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A B S T R A C T

Nanoporous Cu–Zn–Ni–Co alloys have been prepared on Cu foils by a two-step electrodeposition mechanism in 
ethylammonium nitrate (EAN), a protic ionic liquid, and ethaline, a deep eutectic solvent (DES). A porous alloy 
was then produced using a dealloying step. The physicochemical properties of ethaline containing Ni2+, Co2+, 
and Zn2+ salts were firstly investigated. The two-step electrodeposition process for the preparation and deal
loying of Cu–Zn–Ni–Co alloys was then discussed. In the first step, cobalt was deposited on copper in pure EAN. 
Zinc and nickel were subsequently co-electrodeposited in ethaline to produce a Cu–Zn–Ni–Co alloy after further 
heat treatment. Nanoporous alloys were prepared by electrochemical and chemical dealloying to obtain different 
electrocatalytic properties for the hydrogen evolution reaction (HER). In comparison to the initial non-porous 
alloy, the HER performance has been markedly enhanced, with an HER potential reaching as low as − 0.067 
V/RHE. The novel approach of preparing nanoporous Cu–Zn–Ni–Co alloys by electrodeposition in ionic media, 
followed by dealloying, represents an efficient methodology for practical applications in electrocatalysis, 
including water splitting.

1. Introduction

Hydrogen is attracting increasing interest as a clean energy with high 
energy density and low emissions. As one of the simplest energy carriers, 
hydrogen (H2) has demonstrated a remarkable ability to store energy, 
with a free energy value of 4.92 eV of free energy for the chemical bond 
[1]. Water electrolysis, also known as water splitting, is recognized as a 
promising approach to hydrogen production, providing the green 
hydrogen which is expected to dominate hydrogen production [2]. The 
hydrogen produced by water electrolysis is of high purity, and the 
process itself is safe and straightforward. For the hydrogen evolution 
reaction (HER) and oxygen evolution reaction (OER), the electrode 
material is one of the keys to the water electrolysis. In recent years, the 
research on the preparation of electrocatalysts has attracted increasing 
interest and more effective catalysts have been studied. Although 
precious metals have excellent properties for water splitting, their low 
natural reserves and high prices make their large-scale use avoidable. 
Therefore, the preparation of highly efficient transition metal 
alloy-based electrocatalysts for HER has been a hot research topic in 
recent years [3–5].

Adjusting the electronic structure of transition metal-based materials 
by alloying is one of the approaches being considered. Since the first 
investigations of the HER mechanism in metallic Ni–Co in the 1960s, 
extensive research has been devoted to the preparation and application 
of transition metal alloys [6,7]. Based on metallic Ni–Co, different alloys 
were studied as the electrocatalyst in HER. The NiCo(CrV) films were 
studied in the alkaline cell and the acidic cell with the overpotential of 
87 mV and 50 mV in HER, respectively [8,9]. Various combinations of 
metal elements have been investigated in previous work [4,10–20]. For 
example, Shetty et al. prepared Ni–Mo alloys by electrodeposition. By 
adjusting the electrodeposition current, the ratio of Ni and Mo can be 
tuned. It has been shown that the different combination of elements by 
alloying can enhance the HER properties and the overpotential of HER 
decreased to − 1.28 V with the addition of Mo [21].

In addition, the specific surface area of the electrocatalyst is a sig
nificant factor affecting the efficiency of the electrocatalytic process. In 
recent years, there has been a great deal of interest in the use of nano
porous alloys as electrocatalysts for water splitting. Nanoporous alloys 
have a high specific surface area due to the average number of holes 
distributed over the surface, and thus have great potential for catalytic 
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applications. One of the most common ways to prepare nanoporous al
loys is dealloying, including chemical dealloying and electrochemical 
dealloying. Elements can be selectively oxidized and dissolved due to 
their potential difference, and the remaining elements on the surface can 
be rebuilt by diffusion. During the dealloying process, the free atoms 
form a new structure on the surface, which changes the surface element 
distribution and morphology [22,23]. This rearrangement of atoms 
helps to create the nanoporous structure. Chemical dealloying involves 
immersing alloys in a solvent, usually an acid or base solution, during 
which, the selected elements dissolve according to different parameters 
such as pH, time, and temperature. By dealloying the precursor, an 
amorphous Ag–Mg-Ga alloy, in HCl solution, Li et al. prepared nano
porous Ag [24]. First, the rapid dissolution of Mg and Ca atoms from the 
matrix in an HCl solution leads to the formation of surface vacancies. 
Then, Ag atoms accumulate at the interface to form an Ag nanocluster, 
which leads to a decrease in the surface energy. In contrast to chemical 
dealloying, the electrochemical dealloying process can be controlled by 
current or potential, while the morphologies and electrocatalytic prop
erties can be tuned by adjusting the settings of the electrochemical 
dealloying.

Despite the intense interest in nanoporous alloys as electrocatalysts 
for water splitting, the literature shows that the morphologies and 
structures of these materials depend on a number of variables, including 
temperature, time, matrix composition, alloy composition, and the po
tential (for electrochemical dealloying) of the dealloying process. As a 
result, an increasing number of studies are being performed on these 
materials.

In this study, a two-step electrodeposition process for the preparation 
of Cu–Zn–Ni–Co alloys is reported. The process involves heat treatment 
after electrodeposition of the metals in ethylammonium nitrate (EAN) 
and ethaline solution, respectively. The resulting alloy, 
Zn70⋅9Ni12⋅7Cu11⋅2Co5.2, shows a continuously changing distribution of 
the elements from the substrate to the surface with different alloy 
phases. The aforementioned alloy has been used in the synthesis of 
nanoporous alloys using both chemical and electrochemical dealloying 
techniques. This strategy results in various morphologies, along with 
different elemental compositions and distributions within the nano
porous structures. Furthermore, the HER performance of these nano
porous alloys can be clarified by studying the different combinations of 
morphology and elemental constituents.

2. Experimental details

2.1. Chemicals and materials

Ethylamine (CH3CH2NH2, 70 wt % in water, Acros Organics), nitric 
acid (HNO3, 68 wt % in water, AnalaR NORMAPUR), potassium chloride 
(KCl, 99 %, Acros Organics), choline chloride (ChCl, Acros Organics, 
purity ≥99 %), ethylene glycol (EG, VWR Chemical, purity ≥99 %), 
potassium hydroxide (KOH, 86 %, Fisher Scientific), zinc chloride 
(ZnCl2, 98 % purity, Sigma-Aldrich), cobalt chloride (CoCl2, 98 % pu
rity, Sigma-Aldrich), and nickel chloride (NiCl2, 98 %, Sigma-Aldrich) 
were used as received.

Cu foils (purity 99.9 %, 0.5 cm2 × 0.2 mm thickness, Qiaona, China) 
were used as the substrate for electroplating after washing in acetone 
and HNO3, for 10 min, respectively, and polished with 2400 grit sand
paper before electrodeposition to obtain a smooth and clean surface. 
Nickel wire (purity >99 %, 1 mm diameter) was purchased from 
Chempur (Germany), cobalt wire (purity >99.99 %, 1 mm diameter) 
and zinc wire (purity >99.99 %, 0.3 mm diameter) were purchased from 
Chengshuo (China), and silver wire (purity 99.99 %) was purchased 
from Mateck (Germany).

2.2. Synthesis of the ionic liquid and the deep eutectic solvent

The ionic liquid, ethylammonium nitrate (EAN), was prepared by 

mixing concentrated aqueous solutions of ethylamine and nitric acid in a 
1:1 molar ratio. The nitric acid solution was added dropwise to the 
aqueous ethylamine solution under stirring at a controlled temperature 
(T = 263 K). The purification of EAN was then performed by lyophili
zation (Freeze Dryer - 86 ◦C, OPERON CO., LTD.), which allowed to 
reduce the water content below 100 ppm (vide infra). The water content 
in freshly prepared solvent was titrated using a Karl Fisher coulometer 
(C20, Mettler Toledo) in a glove-box (Concept GP, Jacomex). Ethaline 
was prepared by mixing choline chloride and ethylene glycol in a molar 
ratio of 1:2. The mixture was stirred at a temperature of 60 ◦C for 3 h to 
obtain a homogeneous and transparent liquid. The salts used for elec
trochemistry were dried by both heating and lyophilization in order to 
reduce the amount of water in the electrolytes. Solutions of different 
salts (NiCl2, CoCl2, ZnCl2 and their mixtures) in EAN and ethaline were 
prepared by mixing the different compounds with stirring at 333 K for 
24 h after weighing. The density and viscosity of the solutions were 
measured using a densimeter (DSA 5000 M, Anton Paar) and a micro
viscometer (Lovis 2000 M, Anton Paar), respectively. The conductivity 
and pH values of the solutions were measured with a conductivity meter 
(CDM230, Radiometer Analytical) and a pH meter (PHM250, Radiom
eter Analytical), respectively.

2.3. Electrodeposition

All electrochemical measurements and electrodepositions were per
formed using a three-electrode cell and a GAMRY REF600+ potentio
stat. The Cu foils were used as working electrodes after the polishing and 
cleaning steps. The reference electrode consisted of a double junction 
compartment, in which a silver wire was immersed in the first 
compartment containing a saturated EAN or ethaline solution of silver 
nitrate (AgNO3), with a sintered glass at the bottom. The second 
compartment was jacketed from the first junction with pure EAN or 
ethaline in order to prevent the ion diffusion from the reference to the 
electrolyte. A 15 mm in diameter nickel, cobalt, and zinc rings were used 
as the counter electrodes for the electrodeposition processes, corre
sponding to Ni, Co, and Zn based deposition preparations, respectively. 
Argon was bubbled into the electrolyte for 15 min prior to electro
chemical measurements. All electroplating alloys prepared in EAN were 
performed within a glove box to avoid oxygen contamination and to 
limit water ingress.

2.4. Heat treatment and dealloying

In the two-step electrodeposition process, the cobalt was first 
deposited on the copper foil in EAN. Subsequently, sample is heat 
treated to form the Cu–Co alloy. Prior to the heating step, a continuous 
flow of argon gas was introduced for 2 h to create an inert atmosphere. 
Then, the temperature inside the tube furnace was raised from room 
temperature to 400 ◦C at a rate of 3 ◦C/min and maintained at this 
temperature for 10 min to obtain a homogeneous alloy. Then, the 
sample was gradually cooled to room temperature in the furnace, while 
maintaining the argon gas flow to prevent any exposure to atmospheric 
air throughout the process. Then, Zn–Ni alloys were electrodeposited on 
the surface of Cu–Co alloys in ethaline. A second heat treatment, with 
the same heat treatment parameters, produced Zn–Ni–Cu–Co alloys. In a 
final step, the porous alloys were prepared by chemical dealloying or 
electrochemical dealloying in CH3COOH, HNO3, KOH, H3PO4, respec
tively. These different solutions were selected due to their varying 
strengths, in order to learn the relationship between the electrocatalyst 
morphology and the dealloying parameters.

2.5. Characterizations

The crystal structures of the electrodeposited materials were ob
tained by X-ray diffraction (XRD, D8 ADVANCE BRUKER) at a scan rate 
of 5◦⋅min− 1 from 20◦ to 80◦ using the Cu Kα radiation. The surface 
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morphologies of the electrodeposits were observed by scanning electron 
microscopy (SEM, SU-70 HITACHI) using a voltage of 5 kV and by en
ergy dispersive X-ray spectroscopy at a voltage of 15 kV (EDS, Ultim 
Max, Oxford Instruments). XPS analyses were performed using an Om
icron Argus X-ray photoelectron spectrometer, equipped with a mono
chromated AlKα radiation source (hν = 1486.6 eV) and a 280 W electron 
beam power. The emission of photoelectrons from the sample was 
analyzed at a photoelectron collection angle of 45◦ under ultra-high 
vacuum conditions (≤10− 9 mBar). Spectra were carried out with a 
100 eV pass energy for the survey scan and 20 eV pass energy for core 
levels regions. Binding energies were referenced to the C 1s peak due to 
carbon bound to only carbon and hydrogen at 284.8 eV and element 
peak intensities were corrected by Scofield factors. The peak areas were 
determined after subtraction of a U 2 Tougaard background. The spectra 
were fitted using Casa XPS software (Casa Software Ltd, U.K.) and 
applying a gaussian/lorentzian ratio g/l equal to 70/30 for 
deconvolution.

2.6. Hydrogen evolution reaction

A three-electrode cell was also used for all the electrocatalysis ex
periments. The alloy deposit was used as the working electrode, and a 
platinum mesh electrode and a Hg/HgO electrode were used as the 
counter and reference electrodes, respectively. The electrolyte temper
ature was controlled at 25.0 ± 0.1 ◦C with a thermostatic bath. A 1.0 M 
KOH solution was used as the electrolyte. Argon was bubbled into the 
electrolyte for 15 min prior to each experiment, and an argon flow was 
maintained over the cell for the duration of the measurement.

The effective active surface area (ECSA) of the samples was evalu
ated by measuring the interfacial capacitance (Cσ) [25].

To facilitate comparison of our results for water splitting, all po
tentials were converted with respect to the reversible hydrogen elec
trode (RHE) using the following relationship: 

E (vs. RHE)= E (vs. Hg /HgO) + 0.059 pH + 0.095 (1) 

3. Results and discussion

3.1. Physicochemical properties of ethaline electrolytes

Table 1 provides an overview of the physicochemical properties of 

various electrolytes used in this study, namely viscosity, density, pH, 
and conductivity, as a function of the temperature. As shown in Fig. S1
(Supporting Information), an increase in temperature leads to a decrease 
in density, viscosity, and pH, while conductivity increases. This phe
nomenon is observed for electrolyte solutions with different ion con
centrations. It is noteworthy that the addition of CoCl2, NiCl2, and ZnCl2 
to ethaline results in a slight increase in density, which can be attributed 
to the slight swelling of ethaline at the same temperature. In addition, an 
increase in temperature results in a decrease in the viscosity of the so
lutions. To illustrate this behavior, note that the viscosity of the ethaline 
solution increases from 43.68 to 110.90 mPa s when 0.5 M of NiCl2 is 
added at 25 ◦C. Similarly, solutions containing NiCl2 show a higher 
viscosity than that of pure ethaline. In contrast, the incorporation of 
ZnCl2 and CoCl2 was observed to have a slight reducing effect on for the 
viscosity of ethaline. In fact, at 25 ◦C the viscosity of ethaline with 0.5 M 
CoCl2 and 0.5 M ZnCl2 is 39.17 mPa s and 36.05 mPa s, respectively. At 
25 ◦C, the conductivities of all ethaline solutions are similar, with values 
close to that of pure ethaline (7.97 mS cm− 1). However, notable ex
ceptions are observed in ethaline with 0.5 M NiCl2 and with 0.5 M NiCl2 
+ 0.25 M ZnCl2, which have conductivities of 4.02 mS cm− 1 and 4.43 
mS cm− 1, respectively. The pH of pure ethaline at 25 ◦C is 4.18. Ethaline 
solutions containing metal salts have a higher pH than pure ethaline, 
with the exception of solutions containing 0.5 M CoCl2. There is 
currently no known pH measurement for CoCl2 solutions. The reaction 
of Co2+ and water in an ethaline solution results in the formation of H+

and CoO. The subsequent reaction of CoO and water produces more H+, 
which lowers the pH value [26]. The conductivity is markedly higher 
and the viscosity is considerably smaller for the higher temperatures. 
Although Ni electrodeposition can be performed at room temperature, a 
higher electrodeposition efficiency can be achieved by performing 
electrodeposition at temperature above 60 ◦C.

3.2. Preparation of nanoporous Cu–Zn–Ni–Co alloys

In the two-step electrodeposition process, Co was initially deposited 
on Cu foil for 1 h in a glove box, following the parameters from our 
previous study for the electrodeposition of only two metals [27]. The 
potential was set at − 1.05 V/Ag/Ag+, based on the LSV curves presented 
in Fig. 1a. From the chronoamperometry presented in Fig. 1b, the 
calculated yield of cobalt on Cu foil is 1.14 × 10− 4 mol. The cobalt 
deposit was then heated to 400 ◦C for 30 min, forming a Co–Cu alloy.

Table 1 
Physicochemical properties of the solutions used in this work.

Concentration Temperature (◦C) Density (g⋅cm− 3) Viscosity (mPa⋅s) Conductivity (mS⋅cm− 1) pH

Ethaline 25 1.116403 43.68 7.97 4.18
40 1.107858 24.92 9.77 4.02
60 1.096607 13.63 15.32 3.80
80 1.085478 9.15 21.34 3.65

0.5 M NiCl2 25 1.162129 110.90 4.02 5.35
40 1.153427 55.52 6.77 5.15
60 1.141552 25.67 10.35 5.05
80 1.128869 13.39 13.60 4.75

0.5 M CoCl2 25 1.147278 39.17 8.60 –
40 1.138522 22.47 12.44 –
60 1.126946 12.45 16.57 –
80 1.115439 7.93 22.89 –

0.5 M ZnCl2 25 1.150352 36.05 8.33 7.76
40 1.141558 20.68 11.93 7.45
60 1.129912 11.52 16.56 7.02
80 1.118317 7.88 23.30 6.67

0.5 M NiCl2 + 0.25 M ZnCl2 25 1.181785 89.50 4.43 5.52
40 1.173079 45.95 6.97 5.42
60 1.161475 22.36 10.96 5.22
80 1.149488 12.36 14.26 5.00

0.15 M NiCl2 + 0.35 M ZnCl2 25 1.167740 64.61 8.12 5.68
40 1.159040 35.08 11.54 5.49
60 1.147544 18.26 13.67 5.40
80 1.135996 10.85 17.34 5.29
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Fig. 1c illustrates the electrochemical behavior of the Co–Cu alloy, 
which is now used as an electrode for performing the deposit of Zn and 
Ni from ethaline solutions containing 0.35 M ZnCl2 and 0.15 M NiCl2. 
The Co–Cu alloy reduces ethaline at − 1.08 V/Ag/Ag+. The reduction 
reaction of Ni2+ occurs in the electrochemical window of ethaline, be
tween − 0.68 V/Ag/Ag+ and − 1.08 V/Ag/Ag+. The reduction reaction of 
Zn2+ occurs within the potential range of − 1.25 to − 1.31 V/Ag/Ag+, 
which extends beyond the limits of the ethaline electrochemical window 
in the cathodic scan. The Zn–Ni deposition process was performed at 
− 1.3 V/Ag/Ag+ for 2 h, and the resulting chronoamperometry for this 
deposit step is presented in Fig. 1d. The 2-h electrodeposition process 
yielded a total charge transfer of 25.5 C, resulting in the deposition of 
1.32 × 10− 4 mol of Zn–Ni alloy on the Co–Cu substrate. The deposited 
sample was then heated (using the same parameters than for the Co–Cu 
alloy) to obtain the Cu–Zn–Ni–Co alloy.

The dealloying parameters related to the electrochemical dissolution 
of each element and alloy were ascertained through a cyclic voltam
metry (CV) analysis, as illustrated in Fig. 2. It is important to evaluate 
the oxidation potentials of the different alloying elements in order to 
select the most suitable oxidation potential for the electrochemical 
dealloying process. The CV curve of a Cu foil in 1 M KOH (Fig. 2a) shows 
distinct oxidation peaks at 0.75 V/RHE, 1.0 V/RHE, and 1.16 V/RHE, 
thereby indicating that the oxidation potential range for Cu extends 
from 0.65 to 1.2 V/RHE. This observation is consistent with previous 
results regarding the oxidation behavior of copper [28]. Fig. 2b shows 
the CV curve for nickel. The oxidation peak at 1.62 V/RHE is attributed 
to the oxidation of Ni into Ni2+ and Ni(OH)2/NiOOH, which is consistent 
with the literature [29,30]. The two peaks observed during the cathodic 
scan can be attributed to the reduction of Ni2+. The CV curve of cobalt is 
presented in Fig. 2c. During the anodic scan, an oxidation peak corre
sponding to the oxidation of Co is observed within the potential range of 

1.2–1.35 V/RHE. Similar to the case of Ni, the reduction of cobalt spe
cies is observed during the cathodic scan. The direct measurement of the 
electrochemical behavior of zinc in 1 M KOH is challenging due to the 
rapid and spontaneous dissolution of the metal in the alkaline solution. 
However, based on data obtained from previous work, it can be postu
lated that the reduction potential of zinc is lower than that of copper in 
an alkaline environment [31,32].

The CV curves of the Cu–Zn–Ni–Co alloys were analyzed on the basis 
of the CV curves measured for each individual element to gain insight 
into the origin of the different peaks observed. As shown in Fig. 2d, the 
CV curve for the Cu–Zn–Ni–Co alloy deposited in a two-step process 
exhibits several discernible peaks. At 0.26 V/RHE, a small peak can be 
attributed to the dissolution of zinc. It is followed by broad peaks at 0.75 
V/RHE, and between 0.95 and 1.24 V/RHE, which can be attributed to 
copper oxidation. Two peaks at 1.35 and 1.5 V/RHE can be attributed to 
nickel oxidation. Previous studies have shown that the peaks associated 
with nickel oxidation can be attributed to a number of different pro
cesses, including the oxidation of Ni to Ni+, and the subsequent oxida
tion of Ni + to Ni2+. These peaks may also be the result from the 
oxidation of nickel to NiOOH or Ni(OH)2, followed by further oxidation 
[33]. It is challenging to identify cobalt dissolution in the alloy’s CV 
since it is generally weak and readily masked by other peaks. In addi
tion, the current values associated with the reduction peaks of copper 
and nickel show a significant increase after the first scan. This is mainly 
due to the peeling of the surface oxide layer and the dissolution of zinc 
after the first redox scan. The presence of more copper, cobalt, and 
nickel in the deposited layer is confirmed by subsequent EDS analysis, 
which corroborates the existence of a gradient distribution of these el
ements beneath the surface. A more detailed examination of this phe
nomenon will be provided in the following section. Furthermore, the 
irreversible transformation of α-Ni(OH)2 to β-Ni(OH)2 results in the 

Fig. 1. a) Linear sweep voltammetry (LSV) curves of 0.5 M CoCl2 in EAN on Cu foil at 60 ◦C in a glove box, b) Chronoamperometry for Co electrodeposition, c) LSV 
curves of ethaline with NiCl2/ZnCl2 on Co–Cu substrate at 40 ◦C, d) Chronoamperometry for Zn–Ni electrodeposition on Co–Cu.
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accumulation of the latter on the surface after the initial cycle. This 
phenomenon contributes to the observed increase in current during the 
subsequent oxidation of Ni(OH)2/NiOOH [34]. In light of this discus
sion, the parameters of dealloying for each deposited Cu–Zn–Ni–Co alloy 
in KOH, HNO3 and H3PO4 have been subjected to further investigation, 
and the results are presented in Table S1.

Fig. 3 shows the XRD patterns of the alloys at various stages of 
preparation. In the case of the two-step electrodeposition, the peaks 
observed subsequent to the initial are exclusively those of Cu (Fig. 3a). 
This is because there is less Co and more Cu from the substrate. 
Following the heat treatment, Co has occurred, resulting in the 
appearance of a peak attributed to CoO (Fig. 3b). Moreover, additional 
peaks corresponding to CuCoN0.6 are observed at 42◦, 49◦, and 72◦. 
These results are in agreement with our previous work, which demon
strated that the electrodeposition of Co in EAN is accompanied by a 
relatively low residual nitrogen content from the electrolyte. The re
sidual nitrogen contributes to the formation of the new phase through 
diffusion during the subsequent heat treatment process [27]. Following 
the deposition of the Zn–Ni alloy during the second step, the XRD 
pattern presented in Fig. 3c shows only discrete diffraction peaks of Cu, 
which originate from the matrix material. Following the heat treatment, 
the XRD pattern shows the emergence of intricate phases, as illustrated 
in Fig. 3d. Apart from a small amount of unoxidized Zn, it is evident that 
the diffraction peaks predominantly originate from the diffusion of Cu to 
form new solid solutions or intermetallic compounds, such as Cu3⋅8Ni 
and Cu5Zn8. This indicates that the formation of alloy phases through 
the diffusion of Cu and Co from the low layer after the heat treatment is a 
viable approach for the preparation of multi-element materials. 
Furthermore, a minor amount of ZnO is present, indicating the oxidation 
of Zn during the heat treatment process. All phases are identified 
through the database code shown in the supporting information.

The morphology and the elemental distribution of the prepared al
loys were analyzed by scanning electron microscopy (SEM) and energy- 
dispersive X-ray spectroscopy (EDS), as shown in Fig. 4. After 1 h, the Co 
electrodeposited has visible grains, as shown in Fig. 4a. After heating for 
30 min, the sample exhibits a more compact grain structure (Fig. 4b). 
The 2-h Zn–Ni electrodeposit presented in Fig. 4c, has a similar grain 
structure, suggesting that the deposition and growth process continues 
along the Co–Cu alloy after heat treatment, resulting in a more compact 
structure after the second heat treatment.

It can be observed that the surface of the alloy remains consistently 
flat both prior to and after the heat treatment. As a result, it is difficult to 
determine whether a process of element diffusion has occurred. How
ever, when the EDS and XRD results are considered together, it becomes 
apparent that there have been changes in the distribution of elements 
and structures on the alloy. This is demonstrated in Fig. S2, wherein the 
EDS spectra show discernible signals for Cu in all samples, accompanied 
by variable oxygen content. Table 2 shows the corresponding element 
contents. After 1 h of cobalt electrodeposition, a higher amount of Co is 
on Cu, reaching 61.7 at%. After the heat treatment, the Co content 
decreased to 50.6 at%, while the Cu content increased from 25.8 to 35.5 
at%. This is due to Cu diffusing from the base to the surface and Co 
diffusing from the surface to the inner layer of Cu. The oxygen content 
increased from 12.5 to 13.8 at%, forming cobalt oxides, as confirmed by 
XRD analysis. In the case of the Zn–Ni alloy deposited in ethaline, zinc is 
the main element, reaching a content of 68.1 at%. After the heat treat
ment, the oxygen content increased significantly from 10.3 to 22.4 at% 
due to the formation of oxides, corresponding to the ZnO phase identi
fied in the XRD results. Furthermore, following the application of heat 
treatment, the content of Zn, Ni, and Co within the alloy components 
decreased, while that of Cu increased. This phenomenon can be attrib
uted to the diffusion of Co, Zn, and Ni into the alloy layer and also the 

Fig. 2. CV curves of Cu foil (a), Ni wire (b), Co wire (c), and two-step deposited Cu–Zn–Ni–Co alloy (d) in 1 M KOH at 40 ◦C.
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Fig. 3. XRD patterns of a 1 h deposited Co on Cu before (a) and after (b) heat treatment, and deposited Zn–Ni on Cu–Co alloys before (a) and after (b) heat treatment.

Fig. 4. SEM images of a 1 h deposited Co on Cu before (a) and after (b) heat treatment, (c) 2 h deposited Zn–Ni on Cu–Co alloys before (c) and after (d) 
heat treatment.
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diffusion of inner Cu to the surface, resulting in the formation of an alloy 
with a final composition of Zn70⋅9Ni12⋅7Cu11⋅2Co5.2.

As previously discussed, although the distribution of elements 
following the heat treatment seems comparatively more uniform than 
the one observed prior to the heat treatment, it is challenging to ascer
tain the distribution of elements within the deposited film based solely 
on the analysis of surface elements. A more detailed distribution can be 
obtained through line scanning with EDS, as illustrated in Fig. S3. Due to 
the ductility of copper, there is a possibility that some copper may be 
incorporated into the deposit during the preparation of the SEM sample. 
However, the individual elements can still be identified. Following 
electrodeposition, it is clear that the Co is distinctly separated from the 
substrate. At a depth of 1.4 μm below the surface (corresponding to the 
initial measurement), the Co signal is no longer discernible and a sub
stantial quantity of copper is detected corresponding to the copper 
substrate on which the deposit was performed. After the heat treatment, 
the lateral and top surfaces were measured concurrently due to the fixed 
angle of the sample for the EDS analysis. The higher Cu content was 
observed in the fractured portion of the deposit and at the boundary 
between the deposit and the Cu substrate. This suggests that during the 
heat treatment process, diffusion occurred between the Co and Cu 
phases. The higher Cu content in comparison to Co can be attributed to 
the penetration depth of the electron beam, which results in the detec
tion of the Cu from the substrate. Additionally, the introduction of Cu 
particles from the substrate into the deposit during the preparation of 
the sample for SEM observation represents another source of contami
nation. The electrodeposition of a Zn–Ni alloy on a Co–Cu alloy resulted 
in a higher concentration of Zn at a depth of 15 μm, while Cu was un
detectable at this location. After the heat treatment, the topography, as 
illustrated in Fig. S3d, demonstrates the presence of two discrete thin 
films on the surface of the sample. The analysis of the element distri
bution at the double film level shows that the Zn distribution is nearly 
uniform, spanning a range of 1.0–1.7 μm from the surface. Concurrently, 
the Ni content relatively low, yet its distribution position remains 
consistent with that of Zn, exhibiting a certain uniformity. In contrast, 
the distribution of Cu is progressive, with the highest concentration 
observed in regions situated farther from the surface of the alloy. The Co 
is predominantly concentrated in the second film (i.e., the Co–Cu sub
strate) and the Cu substrate. A residual quantity of Co signal is observed 
when the surface is scanned. Indeed, the analysis of the element distri
bution and morphology of the final Zn–Ni–Co–Cu alloy, obtained 
following heat treatment, indicates that Ni and Zn are uniformly 
distributed in the two deposit layers. Conversely, the Co content is lower 
in the upper layer of deposits (Zn–Ni deposits), with the majority of this 
element is concentrated in the second layer (Co–Cu). As Cu diffuses from 
the Cu substrate to the upper layer, its distribution gradually decreases. 
It can therefore be assumed that this alloy, which exhibits a distribution 
of elements, could also present nanopores distributed unevenly after 
dealloying, thus offering various opportunities in the field of dealloying 
research.

The Zn70⋅9Ni12⋅7Cu11⋅2Co5.2 alloy was chemically dealloyed in a se
ries of solutions, including EAN +0.01 M CH3COOH, 1 M KOH, 0.01 M 
HNO3, 0.1 M H3PO4, and 1 M H3PO4 aqueous solutions. Electrochemical 
dealloying was performed in a 1 M KOH aqueous solution at 1.09 V/RHE 
for varying periods of time, in agreement with the CV curves presented 
in Fig. 2d, which correspond to Cu oxidation. The dealloying procedures 
were with great care under an argon flow to minimize the formation of 

oxides.
Fig. 5a and b shows the SEM micrographs of the chemical dealloying 

process in EAN +0.01 M CH3COOH. After a 3-min treatment period, the 
alloy surface displays an irregular morphology. After a 5-min treatment, 
a characteristic pore structure emerges and becomes evenly distributed 
across the alloy surface. The full range of pore widths observed spanned 
approximately from 100 to 400 nm. The outcomes of a half-hour treat
ment for alloys that underwent chemical dealloying in a 1 M KOH so
lution are illustrated in Fig. 5c and d. These figures demonstrate the 
emergence of grooves on the surface and the formation of dense and 
uniform pores with a diameter of 100 nm. Conversely, a 1-h dealloying 
period results in a flat surface with numerous cracks, indicating that an 
excessively prolonged dealloying time leads to the destruction of the 
surface structure. The resulting morphology from electrochemical 
dealloying in KOH is presented in Fig. 5e and f. It is noteworthy that 
dense, homogeneous nanopores with an average width of approximately 
100 nm have been demonstrated to form on the surface after just 10 min 
of polarization. A comparison of the samples treated for 10- and 30-min 
reveals that a longer electrochemical dealloying process results in an 
increase in pore size, which eventually connects to form cracks and 
grooves. These results can be compared to those of a chemical dealloying 
process conducted in HNO3, which yielded a comparable porous struc
ture. Fig. S4 presents the cross-section of the HNO3-treated sample, 
which demonstrates that the porous structure caused by dealloying is 
not limited to the sample surface, but rather penetrates through the 
entire alloy film. The morphology of the alloy surface after chemical 
dealloying in H3PO4 shows a more continuous pore structure, as illus
trated in Fig. 5h and i. This was particularly evident in the 30-min 
dealloying procedure carried out in 0.1 M H3PO4, where the results 
showed a more homogeneous distribution and size of nanopores than in 
HNO3. These findings indicates that the dealloying process can generate 
nanoporous structures with controllable pore size and distribution.

The elemental composition of the nanoporous alloy resulting from 
dealloying is presented in Fig. S5 and summarized in Table S2. These 
findings show that the quantity of zinc present in the alloy underwent a 
significant decrease during the dealloying process, regardless the deal
loying technique employed, whether chemical or electrochemical. In 
particular, after a 30 min dealloying process in HNO3, no Zn was 
detected at the surface. A decreased of the Zn content to 10.5 at% after 
dealloying at a potential of 1.09 V for 10 min in 1.0 M KOH solution. 
This also indicates that, at this potential, Zn in the alloy can be suc
cessfully removed. Notwithstanding the fact that, in the case of the 
nanoporous alloys prepared in HNO3, Zn constitutes the principal 
element on the surface, they also show a low oxygen content on the 
surface. In contrast, the majority of samples exhibited a notable increase 
in nickel content. Concerning the copper content, the initial value was 
8.7 at%, and in the majority of cases, an increase was observed following 
dealloying. A dealloying potential of 1.09 V/Ag/Ag+ results in the 
stripping of Cu. However, the distribution of Cu exhibits a gradient from 
the surface of the top layer (Zn–Ni deposits) inside the alloy (according 
to line scan EDS analysis). Consequently, the electrochemical dealloying 
in KOH solution resulted in the exposure of a greater quantity of Cu, 
reaching 15.8 and 22.2 at%, respectively.

The distribution of elements in alloys can be more accurately 
determined through the use of EDS mapping and line scan, as shown in 
Fig. 6, which was obtained for the alloy Cu30⋅0Ni29⋅7Co25⋅2Zn15.1 that has 
undergone electrochemical dealloying in 1 M KOH at 1.09 V/RHE for 30 

Table 2 
Elemental composition of the different alloys before and after heat treatment.

Parameters Heat treatment Zn (at%) Ni (at%) Co (at%) Cu (at%) O (at%)

Co on Cu foil − 1.05 V, 60 ◦C, 60 min No – – 61.7 25.8 12.5
Yes – – 50.6 35.5 13.8

Zn–Ni on Co–Cu − 1.3 V, 40 ◦C, 120 min No 68.1 10.0 8.1 3.6 10.3
Yes 55.0 9.9 4.0 8.7 22.4

Y. Xie et al.                                                                                                                                                                                                                                      International Journal of Hydrogen Energy 127 (2025) 95–106 

101 



Fig. 5. SEM micrographs of Cu–Zn–Ni–Co alloys treated in EAN + 0.01 M CH3COOH for 3 min (a) and 5 min (b); in 1 M KOH for 30 min (c) and 60 min (d) and 
electrochemical dealloying in 1 M KOH at 1.09 V/RHE for 10 min (e) and 30 min (f); in 0.01 M HNO3 for 30 min (g); in 0.1 M H3PO4 for 30 min (h) and in 1 M H3PO4 for 
10 min(i).

Fig. 6. EDS analysis of the Cu30⋅0Ni29⋅7Co25.2 Zn15.1 film cross-section: (a) mapping scan, and (b) line scan.
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min. As illustrated in Fig. 6 and Table S3, the constituent elements of the 
alloy show a gradient in their distribution. The global mapping data and 
the point data from the line scan both indicate a relatively uniform 
distribution of Cu and a continuous decrease in Ni from the surface to 
the deeper layers. However, the distribution of Zn exhibits an intriguing 
pattern, displaying a slight increase from the surface and then a subse
quent decrease towards the interior. Specifically, the Zn content in
creases from 65.1 at% at the surface to 71.5 at% at some depth, where it 
then decreases to 48.4 at% in the deeper layers. This shows that Zn was 
removed from the surface during the dealloying process and diffused 
from the primary layer to the interior after the heat treatment.

XPS analysis was used to study the surface state of dealloyed nano
porous alloys made in different solutions. This discussion focuses on the 
Ni, which is important for its electrocatalytic properties. Fig. 7a shows 
that the dealloyed alloy in 1 M KOH for 30 min, Zn70⋅3Ni15⋅7Co8⋅6Cu5.4, 
has main peaks for Ni(II) (NiO 855.7 eV, Ni(OH)2 856.0 eV). NiO and Ni 
(OH)2 originate from the oxidation that occurs during the transfer of the 
samples and the dealloying process. Furthermore, the quantity of Ni 
(OH)2 is significantly greater than that of NiO, as evidenced by a com
parison of the peak areas. The original alloy (Zn70⋅9Ni12⋅7Cu11⋅2Co5.2, 
Fig. S6) is similar to the present sample. The Zn38⋅5Co23⋅8Ni23⋅1Cu14.6 
sample, prepared in 0.1 M H3PO4 for 30 min, shows peaks corresponding 
to Ni(0) (852.8 eV), Ni(II) (NiO 854.1 eV, Ni(OH)2 855.3 eV, Ni3(PO4)2, 
853.7 eV), respectively [27,35]. The ratio of NiO to Ni(OH)2 is un
changed. However, it it has a strong peak for Ni(0), which is more 
noticeable than for Zn70⋅3Ni15⋅7Co8⋅6Cu5.4. Obviously, there are more Ni 
(0) distributed on the alloy surface after the dealloying in H3PO4 solu
tion. During dealloying, Ni is rearranged and redistributed, dissolving 
and becoming dispersed on the surface. Furthermore, it is acknowledged 
that this rearrangement phenomenon extends to other alloy constitu
ents, thereby contributing to the mechanism by which dealloying fa
cilitates the formation of nanoporous structures [24,36]. Additionally, 
phosphoric acid anions remain in the deposit due to a combination of 
PO4

3− ions with the alloys at the electrode surface. The chemical state of 
Co on the surface of Zn38⋅5Co23⋅8Ni23⋅1Cu14.6 can be observed in Fig. S6c, 
which shows that the surface consists mainly of Co3O4 (780.0eV, 
781.3eV, 782.6eV, 785.6eV and 789.9eV). This suggests that during the 
dealloying process, the surface Co preferentially tends to form oxides.

3.3. Electrocatalytic hydrogen evolution reaction of water by nanoporous 
alloys

The effective electrochemical surface area (ECSA) of nanoporous 
alloys was determined by evaluating the interfacial capacitance (Cσ) at 
various scan rates, as illustrated in Fig. 8a. The post-dealloying Cσ value 
is much higher than that of the original alloy, Zn70⋅9Ni12⋅7Cu11⋅2Co5.2 

(0.23 mF cm− 2), with a maximum value reaching 0.84 mF cm− 2, cor
responding to Ni36⋅7Zn36⋅0Co18⋅7Cu8.6. Although the presence of oxides 
could influence the results, the examination of Table S2 shows that the 
oxidation level is uniform across samples, except for the nanoporous 
alloys made in H3PO4, which had the least oxygen. This suggests that the 
oxide effect is minimal and that the increase in ECSA after dealloying is 
due to the formation of a nanoporous structure.

Fig. 8b shows the electrocatalytic performance of the nanoporous 
alloys, which have distinctive characteristics; the values of the electro
catalytic properties are shown in Table 3. It is noteworthy that compo
sitions such as Zn70⋅3Ni15⋅7Co8⋅6Cu5.4, Ni36⋅7Zn36⋅0Co18⋅7Cu8.6, 
Ni66⋅9Cu18⋅5Zn12⋅3Co2.3, and Cu30⋅0Ni29⋅7Co25⋅2Zn15.1, prepared in KOH 
solution, exhibited remarkably low HER potential values of − 0.084 V/ 
RHE, − 0.074 V/RHE, − 0.071 V/RHE, and − 0.067 V/RHE, respectively, 
which is closed to the HER potential of the cycled 10 wt% Pt–C (− 0.078 
V/RHE) [37]. These results indicate that these nanoporous alloys pre
pared in KOH solution have a lower HER potential and higher HER 
performance compared to the original alloy Zn70⋅9Ni12⋅7Cu11⋅2Co5.2 
(− 0.102 V/RHE). The nanoporous alloys prepared in KOH solutions are 
also better in HER potential than some Ni-based alloys studied in other 
works under similar conditions, such as the deposited Ni–Zn, Al–Ni–P 
form and the nanoporous alloy np-NiFeMoP with HER potentials of 
− 0.068 V/RHE, − 0.111 V/RHE and − 0.223 V/RHE, respectively 
[38–40]. The nanoporous materials, which are obtained by chemical 
dealloying in acidic solution, exhibit higher potentials for the HER 
compared to the pristine alloy. While a sample prepared by dealloying in 
EAN +0.01 M CH3COOH, corresponding to the composition 
Co37⋅4Zn29⋅3Cu24⋅1Ni9.2, did not show an optimal HER overpotential 
value, it exhibited the lowest Tafel slope (55.5 mV⋅dec− 1). It is inter
esting to note that nanoporous alloys, specifically 
Zn38⋅5Co23⋅8Ni23⋅1Cu14.6 and Zn38⋅9Cu23⋅3Ni19⋅6Co18.2, which underwent 
dealloying in H3PO4, exhibited significantly higher overpotential values 
but significantly reduced Tafel slopes compared to their original 
non-porous alloy, Zn70⋅9Ni12⋅7Cu11⋅2Co5.2.

XPS analysis shows that the surface rearrangement of the alloying 
elements post-dealloying disrupts the original alloy structure and re
duces the electrocatalytic performances [27,41]. In addition, the pres
ence of phosphate species on the surface of the material hinders solution 
contact, which in turn leads to an increase in the HER potential value 
and worse HER performances compared to other alloys. SEM observa
tions in conjunction with Cσ measurements indicate that these dealloyed 
alloys have a greater number of contiguous pores and a higher electro
chemical surface area, which can provide a more active point and a 
higher reaction rate during the water splitting process, resulting in to a 
lower Tafel slope. Furthermore, the alloy with a composition of 
Ni66⋅9Cu18⋅5Zn12⋅3Co2.3 exhibited a lower Tafel slope of 70.8 mV⋅dec− 1. 

Fig. 7. XPS spectra of different nanoporous alloys. a) Ni 2p of Zn70⋅3Ni15⋅7Co8⋅6Cu5.4, b) Ni 2p of Zn38⋅5Co23⋅8Ni23⋅1Cu14.6.
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The distribution of the primary elements on the top surface of this 
nanoporous alloy, mainly Cu and Ni, contributes to its improved elec
trocatalytic performance compared to alloys with higher Zn content.

The impedance of the alloys allows to easy evaluation of the elec
trolyte resistance (Rs) and charge transfer resistance (Rct) of the HER. In 
this case, the equivalent circuit can be described as a one-time constant 
model [42]. As shown in Fig. 8d, the electrochemical dealloying pro
cedure effectively reduces the charge transfer resistance, as exemplify by 
the impedance spectra. Indeed, compositions such as 
Ni36⋅7Zn36⋅0Co18⋅7Cu8.6 and Ni66⋅9Cu18⋅5Zn12⋅3Co2.3 exhibit lower charge 
transfer resistances values of 2.0 and 2.8 Ω cm2, respectively, compared 
to the original alloy, Zn67⋅3Ni18⋅3Cu7⋅8Co6.6, which exhibits a charge 
transfer resistance of 4.0 Ω cm2. It is important to note at this point that 
the impedance plots are plotted using the real surface area (i.e., the 
ECSA values). These results indicate that the electrochemical dealloying 

has a beneficial effect on the electron transfer kinetics at the surface of 
the nanoporous alloy. The exchange current densities j0 for different 
samples are presented in Fig. S7. These values were calculated using 
established methods from previous literature, with Pt/C serving as the 
benchmark j0 (0.75 mA cm− 2). Most samples did not exhibit significant 
differences in j0, however, the Co37⋅4Zn29⋅3Cu24⋅1Ni9.2 alloy demon
strated a notably higher j0 value of 0.546 mA cm− 2, accompanied by a 
superior Tafel slope. This indicates that the Co37⋅4Zn29⋅3Cu24⋅1Ni9.2 
catalyst possesses more efficient catalytic performance for HER [43]. 
The post-HER surface state of the catalyst is also of great interest. As 
shown in Fig. S8a, the oxygen content on the surface increased signifi
cantly from 13.0 at% to 34.9 at%, while the cobalt content became more 
prominent, rising from 7.5 at% to 28.8 at%. This observation is consis
tent with the XPS results, which indicate that Co tends to form strong 
bonds with oxygen. Additionally, SEM images in Fig. S8b reveal that the 
surface is covered with tablet-like particles, which can be referred to the 
oxidation on Co and Ni on the surface.

In the context of catalysts, the issue of reusability is of paramount 
importance. After ten cycles, the nanoporous materials, 
Zn38⋅5Co23⋅8Ni23⋅1Cu14.6, dealloyed in H3PO4 showed a significant in
crease in overpotential, with an increase of 130 %, while the nanoporous 
alloy, Zn70⋅3Ni15⋅7Co8⋅6Cu5.4 showed an increase in HER potential of 48 
%, as shown in Fig. S9a. In addition, it was observed that there was 
significant surface alloy delamination at the end of the reaction process. 
Conversely, the Zn70⋅3Ni15⋅7Co8⋅6Cu5.4 alloy obtained after a 30 min 
treatment in KOH show only a 10 % overpotential increase during the 
50 h of galvanostatic testing (performed at the threshold current of − 10 
mA cm− 2), as illustrated in Fig. S9b. This indicates a better stability 
compared to the H3PO4-treated alloy. These results suggest that alloys 
with Ni, Cu, and Co as the main elements and exhibiting a uniform 
distribution of nanopores have the potential to serve as highly effective 
electrocatalysts. Consequently, future efforts could be directed toward 

Fig. 8. Electrocatalytic properties of the materials towards the HER for nanoporous Cu–Zn–Ni–Co alloys: Cσ (a), LSV curves (b), Tafel slopes (c) and EIS curves (d).

Table 3 
Electrochemical properties of nanoporous Cu–Zn–Ni–Co alloys towards the HER.

Cσ 

(mF⋅cm− 2)
HER 
potential (V/ 
RHE)

Tafel slope 
(mV⋅dec− 1)

Rct (Ω 
cm2)

Zn70⋅9Ni12⋅7Cu11⋅2Co5.2 0.23 − 0.102 101.7 4.0
Zn31⋅0Co27⋅8Cu27⋅0Ni14.2 0.34 − 0.122 102.5 4.5
Co37⋅4Zn29⋅3Cu24⋅1Ni9.2 0.23 − 0.121 55.5 3.1
Zn70⋅3Ni15⋅7Co8⋅6Cu5.4 0.54 − 0.084 123.2 4.6
Ni36⋅7Zn36⋅0Co18⋅7Cu8.6 0.84 − 0.074 111.5 2.0
Ni66⋅9Cu18⋅5Zn12⋅3Co2.3 0.37 − 0.071 70.8 2.8
Cu30⋅0Ni29⋅7Co25.2 

Zn15.1

0.42 − 0.067 97.7 2.1

Cu70⋅7Co27⋅4Ni1.9 0.79 − 0.133 124.2 5.1
Zn38⋅5Co23⋅8Ni23⋅1Cu14.6 0.67 − 0.133 46.9 1.2
Zn38⋅9Cu23⋅3Ni19⋅6Co18.2 1.04 − 0.124 42.8 2.0
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precisely modulating of the structure and composition of alloy film on 
the electrode surface by carefully controlling the dealloying and heat 
treatment parameters of multi-component alloys.

4. Conclusions

This study presents the preparation of nanoporous Cu–Zn–Ni–Co 
alloys with varying compositions by electrodeposition in EAN and 
ethaline, followed by heat treatment and dealloying in acid and alkaline 
solutions. Additionally, the properties of these alloys for the HER were 
investigated. Nanoporous alloys show interesting characteristics in 
terms of morphology, element distribution, and properties for the HER. 
The impact of varying dealloying conditions, especially the choice of 
solution (CH3COOH in EAN, KOH, HNO3 and H3PO4), on the 
morphology and element distribution of the nanoporous alloys was 
investigated. It has been shown that Zn is the most easily removed 
element from the alloy, leaving vacancies that facilitate pore formation. 
Compared to the original non-porous alloy, the HER performance is 
significantly improved, with a HER potential as low as − 0.067 V/RHE. 
The improvement in performance depends on a combination of the 
specific surface area and element distribution of the alloys. This study 
demonstrates that the electrochemical preparation of quaternary alloys 
consisting of Cu, Ni, Zn, and Co, can be achieved through electrodepo
sition and heat treatment. The different deposits are combined through 
diffusion during the annealing process. Furthermore, the nanoporous 
alloy structure can be prepared and controlled through chemical deal
loying and electrochemical dealloying, which opens new avenues for the 
prospective application of nanoporous alloy electrodes in the 
electrocatalysis.
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[40] Lado JL, Wang X, Paz E, Carbó-Argibay E, Guldris N, Rodríguez-Abreu C, Liu L, 
Kovnir K, Kolen’ko YV. Design and synthesis of highly active Al–Ni–P foam 
electrode for hydrogen evolution reaction. ACS Catal 2015;5(11):6503–8.

[41] Chen M, Liu D, Zi B, Chen Y, Liu D, Du X, Li F, Zhou P, Ke Y, Li J. Remarkable 
synergistic effect in cobalt-iron nitride/alloy nanosheets for robust electrochemical 
water splitting. J Energy Chem 2022;65:405–14.

[42] Navarro-Flores E, Chong Z, Omanovic S. Characterization of Ni, NiMo, NiW and 
NiFe electroactive coatings as electrocatalysts for hydrogen evolution in an acidic 
medium. J Mol Catal Chem 2005;226(2):179–97.

[43] Gao MY, Yang C, Zhang QB, Yu YW, Hua YX, Li Y, Dong P. Electrochemical 
fabrication of porous Ni-Cu alloy nanosheets with high catalytic activity for 
hydrogen evolution. Electrochim Acta 2016;215:609–16.

Y. Xie et al.                                                                                                                                                                                                                                      International Journal of Hydrogen Energy 127 (2025) 95–106 

106 

http://refhub.elsevier.com/S0360-3199(25)01691-X/sref28
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref28
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref28
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref29
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref29
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref29
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref30
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref30
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref31
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref31
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref31
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref32
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref32
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref33
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref33
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref33
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref34
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref34
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref34
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref34
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref35
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref35
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref35
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref35
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref36
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref36
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref36
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref37
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref37
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref37
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref38
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref38
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref38
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref39
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref39
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref39
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref40
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref40
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref40
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref41
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref41
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref41
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref42
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref42
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref42
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref43
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref43
http://refhub.elsevier.com/S0360-3199(25)01691-X/sref43

	A new route for preparing nanoporous Cu–Zn–Ni–Co alloy by electrodeposition and dealloying: Application as electrocatalysts ...
	1 Introduction
	2 Experimental details
	2.1 Chemicals and materials
	2.2 Synthesis of the ionic liquid and the deep eutectic solvent
	2.3 Electrodeposition
	2.4 Heat treatment and dealloying
	2.5 Characterizations
	2.6 Hydrogen evolution reaction

	3 Results and discussion
	3.1 Physicochemical properties of ethaline electrolytes
	3.2 Preparation of nanoporous Cu–Zn–Ni–Co alloys
	3.3 Electrocatalytic hydrogen evolution reaction of water by nanoporous alloys

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


