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ABSTRACT 
The advancement of cost-effective and selective electrocatalyst towards CO2 to CO conversion is crucial for renewable energy 
conversion and storage, thus to achieve carbon-neutral cycle in a sustainable manner. In this communication, we report that 
Cu2Sb decorated Cu nanowire arrays on Cu foil act as a highly active and selective electrocatalyst for CO2 to CO conversion. In 
CO2-saturated 0.1 M KHCO3, it achieves a high Faraday efficiency (FE) of 86.5% for CO, at −0.90 V vs. reversible hydrogen 
electrode (RHE). The H2/CO ratio is tunable from 0.08:1 to 5.9:1 by adjusting the potential. It is worth noting that HCOO− product 
was totally suppressed on such catalyst, compared with Sb counterpart. The improving selectivity for CO could be attributed to the 
bimetallic effect and nanowire arrays structure. 
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1 Introduction 
The balance of natural carbon cycle has been disrupted by 
excessive anthropogenic CO2 emissions from the intensive 
fossil fuel consumption, leading to both global warming and 
energy crisis problems [1, 2]. The electrochemical CO2 reduction 
(CO2RR) to carbon-based fuels in aqueous solution appears  
to be an elegant route for renewable energy conversion and 
storage, thus achieving a carbon-neutral cycle [3–6]. However, 
the equilibrium potentials of CO2RR are very close to the parasitic 
hydrogen evolution reaction (HER), which diminish the Faraday 
efficiency (FE) of desired product. Moreover, multiple proton- 
coupled electron transfer steps highlight the complexity of such 
reaction, forming a wide range of reduction product mixtures, 
such as CO, CH4, C2H4, HCOO−, and alcohols [5–8]. Among 
them, CO holds great importance for the chemical industry since 
it can be utilized as an important feedstock for the production 
of carbonbased fuels and useful chemicals via Fischer−Tropsch 
processes [9–12]. Typically, Au, Ag, and Pd based noble metal 
catalysts exhibit highly selective electrocatalytic CO2 to CO 
conversion in nature [13–15], however, high overpotentials 
and expensive prices limit the large-scale CO2RR application. 
It is thus highly desirable to develop cost-effective, efficient 

and stable electrocatalysts for such conversion. 
Cu is an attractive candidate catalyst for CO2RR, which, 

however, suffers from low product selectivity, surface poisoning, 
and competing HER [6, 16]. Interestingly, recent experimental 
and theoretical studies suggest that the preparation of bimetallic 
catalyst is a key tactic to improve CO2 to CO conversion, 
benefitting from electronic effects, strain effects and geometric 
effects, of which catalytic performance is distinct from the 
pristine catalyst [16, 17]. By alloying, several Au-Cu [18–20], 
Ag-Cu [21, 22], Pd-Cu [23, 24] bimetallic catalysts have been 
shown boosted activity for CO production. However, these 
catalysts involved precious metals, designing a cost-effective 
bimetallic catalyst should thus be focused on non-noble-metals. 
Alternatively, the sp-block metal electrocatalysts such as In 
[25–27], Sn [28, 29], Bi [30], and Sb [31, 32] have previously 
been identified highly selective for CO2 to HCOO− conversion. 
Encouragingly, the trends of promoted CO formation and HER 
suppression were observed in In-Cu [33–37], Sn-Cu [38–41] 
systems. Additionally, recent studies suggested that high 
surface area Cu nanowire arrays could provide abundant 
undercoordinated sites, which could affect the catalytic activity 
and selectivity of CO2RR [42–44]. It is thus expected that 
preparing of Sb-Cu bimetallic catalyst with nanowire arrays 
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structure would be an ideal solution to enhance CO selectivity. 
In this work, we report Cu2Sb decorated Cu nanowire arrays 

on Cu foil (Cu2Sb NA/CF) as a highly active and selective 
electrocatalyst for CO2 to CO conversion. In CO2-saturated 
0.1 M KHCO3, it achieves a high FE of 86.5% for CO at  
–0.90 V vs. reversible hydrogen electrode (RHE), the onset 
potential observed for CO evolution was −0.50 V vs. RHE. The 
H2/CO ratio was tunable from 0.08:1 to 5.9:1 by adjusting the 
potential. It is worth noting that HCOO− product was totally 
suppressed on such catalyst, compared with Sb catalysts (Table S1 
in the Electronic Supplementary Material (ESM)). The bimetallic 
effect and nanowire arrays structure play significant roles in 
improving selectivity for CO formation. 

2 Experimental 

2.1 Materials 

NaOH, KOH, (NH3)2S2O8, Cu(NO3)2 and citric acid were 
purchased from Chengdu Kelong chemical reagent factory. 
SbCl3 was purchased from Aladdin Ltd. (Shanghai, China). Cu 
foil was purchased from Wuhan instrument surgical instruments 
business. Standard gas mixtures were purchased from Dalian 
special gases Co., Ltd. The water used throughout all experiments 
was purified through a Millipore system. All chemicals were 
used as received without further purification. 

2.2 Sample preparation 

CuO nanowire arrays (CuO NA/CF) were fabricated by 
annealing Cu(OH)2 nanowire arrays at 180 °C for 1 h in air, in 
which Cu(OH)2 nanowire arrays were first synthesized on Cu 
foil by immersing Cu foil into a solution mixture containing 
0.13 M (NH3)2S2O8 and 2.60 M NaOH. CuO-derived Cu nanowire 
arrays (OD Cu NA/CF) were obtained from electrochemical 
reduction of CuO NA/CF in CO2-saturated 0.1 M KHCO3 
electrolytes at a potential of −1.4 V vs. Ag/AgCl electrode (3 M 
KCl) for 600 s. 

Cu2Sb were electrodeposited on CuO-derived Cu nanowire 
arrays to fabricate Cu2Sb NA/CF at a potential of −1.4 V vs. 
Ag/AgCl electrode (3 M KCl) for 120 s from 0.4 M citric acid 
aqueous solution containing 0.025 M SbCl3 and 0.1 M Cu(NO3)2 
[45]. The pH was adjusted to 6 by 5 M KOH. The electrodeposited 
Cu2Sb nanowire arrays were then annealed at 220 °C for 5 h 
under argon. Cu2Sb nanofilm on Cu foil (Cu2Sb NF/CF) 
electrode was fabricated under the same conditions by direct 
electrodeposition of Cu2Sb on Cu foil. Sb nanofilm on Cu foil 
(Sb NF/CF) was fabricated by direct electrodeposition of Sb on 
Cu foil at a potential of −1.4 V vs. Ag/AgCl electrode (3 M KCl) 
for 120 s from 0.4 M citric acid aqueous solution containing 
0.025 M SbCl3, the pH was adjusted to 6 by 5 M KOH. 

2.3 Characterizations 

X-ray diffraction (XRD) patterns were obtained from Shimazu 
XRD-6100 diffractometer with Cu Kα radiation (40 kV, 30 mA). 
The scanning electron microscopy (SEM) images and energy- 
dispersive X-ray (EDX) were collected from the field-emission 
scanning electron microscope (Zeiss Gemini 300, Germany) at 
an accelerating voltage of 5 and 15 kV, respectively. Transmission 
electron microscopy (TEM) images were obtained from a Zeiss 
Libra 200FE transmission electron microscope operated at  
200 kV. X-ray photoelectron spectroscopy (XPS) measurements 
were performed on an ESCALABMK II X-ray photoelectron 
spectrometer using Mg as the exciting source. Inductively 
coupled plasma-optical emission spectroscopy (ICP-OES) data 
were obtained from PerkinElmer optical emission spectrometer 
(Optima 8000). 

2.4 Electrochemical measurements 

Electrochemical measurements were performed on a CHI 659E 
electrochemical analyzer (CHI Instruments, Inc., Shanghai) in 
a standard three-electrode system using Cu2Sb NA/CF with an 
area of 1 cm ×1 cm as working electrode, Ag/AgCl as reference 
electrode, and graphite rod as counter electrode. A mass flow 
controller was used to set the CO2 flow rate at 30 mL·min−1. All 
experiments were carried out in two-compartment gas-tight 
H-type cell (50 mL), at ambient conditions. For CO2 reduction 
experiments, 30 mL KHCO3 electrolyte (0.1 M) was bubbled 
with high-purity CO2 for 30 min before measurement. 
Polarization curves were obtained using LSV with a scan rate 
of 2 mV·s−1. All potentials reported in this work were calibrated 
to RHE, using the following equation 

E(RHE) = E(Ag/AgCl) + (0.197 + 0.059 pH) V    (1) 

2.5 Quantitative detection of gas products 

Detection and quantification of possible gas products (hydrogen, 
carbon monoxide, carbon dioxide, methane) were performed 
on a SHIMADZU GC-2014C gas chromatograph system 
equipped with flame ionization detectors (FIDs), and flame 
ionization detector with methanizer (FID-methanizer), thermal 
conductivity detector (TCD) and online auto-sampling system 
(10 ports VICI valve with 2mL sample loop, packed columns 
and Aluminum oxide porous layer open tubular capillary column 
(RtTM-Alumina, 30 m, 0.32 mm ID)). 

2.6 Quantitative detection of alcohols 

Gas chromatography (GC-2014C) with headspace autosampler 
(ColinTech) (HS-GC) was used for the determination of 
alcohols (methanol and ethanol), the separation was achieved 
using DB-WAX column (100% polyethylene glycol, 30 m long 
with 0.53 mm i.d. and 1.0 μm film thickness). 

2.7 Quantitative detection of HCOO− 

Detection and quantification of HCOO− was performed on an 
Metrohm 940 professional ion chromatograph system, in which 
HCOO– was separated using an ion exchange column (Metrosep 
Organic Acids, 250/7.8), following detected with conductivity 
detectors. 

2.8 Calculation of the FE 

Calculation of the FE: 

FE% = (n × z × F)/It × 100%           (2) 
Where: n is the number of moles; z is the number of electrons 
required for specific product; F is the faradaic constant 
(96,485 C·mol−1); I is current (A); t is the time required (s). 

2.9 Tafel plots calculation 

The Tafel plots are employed to evaluate the CO2RR catalytic 
kinetics and fitted with the following equation: 

η = blogj + a                (3) 

3 Results and discussion 
The Cu2Sb NA/CF electrode was fabricated by electrodeposition 
of Cu2Sb on OD Cu NA/CF (Fig. 1(a)) [42, 45]. The SEM images 
of CuO nanowire arrays precursor (Fig. 1(b)) and Cu2Sb NA/CF 
(Fig. 1(c)) reveal that Cu2Sb was successfully electrodeposited 
onto the surface of Cu nanowires which with diameter range 
from 100 to 300 nm. The corresponding EDX elemental mapping 
images of Cu2Sb NA/CF (Fig. S1 in the ESM) confirm the  
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existence of Cu and Sb elements, and the obtained atomic ratio 
of Cu/Sb from EDX spectrum is 2.07 (Fig. S2 in the ESM). 
Figure 1(d) shows the TEM image of Cu2Sb nanowire, further 
confirming its nanowire nature. The high-resolution TEM 
(HRTEM) image (Fig. 1(e)) taken from Cu2Sb nanowire reveals 
clear lattice fringes with interplanar distances of 0.243, 0.256, 
and 0.305 nm, corresponding to the (102), (111), and (002) 
planes of Cu2Sb, respectively. 

The selected area electron diffraction (SAED) pattern of 
Cu2Sb (Fig. 1(f)) is well consistent with the XRD pattern of 
Cu2Sb NA/CF (Fig. 2(a)), in which the diffraction peaks are well 
matched to the peak positions of Cu2Sb (JCPDS No. 85-492). 
The scanning transmission electron microscopy (STEM) image 
and the corresponding EDX elemental mapping images   
(Fig. 1(g)) demonstrate the uniform distribution of Cu and Sb. 
XPS survey spectrum of Cu2Sb NA/CF (Fig. 2(b)) further reveals 
the existence of Cu and Sb, moreover, it obtained an atomic 

 
Figure 2 (a) XRD pattern of Cu2Sb NA/CF, the asterisks indicate the 
copper substrate diffraction peaks. (b) XPS survey spectrum of Cu2Sb 
NA/CF. High-resolution XPS spectra of Cu2Sb NA/CF in the (c) Cu 2p,  
(d) Sb 3d regions. 

ratio of Cu/Sb of 2.15. As indicated by the Cu 2p region in  
Fig. 2(c), the binding energy at 932.6 eV (Cu 2p3/2) and 952.4 eV 
(Cu 2p1/2) are attributed to metallic Cu [42]. The Sb 3d region 
is shown in Fig. 2(d), the binding energy at 528.2 eV (Sb 3d5/2) 
and 537.5 eV (Sb 3d3/2) are attributed to metallic Sb. It is 
possible to identify that the binding energy at 530.1 eV (Sb 3d5/2) 
and 539.4 eV (Sb 3d3/2) are attributed to Sb3+, together with the 
binding energy of 531.2 eV (O 1s) and wake shake-up satellite 
peak of Cu 2p3/2, which were most probably derived from air 
exposure. All these results manifest the successful fabrication 
of Cu2Sb NA/CF electrode by electrodeposition. 

To evaluate the electrochemical catalytic CO2RR performance 
of Cu2Sb NA/CF in 0.1 M KHCO3 solution, a three-electrode 
system was employed, the two-compartment H-type cell 
was separated by a Nafion 117 membrane. The linear sweep 
voltammetry (LSV) plots of Cu2Sb NA/CF in 0.1 M KHCO3 
(Fig. 3(a)) shows a much higher current density in the CO2- 
saturated solution than that in the Ar-saturated counterpart,  

 
Figure 3 (a) LSV curves of Cu2Sb NA/CF in Ar- and CO2-saturated 0.1 M 
KHCO3 solution. (b) Chronoamperometry curves of CO2RR over Cu2Sb 
NA/CF in 0.1 M KHCO3 solution at different potentials. (c) FEs of CO2RR 
on Cu2Sb NA/CF at different potentials and corresponding current densities. 
(d) Tafel plots of CO partial current density jCO on Cu2Sb NA/CF. 

 
Figure 1 (a) A schematic illustration of the fabrication of Cu2Sb NA/CF. SEM images for (b) CuO nanowire arrays precursor and (c) Cu2Sb NA/CF.
(d) TEM and (e) HR-TEM images of Cu2Sb nanowire. (f) SAED pattern taken from the Cu2Sb nanowire. (g) STEM characterization of Cu2Sb nanowire,
and the corresponding elemental mapping images of Cu and Sb. 
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manifesting the presence of CO2 reduction reaction. Accordingly, 
the potential window from −0.50 to −1.10 V was chosen for 
CO2RR investigations. Figure 3(b) shows the constant-potential 
electrolysis of CO2 at a series of applied potentials, the steady 
current densities suggested good electrochemical stability of 
Cu2Sb NA/CF catalyst during CO2RR tests. 

To determine the CO2RR selectivity of Cu2Sb NA/CF, 
detection and quantification of reduction products are needed. 
As shown in Fig. 3(c), the FE for reduction products are plotted 
at a series of applied potentials. For gaseous products analysis, 
a tri-channel GC equipped with an online injector is employed. 
GC analysis results suggest that only CO and H2 were detected 
in the gaseous phase. It achieves a maximum FE of 86.5% for 
CO at –0.90 V with H2/CO ratio range from 0.08:1 to 5.9:1, 
which outperforms most of the reported P-block Cu-based 
bimetallic catalysts (Table S2 in the ESM). For liquid products 
analysis, a static headspace-gas chromatography (HS-GC) was 
applied for detection and quantification of alcohols. As shown 
in Fig. S3(a) in the ESM, no alcohol product was detected. 

Additionally, ion chromatography (IC) was employed for 
the detection and quantification of formic acid, in which 
HCOO− was separated using an ion exchange column, following 
detected with conductivity detector. IC analysis results show 
that only trace amount (< 0.5 ppm) of HCOO– was detected 
on Cu2Sb NA/CF for each test (Fig. S3(b) in the ESM). Given 
the fact that Sb nanosheets catalyst have previously been 
demonstrated with high selectivity for HCOO− production from 
CO2RR [31, 32]. Using Cu nanowires, an FE of approximate 
30% for HCOO− was reached by Ma et al. [42]. In our study, 
similar results (Fig. 4(a)) were observed on OD Cu NA/CF 
and Sb NF/CF. It can thus be safely concluded that the CO2RR 
selectivity was changed dramatically on Cu2Sb NA/CF, compared 
to OD Cu NA/CF and Sb NF/CF counterparts, resulting in the 
promoted formation of CO. Density functional theory (DFT) 
calculation results suggesting that on-top Cu was the active 
site [17]. The presence of HCOO− producing guest metals do 
not dramatically impact the electronic structure of Cu, it is 
more likely a perturbation of surface properties, namely, disrupt 
active sites for protons while leaving CO active sites unaffected 
[35, 37, 38]. Tafel plot analysis was performed to gain further 
insight into the kinetic of CO2RR on Cu2Sb NA/CF. Here, a 
Tafel plots of CO partial current density on Cu2Sb NA/CF is  

 
Figure 4 (a) FEs of OD Cu NA/CF, Sb NF/CF, Cu2Sb NF/CF and Cu2Sb 
NA/CF at –0.90 V. (b) Long-term electrochemical stability test of Cu2Sb 
NA/CF at –0.90 V for 12 h and FEs for CO. (c) The capacitive current 
densities at –0.07 V as a function of scan rates for Cu2Sb NA/CF and Cu2Sb 
NF. (d) Nyquist plots of Cu2Sb NA/CF and Cu2Sb NF/CF and Randles 
equivalent circuit (inset). 

shown in Fig. 3(d). It exhibits a Tafel slope of 214.6 mV·dec−1, 
suggesting that the formation of CO2

*− intermediate is the 
rate-determining step [6]. 

Control experiments were performed to confirm that CO 
was generated via electrochemical reduction of CO2 on Cu2Sb 
NA/CF catalyst. We conducted alternate electrolysis cycling 
tests between Ar- and CO2-saturated electrolytes (Fig. S5(a)  
in the ESM), both FEs and partial current densities for CO 
show no obvious fluctuation, demonstrating the high catalytic 
stability of Cu2Sb NA/CF. As shown in Fig. S5(b) in the ESM, 
no CO product was detected at −0.90 V when purged with Ar. 
By contrast, when the electrolysis was carried out in a CO2 
atmosphere, the average concentrations of CO that acquired 
by online GC was 1,318 ppm, which confirms that HCO3

− is 
not the immediate source of CO. Supported by these results, 
it can safely conclude that CO was evolved from the raw CO2 
during CO2RR test with Cu2Sb NA/CF catalyst. 

To assess the long-term stability of the Cu2Sb NA/CF catalyst, 
a 12 h electrolysis was performed at −0.90 V in CO2-saturated 
0.1 M KHCO3. As shown in Fig. 4(b), the Cu2Sb NA/CF 
electrode exhibited no obvious fluctuation in current density 
and the FE for CO was maintained approximately 86.5% during 
the test, indicating its excellent stability for CO2RR. Meanwhile, 
the nanowire arrays structure after long-term stability test were 
well maintained (Fig. S6 in the ESM). Moreover, XRD pattern 
(Fig. S7(a) in the ESM), XPS spectra (Figs. S7(b)–S7(d) in the 
ESM) of Cu2Sb NA/CF after long-term electrolysis, together 
with trace amount of Cu and Sb in the electrolyte after long- 
term stability examined by ICP-OES (Fig. S8 in the ESM) 
suggest that Cu2Sb NA/CF exhibits excellent electrochemical 
stability throughout the CO2RR test. Previous studies had 
observed the deactivation of Cu nanowires catalyst during 
CO2RR test, due to surface poisoning by the deposited metal 
impurities which were introduced from electrolyte [46]. Such 
deactivation was not observed on Cu2Sb NA/NF, which could 
be attributed to its good electrochemical durability for the 
CO2RR. 

To confirm the nanowire arrays morphological effect, CO2 
reduction on Cu2Sb NF/CF (Fig. S9 in the ESM) were also 
performed under identical conditions. It can be found that an 
FE of 76.3% for CO was obtained on Cu2Sb NF/CF at –0.90 V 
(Fig. 4(a)), manifesting that Cu2Sb NA/CF is able to provide 
enhanced HER suppressing ability, which could attribute to 
local pH effect [42–44]. It is assumed that the boosted CO2RR 
activity is also relevant to the larger electrochemical active 
surface area (ECSA). To estimate ECSA of Cu2Sb NA/CF and 
Cu2Sb NF/CF, we carried out the measurement of double-layer 
capacitance (Cdl). Figures S10(a) and S10(b) in the ESM, show 
cyclic voltammograms (CVs) of Cu2Sb NA/CF and Cu2Sb 
NF/CF with various scan rates (10–100 mV·s−1), respectively. 
Accordingly, as shown in Fig. 4(c), the Cdl of Cu2Sb NA/CF 
(5.8 mF·cm−2) is higher than that of Cu2Sb NF/CF (2.9 mF·cm−2), 
implying a higher ECSA. Furthermore, Nyquist plots (Fig. 4(d)) 
show that the Cu2Sb NA/CF has lower charge transfer 
resistance, which is in accordance with its excellent catalytic 
performance. 

4 Conclusions 
In summary, Cu2Sb NA/CF was successfully fabricated by 
electrodeposition. As a highly active and selective electrocatalyst 
for CO2 to CO conversion, it achieves a high FE of 86.5% for 
CO, at –0.90 V in 0.1 M KHCO3, the observed onset potential 
for CO evolution was –0.50 V. The H2/CO ratio is tunable from 
0.08:1 to 5.9:1 by adjusting the potential. Importantly, HCOO− 
product was totally suppressed on such catalyst, compared 
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to Sb counterpart. The bimetallic effect and nanowire arrays 
structure play significant roles in improving CO selectivity. 
This work not only provides us an attractive low-cost CO2RR 
catalyst, but highlights the significance of bimetallic strategy 
to tune CO2RR selectivity. 
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