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Abstract
Cu2O/CuO/CuS electrocatalyst was prepared by thermal oxidation of cleaned copper mesh in the air into Cu2O/CuO and 
CuS was deposited on oxide surface using facile successive ionic layer adsorption and reaction method. The successive 
fabrication of the electrocatalyst was confirmed using XRD, SEM, Raman and XPS. The catalytic enhancement is believed 
to be associated with the reduction of copper sulfide. Together with copper oxides, they offer favorable adsorption sites for 
electrochemical CO2 reduction. The synthesized catalyst offered significantly enhanced activity and selectivity performance 
for CO2 reduction at lower overpotential. Remarkably, the faradaic efficiency for formate generation reaches 84% at the 
potential of − 0.7 V versus RHE. It has also provided a high partial current density of − 20 mA cm− 2.
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1  Introduction

The electrochemical CO2 reduction into chemical commodi-
ties and fuels, powered by renewable energy electricity, is 
a fascinating approach to provide affordable clean energy, 
reduce our dependence on conventional fossil fuels, and mit-
igate the impact of climatic changes due to global warming 
[1–3]. However, two main challenges have prohibited CO2 
electroreduction from becoming viable technology: energy 
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inefficiency due to high overpotential requirement and poor 
selectivity leading to post separation processes.

Since the ground-breaking work by Hori et al., the 1980s, 
wide range of bulk metals have been explored as an electro-
catalyst for CO2 reduction [4]. Based on the main product 
distribution, they are categorized as formate forming (Pb, 
Sn, Hg, Tl, In), carbon monoxide forming (Au, Ag, Zn), 
hydrogen forming (Fe, Pt, Ni, Mo,) and hydrocarbon form-
ing (Cu) metal catalysts.

Copper is the only metal that can electrochemically con-
vert CO2 into hydrocarbons. It reduces CO2 to a wide spec-
trum of hydrocarbon products such as methane, ethylene, 
methanol, ethanol and propanol [5]. However, its fast deac-
tivation during electrolysis, poor selectivity and high over-
potential requirements limit its practical applications. Recent 
studies have focused on nanostructured electrocatalyst to 
improve catalytic activities and selectivity. Over the past 
several years, different types of nanostructured copper elec-
trocatalyst have been explored for CO2 reduction including 
nanoparticles [6, 7], nanowires [8–10]. Significant improve-
ments have been also made by forming alloys with transi-
tion metals like Cu-Au [11, 12], Cu-Ag [13], Cu-Pd [14], 
Cu-Pt [15], and post transition metals such as Cu-Sn [16], 
Cu-In [17]. Metal catalysts derived from the correspond-
ing oxide have currently been identified as a promising CO2 
electroreduction catalyst. Their synthesis method involves 
anodization, thermal oxidation of the metal substrate in the 
air or electrodeposition followed by in situ electrochemi-
cal reductions or annealing under hydrogen atmosphere to 
obtain oxide derived catalysts.

Kanan et al. [18] synthesized copper electrocatalyst by 
thermal oxidation of copper foil in the air and electrochemi-
cally reduced the Cu2O films. The oxide derived catalyst 
showed improved catalytic activity which relies on the initial 
thickness of Cu2O films. The same group described struc-
tural properties of the metallic component, derived from the 
in situ reductions during the CO2 conversion process [19, 
20]. Such reduction of the metallic oxide into the metal-
lic phase is because of the applied cathodic potential for 
CO2 activation. Furthermore, Kas et al. [21] Studied the 
CO2 reduction on copper nanoparticles derived from elec-
trodeposited Cu2O with different orientations ([110][111]
[100]). The authors indicated that the thickness of the ini-
tial Cu2O layer strongly influenced the product selectivity 
than the initial crystal orientation of Cu2O, which agrees 
with the previous study on OD-Cu [18]. Smith et al. [22] 
prepared copper nanowire catalyst via two-step synthesis 
of Cu(OH)2 and CuO nanowires on copper foil and elec-
trochemically reduced into copper nanowires during CO2 
electrolysis. Remarkable improvements in catalytic activity 
and selectivity were obtained and the catalytic performances 
were related to the binding strength of the catalyst to COOH* 
intermediates. Wang et al. [8] synthesized CuO nanowires 

on Cu mesh by thermal oxidation in air and then reduced 
into Cu nanowires by using two reduction methods (under a 
hydrogen atmosphere or applying a cathodic electrochemi-
cal potential) for comprative analysis. The two reduction 
methods produced Cu nanowires with similar dimensions 
but different surface structures and the Cu nanowires pro-
duced by electrochemical reduction were extremely active 
and selective for CO2 reduction, realizing faradaic efficiency 
around 60% CO production. Additionally, the same group 
developed copper nanowires from CuO nanowires by tun-
ing the reduction temperature and heating time under a 
hydrogen atmosphere. The optimized Cu nanowires exhib-
ited superior performance and selectivity. The faradaic effi-
ciency of CO production increased to 65% and of ethanol 
the production as high as 50% at potentials more positive 
than − 0.5 V (versus reversible hydrogen electrode, RHE) 
[23]. The selectivity of oxide derived copper catalysts is 
dependent on structural morphology and copper oxidation 
state [21, 24–29]. Grain boundaries, local pH, and surface 
roughness, under coordinated sites are other factors which 
promote activity, selectivity and stability [30, 31]. On the 
other hand, there are research reports that described the cata-
lytic role of subsurface oxide species in the surface region, 
[24, 32]. However, the presence of Cu+ species and stability 
during electrochemical CO2 reduction is still the subject of 
debate [33]. Recently, Sargent et al. [34] synthesized copper 
catalyst with controlled morphology and oxidation states 
from a sol–gel using electro-redeposition, the dissolution 
and redeposition of copper, to enhance copper catalytic 
performance. The authors reported that in situ X-ray spec-
troscopy and density functional theory simulations results 
showed the advantageous of both sharp morphologies and 
Cu+ oxidation state for super ethylene production. However, 
still paramount efforts and further improvements in terms of 
catalyst stability and selectivity and reducing overpotentials 
of CO2 reduction are required. Therefore, there is an increas-
ing emphasis on the development of efficient, selective and 
affordable electrocatalysts for CO2 conversion. Recently, 
transition metal chalcogenides (TMCs) have attracted sci-
entists’ attention because of their promising applications in 
energy storages and electrocatalysis of hydrogen evolution 
reactions [35]. Their low cost and high earth abundance are 
other important benefits of these materials. However, there 
are limited reports on their applications in CO2 electroreduc-
tion [36, 37], Sn(S)/Au [38] and CuS [39].

As mentioned above, the oxidized metals can be utilized 
as a precursor for the preparation of the completely reduced 
metal phase catalyst or partially oxidized species which 
might be able to survive during CO2 conversion and serve as 
a catalyst. However, the fast copper oxide reduction during 
electrochemical CO2 reduction remains a challenging prob-
lem. Considering this challenge and the promising activities 
of sulfides for CO2, here we synthesized three dimensional 



862	 A. W. Kahsay et al.

1 3

copper oxide heterostructure modified by CuS to minimize 
copper oxide reduction and promote catalytic activity of cop-
per sulfide on the surface using simple and facile method for 
electrochemical CO2 reduction in aqueous solution. There 
are different types of film production method such as mag-
netron spattering, sol–gel processes, electrodeposition and 
chemical bath deposition methods to deposit co-catalyst. In 
this work, we used successive ionic layer adsorption reaction 
(SILAR) method to deposit CuS on to thermally prepared 
Cu2O/CuO heterostructure. This method does not require 
vacuum at any stage of the process. It can be carried out at 
ambient conditions. Moreover, the deposition kinetics and 
the thickness of the film can be easily managed by changing 
the number of deposition cycles.

2 � Experimental Part

2.1 � Electrocatalyst Preparation Methods

2.1.1 � Cu2O/CuO Synthesis

Cu2O/CuO was prepared using thermal oxidation on the 
pre-treated copper mesh. Briefly, the copper mesh was pre-
treated using 0.1 M HCl, DI water and acetone and dried 
under argon purging. The hetrostructured oxides were devel-
oped on the copper mesh by annealing in a cubic furnace in 
air at 450 °C for 4 h.

2.1.2 � CuS Deposition

CuS was deposited on Cu2O/CuO using simple and scal-
able successive ionic layer adsorption and reaction (SILAR) 
method adopted from our group‘s pervious work [40]. Cu2O/
CuO/Cu mesh was immersed in 0.01 M Cu(NO3)2 methanol 
solution and subsequently in 0.01 M Na2S methanol solution 
at room temperature for 1 min each. After each immersion, 
the electrode was rinsed using pure methanol to remove 
excess adsorbed ions and residues from the precursors. 
The amount of CuS deposited was controlled by the num-
ber of SILAR cycles (immersion and rinsing). Samples are 
denoted as Cu2O/CuO/CuS-x, where x indicates the number 
of applied SILAR cycles.

2.2 � Characterization of Electrocatalyst

X-ray diffraction analysis was performed using a Bruker D2 
phase XRD − 300W machine, equipped with a Cu-Kα irra-
diation photon source (λ = 1.5406 Å, Ni filter, 40 kV, and 
100 mA) at a range of 10–80°. All samples are analyzed at 
room temperature in the 2θ range of 10°–80°, with a scan-
ning speed of 0.1° s− 1 and 0.05°/step. The morphological 
of the synthesized films were performed using scanning 

electron microscopy (SEM) images and energy dispersive 
X-ray (EDX) analysis. The image was taken with a Hitachi 
S-4700 microscope using an accelerating voltage of 15 kV. 
Raman patterns of all nanocatalysts were performed on a 
UniRAM micro-Raman spectrometer integrated by Pro-
trustech Co., Ltd. A solid-state laser with λ = 532 nm was 
used as the excitation source with a laser power of 20 mW to 
avoid degradation with 10 s exposure time and 15 accumula-
tions. X-ray photoelectron spectroscopy (XPS) measurments 
were carried out at National Taiwan University, Taiwan 
with 24 A XPS beamline station and wide-range beamline 
(BL24A). All reported binding energies were corrected 
using the signal for the carbon peak (C 1 s) at 284.5 eV.

2.3 � Electrochemical Reduction of CO2 and Product 
Analysis

H-shaped three-electrode electrochemical cell was used, 
where Pt wire, Ag/AgCl(saturated KCl) were used as coun-
ter and reference electrodes respectively. The anodic and 
cathodic compartments were separated by a Nafion mem-
berane. Both compartments were filled with 60 ml of 0.1 M 
KHCO3 aqeous electrolyte. The counter electrode was 
connected to the anode compartment while reference and 
working electrodes were connected to the cathode com-
partment. Argon gas was purged to the solution for 30 min 
to remove air. The electrocatalyst surface was cleaned by 
using cyclic votammetry at scan rate 20 mVs− 1. Finally, 
pure CO2 gas was purged in the cathode compartment for 
30 min and the pH of the electrolyte was maintained at 6.8 
when electrochemical measurments were performed. The 
linear sweepvoltammetry was measured in the potential 
range from − 1.2 to 0.0 V versus RHE both Ar -saturated 
and CO2-saturtated 0.1 M KHCO3 solution at the scan rate 
of 10 mVs− 1. The potentials measured were converted to 
the reversible hydrogen electrode (RHE) reference scale by 
using ERHE = EAg/AgCl + 0.197 + 0.059 x pH.

Electrochemical setup was integrated with gas chro-
matography to quantify gaseous products. The schematic 
diagram of GC coupled with the electrochemical system 
is shown in Figure S2. During the electrolysis, CO2 was 
constantly purged into the cathodic compartment at a rate 
of 20.0 mL per min controlled by a mass flow control-
ler and vented directly into the gas chromatograph (GC) 
(ACME6100, Vastech Instruments). The GC has equipped 
with a packed Parapak N, 60/80 mesh, leftx1/8″ column and 
Molecular Sieve 5A, 80/100 mesh, 6fitx1/8″. Helium gas 
was used as the carrier gas. The pulsed discharge helium 
ionization detector (PDHID) was used to quantify inorganic 
(H2, CO), and organic CH4, C2H4 and C2H6, gas products. 
The GC measurements were recorded every 30 min for three 
times and the average of the three measurements was used 
in the data analysis.



863Selective and Low Overpotential Electrochemical CO2 Reduction to Formate on CuS Decorated…

1 3

Liquid products were analyzed on a 500 MHz NMR 
spectrometer (Bruker Avance). 2 ml of electrolyte (0.1 M 
KHCO3 aqueous) was taken by syringe from cathode com-
partment of the electrochemical reactor after CO2 electroly-
sis for 2.5 h and mixed in 0.1 ml of 5 mM dimethyl sulfox-
ide. Then 0.5 ml the mixture were taken and mixed in 0.7 ml 
D2O (99.9%, Cambridge Isotope Lab), and then transferred 
to NMR sample tube. The 1D 1H spectra were measured 
with water suppression by a pre-saturation technique. The 
liquid product concentrations were calculated with reference 
to an internal standard (dimethyl sulfoxide).

3 � Results and Discussion

3.1 � Catalyst Synthesis

Cu2O/CuO /CuS catalyst was prepared on the commercially 
available copper mesh using scalable and simple two- step 
synthesis processes as shown in Scheme 1. During the first 
thermal oxidation, Cu2O/CuO layers were formed on the 
surface of the copper mesh and then copper sulfide nano-
particles were loaded on it by SILAR of Cu2O/CuO elec-
trode in 0.01 M methanol solutions of copper nitrate and 
sodium sulfide. The thermal oxidation of copper mesh and 
the experimental set-up of the manually operated SILAR 
deposition system are illustrated in Scheme 1. That is, clean 
copper mesh (Scheme 1a) was firstly oxidized in air (at 
450 °C for 4 h) to fabricate the electrode (Scheme 1b). Then 
Cu2O/ CuO was dipped in the cationic precursor solution 

(Cu(NO3)2) for 1 min, resulting in Cu2+ being adsorbed 
onto the surface of the Cu2O/CuO film (Scheme 1c). Con-
sequently, this electrode was immersed in methanol solution 
for 10 s to remove excess adsorbed ions from the precursor 
(Scheme 1d). Thirdly, the sample was then immersed in the 
anionic precursor (Na2S) solution for 1 min, resulting in the 
reaction of sulfide ions (S2−) with the adsorbed Cu2+ on the 
surface of the Cu2O/CuO electrode (Scheme 1e). Lastly, the 
excess and/or unreacted species and the reaction byprod-
uct from the diffusion layer were removed by rinsing the 
electrode in pure methanol solution (Scheme 1f). Through 
this, one cycle of CuS deposition on the surface of Cu2O/
CuO layer was completed. The amount deposited CuS can be 
increased and controlled by repeating the immersion cycles.

3.2 � Physical Characterization of the Catalyst

The XRD patterns of bare Cu2O/CuO /Cu-mesh and Cu2O/
CuO modified with CuS are displayed in Fig. 1a. The dif-
fraction peaks at 43.4°, 50.6°, and 74.4° are characteristic 
for copper metal with corresponding facets in (111), (200) 
and (220). With annealing treatment, Cu-mesh resulted in 
the formation of CuO and Cu2O species, as indicated by 
peaks at 35.5°, 38.8° and 39.15°(JCPDS Card No. 5-661) 
corresponding to CuO (002), (111), and (200); and at 29.7°, 
36.6°, 42.3°, 61.3° and 73.99° (JCPDS Card No. 05-0667) 
which correspond to (110), (111), (200), (220) and (311) 
facets of Cu2O.

The presence of mixed oxides in the annealed Cu arises 
from the formation of CuO/Cu2O composite indicating that 

Scheme  1   Illustration of thermal oxidation and SILAR growth: a 
Copper mesh before thermal oxidation, b Cu2O/CuO grown on cop-
per mesh, c adsorption of Cu2+ and NO− 3 and the formation of an 
electrical double layer, d rinsing (I) removes excess unabsorbed Cu2+ 

and NO3
−, e reaction of S2− with pre-adsorbed Cu2+ ions to form 

CuS, and f rinsing (II) to remove excess and unreacted species and 
form the solid solution CuS on surface of the Cu mesh/Cu2O/CuO
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temperature and time applied for heat-treatment was not high 
enough for complete oxidation of Cu2O species to CuO [40]. 
This confirms the formation of cubic Cu2O and monoclinic 
CuO nanostructures on the copper mesh surfaces. The XRD 
pattern with CuS coated oxide also displayed a similar pat-
tern to that of copper oxide, indicating the copper sulfide 
layer generated by SILAR deposition was not detectable 
enough by XRD at low deposition cycles. However, at high 
deposition cycles (Cu2O/CuO/CuS-20) new peak appeared 
at 48.1° (JCPDS Card No. 65–393) with the correspond-
ing reflection of (110). Surface sensitive Raman spectro-
scopic technique was employed for further conformation 
and Raman spectra were obtained as displayed in Fig. 1b. 

The strong peak at (286, 333, and 623) and a weak peak 
at 218 cm− 1 can be assigned to CuO and Cu2O constitu-
ents of the heterostructure of bare Cu2O/CuO respectively. 
Raman spectra of Cu2O/CuO modified electrode indicate 
new peaks at 133, 263.1 and 190 cm− 1. The strong peak at 
470 cm− 1 attributed to the vibrational mode of S–S bond 
stretching. The peaks assigned to oxides disappeared with 
further SILAR deposition cycle increases which confirm the 
successful deposition of CuS.

For further confirmation, we performed scanning elec-
tron microscopy (SEM) measurements on bare and modified 
electrocatalysts at different cycles were performed. The bare 
copper mesh is presented in Fig. 2a and as-prepared Cu2O/

Fig. 1   a XRD patterns and b 
Raman spectra of Cu2O/CuO 
and after CuS deposition on 
Cu2O/CuO for 10, 20 and 25 
SILAR cycles

Fig. 2   Scanning electron 
microscopy images of a bare 
copper mesh, b Cu2O/CuO, 
c Cu2O/CuO/CuS-10, and d 
Cu2O/CuO/CuS-20
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CuO shown in Fig. 2b exhibits a crystalline feature. After 
modifications, the oxide surface is covered by increasing 
CuS deposition, as SILAR deposition number increases. 
The energy-dispersive X-ray (EDX) spectrum (Fig. S1) also 
supports that the Cu2O/CuO/CuS electrocatalyst consists of 
copper, oxygen and sulfur elements with the different atomic 
ratio depending on the deposition cycles. From the analysis 
of Raman scattering and EDX, we are able to confirm the 
successful deposition of CuS by SILAR method.

XPS analysis was carried out to investigate the elemental 
composition of Cu2O/CuO and Cu2 O/CuO/CuS-20. Fig-
ure 3a displays survey spectra of Cu2O/CuO and Cu2O/CuO/
CuS-20. Cu2 O/CuO sample contains peaks characteristic of 
Cu 2p, O 1 s, and C 1 s. However, the Cu2O/CuO/CuS-20 
has an additional peak that corresponds to S 2p. The weak 
peaks of C could be from the adventitious hydrocarbon of 
the XPS instrument itself. The main peaks located at 933.6 
and 953.7 eV (Fig. 3b) for Cu2O/CuO were assigned to 
Cu 2p3/2 and Cu 2p½ respectively. Additionally, there were 
satellite peaks at around 943 eV and 962.2 eV. In the case 
of the XPS spectrum of Cu 2p for Cu2O/CuO/CuS-20, the 
Cu 2p3/2 and Cu 2p1/2 peaks were observed at 932.2 and 
952.2 eV (Fig. 3b), respectively. Moreover, there are weak 
satellite peaks at around 943 eV signifying the presence of 

the paramagnetic chemical state of Cu2+ [41]. The corre-
sponding XPS spectrum of O 1 s is indicated in Fig. 3c. The 
binding energy peaks indicated in the S 2p spectrum at 162.0 
and 163.1 eV (Fig. 3d), which are related to the S 2p3/2 and 
S 2p1/2, confirms the successful deposition of CuS on top of 
copper oxides.

3.3 � Electrocatalytic Performance for CO2 Reduction

Before measuring electrochemical performance, the catalyst 
was reduced using chronoamperometry by applying constant 
potential for 50 min. During this reduction processes, the 
color of the Cu2O/CuO film changed from black to light 
orange indicating a reduction of oxides to copper nanoparti-
cle on the copper mesh. However, after SILAR modification, 
no color change was observed. This implies the oxide sur-
face was covered by CuS. The catalytic performance of bare 
Cu2O/CuO and CuS modified electrocatalyst was evaluated 
by linear sweep voltammetry (LSV) in Argon and CO2 satu-
rated 0.1 M KHCO3 aqueous solutions in a three-electrode 
system respectively. As shown in Fig. 4a, bare Cu2O/CuO 
displays similar current density curves in both Ar saturated 
and CO2 saturated solutions. However, the current density of 
CuS- modified electrocatalyst show significant improvement 

Fig. 3   a XPS survey spectra 
of Cu2O/CuO and Cu2O/CuO/
CuS-20, b the Cu 2p region of 
the XPS spectra of Cu2O/CuO 
and Cu2O/CuO/CuS-20, c XPS 
O 1 s spectrum of Cu2O/CuO, 
and d XPS S 2p spectrum of 
Cu2O/CuO/CuS-20
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in CO2 saturated KHCO3 solution compared with Ar satu-
rated solution showing that the modified catalyst can reduce 
CO2 in KHCO3 aqueous solution.

As seen in Fig. 4b–d, selectivity increases with increasing 
the number of deposition cycles. Significant improvements 
have been observed at low overpotentials ranging from − 0.8 
to − 0.4 V. Moreover, the onset potential for CO2 reduction 
by Cu2O/CuO/CuS-20 has improved to − 0.22 V in CO2 sat-
urated KHCO3 solution compared with Ar- saturated solu-
tion indicating that the catalyst has enhanced electrochemi-
cal CO2 reduction abilities at low overpotentials.

Furthermore, product distribution and stability of the cat-
alysts were investigated. For this purpose we have selected 
copper sulfide coated (Cu2O/CuO/CuS-20) and bare Cu2O/
CuO at selected reduction potential, i.e. − 0.7 V versus 
RHE. Detailed product analysis was performed on these two 
catalysts to quantify the gas and liquid products using gas 
chromatography and NMR respectively. Under this applied 
potential range, hydrogen and formate were detected in a 
significant amount. Representative spectra of NMR and 
gas chromatography at selected potential are illustrated in 
Fig. 5a, b. Formate was found to be the main liquid product 
by Cu2O/CuO/CuS-20, while hydrogen was still the main 
(side) products in gas phase. In Fig. 5c, CuS deposition by 
the SILAR method proves to successfully passivate Cu2O/
CuO and reduce or retard the corrosion.

The modified catalyst demonstrated dramatically 
increased performance and selectivity for formate forma-
tion and suppressed hydrogen evolution. The bare elec-
trode has low faradaic efficiency for formate (22%), while 
generating a significant amount of hydrogen (68%). In 
contrary, a highest faradaic efficiency of formate (84%) 
was achieved at the modified catalyst with significantly 
suppressed hydrogen generation with faradaic efficiency 
of around 17%. A high formate partial current density of 
20 mA cm− 2 together with faradaic efficiency of 84% was 
reached on Cu2O/CuO/CuS-20. The catalyst performance 
is significantly increased compared with some selected 
electrocatalysts reported in the literature, as summarized 
in Table 1.

The catalytic enhancement could be attributed by the 
partial electrochemical reduction of copper sulfide into 
copper nanoparticles. It is also believed that the reduced 
sulfur can create some steric hindrance and thus may 
weaken the binding strength of COOH* intermediate and 
favor the pathway for formate formation [42]. Together 
with the copper oxides, a catalytic synergy is created in the 
composite and more favorable adsorption sites are gener-
ated for facilitating the electrochemical CO2 reduction.

Fig. 4   Linear sweep voltam-
metry of a Cu2O/CuO, b Cu2O/
CuO/CuS-10, c Cu2O/CuO/
CuS-15 and d Cu2O/CuO/
CuS-20 in Ar saturated and 
CO2 saturated 0.1 M KHCO3 
electrolytes at a scan rate of 
10 mV s− 1
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4 � Conclusions

In summary, we successfully deposited copper sulfide nano-
particles on to thermally synthesized copper oxide by sim-
ple and facile SILAR method and tested its catalytic per-
formance for electrochemical CO2 reduction. The modified 
electrocatalyst exhibited high selectivity for formate forma-
tion at low overpotential. Remarkably, maximum faradaic 
efficiency of 84% and enhanced partial current density of 
− 20 mA cm− 2 were obtained at over potential of − 0.7 V. 
Copper sulfides can undergo electrochemical reduction dur-
ing electrochemical CO2 electrolysis and this can contribute 
to the enhanced electrocatalytic activity. Together with cop-
per oxides, a catalytic synergy is created in the composite 
and more favorable adsorption sites are generated for facili-
tating the electrochemical CO2 reduction. This study paves 
the way to controlling the composition—selectivity relation-
ship using facile and scalable catalyst synthesis approach.
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Fig. 5   a NMR spectrum of the 
0.1 M KHCO3 catholyte after 
2.5 h of CO2 electrolysis on 
Cu2O/CuO/CuS-20. Potential 
applied: − 0.7 V versus RHE. 
b Gas chromatogram recorded 
during electrochemical CO2 
reduction by Cu2O/CuO/
CuS-20 at applied potential of 
− 0.7 V versus RHE. c Stability 
test of electrochemical CO2 
reduction current as a func-
tion of electrocatalysis time for 
bare oxides (Cu2O/CuO) and 
modified catalyst (Cu2O/CuO/
CuS-20) at − 0.7 V versus RHE 
for 2.50 h in 0.1 M KHCO3 
saturated with CO2

Table 1   Summary of selected catalysts displaying selective conversion CO2 to formate

Catalyst Electrolyte Applied potential JHCOO− (mA cm−2) FE HCOO− (%) Reference

S-doped Cu2O derived Cu 0.1 M KHCO3 − 0.8 V (vs. RHE) − 10.7 74 [42]
S-modified Cu 0.1 M KHCO3 − 0.8 V (vs. RHE) − 10 80 [39]
Nano-Sn/graphene 0.1 M NaHCO3 − 1.8 V (vs. SCE) − 9.5 94 [43]
SnS2 derived Sn/SnS2 nanosheet 0.5 M NaHCO3 − 1.4 V (vs. Ag/AgCl) − 11.8 85 [44]
Pd NP/C 2.8 M KHCO3 − 0.15 V (vs. RHE) − 4.2 95 [45]
Sn–Pb alloy 0.5 M KHCO3 − 2.0 V (vs. Ag/AgCl) − 45.7 79.8 [46]
Cu2O/CuO/CuS 01. M KHCO3 − 0.7 V (vs. RHE) − 20.0 84 This work
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work. Bing-Joe Hwang: Devised and conceived the original ideas of 
this research, provide study materials, instruments, reagents and other 
tools for analysis, analyzed and discussed the results, critical revision 
and supervised this work.
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