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A B S T R A C T

Developing cost-effective electrocatalysts for efficient water splitting is crucial for sustainable hydrogen pro
duction. This research reports the synthesis of nanostructured Ni–Cu electrodes via electrochemical deposition 
followed by selective dealloying. The dealloying process produced a unique coral-like morphology, greatly 
enhancing the electrochemically active surface area. Interestingly, the optimal deposition current density 
differed for the two half-reactions: the sample deposited at 50 mA cm− 2 showed superior HER activity (η10= 57 
mV, Tafel slope = 65 mV.dec− 1), while the 100 mA cm− 2 sample demonstrated the best OER performance (η10 =

259 mV, Tafel slope = 55.5 mV.dec− 1). A two-electrode configuration using the optimized samples required only 
1.55 V to deliver 10 mA cm− 2, outperforming many reported Ni-based dealloyed systems. These results highlight 
that tuning the electrodeposition current density provides a simple yet powerful strategy to tailor bifunctional 
Ni–Cu electrocatalysts for overall water splitting. Beyond performance optimization, this work provides mech
anistic clarification of the unexpected selective dissolution of Cu during dealloying. Although Cu is more noble 
than Ni, this work shows that the formation of a protective passivation layer of Ni suppresses Ni dissolution, 
thereby promoting preferential Cu removal and leaving behind a Ni-rich porous framework.

1. Introduction

Energy and the environment are two key components of modern 
society, essential for the social sustainability and economic development 
of the world [1,2]. Recently, with population growth and the advance
ment of human societies, the demand for fossil fuels, like coal, petroleum 
oil, and natural gas − resources that are neither environmentally 
friendly nor renewable − has increased [3,4]. However, the consump
tion of fossil fuels significantly contributes to greenhouse gas emissions 
and causes severe environmental pollution. Furthermore, fossil fuel re
sources are rapidly depleting [5]. To address these challenges, global 
efforts have been directed toward discovering clean and renewable al
ternatives to fossil fuels. Different renewable and clean energy sources 
have been proposed. However, these energy sources are limited by 
intermittent accessibility due to regional or seasonal factors [6]. 
Therefore, an efficient renewable energy source and storage system is 
essential for large-scale utilization [1]. Hydrogen (H2) is widely recog
nized as the most promising and environmentally friendly energy car
rier, offering a viable alternative to fossil fuels [7,8]. The advantages of 
hydrogen include zero environmental pollution, high energy density, 

and various and effective synthesis methods, make it superior to other 
renewable energy sources [9]. Hydrogen can be produced using various 
methods, some of which release hazardous gases, such as CO2 and CO, 
into the environment. An effective method for hydrogen production is 
electrochemical water splitting [10,11]. This process does not release 
greenhouse gases into the atmosphere and utilizes water, which is a low- 
cost, renewable, and abundant resource [12–15].

The overall water splitting includes two half-cell reactions: hydrogen 
evolution reaction (HER) on the cathode, which produces H2, and oxy
gen evolution reaction (OER) on the anode, which produces O2. The 
minimum theoretical potential required to initiate electrochemical 
water splitting is 1.23 V, and an energy input of ΔG◦ = 237.1 kJ mol− 1. 
However, a significant challenge limiting the efficiency of water split
ting is the sluggish kinetics of both HER and OER. These reactions 
require high overpotentials due to various resistances, such as charge 
transfer resistance, the resistance caused by gas bubbles generated on 
the surface of catalyst, and the resistance of the electrolyte. Conse
quently, the actual potential required to initiate water splitting is much 
higher than 1.23 V [16–19]. Synthesizing effective electrocatalysts is a 
critical strategy for reducing the high overpotentials at the surfaces of 
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the anode and cathode. It is reported that the best electrocatalysts for 
HER and OER are noble metal-based such as platinum, and IrO2 or RuO2, 
respectively. [20]. However, limited availability of these materials and 
the high cost constrain their widespread application [21–23]. This has 
driven researchers to design and develop cost-effective and non-noble 
metal-based electrocatalysts.

An effective electrocatalyst for water splitting must have different 
characterization including: high intrinsic electrocatalytic activity, good 
conductivity, electrochemical stability, excellent corrosion resistance, 
and a large active surface area [24–27]. Intrinsic electrocatalytic activity 
can be enhanced by utilizing compounds with inherently high electro
catalytic activity. Electrocatalysts based on transition metals, such as Pt, 
Co, Ni, Mo, Fe, and Cu, demonstrate excellent intrinsic electrocatalytic 
activity [28]. Among these metals, Ni and its alloys are more cost- 
effective than noble metals like platinum and exhibit suitable electro
catalytic performance as well as chemical stability in alkaline solutions. 
Extensive research has been conducted on Ni-based electrocatalysts, 
employing various synthesis methods such as electrodeposition, hy
drothermal processes, and sol–gel techniques [29–31]. However, some 
of these methods require specialized equipment, highlighting the need 
to explore simpler and more cost-effective approaches for producing 
electrocatalysts at an industrial scale.

On the other hand, nano-structured electrocatalysts have gained 
significant attention for their ability to enhance the active surface area. 
Studies indicate that nano-structured electrodes effectively improve 
electron and mass transfer, and significantly reduce the overpotential 
required for electrochemical water splitting [32,33]. A promising 
approach for producing nanostructured electrocatalysts is electro
chemical dealloying, a robust technique that exploits the variance in 
standard electrochemical potentials between alloy components in a so
lution to enable selective dissolution [34–36]. During this process, an 
anodic potential is applied to the alloy, causing the component with a 
more negative electrode potential to lose electrons and dissolve in the 
solution, while the component with a more positive electrode potential 
is retained. Essentially, the less noble element is removed selectively, 
while the noble element transforms into a porous structure [37]. The 
morphology of the resulting materials can be adjusted by controlling the 
applied current or voltage, offering versatility in the fabrication process. 
Additionally, this method is advantageous due to its low experimental 
requirements, simplicity, and scalability [38,39].

Previous researches on the dealloying of Ni and Cu has demonstrated 
promising results for HER. Specifically, dealloyed Ni-Cu electrodes 
exhibit favorable electrocatalytic properties for HER due to the desirable 
intrinsic properties of Ni and the high electrochemical active surface 
area created by the selective dissolution of Cu during dealloying 
[38,40,41]. Limited studies have been conducted on dealloyed Ni-Cu 
electrodes for the HER, especially for OER and the overall electro
chemical water splitting process. For efficient water splitting, electro
catalysts must exhibit favorable electrocatalytic activity for both HER 
and OER to minimize overall overpotential. The OER is kinetically more 
challenging than the HER. Therefore, developing electrocatalysts that 
efficiently facilitate both HER and OER in the same environment is 
crucial. Such advancements would simplify electrocatalyst production 
and significantly reduce costs [32,42–44].

Interestingly, there is no definitive mechanism for the dealloying 
process of Ni and Cu. Based on standard reduction potentials, it would be 
expected that Ni dissolves during dealloying because Ni has a more 
negative reduction potential and is more electrochemically active. 
However, practical observations showed that Cu is preferentially dis
solved from the structure [40,45,46]. This phenomenon warrants 
further investigation to elucidate the underlying mechanisms.

The aim of this research is to fabricate a nano-structured Ni-Cu 
electrocatalyst via electrochemical dealloying on a nickel foam (NF) 
conductive substrate for use in electrochemical water splitting. The 
dealloying conditions and the effect of current density of deposition on 
the electrocatalytic activity were systematically investigated. 

Additionally, the mechanism of the dealloying process for the Ni-Cu 
electrode was studied. Finally, electrocatalytic activity of the deal
loyed Ni-Cu electrodes was investigated for HER, OER and the overall 
water splitting reaction.

2. Experimental

2.1. Electrodeposition process

To prepare the electrodeposition bath, 0.5 M nickel (II) sulfate 
hexahydrate (NiSO4⋅6H2O) and 0.075 M copper (II) sulfate pentahy
drate (CuSO4⋅5H2O) were used as sources of Ni and Cu ions, respec
tively. Additionally, 0.5 M boric acid (H3BO3) was dissolved as a pH 
stabilizer in deionized water. All chemicals were laboratory-grade 
without further purification. The pH of electrodeposition bath was 4 
and electrodeposition temperature was 30οC. The electrodeposition was 
conducted in a two-electrode system by using a rectifier. NF with di
mensions 0.3 × 10 × 10 mm was used as substrate. Prior to electrode
position, the NF was pretreated by ultrasonicating in ethanol for 10 min, 
followed by immersion in 5 M hydrochloric acid (HCl) for 12 min to 
remove oxide layer of the surface. Finally, the NF was thoroughly rinsed 
with distilled water. Two parallel Ni plates were used as the anodes, and 
the prepared NF was located between them as the cathode. Galvano
static electrodeposition of Ni-Cu on the NF was performed for 600 s at 
four different cathodic current densities of 25, 50, 100, and 150 mA. 
cm− 2. After deposition, electrochemical dealloying was conducted at a 
constant potential of + 1 V for 400 s in the same solution. Subsequently, 
the electrocatalysts were rinsed with deionized water and air-dried. 
Fig. 1 illustrates the schematic of synthesis steps for the dealloyed Ni-Cu 
electrocatalysts. The electrodeposited and dealloyed samples were 
named as I25, I50, I100, and I150, respectively. Also, I50-BD and I100- 
BD refer to the samples before dealloying.

2.2. Morphological and electrochemical characterizations

Field-emission scanning electron microscopy (FESEM, MIRA3 TES
CAN) was utilized to analyze the microstructure and morphology of the 
samples. Energy-dispersive X-ray spectroscopy (EDS) and elemental 
mapping were employed to detect chemical composition and elemental 
distribution of electrodes. X-ray diffraction (XRD) analysis was used to 
analyze the phase structure and specimens’ surface chemistry of the 
samples with XMD–300 X-ray diffractometer with a scan angle 2θ from 
10 to 90◦. Raman spectroscopy was performed using a UniDRON spec
trometer with a scanning range of 300 ~ 1500 cm− 1 to examine the 
phase and chemical bonds under an excitation wavelength of 532 nm.

Electrochemical analyses were conducted in a three-electrode system 
using 1 M KOH as the electrolyte and Zive Sp1 potentiostat. The counter 
electrode was platinum plate, the reference electrode was Ag/AgCl, and 
the synthesized electrocatalysts were used as the working electrodes. 
Linear sweep voltammetry (LSV) was carried out with a scan rate of 5 
mV.s− 1. The cyclic voltammetry (CV) examinations were accomplished 
to evaluate electrochemical active surface area (ECSA) within a range of 

± 40 mV around the open-circuit potential (OCP) at scan rates from 5 to 
50 mV.s− 1. Moreover, the electrochemical impedance spectroscopy 
(EIS) was conducted over a frequency range of 100 kHz to 100 mHz at 
cathodic potentials of − 170, − 270, and − 370 mV vs. RHE for HER, and 
at 1625 mV vs. RHE for OER. The chronopotentiometry was conducted 
to assess the stability of the electrocatalysts under a constant current 
density of − 100 and 100 mA.cm− 2 for 50 h for HER and OER, respec
tively. Finally, electrochemical water splitting examination was carried 
out using a two-electrode system. In this setup, optimal samples for OER 
and HER were employed as the anode and cathode, respectively. Then a 
chronopotentiometry was carried out at a constant current density of 10 
mA.cm− 2 for 100 h to assess the stability of the optimal samples for 
overall water splitting. All reported potentials in electrochemical results 
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Fig. 1. A schematic of the synthesis steps of dealloyed Ni-Cu electrocatalysts.

Fig. 2. FESEM images of pre-dealloyed Ni electrodes synthesized at electrodeposition current densities of (a) 25, (b) 50, (c) 100, (d) 150 mA.cm− 2, (e) EDS analysis 
of sample I50, and (f) elemental mapping images of Cu and Ni before dealloying.
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were converted to the reversible hydrogen electrode (RHE) using Eq. 
(1): 

E(vs.RHE) = E(vs.Ag/AgCl)+E0
Ag/AgCl(197 mV)+59.2 pH (1) 

3. Results and discussion

3.1. Morphology and composition

The surface microstructure of the samples was characterized by 
FESEM. Initially, the microstructure of the Ni-Cu layer on NF was 
examined. FESEM images of the Ni-Cu layer deposited at different 
deposition current densities on NF are represented in Fig. 2a–d at two 
different magnifications. According to these images, the Ni-Cu layer on 
NF exhibited a non-uniform structure. At the edges of the NF, the growth 
and density of the Ni-Cu layer were higher than other areas. This non- 
uniformity can be ascribed to higher distribution of electrons on the 
edges rather than other parts of the NF. Specifically, the accumulation of 
electric charge at the edges of the NF led to greater density and growth of 
the electrocatalyst in these regions [47]. Furthermore, as the cathodic 
deposition current density increased from 25 to 150 mA.cm− 2, the 
amount of deposited Ni-Cu on the NF also increased. A higher deposition 
current density delivers more electrons to the cathode surface (NF), 
resulting in the deposition of more Cu and Ni cations. Consequently, a 
thicker coating formed on the cathode. As depicted in Fig. 2a, the 
amount of Ni-Cu coating on the NF was insufficient at lower current 
densities, whereas Fig. 2d demonstrated a substantially thicker coating 
and greater coverage at higher current densities.

The EDS analysis results and the chemical composition of the Ni-Cu 

layer are shown in Fig. 2e. The results indicated the atomic percentage of 
Cu was significantly higher than Ni. The standard reversible potentials 
for Ni and Cu are − 257 mV and 342 mV vs. SHE, respectively. Thus, Cu 
is much more noble than Ni. A more positive standard potential in
dicates a greater tendency for reduction. Therefore, despite the high 
concentration of Ni in the electrolyte, Cu is more likely to be reduced 
and deposited on the surface. Fig. 2f represents the elemental mapping 
analysis of the I50 sample before dealloying. The results revealed a 
homogeneous and uniform distribution of Ni and Cu in the electrode 
structure.

The morphology of the dealloyed Ni-Cu electrodes was also investi
gated. FESEM images of the dealloyed Ni-Cu electrodes at four different 
deposition current densities are shown in Fig. 3a–d at two magnifica
tions. The most significant change observed in the morphology after 
dealloying was the fabrication of a coral-like structure, which signifi
cantly enhances the active surface area. This structure formed due to the 
selective dissolution of Cu from the Ni-Cu layer, creating a nanoporous 
structure. The EDS analysis results and the chemical composition of the 
dealloyed Ni-Cu electrode are represented in Fig. 3e. The result clearly 
showed a substantial decrease in the atomic percentage of Cu after 
dealloying. Before dealloying, the atomic percentages of Ni and Cu were 
19.5 % and 80.5 %, respectively, whereas after dealloying, these values 
reached to 98.2 % and 1.8 %. This reduction was due to the anodic and 
selective dissolution of Cu from the electrode structure during electro
chemical dealloying. Fig. 3f displays the elemental map analysis of the 
I50 sample after dealloying, confirming a homogeneous and uniform 
distribution of Ni in the electrode structure. Although the initial Ni–Cu 
alloy appeared uniform in EDS mapping, microscopic heterogeneities 
existed in the form of Ni-rich and Cu-rich clusters, consistent with the 

Fig. 3. FESEM images of dealloyed Ni-Cu electrodes synthesized at deposition current densities of (a) 25, (b) 50, (c) 100, (d) 150 mA.cm− 2, (e) EDS analysis of 
sample I50, and (f) elemental mapping images of Cu and Ni after dealloying.
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Ni–Cu phase diagram under low-temperature electrodeposition condi
tions. During dealloying, preferential dissolution of Cu-rich regions 
created localized vacancies that coalesced into micropores, resulting in 
the coral-like nanostructure observed.

Fig. 4a and b show the XRD patterns of the Ni–Cu electrode before 
and after dealloying. Before dealloying, distinct peaks at 2θ ≈ 43◦, 
50–52◦, and 74–76◦ correspond to the (1 1 1), (2 0 0), and (2 2 0) planes 
of fcc Cu and Ni. The strong Cu signals indicate a Cu-rich alloy layer, 
consistent with EDS results, and the overlap of Cu/Ni peaks reflects their 
similar fcc structures. After dealloying, Cu-related peaks are almost 
completely suppressed, confirming selective Cu dissolution, while Ni 
peaks become sharper and more intense due to the formation of a Ni-rich 
framework. Weak features around 2θ ≈ 39◦, 43, and 74◦ are attributed 
to a thin NiO/Ni(OH)2 surface layer formed under anodic conditions 
which are indexed to the (1 1 1), (2 0 0) and (3 1 1). No new phases 
appear after dealloying, indicating retention of the metallic fcc Ni 
structure and the absence of Cu oxides or Ni–Cu intermetallics. These 
results confirm that dealloying proceeds through preferential Cu 
removal, leaving a porous Ni-rich skeleton—consistent with FESEM 

morphology and increased ECSA. The XRD evolution supports the pro
posed mechanism in which Cu dissolves while Ni is protected by rapid 
NiO passivation [48]. Fig. 4c shows the Raman spectrum of the samples 
I25, I50, I100, and I150. All samples show a dominant peak centered at 
520 cm− 1, which is typically attributed to the Ni-O vibrational modes, 
corresponding to NiO. The presence of this peak is consistent with 
partial surface oxidation of Ni, which is common for dealloyed Ni-rich 
materials. Sample I50 shows the highest peak intensity and the sharp
est spectral feature, indicating a higher amount of surface Ni-O species. 
This increased intensity is consistent with the enhanced porosity and Ni- 
rich hierarchical morphology observed in FESEM, which provides more 
exposed active sites for surface oxidation and Raman scattering. Sample 
I25 exhibits a relatively weak Raman signal, corresponding to its lower 
surface coverage and less-developed porous morphology. Samples I100 
and I150 show broader peaks with lower intensity compared to I50, 
suggesting the formation of thicker or more compact surface layers, in 
agreement with the FESEM observations that higher deposition currents 
lead to denser coatings with reduced active surface area. In addition, all 
samples show a broad background extending from ~ 700 to 1100 cm− 1, 
which is typical of defect-rich or amorphous NiO [48,49].

Dealloying is a method in which the more active components are 
selectively dissolved from an alloy. Consequently, the dealloyed struc
ture usually consists of the remaining noble elements. However, in this 
study, the noble element Cu dissolved, while the more active element Ni 
remained in the structure. To determine the cause of this behavior, a 
linear sweep voltammetry examination was conducted in the anodic 
region. Anodic polarization curves were plotted for Ni, Cu, and the Ni- 
Cu alloy in the same solution over a potential range from 0 to + 1500 
mV vs. SCE. The results are shown in Fig. 5. According to the results, Cu 
exhibited a higher anodic current density, whereas Ni showed a very low 
anodic current density. This low current density is because of formation 
of a passive oxide layer on the surface of Ni. The formed NiO layer on the 
surface of Ni acted as a protective barrier, preventing its dissolution 
during anodic dissolution and dealloying [45]. Thus, although Cu had a 
more positive standard electrochemical potential and was more noble, it 
exhibited higher dissolution rate compared to Ni. Therefore, Cu dis
solved from the structure during dealloying and a nanoporous Ni-rich 
structure was remained.

The selective dissolution of Cu from Cu–Ni alloys can be rationalized 
by a coupled dealloying–passivation process. In the early stage, copper is 
the preferentially anodic element and dissolves from low-coordination 
surface sites and grain boundaries, consistent with a microscopic 
galvanic mechanism of dealloying [50,51]. The anodic reactions pro
ceed as: 

Cu→Cu+ + e− (2) 

Fig. 4. XRD patterns of (a) pre-dealloyed, and (b) dealloyed sample I50, and (c) 
Raman spectra of samples I25, I50, I100,a and I150.

Fig. 5. Anodic polarization curves for Ni, Cu, and Ni-Cu.
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Cu+→Cu2+ + e− (3) 

The corresponding cathodic reaction is oxygen reduction in acidic 
environment: 

O2 +4H+ +4e− →2H2O (4) 

This leads to an initial burst of Cu dissolution, as confirmed by rapid 
increases in dissolved Cu concentration [52]. Simultaneously, Ni un
dergoes partial oxidation: 

Ni→Ni2+ +2e− (5) 

Although Ni2+ is more soluble in acidic solution than under alkaline 
conditions, a fraction of the Ni ions hydrolyze near the metal/solution 
interface and contribute to thin Ni(OH)2/NiO-rich films [5,6]. More
over, as Cu is selectively leached, the alloy surface becomes enriched in 
Ni, which favors the stabilization of this passive layer. The Ni-enriched 
film impedes further Cu dissolution by decreasing electronic and ionic 
transport across the interface. Thus, the overall mechanism consists of: 
(i) preferential anodic dissolution of Cu with stabilization of soluble Cu 

complexes in acidic media, (ii) progressive Ni oxidation and surface 
enrichment, and (iii) development of a Ni-rich passive film that sup
presses subsequent dissolution.

3.2. Hydrogen evolution reaction investigation

The results of the LSV examination for different dealloyed samples 
are shown in Fig. 6a. Tafel curves and the demanded overpotential to 
achieve the current densities of − 10, − 20, and − 100 mA.cm− 2 for each 
sample are represented in Fig. 6b and 6c, respectively. Based on the 
results, the best electrocatalytic properties were observed in the sample 
I50, with ƞ10, ƞ20, and ƞ100 values of 57, 88, and 169 mV, respectively. 
Initially, for sample I25, the low amount of current density resulted in 
limited coverage on the NF surface (Fig. 3a) and consequently a limited 
active surface area, that leads to a weak electrocatalytic properties. As 
the current density of electrodeposition increased, the mass of deposited 
layer on the NF surface increased and more coating coverage was 
observed. However, the deposited layer exhibited a more convoluted 
and thicker morphology which may lead to lower active surface area. 

Fig. 6. (a) iR corrected LSV curves, (b) Tafel slopes, and (c) required overpotentials of dealloyed samples. (d) iR corrected LSV curves, (e) Tafel slopes and (f) 
required overpotentials of samples NF, I50-BD, I50, and Pt in 1.0 M KOH solution, (g) Nyquist curves of the dealloyed samples and (h) different samples at applied 
potential of − 170 mV vs. RHE, and (i) The equivalent circuit.
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Therefore, an optimum current density of electrodeposition is needed to 
reach the highest electrochemical active surface area. In sample I50, an 
optimal condition for both the surface coverage and thickness was 
achieved, causing the highest electrocatalytic properties.

To investigate HER rate, the Tafel slope was measured. According to 
Eq. (6), the Tafel slope suggested the relationship between the over
potential and the logarithm of current density [53–55]: 

η = blogi+ a (6) 

where b, i, and a are the Tafel slope, current density, and charge transfer 
coefficient. A lower Tafel slope shows a superior electrocatalytic 
behavior. Tafel slope is also regarded as an inherent characteristic for 
studying the mechanism of the HER and the rate-determining step 
(RDS). The HER is a multi-step process that involves the transfer of two 
electrons on the surface of cathode. In the electrochemical water split
ting process, in both alkaline and acidic environments, this reaction is 
divided into three stages: the Volmer, Heyrovsky, and Tafel reactions, as 
reported below [56]: 

H2O+ e− →Hads +OH− (Electrochemicaladsorptionofhydrogen 
,Volmerreaction) (7) 

Hads + H2O+ e− → H2 +OH− (Electrochemicaldesorptionofhydrogen 
,Heyrovskyreaction) (8) 

Hads +Hads→ H2(Chemicaldesorptionofhydrogen,Tafelreaction) (9) 

These reactions occur on cathode surface. Tafel slopes have been 
approximately reported 29, 39, and 118 mV.dec− 1 when the RDS is 
Tafel, Heyrovsky, and Volmer stage, respectively [33,55].

As shown in Fig. 6b, Tafel slope of sample I50 is 65 mV.dec− 1 which 
is the lowest Tafel slope among all samples. The lower Tafel slope in this 
sample suggested higher hydrogen production rate compared to the 
other samples. Furthermore, since Tafel slope of sample I50 is between 
those of Volmer and Heyrovsky stages (i.e., 118 and 39 mV.dec− 1, 
respectively), the overall reaction is under a mix-controlled condition. In 
contrast, the Volmer step was the RDS for samples I25, I100 and I150. 
Table S1 represents a comparison of the electrocatalytic properties of the 
I50 sample with the results from literature which synthesized Ni-based 
electrocatalysts.

To examine the effect of dealloying on the electrocatalytic properties 
of Ni-Cu electrode, the LSV results and Tafel slopes of the best sample 
(I50) before and after dealloying, along with results for NF and plat
inum, were evaluated. The LSV results are represented in Fig. 6d, and the 
Tafel slopes and the required overpotential values for each sample are 
shown in Fig. 6e and 6f, respectively. Based on the LSV results, it was 
observed that by depositing a Ni-Cu coating on NF, the electrocatalytic 
activity improved, and required overpotential to achieve the current 
density of − 10 mA.cm− 2 decreased from 231 to 115 mV. After deal
loying, it was observed that the electrocatalytic activity significantly 
improved, and the required overpotentials were 57, 88, and 169 mV for 
reaching current densities of − 10, − 20, and − 100 mA.cm− 2, respec
tively. These values were very close to those obtained for platinum plate, 
which were 54, 68, and 116 mV, respectively. These results indicated 
that formation of a nanostructured microporous morphology after 
dealloying increased the electrochemical catalytic activity. Thus, 
formed hydrogen bubbles detach easily from the surface resulting in a 
significant reduction in bubble resistance and the required over
potential. Moreover, formation of a Ni-rich layer containing low 
amounts of Cu is believed to have a proper intrinsic catalytic activity 
[33].

EIS is an important technique to evaluate the interface properties of 
catalysts and the HER kinetics on surfaces. Fig. 6g represents obtained 
Nyquist curves from the EIS examination of different samples at po
tential of − 170 mV vs. RHE. Randles circuit (Fig. 6i) was used to fit the 
Nyquist curves, which consisted of charge transfer resistance (Rct), 

electrolyte resistance (Rs), and a constant-phase element (CPE), defined 
by following equation [57]: 

ZCPE =
1

Q (iω)n (10) 

where n and Q are the CPE exponent and constant, respectively, and ω is 
the angular frequency (rad.s− 1). The extracted electrochemical param
eters from EIS results are represented in Table S2. According to this 
table, the values of Rct for the dealloyed samples I25, I50, I100, and I150 
were 1.808, 1.164, 2.36, and 3.038 Ω.cm2, respectively. The lower 
charge transfer resistance of I50 indicated a higher hydrogen production 
rate compared to the other samples, which was confirmed by the LSV 
results. Nyquist curves of the different samples at three different po
tentials (− 170, − 270, and − 370 mV vs. RHE) can be seen in Fig. S1. As 
shown in this figure, as the potential became more negative, the diam
eter of the Nyquist curves and Rct decreased. Therefore, by reducing Rct, 
the hydrogen production rate increases at higher overpotentials.

To investigate the effect of dealloying on Rct, the Nyquist curves for 
NF and sample I50 before and after dealloying are plotted at a potential 
of − 170 mV vs. RHE (Fig. 6h), and the electrochemical parameters are 
represented in Table S2. The values of Rct for NF, I50-BD, and I50 were 
51.1, 3.59, and 1.164 Ω.cm2, respectively. As can be seen, NF had the 
highest Rct, indicating poor electrocatalytic activity. After the electro
deposition of Ni-Cu, Rct has decreased significantly. Moreover, a further 
decrease was observed in Rct due to the dealloying, demonstrating an 
improvement in electrocatalytic activity.

The electrochemical active surface area (ECSA) of the samples was 
estimated using Cdl assessed via cyclic voltammetry (CV) examinations 
at diverse sweep rates in the non-Faradaic region around the open circuit 
potential (OCP) [58]. The potential range was ± 40 mV around the OCP 
(Fig. 7a–d). According to Eq. (11), Cdl was estimated by calculating and 
plotting the average absolute value of cathodic and anodic current 
density at the maximum and minimum potential (iavg) versus the sweep 
rate (dV/dt) (Fig. 7e) [55]. 

iavg = Cdl
dV
dt

(11) 

The ECSA of each sample was then evaluated by dividing the value of 
Cdl by 20 μF (the nominal capacitance of a uniform metallic surface). 
Fig. 7f shows the ECSA values for each sample. The results indicated that 
the highest Cdl and the largest ECSA were observed for sample I50. At 
lower current density (i.e., sample I25), the surface coverage is not 
completed (according to FESEM image in Fig. 3a) and thus the ECSA is 
low. By increasing the current density to 50 mA.cm− 2, ECSA has 
increased to a maximum value. However, further increase in the depo
sition current density resulted in a decrement in the ECSA of the sam
ples. As indicated in FESEM images (Fig. 3c and d), higher current 
density of electrodeposition causes a more convoluted and thicker 
morphology which may lead to lower active surface area due to pore 
elimination. In sample I50, an optimal condition for surface coverage 
and maximum porosity was achieved, resulting in the largest ECSA and 
the highest electrocatalytic activity.

To further investigate the effect of dealloying on the ECSA of elec
trocatalysts, CV examinations were conducted on the NF and the sample 
I50 before and after dealloying (Fig. S2). Based on results, the Cdl values 
for NF, I50-BD, and I50 were 0.398, 5.01, and 11.53 mF.cm− 2, respec
tively. As shown, applying a Ni-Cu coating to the NF increased the ECSA 
from 19.9 to 250.5 cm2.cm− 2. After dealloying, the ECSA was further 
increased to 576.5 cm2.cm− 2. These results clearly demonstrated that 
dealloying has formed a porous nanostructure on the surface, leading to 
a significant increase in the ECSA.

A proper electrocatalyst must exhibit long-term stability to be 
practicable at large-scale production during the HER process. Industrial 
electrochemical water splitting in alkaline media typically operates at 
current densities range of − 100 to − 300 mA.cm− 2 [57]. Therefore, 
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monitoring the required potential at a specific current density is an 
appropriate method for assessing electrocatalytic stability. Chro
nopotentiometry examination was carried out to evaluate electro
catalytic stability of the sample I50 in a 1 M KOH solution at a current 
density of − 100 mA.cm− 2 for 50 h. According to Fig. 8a, the potential on 
the electrode surface remained steady over time, indicating the suitable 
stability of dealloyed sample I50. The LSV curves after and before sta
bility examination are shown in Fig. 8b to compare. The results of the 
sample examined for 50 h indicated that the required overpotential to 
reach the current densities of − 10 and − 100 mA.cm− 2 increased by only 
3 and 15 mV, respectively, which are negligible. It confirms a desirable 
electrocatalytic stability of the sample.

Furthermore, FESEM and mapping analysis were conducted to 
investigate morphological and compositional stability after the 50 h 
chronopotentiometry examination. The results, shown in Fig. 8d and e, 

revealed no damage to the nanostructured coral-like morphology. 
Moreover, the EDS and elemental mapping results (Fig. 8c and f) 
demonstrated that the electrode surface retained its homogeneity, with 
no evidence of chemical changes.

3.3. Oxygen evolution reaction investigation

OER is the anodic reaction of the water splitting. OER is thermody
namically and kinetically more complex than HER, as electron and 
proton transfers occur in four steps during the process. Therefore, the 
electrocatalytic activity of the samples for OER was also investigated, to 
have an electrocatalyst with suitable properties for both HER and OER. 
The LSV curves for the different dealloyed samples are represented in 
Fig. 9a. The corresponding Tafel slope curves, and the required over
potentials to reach current densities of 10 and 100 mA.cm− 2, along with 

Fig. 7. The CV curves at the scan rates of 5 to 50 mV.s− 1 for samples (a) I25, (b) I50, (c) I100, (d) I150. (e) The plot of average maximum current density versus the 
scan rates. (f) The values of ECSA for different samples.
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the Tafel slope values, are provided in Fig. 9b and (c), respectively. As 
observed, the overpotential at a current density of 10 mA.cm− 2 

decreased from 281 to 259 mV as the deposition current density 
increased from 25 to 100 mA.cm− 2. However, as deposition current 
density increased to 150 mA, the overpotential raised to 274 mV. 
Sample I100 exhibited the lowest overpotential at a current density of 
10 mA.cm− 2, with a value of 259 mV. In contrast, the overpotentials for 
the I25, I50, and I150 samples were 378, 345, and 328 mV, respectively. 
Same results are obvious for η100. Therefore, the optimal deposition 
current density for OER was 100 mA.cm− 2. The rate of OER were also 
examined via analyzing Tafel slopes. Sample I100 exhibited the lowest 
Tafel slope, 55.5 mV.dec− 1, which indicates high OER rate on the sur
face of this electrocatalyst.

To compare the effect of dealloying on electrocatalytic activity for 
OER, LSV examinations were conducted on the sample I100 before and 
after dealloying (Fig. 9d) along with results of bare NF. Tafel slopes of 
these samples are shown in Fig. 9e, and required overpotentials and 
Tafel slope values are represented in Fig. 9f. The results indicated that 
depositing a Ni-Cu layer on NF significantly improved the electro
catalytic activity for OER. The required overpotential to reach a current 
density of 10 mA.cm− 2 decreased from 479 to 231 mV, while the 
overpotential to reach 100 mA.cm− 2 decreased from 688 to 419 mV. 
After dealloying, the electrocatalytic activity further increased, and the 
required overpotentials reduced to 259 and 312 mV for current densities 
of 10 and 100 mA.cm− 2, respectively. By comparing the Tafel slopes, the 
dealloyed sample exhibits the best electrocatalytic activity for OER with 
a value of 55.5 mV.dec− 1.

The EIS examination was conducted to study the rate of the OER on 
the surface of the electrodes. The obtained Nyquist plots for the various 
samples at a potential of 1625 mV vs. RHE are shown in Fig. 9g. Addi
tionally, the extracted electrochemical parameters from EIS results are 
represented in Table S3. As observed, the Nyquist plots for all the 
samples exhibited a single time constant. Based on the results, the values 
of Rct for the dealloyed samples I25, I50, I100, and I150 were 0.707, 

0.409, 0.337, and 0.369 Ω.cm2, respectively. Therefore, sample I100 
had the lowest Rct, indicating better electrocatalytic activity compared 
to the other samples, which was also confirmed by the LSV results.

To further investigate the effect of dealloying on the EIS results for 
OER, the Nyquist plots are plotted for the NF and the sample I100 before 
and after dealloying at a potential of 1625 mV vs. RHE (Fig. 9h). Elec
trochemical parameters from the EIS results are represented in Table S3. 
The values of Rct for the NF, I100 − BD, and I100 were 17.65, 1.384, and 
0.337 Ω.cm2, respectively. The NF exhibited the highest Rct, indicating 
poor electrocatalytic activity for OER. After depositing the Ni-Cu layer 
on the NF, the Rct significantly decreased, and after dealloying, the Rct 
reached its minimum value.

As observed in comparison of the HER and OER results, the optimal 
sample for HER is not identical to that for OER. The HER in alkaline 
media occurs on metallic Ni sites capable of H* adsorption, and that 
increasing the density of these sites directly enhances HER kinetics. 
Prior work confirms that porous or nanostructured Ni surfaces signifi
cantly reduce the free energy of H* adsorption, thus improving HER 
activity [5]. At current density of 50 mA.cm− 2, the moderate deposition 
rate allows controlled nucleation and growth, leading to a more uni
form, porous structure with higher electrochemical surface area (ECSA 
= 576.5 cm2.cm− 2). The large ECSA provides abundant active sites, 
which is crucial for HER, since hydrogen evolution benefits directly from 
the number of accessible catalytic sites for proton adsorption and 
reduction. However, at current density of 100 mA.cm− 2, the faster 
deposition induces rougher, denser clusters and potentially higher 
crystallinity/defect incorporation, which lowers the charge transfer 
resistance (Rct = 0.337 Ω.cm2). For OER, kinetics are typically limited by 
sluggish electron transfer in the multi-step oxidation pathway, so a 
surface with enhanced conductivity and low Rct becomes more benefi
cial than simply maximizing surface area. In this case, the morphology at 
100 mA.cm− 2 provides better electron transport channels and structural 
stability during oxygen evolution, favoring OER activity despite the 
relatively lower ECSA. Additionally, under anodic OER conditions, 

Fig. 8. (a) Chronopotentiometry examination of sample I50 at − 100 mA.cm− 2 for 50 h; (b) LSV curves of the sample after and before 50 h chronopotentiometry 
examination; (c) EDS result; (d) and (e) FESEM images of the surface of I50 electrode before and after 50 h chronopotentiometry; and (f) elemental mapping of I50 
electrode after chronopotentiometry.
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metallic Ni is known to undergo surface self-reconstruction to form Ni 
(OH)2/NiOOH, which are the actual OER-active species. Numerous 
studies show that β-NiOOH is the dominant active phase for OH* 
adsorption and subsequent O–O bond formation [6]. The I100 sample 
exhibits the lowest Rct, indicating a surface that facilitates rapid electron 
transfer through the Ni/NiOOH interface. Additionally, the peaks 
observed in Fig. 9a indicates the formation of these species during the 
OER. Thus, even though the porous metallic Ni framework remains after 
dealloying, the real active sites during OER originate from in-situ 
generated NiOOH species, supported by the low Tafel slope (55.5 mV. 
dec− 1) typical for NiOOH-mediated OER. Thus, the optimal electrode
position current density differs because HER is more sensitive to surface 
area and site density, while OER is more sensitive to charge transfer 
efficiency.

Fig. 10a represents chronopotentiometry examination of sample 
I100 at 100 mA.cm− 2 for 50 h. As shown, sample I100 indicates suitable 
stability because the potential on the electrode surface remained steady 
over time. The LSV curves after and before stability are shown in 
Fig. 10b. The results indicated that the required overpotential to reach 

the current densities of 10 and 100 mA.cm− 2 increased by only 4 and 7 
mV, respectively. It confirms a desirable electrocatalytic stability of the 
sample. The results of FESEM before and after stability are shown in 
Fig. 10d. which revealed no damage to the nanostructured coral-like 
morphology. Fig. 10c and f demonstrate the EDS and elemental map
ping results and show that the electrode surface retained its chemical 
homogeneity.

Raman spectrum for sample I50 after HER, and sample I100 after 
OER are shown in Fig. S3. After HER testing the spectrum remains 
essentially identical to the pristine material, indicating that the cathodic 
environment does not induce significant oxidation or lattice recon
struction and that HER proceeds on the intact pre-existing surface. By 
contrast, after OER the Raman spectrum exhibits a strongly intensified 
and broadened band in the 450–600 cm− 1 region and a depressed/ 
shifted baseline at higher wavenumbers, which interpret as evidence of 
oxidative surface reconstruction and the formation of higher-valent NiO 
and NiOOH species. Such in-situ oxidation is widely observed for 
transition-metal OER catalysts and has been correlated with the emer
gence of active OER sites. Depending on the material and conditions, the 

Fig. 9. (a) iR corrected LSV curves for OER, (b) Tafel slopes, and (c) required overpotentials of dealloyed samples. (d) iR corrected LSV curves, (e) Tafel slopes, (f) 
required overpotentials of NF, I100 − BD, and I100 in 1.0 M KOH solution, (g) Nyquist curves of the dealloyed samples at applied potential of 1625 mV vs. RHE, and 
(h) Nyquist curves of the different samples at applied potential of 1625 mV vs. RHE.
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Fig. 10. (a) Chronopotentiometry examination of sample I100 at 100 mA.cm− 2 for 50 h; (b) LSV curves of the sample after and before 50 h chronopotentiometry 
examination; (c) EDS result; (d) and (e) FESEM images of the surface of I100 electrode before and after 50 h chronopotentiometry; and (f) elemental mapping of I100 
electrode after chronopotentiometry.

Fig. 11. (a) Schematic of the electrochemical water splitting process, (b) The current density versus cell potential curve for the electrochemical water splitting, (c) 
Overall water splitting curve obtained from OER and HER, (d) Chronopotentiometry examination for overall water splitting over 100 h; (b) The current density versus 
cell potential curve for before and after chronopotentiometry examination.
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oxidized surface may favor the conventional adsorbate evolution 
mechanism (AEM) by modifying adsorbate binding energies, or enable 
lattice-oxygen participation (LOM) where lattice oxygen directly con
tributes to O–O bond formation [59].

3.4. Water splitting

Based on the favorable performance of electrodeposited electro
catalysts through the dealloying method for HER and OER, these elec
trodes were utilized as bifunctional electrocatalysts to evaluate their 
performance in a two-electrode system for electrochemical water split
ting. Since samples I50 and I100 were the optimized samples for HER 
and OER, respectively, these two electrodes were employed as the anode 
and cathode in the two-electrode system to study overall water splitting 
reaction. A schematic of the overall water splitting reaction is illustrated 
in Fig. 11a. The current density versus potential curve in the two- 
electrode system is represented in Fig. 11b. Based on the results, it 
was observed that dealloyed electrocatalysts demonstrated favorable 
activity for the electrochemical water splitting reaction, requiring only 
1.55 V to reach a current density of 10 mA.cm− 2. The required potential 
for electrochemical water splitting at a current density of 10 mA.cm− 2 

was approximately equal to summation of required applied potential of 
OER and HER at this current density (1.54 V), as shown in Fig. 11c. This 
value is lower than those reported in other studies utilizing the deal
loying method (Table S4). According to results, it can be concluded that 
the intrinsic electrocatalytic properties of Ni along with the specific 
morphology (coral-like) of the dealloyed samples that provided a high 
ECSA have led to desirable electrocatalytic activity for the overall 
electrochemical water splitting reaction. The chronopotentiometry ex
amination was conducted for overall water splitting at 10 mA.cm− 2 for 
100 h (Fig. 11d). According to the results, no significant decrease in the 
overpotential was observed, which indicates the good stability of the 
electrodes in the alkaline solution. Fig. 11e represents the current den
sity versus cell potential curve for before and after chronopotentiometry 
examination. The difference of overpotential at current density of 100 
mA.cm− 2 was only 7 mV, which shows a desirable electrocatalytic 
stability.

4. Conclusion

In this research, a nanostructured Ni-Cu electrocatalyst was synthe
sized through an electrochemical dealloying method on a conductive NF 
substrate to use in the electrochemical water splitting process, and its 
electrocatalytic activity was investigated. The effect of different elec
trodeposition current densities on the electrocatalytic activity was also 
studied. FESEM results of dealloyed Ni-Cu electrodes revealed a coral- 
like morphology, which was due to the selective dissolution of Cu. Ac
cording to the results, although Cu had a more positive standard elec
trochemical potential and was more noble, it exhibited higher 
dissolution rate compared to Ni due to passivity of Ni. The LSV results 
revealed that the best electrocatalytic activity for HER was obtained for 
sample deposited at a current density of 50 mA.cm− 2. The measured 
HER overpotentials were − 57 and − 169 mV to reach current densities of 
− 10 and − 100 mA.cm− 2, respectively. Tafel slope of the sample was 65 
mV.dec− 1, indicating its superiority over the other samples. Addition
ally, the EIS results confirmed the superior electrocatalytic activity of 
this sample, with an Rct of 1.164 Ω⋅cm2 at a potential of − 170 mV vs. 
RHE. Analysis of the ECSA showed that the sample had the highest 
active surface area which was measured 576.5 cm2.cm− 2. Moreover, 
after long-term stability examination, the dealloyed electrode showed 
high electrochemical and morphological stability. The results also 
showed that the best electrocatalyst for the OER was the sample 
deposited at a current density of 100 mA.cm− 2. The required OER 
overpotentials were 259 and 312 mV to achieve current densities of 10 
and 100 mA.cm− 2, respectively. Tafel slope of this sample for the OER 
was 55.5 mV.dec− 1, and its Rct was 0.337 Ω.cm2 at the potential of 1625 

mV vs. RHE. Finally, a two-electrode system was used with the best 
samples to investigate the behavior of the electrocatalysts in the overall 
water splitting process. The results showed that an applied potential of 
1.55 V was required to reach a current density of 10 mA.cm− 2. Thus, the 
total overpotential for the water splitting process was 320 mV.
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