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Abstract
Electrochemical reduction of carbon dioxide is an attractive and challenging strategy to solve the problems of renewable 
energy storage and carbon neutral. However, activity, selectivity, and stability of present developing catalysts for production of 
 C2H4 are not as high as required for practical applications. Herein, we report dezincified copper nanowires (pre-CuZn-CuNW) 
derived from an electrodeposited CuZn alloy by a wet chemical method for electrochemical reduction of carbon dioxide to 
 C2H4. Compared with pre-Cu-CuNW (the copper nanowires derived from a bulk Cu), the pre-CuZn-CuNW significantly 
enhances the catalytic activity and the selectivity for  C2H4. The partial normalized current density of the pre-CuZn-CuNW 
for production of  C2H4 increases to 183 mA∙cm−2, which is about twice relative to pre-Cu-CuNW. The faradaic efficiency 
(FE) of the pre-CuZn-CuNW for  C2H4 can be maintained over 46% for 24 h during carbon dioxide reduction reaction. The 
improved catalytic performance can be attributed to the formation of a special nanowire structure with larger electrochemical 
active surface area and higher intrinsic activity of the pre-CuZn-CuNW during the dealloying process.
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Introduction

In recent years, under the theme of the era of carbon neu-
trality, more people have focused on energy and environ-
mental problems caused by carbon dioxide [1]. Electro-
chemical reduction is also considered as the most effective 
 CO2 conversion method [2–4]. It is worth mentioning that 
Berlingette and his research team [5] optimized the carbon 
dioxide reduction reaction  (CO2RR) platform to improve the 
transmission of carbon dioxide in the H-type electrolytic 
cell, increasing the current density. Many metal catalysts 
have been used to study the reduction of  CO2. Because of the 
wide application of ethylene  (C2H4) and ethanol  (C2H5OH) 
in industry, metal copper has good selectivity to  C2+ prod-
ucts [6, 7], which makes the research on highly selective 
copper metal catalyst more meaningful [8].

Researchers focus on developing different nano-copper 
catalysts to improve the selectivity for  C2H4 production 
[9–11]. Among them, oxide-derived copper (OD-Cu) has 
been extensively studied due to its excellent reduction of 
 CO2 to  C2 products [12]. Many factors are widely believed 
to cause the special properties of OD-Cu, such as higher 
grain boundary density [13], single crystal plane orientation 
[14], stronger local pH [8, 15], and product reabsorption 
[16]. When copper oxide derivatives prepared on copper 
foam was used as the substrate, the faradaic efficiency (FE) 
for  C2+ production reached 70% [17]. The copper nanowire 
catalyst prepared on a copper mesh substrate was used for 
electrocatalytic reduction of  CO2 at a lower overpotential 
[18]. Catalysts grown on these substrates lack hydropho-
bic permeability and cannot be used directly in flow cells. 
Although the use of Nafion plasma binder to prepare gas dif-
fusion electrodes can greatly improve the current efficiency 
of the electroreduction reaction [19], the preparation process 
is complicated and some active centers of the catalyst are 
covered.

As one of the simple and controllable material prepa-
ration methods, electrodeposition can be used to prepare 
catalysts with various composition and micromorphology 
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by adjusting electrolytes, applying potential, electrodepo-
sition methods, etc. Pardal et  al. performed a series of 
experiments to study the electrodeposition of copper for the 
electrochemical conversion of  CO2 to  C2 products [20]. By 
changing the concentration of  H2SO4, the hydrogen evolu-
tion reaction was intensified, and the adhesion of hydrogen 
bubbles was promoted, resulting in the accumulation of cop-
per particles around the bubbles to form a honeycomb sur-
face. The current efficiency for  C2H4 production increased 
significantly from around 7 to 15%. The electrolyte with 
3,5-diamino-1,2,4-triazole (DAT) as an additive can be used 
to electrodeposit porous copper films, which retarded the 
deposition rate of copper and promoted the formation of 
copper catalysts with high surface area [21]. In this case, 
the FE for  C2H4 production reached over 60% at − 0.5 V (vs 
RHE, same as below). Ryting et al. prepared Cu-Pd bime-
tallic catalysts on carbon paper (CP) by dynamic hydrogen 
bubble template electrodeposition. In an H-type electrolyzer, 
the FE for  C2H4 production could reach 45.2% at − 1.2 V and 
the current density was 17.4 mA∙cm−2 [22].

Herein, we report a gas diffusion electrode (GDE) com-
posed of dezincified copper nanowires (pre-CuZn-CuNW) 
derived from an electrodeposited CuZn alloy. 5,5-dimethyl-
hydantoin (DMH) is applied as a complexing agent in the 
electrolyte for directly electrodeposition of the CuZn alloy 
on the carbon paper. The formation of nanowires and the 
dezincification of alloy are proceeded in one-step that is 
dipping in an alkaline solution. The catalytic performances 
of dezincified Cu nanowires for electroreduction  CO2 are 
studied in a flow cell. Electrochemical measurements dem-
onstrate that the catalyst has excellent  C2H4 selectivity with 
high activity and stability due to the increased electrochem-
ical active surface area and intrinsic activity resulted by 
chemical dezincification.

Experimental

Materials and methods

Carbon paper and Fuma FAA-PK-130 anion exchange mem-
brane were purchased from Toray Industries and Gaoss 
Union, respectively. Deionized water was produced using 
a Millipore system and used throughout. All chemicals 
were analytical-grade reagents and used without further 
purification.

The micromorphologies of catalysts were character-
ized via scanning electron micrographs (SEM) recorded by 
using a ZEISS system (SUPRA55010102) and transmis-
sion electron microscopy (TEM, JEM 2100, 200 kV). X-ray 
diffraction (XRD, D/max2550V with Cu Kα radiation of 
λ = 1.541841 Å) was used to determine the crystal structures. 
X-ray photoelectron spectroscopy (XPS) experiments were 

applied on an AXIS ULTRA DLD spectrometer to analyze 
elemental contents.

Cyclic voltammetry (CV), linear sweep voltammetry 
(LSV), and amperometric current–time (i-t) curve meas-
urements were measured by an electrochemical workstation 
(CHI660E). A 0.1 M  KClO4 was used in a H-type cell for the 
measurement of CV at various scan rates, 1 M KOH solu-
tion in  N2 or  CO2 saturated was used in a flow cell for the 
measurement of LSV at 20 mV∙s−1, and 1 M KOH solution 
in  CO2 saturated was used in a flow cell for the measurement 
of i-t curve. The GDE prepared in this work, a platinum elec-
trode, and Ag/AgCl were used as the working electrode, the 
counter electrode, and the reference electrode, respectively. 
The value of the potential versus Ag/AgCl was converted 
to the reversible hydrogen electrode (RHE) scale using the 
Eq. (1):

The CV curves were applied for measurement of elec-
trochemical active surface area (ECSA). There is a pro-
portional relationship between ECSA and electric double 
layer capacitance (Cdl), as shown in Eq. (2). Cs is usually 
located between 20–60 μF∙cm−2, and 60 μF∙cm−2 is used in 
this paper [23]. In the case of comparing ECSA of catalysts 
composed by same metal, the value of Cdl can be used to 
evaluate the order of the ECSA of the catalyst because Cs 
is a constant.

Since the CV curves were measured in the voltage range 
without oxidation–reduction reaction, the potential scan-
ning range is relatively small, and the electric double-layer 
capacitance remains approximately unchanged. At this time, 
the relationship between the non-faradaic current (ic) and the 
scanning rate is shown in Eq. (3). Here, ic is electric double-
layer current (the difference between the cathode current 
and the anode current from the CV curve). When the scan-
ning rate is plotted with the ic, a straight line is obtained. 
The slope of the line is the electric double-layer capacitance 
(Cdl).

Preparation of copper nanowires

The preparation process of the GDE loaded with copper 
nanowires catalyst is shown in Fig. 1. CuZn alloy was elec-
trodeposited on a piece of hydrophobic carbon paper from 
an electrolyte containing copper sulfate, zinc sulfate, DMH, 
and potassium citrate, as Supplementary S1.1 and Table S1 

(1)
E(V vs RHE) = E(V vs Ag∕AgCl (3 M KCl)) + 0.21 V + 0.059 pH

(2)ECSA = Cdl∕Cs

(3)ic = Cdl

d�

dt

4818 Ionics (2022) 28:4817–4824



1 3

introduce. In the pre-experiment, three different complexing 
agent systems were compared. The copper nanowire catalyst 
derived from copper in the electrodeposition system with 
DMH as the complexing agent has better catalytic properties 
(Fig. S1), so the electrodeposition of CuZn alloy was carried 
out in the DMH system.

Borrowed the wet chemical oxidation method for grow-
ing copper hydroxide nanowires on copper foil [11], chemi-
cally dezincified Cu(OH)2 nanowires on carbon paper were 
obtained in one step by dipping the electrodeposited sam-
ple into the solution composing by NaOH and  (NH4)2S2O8. 
By an annealing process with high-temperature sintering 
(Supplementary S1.2), Cu(OH)2 nanowires turn to CuO 
nanowires. The next step is to obtained Cu nanowires (pre-
CuZn-CuNW) on the carbon paper under a constant electro-
chemical reductive potential for applying as the GDE of the 
flow cell (Supplementary S1.3).

In order to explore the role of zinc in the precursor 
CuZn alloy, Cu was electrodeposited on the carbon paper 
and copper nanowires (pre-Cu-CuNW) were prepared for 
comparison in the same steps as Fig. 1 shown, for com-
parison with CuZn alloy and its derived copper nanowires 
(pre-CuZn-CuNW).

CO2 reduction electrolysis and product analysis

A flow cell (purchased from Gaoss Union Photoelectric tech-
nology co. LTD) was used in the experiment, including a 
cathode chamber, an anode chamber, and a  CO2 gas cham-
ber. The anion exchange membrane was used to separate the 
cathode and anode to prevent cathodic liquid products from 
flowing into the anode chamber and to ensure the transmis-
sion of hydrixude ion transmission.

Both cathode and anode chambers had a precisely 
machined window (12.5 mm × 8 mm), so the geometric 

area of the working electrode was 1  cm2. The working elec-
trode was a GDE that prepared as “Materials and methods” 
shown. For a GDE, one side of carbon nanofibers (Fig. S2a) 
was covered by the catalyst, while carbon black and pol-
ytetrafluoroethene (PTFE) were loaded on the other side in 
the factory (Fig. S2b). It means that the carbon black on 
the back side of the catalyst provided a thin gas diffusion 
layer to transmit carbon dioxide to the catalyst surface. The 
presence of PTFE prevented the catholyte from immersing 
the catalyst and kept the hydrophobicity of the GDE. Thus, 
a GDE provided three-phase interfaces for  CO2 reduction 
reaction taking place. The concentration (C) of cathodic gas 
products, such as ethylene, carbon monoxide, and hydrogen, 
was detected by gas chromatography (GC) and the FE of a 
specific product was calculated by Eq. (4):

where n is the number of electrons transferred to pro-
duce one molecule of a product, F is the Faraday’s con-
stant (96,500 C∙mol−1), C is the concentration of a product 
determined by GC (at%), v is the flow rate (0.5 ml·s−1) of 
 CO2 bubbled into the electrolyte, P and T are the pressure 
(101,325 Pa) and temperature (298 K) of the gas sampled by 
the GC sample loop, respectively, j is the total current when 
sampling, and R is the gas constant (8.314 J·mol−1·K−1).

Results and discussion

Formation and characterization of copper 
nanowires derived from CuZn alloy

CuZn alloy was successfully electrodeposited on the carbon 
paper. From EDS elemental maps (Fig. S3), Zn is uniformly 

(4)FE = nFCvp ∕ jRT

Fig. 1  Schematic illustration 
of procedure for preparing Cu 
nanowires on carbon paper as 
GDEs
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distributed on the carbon fibers. Figure 2a shows the XRD 
patterns of Cu, CuZn alloy, pre-Cu-CuNW, and pre-CuZn-
CuNW on GDEs. The three groups of peaks at 43.3°, 50.4°, 
and 74.1° correspond to (111), (200), and (220) of Cu, and 
peaks appearing in 26.6° can be indexed to carbon. Com-
pared with Cu, it is noticeable that the peak near 43° of 
CuZn pattern shifts leftwards. The peak shift is believed to 
be caused by the formation of CuZn alloy during electro-
deposition. The intercalation of Zn into the Cu crystal lattice 
leads to an increase in the interplanar spacing of Cu and 
causes lattice distortion [24]. Therefore, it can be confirmed 
that CuZn alloy is obtained by the electrodeposition.

The success of chemical dezincification requires 
quantitative analysis of the relative content of Zn before 
and after the reaction, so XPS measurement was used to 
verify the change of the relative content of Zn on the sur-
face of the catalyst. The carbon element rich in the GDE 
can be used as a reference for comparing the content of 
Zn before and after the reaction. By measuring the rela-
tive contents of Zn and C in CuZn alloy and pre-CuZn-
CuNW, the Zn atomic content is significantly reduced 
from 2.99 to 0.52% (Fig. 2b and c), which is consistent 
with the conclusion in literature [24] that chemical dez-
incification achieves dealloying. Figure 2d shows the 
XPS pattern of Zn 2p of pre-CuZn-CuNW. The charac-
teristic peaks with binding energies of 1022.3 eV and 
1045.3 eV correspond to the Zn 2p3/2 and Zn 2p1/2 

regions. The characteristic peaks corresponding to Zn in 
the pre-CuZn-CuNW were not observed, which further 
indicated that the method of chemical dezincification 
successfully reduced the content of Zn in the catalyst. 
After the process of chemical dezincification, the left 
shift around 43° even occurs in the XRD spectrum, 
which can be explained by the fact that the vacancies 
left by the entry and exit of zinc atoms are still existing 
[24]. Zhang et al. found that the vacancies caused by 
zinc atoms would result in a special porous structure of 
catalysts with a large surface area [25].

The surface morphologies of pre-CuZn-CuNW were 
investigated by SEM and TEM. Compared with CuZn 
alloy (Fig. 3a), pre-CuZn-CuNW (Fig. 3b) has abundant 
nanowires and presents a radial structure. This special 
nanowire structure benefits from the use of NaOH and 
 (NH4)2S2O8 in the second step, enabling the growth of 
nanowires at the same time as chemical dezincification. 
The diameter of pre-CuZn-NW is around 170 nm, which 
can be determined by TEM (Fig. 3c). The EDS elemental 
maps show the elemental distribution in the pre-CuZn-
CuNW, including Cu, Zn, C, and O, as shown in Fig. 3d–g. 
The presence of Zn element is consistent with the XPS 
analysis of pre-CuZn-CuNW. The SEM images of bulk Cu 
and its derived pre-Cu-CuNW are shown in Fig. S4, while 
the distribution of the copper nanowires is not as regularly 
radial as that of pre-CuZn-CuNW.

Fig. 2  a XRD patterns of the 
bulk Cu, CuZn alloy, pre-Cu-
CuNW, and pre-CuZn-CuNW; 
b XPS pattern of CuZn alloy; 
c XPS pattern of pre-CuZn-
CuNW; and d XPS pattern of 
Zn 2p of pre-CuZn-CuNW

4820 Ionics (2022) 28:4817–4824
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Catalytic  CO2RR performance of copper nanowires 
derived from CuZn alloy

Compared with Cu, CuZn alloy, and pre-Cu-CuNW, pre-
CuZn-CuNW shows the best catalytic  CO2RR performance. 
Their electrochemical testing curves are shown in Figs. 4, 
S5, and S6. LSV curves were carried out in 1 M KOH sat-
urated  CO2 or  N2. As Figs. 4a and S5a show, the current 
density at a certain potential of pre-CuZn-CuNW for the 
reduction of  CO2 is the highest in the potential range of 0 
to − 0.6 V, which shows that the pre-CuZn-CuNW has the 
best catalytic activity for  CO2RR. Pre-CuZn-CuNW exhibits 
the largest active specific surface area for electrocatalytic 

reduction of  CO2. For calculating the Cdl and ECSA, CV 
curves were tested at various scan rates. According to 
Figs. 4b, S5b-d, S6a and b, and S7a, the values of Cdl and 
ECSA of four catalysts are listed in Table 1. For 1  cm2 

Fig. 3  SEM images of a CuZn 
alloy and b pre-CuZn-CuNW, 
cTEM image of pre-CuZn-
CuNW, and EDS elemental 
maps of pre-CuZn-CuNW for d 
copper, e oxygen, f carbon, and 
g zinc, respectively

Fig. 4  a LSV of copper nanow-
ires in 1 M KOH saturated  N2 or 
 CO2 at 20 mV∙s−1 using a flow 
cell and b CV of pre-CuZn-
CuNW at different scan rates 
ranging from 20 to 100 mV∙s−1 
in 0.1 M  KClO4 using a H-type 
cell

Table 1  Cdl and ECSA of various catalysts

Catalysts Cdl (mF  cm−2) ECSA  (cm2)

Cu 11.86 0.20
CuZn alloy 10.83 0.18
Pre-Cu-CuNW 19.73 0.33
Pre-CuZn-CuNW 24.28 0.41

4821Ionics (2022) 28:4817–4824
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samples in geometry, the ECSA of Cu, CuZn alloy, pre-Cu-
CuNW, and pre-CuZn-CuNW are 0.20, 0.18, 0.33, and 0.41 
 cm2, respectively. Therefore, the pre-CuZn-CuNW has the 
largest ECSA among the above catalysts.

The pre-CuZn-CuNW also shows excellent selectivity 
for  C2H4 and high current density. As seen from Fig. 5a, 
the FE for  C2H4 production of the pre-CuZn-CuNW is 46% 
at − 0.8 V, while the FE for  C2H4 production of other cata-
lysts is less than 30% in potential range of − 0.4 to − 1.0 V 
as shown in Figs. S5e, S5g, and S6c. Furthermore, the 
pre-CuZn-CuNW exhibits good stability under − 0.8 V for 
24 h. It can be seen from Fig. 5b that the total geometric 
current density of the catalyst pre-CuZn-CuNW is fluctu-
ate and maintained stably at 170 ± 20 mA·cm−2 at − 0.8 V. 
The FEs for  C2H4 production of the pre-CuZn-CuNW were 
taken every 6 h, which were stabilized above 50% and better 
than the initial. The pre-CuZn-CuNW exhibits a competitive 
selectivity and stability for  C2H4 in this work compared with 
other similar research as Table 2 shown [26–33]. By calcu-
lating with ECSA, the partial normalized current densities 
for  C2H4 production at − 0.8 V of Cu, CuZn, pre-Cu-CuNW, 
and pre-CuZn-CuNW are 49, 34, 97, and 183 mA·cm−2, 
respectively. It indicates that the pre-CuZn-CuNW has the 
best intrinsic activity for  C2H4 production among these 
catalysts.

It is worth noting that the order of the catalytic perfor-
mance for the catalysts from high to low is pre-CuZn-CuNW, 
pre-Cu-CuNW, Cu, and CuZn alloy. The nanowire catalyst 
derived from the CuZn alloy has the best activity and selec-
tivity for  C2H4 production, but the catalytic performance of 
the CuZn alloy is lower than that of the Cu. To illustrate the 
role of Zn during the preparation of the catalysts is interest-
ing, compared with the Cu, the CuZn alloy exhibits a lower 
activity and selectivity for  C2H4 in the  CO2RR test while 
the partial geometric current density for  C2H4 production 
was 6.2 mA·cm−2 and FE for  C2H4 production was 17% 
at − 0.8 V (Fig. S5g). Because of the addition of zinc, the 
CuZn alloy has a smaller ECSA than that of the Cu catalyst. 
It indicates that the zinc element is useless for promoting the 
performance of the catalyst during the  CO2RR. However, 

for the nanowires derived from the CuZn alloy, the chemi-
cal dezincification in the process of nanowires growth not 
only results in a special structure of pre-CuZn-CuNW with 
a larger surface area than that of pre-Cu-CuNW but also 
provides higher intrinsic activity for  C2H4 because of more 
CO* dimerization [34].

Conclusions

Binder-free copper-based catalyst pre-CuZn-CuNW was 
loaded on carbon paper by electrodeposition, wet chemi-
cal oxidation, annealing, and electrochemical reduction. 
The pre-CuZn-CuNW has abundant nanowires in diameter 
of around 170 nm and presents a radial structure. The Zn 
atomic content in CuZn alloy is 2.99%, while in the pre-
CuZn-CuNW, it is 0.52%. The vacancies were left in nanow-
ires by the entry and exit of zinc atoms in Cu crystal lattice 
during CuZn codeposition and chemical dezincification 
process, which cause larger electrochemical active surface 
area and higher intrinsic activity of the pre-CuZn-CuNW. 
Compared with Cu, CuZn alloy, and pre-Cu-CuNW, pre-
CuZn-CuNW exhibits the highest activity, selectivity, and 
stability for ethylene production. In a flow cell, at − 0.8 V (vs 
RHE), the FE for ethylene production of pre-CuZn-CuNW 
is over 46% for 24 h under a total geometric current density 
of 170 ± 20 mA∙cm−2, which is competitive among similar 

Fig. 5  a FEs for gas products 
and geometric current density 
for ethylene production of pre-
CuZn-CuNW under different 
potential in  CO2RR, b stability 
testing of pre-CuZn-CuNW 
at − 0.8 V (vs RHE) in 1 M 
KOH using a flow cell while the 
black curve corresponds to the 
 CO2RR geometric current den-
sity and the orange histograms 
are the FEs for ethylene produc-
tion at different sampling time

Table 2  Stability of electrochemical  CO2 reduction to  C2H4

Catalysts Stability (h) FEC2H4 (%)

Cu_I [26] 22.5 35
Cu NDs [27] 7 22.3
44 nm Cu nanocube [28] 1 41
Cu-on-Cu3N [29] 15 39 ± 2
F-Cu [30] 40 65.2
3D porpus CuO [31] 2 39.3
CSNP [32] 20 48.7
HPR-Cu [33] 40 38.1
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research and provides a possibility for subsequent industrial 
applications. In the future work, the proposed reaction mech-
anism could be verified by more experimental and theoreti-
cal methods. In addition, the selectivity and stability of the 
copper nanowires catalyst may be enhanced by adjusting the 
ratio of Cu to Zn in the electrodeposition system.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11581- 022- 04723-z.
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