cube 
Cu with (100) facet exposure was favored for C2H4 formation, 
while octahedra shape Cu with totally (111) facet exposure was 
beneficial for CH4 production.[12] Regulation of crystal planes 
and particle size of Cu2O nanocrystals have been reported that 
can tune the selectivity of CO2RR.[10,13] For example, Dong et al. 
reported that truncated octahedron Cu2O (t-Cu2O) with both 
(100) and (111) facets were more favorable for CH4 formation 
compared with cube Cu2O (c-Cu2O) with only (100) facet and 
octahedron Cu2O (o-Cu2O) with only (111) face, the highest 
Faradaic efficiency (FE) of CH4 on t-Cu2O can be up to 71% 
at −1.6  VRHE (V vs reversible hydrogen electrode).[13c] Besides, 
Cheng et  al. synthesized six types of Cu2O nanoparticles with 
different exposed facets by reductant-controlled method. They 
demonstrated that the selectivity of C2H4 is highly dependent 
on the crystal plane of Cu2O. Cu2O with exposed (322) facets 
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1. Introduction

Conversion of carbon dioxide (CO2) into fuels or value-added 
chemical feedstocks by renewable electricity is beneficial for 
realizing carbon neutrality and effectively mitigating global cli-
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exhibited the highest FE of C2H4 (74.1%) at −1.2 VRHE,[10] which 
is the highest for Cu2O-based electrocatalysts in neutral electro-
lyte. However, most of Cu-based electrocatalysts still exhibit low 
selectivity on a specific product, of which separation of diverse 
products would be time and energy-consuming. Therefore, it 
is imperative and urgent to design Cu-based electrocatalysts 
which can effectively and selectively generate specific products.

Recently, sulfur-modified Cu-based electrocatalysts have 
been widely developed to enhance selectivity of formate.[14] For 
example, Javier Pérez-Ramírez et al. discovered that formation 
rate and selectivity of formate were positively correlated with 
increase of the sulfur-modified copper catalysts (CuS) particle 
size, and the optimized CuS electrocatalyst exhibited ≈80% 
FE toward formate at −0.8 VRHE.[15] Li et  al. designed a Cu2O/
CuS composite catalyst, achieving 67.6% FE with 15.3 mA cm−2 
partial current density of formate at −0.9  VRHE.[14b] However, 
these impressive studies over Cu2O-based electrocatalysts still 
exhibit lower FE and formation rate of formate under a wide 
range of potential, with the partial current density of formate 
cannot reach the industrial current level (>  200  mA  cm−2). 
Considering the conventional H-type electrolyze is limited by 
its low current density and poor energy efficiency, the CO2RR 
devices need to be systematically designed and optimized so as 
to reach practical application level. The gas-diffusion electrodes 
(GDEs)-based electrolyzers can effectively circumvent this limi-
tation by providing a porous structure and intensifying the 
interaction between the gas-liquid-solid phase.[16] On this basis, 
several state-of-art design electrodes for CO2RR to formate 
have been reported recently. For example, Yuan et al. reported 
that regulating the wettability of Bi-based hollow fiber GDEs 
(HFGDEs) can create a favorable microenvironment for for-
mate production which exhibited 148 mA cm−2 partial current 
density of formate in the neutral electrolyte, outperforming 
other Bi-based GDEs in the neutral electrolyte.[17] Besides, Hu 
et  al. discovered that controlled electrodeposition of Sn cata-
lysts on the HFGDEs can greatly improve the current density 
for CO2RR owing to their unique tubular porous structure with 
abundant sites for the three-phase interaction and CO2 trans-
portation.[18] Recently, microtubular GDEs have been used in 
flow cells due to the advantages of higher active surface area to 
volume ratio and fewer complexities.[19] Ge et al. reported that 
the Cu6Sn5 microtubular electrode can achieve above 90% FE 
of formate at −1.1  VRHE with excellent stability.[20] Therefore, 
it is highly urgent to develop a Cu-based material for highly 
efficient CO2RR-to-formate with good selectivity and current 
density. It has been reported that binding energy of *OCHO 
and *COOH intermediates on different crystal planes of Cu2O-
based electrocatalysts are different.[10] Such facet-dependent 
product selectivity for CO2RR that can be tuned rationally is 
common at nanoscale. However, the relationships between 
the CO2 electrocatalytic performance and the different crystal 
planes modified by sulfur have not been studied yet. Therefore, 
it is significant to develop sulfur-modified Cu2O-based electro-
catalysts with specific crystal planes to identify the relationship 
between catalytic performance and dopant crystal planes in 
CO2RR to formate.

Herein, we construct a series of sulfur-modified Cu2O 
with different crystal planes and sizes for controllably tuning 
the  catalytic performance of CO2RR to formate. The opti-

mized electrocatalyst S3-Cu2O-70 with (100) facet exposure 
exhibits over 80% formate FE in wide potential ranges from  
−0.8 to −1.5 VRHE, and shows the best FE of formate at ≈90%  
at −0.9  VRHE in 0.1  m KHCO3 electrolyte, as well as longtime 
durability over 83  h. Moreover, it can reach ≈70% formate FE 
with a formate partial current density of 260  ±  16  mA  cm−2 
in a flow cell system, which exceeds most reported Cu-based 
electrocatalysts for formate production. Electrochemical perfor-
mance test, kinetic isotope effect experiments, in situ Raman 
spectroscopy, and density functional theory (DFT) calculations 
demonstrate that the presence of sulfur on Cu2O (100) surface 
accelerates activation of water for forming *H species, and 
reduces energy barrier for forming the key *OCHO reaction 
intermediate. This study offers a simple and effective strategy 
to develop high-selectivity Cu-based electrocatalysts for CO2RR 
to formate.

2. Results and Discussion

2.1. Synthesis and Characterization of the Catalysts

The synthetic process of 70 nm Cu2O nanoparticles (Cu2O-70)  
is illustrated in Figure 1a, the obtained Cu2O-70 was modi-
fied with different sulfur contents, which were denoted 
as S1-Cu2O-70, S2-Cu2O-70, S3-Cu2O-70, S4-Cu2O-70, and 
S5-Cu2O-70 (Detail information is shown in experiments 
section in supporting information). The scanning electron 
microscopy (SEM) images show that pristine Cu2O and sulfur-
modified Cu2O with different sulfur contents all exhibit cube-
like morphology (Figure  1b,c; Figures  S1 and S2, Supporting 
Information). The high-resolution transmission electron 
microscopy (HR-TEM) images for S0-Cu2O-70 and S3-Cu2O-70 
show cube morphology (Figure 1d,e) and display lattice fringes 
with an interplanar spacing of 0.302  nm (Figure  1f,g), which 
could be ascribed to (110) facet of Cu2O, suggesting that no 
other phases formed after sulfur modification. The high-angle 
annular darkfield scanning transmission electron microscopy 
(HAADF-STEM) images of S0-Cu2O-70 show that both Cu and 
O elements exist in whole crystal (Figure 1h). After sulfur modi-
fication, Cu, O, and S elements are uniformly distributed over 
S3-Cu2O-70 (Figure 1i; Figure S3, Supporting Information). In 
addition, the results of sputtering of S3-Cu2O-70 with Argon 
ion show that the signal of sulfur decreased significantly from 
surface to outside (Figure S4, Supporting Information). These 
results indicate that sulfur mainly exists on Cu2O surface.

The X-ray diffraction (XRD) patterns of as-prepared Cu2O-70 
are well consistent with the typical diffraction peaks of Cu2O 
(PDF # 05–0677), there are no other diffraction peaks can be 
observed in the XRD pattern after sulfur modification, sug-
gesting that the Cu2O crystalline phase remains unchanged 
(Figure  2a). The X-ray photoelectron spectroscopy (XPS) 
measurement was conducted to further analyze the electronic 
structure and quantify element compositions (Figure  S5 and 
Tables S1 and S2, Supporting Information), and the sulfur con-
tent increases from 0 (S0-Cu2O-70) to 17.10 at.% (S5-Cu2O-70). 
The binding energies of Cu 2p1/2 and Cu 2p3/2 for S-Cu2O-70 
are ≈952.6 and 932.8  eV, respectively (Figure  2b), which 
could be ascribed to that of either Cu0 or Cu+. Auger electron 
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Figure 1. Synthesis and structural characterization. a) Schematic illustration of the electrocatalysts preparation process. SEM images of b) S0-Cu2O-70, 
c) S3-Cu2O-70. TEM images of d) S0-Cu2O-70, and e) S3-Cu2O-70 (the inset is the selected area electron diffraction (SAED) patterns). HRTEM images 
of f) S0-Cu2O-70, g) S3-Cu2O-70. Corresponding elemental mappings of h) S0-Cu2O-70, i) S3-Cu2O-70.

Figure 2. a) XRD patterns (catalysts with powder state), XPS spectra of b) Cu 2p and c) S 2p for S0-Cu2O-70, S1-Cu2O-70, S2-Cu2O-70, S3-Cu2O-70, 
S4-Cu2O-70, and S5-Cu2O-70 (catalysts were loaded on carbon paper).
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 spectroscopy (AES) of copper LMM signal was used to distin-
guish Cu0 and Cu+. The Cu LMM spectra show that the elec-
trocatalysts mainly consisted of Cu+ (Cu2O) oxidation state near 
the kinetic energy of 916.8 eV (Figure S6, Supporting Informa-
tion), which was different from Cu metal (918.6 eV) and CuO 
(917.7 eV).[10,13c] These results agree well with XRD results that 
copper exists in the form of Cu2O. The O 1s spectra display two 
peaks at ≈530.6 and 532  eV (Figure  S7, Supporting Informa-
tion), which could be attributed to O2− and O vacancy, respec-
tively. The S 2p spectra show two obvious peaks at ≈162.77 
and 161.72  eV (Figure  2c), which could be assigned to S 2p1/2 
and S 2p3/2, respectively. A signal at higher binding ener-
gies (168.6  eV) can be assigned to sulfate species presumably 
formed by the oxidation of sulfides upon exposure to air.[14b]

2.2. Electrocatalytic CO2RR Performance

The electrocatalytic performance of pristine Cu2O and sulfur-
modified Cu2O for CO2RR were evaluated in the CO2-saturated 
0.1  m KHCO3 electrolyte with Nafion-membrane separated 
H-type cell (Figure S8, Supporting Information). All the poten-
tials reported in this work were converted into the reversible 
hydrogen electrode (RHE) without iR compensation unless 
otherwise specified. Linear sweep voltammetry (LSV) curves 
of pristine Cu2O and sulfur-modified Cu2O were conducted in 
CO2-saturated and Ar-saturated catholyte to initially evaluate 
CO2RR performance. The LSV curve shows that all sulfur-
modified Cu2O and pristine Cu2O electrocatalysts exhibit effec-
tive CO2RR response in CO2-saturated electrolyte compared to 
Ar-saturated electrolyte (Figure  S9, Supporting Information). 
Apparently, sulfur-modified Cu2O electrocatalysts exhibit larger 
current densities and more positive onset potentials than that 
of pristine Cu2O electrocatalysts, suggesting that the pres-
ence of sulfur on Cu2O surface increases cathodic current 
density and decreases energetic barrier in CO2RR. However, 
LSV results could not distinguish the catalytic performance of 
materials entirely, because CO2RR is accompanied by hydrogen 
evolution reaction (HER) side reaction at the same time, espe-
cially in aqueous media. To further evaluate CO2RR activity 
and selectivity of the sulfur-modified Cu2O and pristine Cu2O 
electrocatalysts, chronoamperometry measurements within the 
potential range of −0.8 to −1.5  VRHE were conducted. Accord-
ingly, gaseous and liquid products were quantitatively analyzed 
by gas chromatography (GC) and 1H nuclear magnetic reso-
nance (1H NMR) spectroscopy (Figure  S10, Supporting Infor-
mation), respectively.

2.2.1. The Effect of Cu2O Crystal Facet

As we have mentioned in introduction section, Cu2O with dif-
ferent morphology (facet), crystal size, as well as surface doping 
elements could influence the CO2RR activity and selectivity, it 
is worthy to detailly identify those variations of Cu2O toward 
CO2RR. Therefore, S dopant Cu2O with cube (c-Cu2O), trun-
cated octahedron (t-Cu2O), and octahedron (o-Cu2O) morpholo-
gies were fabricated to investigate the effect of crystal facet 
toward CO2RR. The SEM, TEM images, and XRD patterns of 

c-Cu2O, t-Cu2O, and o-Cu2O are shown in Figures  S11–S13 
(Supporting Information). The CO2RR product distribution 
was wide, containing C1 molecule (CO, CH4, and HCOO−) 
and C2+ molecule (C2H4, C2H6O, C3H8O, and CH3COOH) 
for c-Cu2O, t-Cu2O, and o-Cu2O (Figure 3a–c). After modifica-
tion of sulfur, the major carbonaceous product was changed to 
HCOO− (Figure 3d–f), furthermore, the FE of HCOO− and H2 
are found to be highly dependent on the crystal facets of Cu2O 
with the selectivity of HCOO− following order: c-Cu2O > t-Cu2O 
> o-Cu2O. These experimental results suggest that sulfur modi-
fied on (100) facet of Cu2O is more energy-favorable for formate 
formation than (111) and (100)/(111) facets.

2.2.2. The Effect of Cu2O Size

We further study the size effect of c-Cu2O (100) in CO2RR. 
Herein, c-Cu2O (100) with 70, 500, and 1000  nm sizes were 
synthesized (Figures  S14 and S15, Supporting Information) 
and modified with sulfur to evaluate the CO2-to-HCOO− per-
formance. Doping with sulfur does not change the Cu2O crystal 
structure and morphologies of S-Cu2O-70 (Figure  1b–e and 
Figure 2a), S-Cu2O-500 (Figures S16–S19, Supporting Informa-
tion), and S-Cu2O-1000 (Figures S20–S22, Supporting Informa-
tion). As shown in Figure  S23 (Supporting Information), the 
FE of HCOO− is highly correlated with the size of c-Cu2O, the 
smallest size of S3-Cu2O-70 electrocatalyst possesses the highest 
FE of HCOO− nearly 90% at −0.9 VRHE, while S3-Cu2O-500 and 
S3-Cu2O-1000 electrocatalysts reach 84% and 80% FEHCOO

− at 
the same potential, respectively. This phenomenon indicates 
that S3-Cu2O-70 electrocatalyst with the smallest particle size 
possesses the largest specific surface area compared with 
S3-Cu2O-500 and S3-Cu2O-1000 electrocatalysts, which result 
in the (100) crystal facet being exposed the most and are more 
beneficial for CO2-to-HCOO−. Thus, we take S-Cu2O-70 electro-
catalysts as research objects for further study.

2.2.3. The Effect of Sulfur Content

Easy to see, the FE of formate increases significantly with 
the increase of sulfur content up to 10.07 at% (S3-Cu2O-70), 
whereas the FE of other products only changes slightly at the 
same time. However, a further increase in sulfur content to 
more than 10.07 at% rather decreases the FE of formate. Sim-
ilar phenomenon was also observed in the S-Cu2O-500 series 
electrocatalysts (Figure  S24, Supporting Information), but the 
FE of formate of S-Cu2O-500 series electrocatalysts was not as 
high as S-Cu2O-70 series electrocatalysts. Without S doping, the 
CO2RR product distribution of S0-Cu2O-70 is wide (Figure 4a), 
but the formate becomes dominated after S doping (Figure 4b). 
We can see that the optimized S3-Cu2O-70 electrocatalyst 
delivers a high FE of formate over 80% in a wide and moderate 
potential, ranging from −0.8 to −1.5  VRHE. The S3-Cu2O-70 
exhibits the highest FE of 88.68% at −0.9  VRHE with a total 
current density of −5.7 mA cm−2, which is more than five-fold 
of S0-Cu2O-70 and superior to other S-Cu2O-70 (S1-Cu2O-70 
of 79.42%, S2-Cu2O-70 of 80.75%, S4-Cu2O-70 of 77.07%, and 
S5-Cu2O-70 of 76.25%) (Figure  S25, Supporting Information). 
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At more negative potentials, a slight decrease in FE of formate 
is owing to the mass transport limitations. In addition, control 
electrolyte experiments confirm that formate is formed from 
the CO2 electroreduction entirely (Figures  S26 and S27, Sup-
porting Information).

The above results show that moderate sulfur content modi-
fied Cu2O-70 could significantly inhibit the formation of H2, 
CO, and other products, suggesting that sulfur could effectively 
alternate the CO2RR reaction intermediate *COOH to *OCHO, 
which is considered to be the key intermediate for formate for-
mation during CO2RR.[21] To exclude the HER contribution in 
the CO2-saturated 0.1 m KHCO3 electrolyte, the partial current 
density of formate normalized by electrochemical activity sur-
face area on the S-Cu2O-70 electrocatalysts is measured. It can 
be seen that the current density of formate is increased with the 
sulfur content up to 10.07 at% (S3-Cu2O-70), further increasing 

sulfur content leads to reducing the FEHCOO
− and JHCOO

− while 
increase of the H2 and CO (Figure 4c; Figure S28, Supporting 
Information). These phenomena suggest that formate forma-
tion through modifying sulfur onto the surface of Cu2O selec-
tively favors the generation of the intermediate *OCHO, the 
key intermediate for CO2 to formate. Furthermore, stability is a 
crucial factor to evaluate an electrocatalyst material and whether 
it is applicable in the realistic industry. The S3-Cu2O-70 electro-
catalyst shows excellent long-term stability with more than 80 h 
operation at −0.9 VRHE in the H-cell, and no obvious declines in 
FE and current density of formate could be observed (Figure 4e). 
Figure  4d and Table  S3 (Supporting Information) give a sum-
mary of presentative Cu-based electrocatalysts for formate pro-
duction, S3-Cu2O-70 electrocatalysts outperform most of the 
reported Cu-based electrocatalysts, which could maintain a 
relative high FE of formate in a wide range of potential. The 

Adv. Funct. Mater. 2023, 33, 2213145

Figure 3. Electrocatalytic CO2RR products FE of a) c-Cu2O, b) t-Cu2O, c) o-Cu2O, (d) S3-c-Cu2O, e) S3-t-Cu2O and f) S3-o-Cu2O.
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XRD, TEM, XPS, and Cu LMM spectra results of electrocata-
lysts after CO2RR were shown in Figures S29–S31 and Table S4 
(Supporting Information). Besides, inductively coupled plasma 
triple quadrupole mass spectrometer (ICP-MS) was used to 
detect the electrolyte after 1 h CO2RR, and there was 14.18 ppm 
sulfur in the electrolyte (Table  S5, Supporting Information). 
Noteworthy, the morphology of S3-Cu2O-70 electrocatalyst after 

longtime stability test was shown in Figure  S32 (Supporting 
Information), it can be seen that a part of S3-Cu2O-70 has been 
reconstructed after the stability test, but most of S3-Cu2O-70 
can still maintain the cube shape. Considering that S3-Cu2O-70 
will undergo reconstruction to a degree during the CO2RR 
process, crystal facets might predetermine the adsorption of 
the sulfur at the surface and then affect the CO2RR selectivity 

Adv. Funct. Mater. 2023, 33, 2213145

Figure 4. Electrochemical CO2 reduction performance of sulfur-modified Cu2O-70 electrocatalysts. FE of a) S0-Cu2O-70 and b) S3-Cu2O-70 at different 
potentials. c) ECSA normalized partial current density of HCOO−. d) FEHCOO

− of advanced Cu-based CO2RR catalysts. (Cu foam,[22] P4VP-modified 
Cu,[23] HOD-CuO,[24] Cu2O/CuS,[14b] Cu fiber felt,[25] Cu2O/Cu@NC-800,[26] CuSx,[14a] Cu-Au bimetallic,[27] CuS/N,S-rGO,[28] HCS/Cu-0.12,[29] and this 
work). e) Stability test of S3-Cu2O-70 at −0.9 VRHE in 0.1 m KHCO3 electrolyte.
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by influencing the surface reconstruction. We calculated the 
adsorption energy of one sulfur atom on Cu2O (100) and Cu2O 
(111) facets (Figure S33 and Table S6, Supporting Information), 
the adsorption energy was −3.23 and −3.81  eV, respectively. It 
indicates that sulfur atom is more likely to adsorb onto the 
Cu2O (111) facet during the synthesis process. However, the 
content of sulfur on the different crystal facets of the catalysts 
cannot be quantified. The experimental and theoretical results 
confirmed that both the surface reconstruction of Cu2O-S (100) 
and Cu2O-S (111) surface would be influenced by sulfur and 
then affect CO2RR performance. Based on the above results, 
S3-Cu2O-70 could be considered as a promising Cu-based elec-
trocatalyst that could selectively and effectively for CO2RR to 
formate in mild conditions.

In order to better understand the parameters accounting 
for the enhanced FE and current density of formate, cyclic 
voltammetry (CV) measurement was conducted in a potential 
region of −0.4 to −0.3 V versus saturated calomel electrode (V 
vs SCE) at different scan rates (Figure  S34, Supporting Infor-
mation). The double-layer capacitance (Cdl) and corresponding 
electrochemical activity surface area (ECSA) of S-Cu2O-70 series 
electrocatalysts were shown in Figure  S35 and Table  S7 (Sup-
porting Information). Besides, the results of Nyquist plots of 
electrochemical impedance spectroscopy (EIS) indicate that the 
presence of sulfur on Cu2O facilitated the charge-transfer rate 
in the CO2RR process (Figure S36, Supporting Information).

3. Discussion

3.1. The Effect of Sulfur on Water Activation

Our electrochemical characterizations and CO2RR results have 
demonstrated that the sulfur-modified Cu2O electrocatalysts are 
very promising for CO2 electrocatalytic reduction to formate. To 
understand the role of sulfur more deeply, it is essential to dis-
entangle the various factors which may contribute to CO2RR in 
this system. We propose that sulfur species on the Cu2O sur-
face deeply enhance the CO2RR to formate by accelerating the 
dissociation of water to form *H species, which is a requisite 
reaction for the formation of formate from CO2 reduction.[30]

To study the role of H2O activation in the CO2RR of our 
work, the kinetic isotope effect (KIE) of H/D experiments 
was conducted over S0-Cu2O-70 and S3-Cu2O-70 electrocata-
lysts. When H2O was replaced by D2O in the CO2-saturated 
0.1  m KHCO3 electrolyte, the formate was in form of DCOO− 
instead of HCOO−, suggesting that hydrogen in formate 
mainly comes from water dissociation rather than HCO3

−. As 
shown in Figure  5a, the formation rate of formate in H2O is 
93.8 µmol h−1 cm−2, whereas in D2O is only 47.8 µmol h−1 cm−2, 
this result indicates that water dissociation is a key step in 
CO2RR to formate. The KIE value of H/D in CO2RR to for-
mate in 0.1  m KHCO3 electrolyte was calculated, which is ≈2. 
According to previous study, this value is characteristic of the 
primary kinetic isotopic effect of Cu-based catalysts.[31] More-
over, when D2O replaced the H2O in K2SO4 electrolyte, similar 
results have been obtained. These observations suggest that 
the dissociation of water is involved in the determining step 
for CO2RR to formate on the S3-Cu2O-70 electrocatalyst. The 

similar phenomenon could be observed on the Se3-Cu2O-70 
and Te3-Cu2O-70 electrocatalysts (Figures  S37 and S38, Sup-
porting Information). However, the water activation ability for 
Se and Te is lower than that of S in CO2RR to formate, which 
results in poor formate formation rate of Se3-Cu2O-70 and 
Te3-Cu2O-70 electrocatalysts (Figure  5b; Figures  S39 and S40, 
Supporting Information). The electrocatalytic performance of 
Se3-Cu2O-70 shows that the FE of formate increased obviously 
compared to S0-Cu2O-70. The FE of formate could reach over 
50% in the potential ranging from −0.9 to −1.2 VRHE, however, 
the side reaction is quite serious in the wide potential ranging 
from −0.8 to −1.5 VRHE (Figure S39, Supporting Information). 
As for the Te3-Cu2O-70 electrocatalyst, the FE of formate only 
increases at −0.8 VRHE with the highest FE of 50.61% compared 
to S0-Cu2O-70 electrocatalyst (16.42%) (Figure S40, Supporting 
Information). As mentioned before, H* species is involved in 
formate formation, the fast formation of H* is beneficial for the 
CO2RR-to-formate. In order to evaluate the capacities of water 
activation for chalcogen in our work, Tafel experiments were 
conducted at regions of low current density where the reaction 
is mainly limited by electrokinetics. As shown in Figure  S41 
(Supporting Information), compared with S0-Cu2O-70 
(249 mV dec−1), the chalcogen-modified Cu2O-70 exhibit a much 
lower Tafel slope (156 mV dec−1 for Te3-Cu2O-70, 124 mV dec−1 
for Se3-Cu2O-70, and 65 mV dec−1 for S3-Cu2O-70). Particularly, 
the Tafel slope for S3-Cu2O-70 (65 mV dec−1) decreases drasti-
cally compared to S0-Cu2O-70 (249 mV dec−1), which is close to 
the theoretical value of 59 mV dec−1, confirming that the proton 
transfer step is the rate-determining step (RDS). The Tafel value 
of S3-Cu2O-70 is less than 118  mV  dec−1, the theoretical value 
that involves a first electron transfer step as the RDS (CO2  + 
e−  → CO2

•−), indicating that a fast initial electron transfer for 
CO2 to form CO2

•− reaction intermediate on the electrocata-
lyst surface.[32] Whereas larger Tafel slopes of Se3-Cu2O-70 
and Te3-Cu2O-70 suggest the reaction kinetics is sluggish. The 
Tafel slope analysis shows that the slope becomes lower in the 
presence of chalcogen. Moreover, the values decrease on the 
increasing chalcogen electronegativity. To further confirm the 
CO2 molecules are easier to accept the initial electron to form 
CO2

•− reaction intermediate, the adsorption of OH− as a sub-
stitute for CO2

•− experiment was carried out to compare the 
binding affinity of CO2

•− over the S0-Cu2O-70 and S3-Cu2O-70 
electrocatalysts. As shown in Figure S42 (Supporting Informa-
tion), the reduction peak of S3-Cu2O-70 appears at a more nega-
tive potential compared with S0-Cu2O-70 and exhibits a larger 
current density, suggesting that the presence of sulfur on the 
catalyst surface has stronger OH− affinity, thus stabilizing the 
CO2

•− intermediate.

3.2. The Effect of Metal Cations in CO2RR

Water activation in alkaline media is more difficult compared 
to acid media. H* species is an essential intermediate for  
CO2RR-to-formate, which is formed by the Volmer step (2H2O +  
2e−  +M → 2M-H* + 2OH−), a rate-determining step in the 
HER. Previous study has pointed out that sulfur or other anions 
adsorbed on the surface of metal-based catalysts would accel-
erate the water activation by forming sulfur species-hydrated 

Adv. Funct. Mater. 2023, 33, 2213145
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cation networks (M+ (H2O)n) in the double layer of electrolyte 
through the non-covalent Coulomb interactions between the 
anions species and hydrated cation.[33] In our work, we found 
that the H2 formation rate increased with the sulfur contents 
increasing from 0 to 17.10  at.% in Ar-saturated 0.1  m KOH 
electrolyte (Figure  S43, Supporting Information), suggesting 
that sulfur can effectively accelerate the water dissociation and 
improve the HER activity distinctly so that adequate H* species 
can participate in formate formation during the CO2RR.

The metal cations in electrolytes also play an essential role 
in electrocatalytic selectivity and activity during CO2RR. We 
further detected formate formation rate and FE of S3-Cu2O-70 
electrocatalyst in LiHCO3, NaHCO3, KHCO3, and CsHCO3 
electrolytes, and the FE and formation rate of formate increased 
drastically from 39.10% (22.16  µmol  h−1  cm−2) in Li+ to 
86.38% (96.0 µmol h−1 cm−2) in Cs+ at a potential of −0.9 VRHE 
(Figure  5c,d; Figure  S44, Supporting Information). The ratios 
of FE of formate for S3-Cu2O-70 to S0-Cu2O-70 increase from 

Adv. Funct. Mater. 2023, 33, 2213145

Figure 5. Kinetic isotopic effect (KIE) of H/D over a) S3-Cu2O-70 electrocatalyst in different electrolytes and b) S3-Cu2O-70, Se3-Cu2O-70, Te3-Cu2O-70 
electrocatalysts in 0.1 m KHCO3 electrolyte at −0.9 VRHE. Effect of alkali metal cations on performance for CO2RR over S0-Cu2O-70 and S3-Cu2O-70 elec-
trocatalysts at −0.9 VRHE for 1 h, c) HCOO− formation rate, d) FE of HCOO−. e) Schematic illustration of OHP model. (IHP stands for inner Helmholtz 
plane, OHP stands for outer Helmholtz plane. The black, red, and blue balls represent C, O, and H).
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1.83 in Li+ to 4.58 in Cs+. However, the formate FE and forma-
tion rate are nearly unchanged over S0-Cu2O-70 electrocatalyst 
with different cations electrolytes. Noteworthy, the cations with 
different ionic radii resulted in different water activation abili-
ties. It can be speculated that the ionic hydration number and 
the radius of hydrated cation are two important factors that can 
affect water activation. Specifically, Cs+ with the lowest ionic 
hydration number and the smallest hydrated radius ((H2O)n, 
n = 22 for Li+, n = 13 for Na+, n = 7 for K+, and n = 6 for Cs+) 
results in stronger non-covalent Coulomb interactions between 
hydrated cation and electrocatalyst surface and enhanced water 
activation ability[34] (Figure S45, Supporting Information). These 
results can be explained that a larger cation possesses better-
buffering abilities to lower pH around the electrode/electrolyte 
interface and is beneficial to accumulate CO2 molecules, which 
ultimately accelerates CO2 reduction.[35] Besides, larger cations 
are more likely to adsorb on the surface of electrocatalysts, 
which caused the potential at the outer Helmholtz plane (OHP) 
to move toward a more positive direction and repulsed H* spe-
cies adsorption and inhibited HER side reaction (Figure 5e).[36]

3.3. In Situ Raman Spectroscopy in Capturing Reaction 
Intermediates

In order to monitor the interactions between the active site 
and the reaction intermediate and clarify the reaction path-
ways of S0-Cu2O-70 and S3-Cu2O-70, in situ Raman spectra 
were acquired on the same position of a glassy carbon electrode 
decorated with the electrocatalysts as a function of the applied 
potential in a CO2-saturated 0.1  m KHCO3 electrolyte. The 
Raman peaks at 1313 and 1616 cm−1 for potentials ranging from 
open circuit potential (OCP) to −2.0 VSCE are ascribed to glassy 
carbon substrate (Figure  S46, Supporting Information). Con-
secutive Raman spectra at OCP prove that the electrocatalysts 
decorated in the glassy electrode under the electrocatalysis con-
ditions are stable, whereas slight change of two peaks’ inten-
sity is mainly due to the formation of bubbles on the electrode 
surface. Besides, the two Raman peaks at ≈705 and 1540 cm−1 
appeared over both S0-Cu2O-70 and S3-Cu2O-70 electrocata-
lysts, which could be attributed to in-plane δCO2

− (umbrella-like 
movement of oxygen atoms) and νasCO2

− (asymmetric CO 
stretching) of *CO2

− intermediate, respectively.[37] It has been 
widely reported that *CO2

− is the key intermediate of CO2RR 
process, which is the important intermediate for formation 
of formyloxyl and final formate products.[38] As the potential 
shifts negatively, the Raman peaks located at 290 and 360 cm−1 
appeared, corresponding to the restricted rotation of adsorbed 
CO (P1) and CuCO stretching (P2), respectively.[39] The P1 and 
P2 bands reflect the interaction between reaction intermedi-
ates and the surface of Cu electrode. The P2 band dominated 
the potentials ranging from −1.2 to −2.0  VSCE in S0-Cu2O-70, 
while no obvious P1 band Raman signal can be seen during 
the CO2RR process. On the contrary, the P1 band appeared at 
−0.5 VSCE in the S3-Cu2O-70, and the spectral intensity of P1 was 
gradually stronger than that of P2 within the potential range of 
−0.5 to −1.3  VSCE, and the intensity of P1 Raman peak weak-
ened as the potential shifts negatively (Figure 6a). Interestingly, 
it has been reported that the relative intensity ratio of P2/P1 as 

a function of the potential follows a similar trend as the CO2RR 
FE of the C2+ products, the relatively higher P2/P1 Raman peak 
intensity ratios were associated with higher FE for C2+ prod-
ucts.[40] Therefore, we qualitatively evaluated the selectivity of 
C2+ products through the ratios of P2/P1, and then reflected the 
selectivity of C1 products during the CO2RR. Figure S46c (Sup-
porting Information) displays the potential dependence of the 
relative intensity of P2 and P1, which exhibits that the ratios 
of P2/P1 for S0-Cu2O-70 are higher than S3-Cu2O-70 from the 
potential −1.2 to −1.6 VSCE. In our work, the main C1 product is 
formate, the higher ratio of P2/P1 indicates the lower selectivity 
of formate. Based on the above discussion, we can infer that 
the formation of C2+ products was hindered at S3-Cu2O-70 by 
doping of S. While the selectivity of C1 products, especially for-
mate, has been improved greatly, which is in agreement with 
our experimental results.

In the previous study, Núria López et  al. reported that the 
chalcogen adatoms are present on the surface of chalcogen-
modified copper electrocatalysts and actively participate in the 
reaction either by transferring a hydride or by tethering CO2 
molecules thus suppressing the formation of CO and other 
products.[15] Our experimental results further demonstrated 
that the chalcogen adatoms modified on the different crystal 
faces of Cu2O electrocatalysts result in different catalytic perfor-
mances for CO2 reduction to formate. Sulfur-modified on the 
(100) facet of Cu2O is more effective for enhancing formate pro-
duction by blocking the intermediates involved in generation of 
multi-carbon products and inhibiting the HER.

3.4. Density Functional Theory Studies

In order to further gain information on the promoting effect 
of sulfur on different crystal planes of Cu2O surfaces, DFT 
calculations were performed for CO2RR to HCOOH and CO 
on different crystal planes of Cu2O and sulfur-modified Cu2O 
surfaces. All calculation models and results were dealt with 
the ALKEMIE platform.[41] The optimized adsorption struc-
tures of reactants, intermediates (*COOH, *CO, *OCHO, 
HCOOH*, and H*), and products (HCOOH, CO, and H2) 
on different crystal planes of Cu2O and sulfur-modified Cu2O 
surfaces are displayed in Figure 6b and Figures S47–S51 (Sup-
porting Information). The activation of CO2 occurs on the Cu 
site, where a proton/electron pair or adsorbed *H intermediate 
was transferred to CO2 leading to two main reaction paths, one 
is bounding *OCHO (intermediate for HCOOH formation) 
via two oxygen atoms, another is bounding *COOH (inter-
mediate for CO production) via carbon atom. *COOH and 
*OCHO are deemed to be intermediates for the generation of 
CO and HCOOH, respectively. For the HCOOH pathway, the 
Gibbs free energy (ΔG) for *OCHO and HCOOH* are 0.44 and 
0.8 eV, respectively on Cu2O (100) facet. And the ΔG of *OCHO 
and HCOOH* are 0.47 and 0.77 eV, respectively on Cu2O (111) 
facet (Figure  S52a, Supporting Information). The presence of 
sulfur on different crystal planes of Cu2O decreases the ΔG 
for *OCHO and HCOOH* to 0.38 and 0.71  eV for Cu2O-S 
(100), 0.43 and 0.79  eV for Cu2O-S (111) (Figure  6c; Table  S8, 
Supporting Information). These results indicate that sulfur 
modification on Cu2O surfaces is beneficial for the formation 

Adv. Funct. Mater. 2023, 33, 2213145
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of HCOOH. Notably, sulfur modification on Cu2O (100) facet 
is more energy-favorable for HCOOH pathway compared 
with SCu2O (111). For the CO pathway, ΔG for *COOH and 
*CO are 0.46 and 0.68 eV, 0.51 and 0.71 eV on Cu2O (100) and 
Cu2O (111) facets (Figure S52b, Supporting Information). After 
introducing sulfur on Cu2O (100) and Cu2O (111) facets, ΔG 
for *COOH and *CO decreases to 0.43 and 0.65  eV, 0.45 and 
0.66 eV (Figure 6d; Table S9, Supporting Information). There-
fore, compared with CO pathway, the HCOOH pathway is more 
energy favorable, and thus can explain why sulfur-modified 
Cu2O surfaces possess superior selectivity for HCOOH than 
CO. Moreover, we have further calculated the ΔG for the HER 
in the existence of CO2 on different crystal planes Cu2O and 

sulfur-modified Cu2O surfaces. The ΔG for formation of H* is 
−0.495 and 0.525 eV on Cu2O (100) and Cu2O (111), respectively, 
while changed to −0.821 and 0.716 eV after sulfur modification 
(Figure S53 and Table S10, Supporting Information). Therefore, 
the Cu2O with (100) facet is the most favorable for the forma-
tion of formate during CO2RR. Based on the experimental 
and DFT results discussed above, we proposed that the sulfur 
species modified on the surface of Cu2O accelerate the near-
surface water to dissociate into the requisite H* species, then 
H* coupled with the adsorbed CO2 molecule to form the key 
intermediate *OCHO, then *OCHO intermediate accepts one 
more electron to form HCOOH and desorbs from the surface 
of sulfur-modified Cu2O electrocatalysts (Figure 6e).

Adv. Funct. Mater. 2023, 33, 2213145

Figure 6. a) In situ Raman spectra of S0-Cu2O-70 and S3-Cu2O-70. (b) Optimized configurations of I) Cu2O-S (100) facet, II) *OCHO and III) HCOOH* 
on Cu2O-S (100) facet, and IV) Cu2O-S (111) facet, V) *OCHO and VI) HCOOH* on Cu2O-S (111) facet. Gibbs free energy diagram for c) CO2RR to 
HCOOH; d) CO2RR to CO. e) Schematic illustration for reaction path.
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3.5. Flow Cell Performance

Considering that the CO2 mass transport limitation and low 
solubility in H-type cells, we designed a flow cell equipped with 
a GDE which can reduce CO2 mass transfer resistance by accel-
erating CO2 diffusion rate to the cathode so that can increase 
the current density during CO2RR. A detailed schematic of the 
flow cell equipment is shown in Figure 7a and Figures S54–S55  
(Supporting Information). In our experiments, 1  m KOH was 
used in both anolyte and catholyte. From the LSV curves, 
obviously, the onset potential of S3-Cu2O-70 was more posi-
tive than S0-Cu2O-70 and the current density was enhanced 
by sulfur modification, indicating that S3-Cu2O-70 exhibited 
a more effective CO2 catalytic activity (Figure S56, Supporting 
Information). Controlled current electrolysis experiments 

(CCE) were carried out on S0-Cu2O-70 and S3-Cu2O-70 at dif-
ferent current densities showing that the sulfur species could 
significantly alter the CO2RR selectivity. S3-Cu2O-70 exhib-
ited high FE values for HCOO− of approximately (75 ± 5) % at 
−100 mA cm−2 and (65 ± 4) % at −400 mA cm−2 with a maximal 
JHCOO

− of 260  ±  16  mA  cm−2 (Figure  7b,c; Figure  S57a, Sup-
porting Information). In contrast, diverse CO2 reduction prod-
ucts were observed at S0-Cu2O-70 electrocatalyst (Figure S57b, 
Supporting Information). It is also noted that few Cu-based 
electrocatalysts are capable to gain high current density and 
FE of formate to our knowledge, thus, our S3-Cu2O-70 can be 
regarded as a promising Cu-based catalyst for electrocatalytic 
CO2 reduction to formate (Figure  7d; Table  S11, Supporting 
Information). Stability is a crucial factor to evaluate the electro-
catalytic CO2RR performance as it is related to the durability 

Adv. Funct. Mater. 2023, 33, 2213145

Figure 7. a) Schematic diagram of flow cell. b) The partial current density of formate for S0-Cu2O-70 and S3-Cu2O-70. c) FE of formate for S0-Cu2O-70 
and S3-Cu2O-70. d) A comparison of some typical electrocatalysts for formate production in flow cell system (Cu@CNFs,[42] CuSn120,[18] Pb1Cu,[43] 
Cu6Sn5-GDE,[20] CNT-Bi-GDE,[17] Sn0.8Bi0.2@Bi-SnO2,[44] SnO2 NPs,[45] dense tip Sn,[46] Cu-SPy,[47] Cu2SnS3,[48] Bi@Sn NPs/GDE,[49] and this work).  
e) Durability tests of S3-Cu2O-70 at -100 mA cm−2 in flow cell system.
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of electrocatalysts. The longtime stability test was conducted at 
−100 mA cm−2 by CCE method. After 300 min, the FEHCOO

− can 
be remained higher than 75%, while the FEHCOO

− decreased 
to ≈65% after 700 min electrolysis (Figure 7e). Compared with 
the stability test in the H-type cell, the FE of formate changed 
faster in the GDE-based flow cell. XPS of S3-Cu2O-70 electro-
catalyst after longtime stability test in flow cell was carried out 
to explain the loss of FEHCOO

− after longtime stability test, it can 
be seen from Figure S58 and Tables S12 and S13 (Supporting 
Information) that the content of oxygen decreased from 50.40 
to 37.93  at.%, and the content of sulfur decreased from 10.07 
to 5.78  at.%, indicating that the intensity of Cu2O and sulfur 
decreased to a degree. Thus, the reasons for the loss of FEHCOO

− 
are attributed to the decline of Cu2O and sulfur species, which 
are two indispensable factors to synergistically achieve the high 
FE of formate in CO2RR as we mentioned before.

4. Conclusion

In summary, we demonstrated a convenient and efficient 
strategy for achieving a narrow product distribution with 
sulfur-modified Cu2O electrocatalysts. Different morphologies 
of Cu2O with various exposed facets were successfully synthe-
sized by a wet chemistry approach. Interestingly, the Faradaic 
efficiency of formate on sulfur-modified Cu2O electrocatalysts 
was highly dependent on the crystal facets of Cu2O with the 
selectivity in the order of Cu2O (100) > Cu2O (100)/ (111) > Cu2O 
(111). The optimized S3-Cu2O-70 electrocatalyst exhibited FE of 
formate ≈90% at −0.9 VRHE, as well as long durability over 80 h 
in H-cell system. Moreover, it can deliver a formate partial cur-
rent density of 260  ±  16  mA  cm−2 in flow cell system, which 
exceeded most of Cu-based electrocatalysts for formate pro-
duction. Experimental results and DFT calculations reveal that 
sulfur can boost water activation for forming unique hydrogen 
species, and lower the formation energy of *OCHO key inter-
mediate on the surface of sulfur-modified Cu2O, thereby 
enhancing the formate selectivity in CO2RR. This work pro-
vides a reliable and effective method to improve the selectivity 
of specific products by simple sulfur modification on specified 
crystal planes of Cu2O, which is favoring CO2 cycling and green 
economy production of important chemical feedstock.
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