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Abstract: This study presents a novel approach to synthe-
sizing and characterizing Cu–Fe–Ni ternary alloy and oxide
nanostructures for advanced electrochemical and photocata-
lytic applications. Using electrodeposition on brass substrates
from tailored solutions of Nickel(II)chloride, nickel(II) sulfate,
and iron(III) chloride, five distinct alloy compositions were
fabricated with optimized morphologies and electrochemical
properties. Notably, succinic acid was identified as an effec-
tive additive, enhancing deposition quality and catalytic
activity. A unique ternary alloy oxide was further synthesized
via controlled combustion at 950°C. Comprehensive charac-
terization using X-ray diffraction, X-ray photoelectron spec-
troscopy, scanning electron microscope, Energy dispersive
X-ray, and cyclic voltammetry revealed significant structure–
property relationships. Alloys formed with higher Ni and Fe
chloride concentrations showed rough, agglomerated sur-
faces, correlating with improved hydrogen evolution reaction
performance in alkaline sodium hydroxide. Among all

samples, Alloy(V) exhibited the highest hydrogen production
efficiency. Furthermore, the alloy oxide demonstrated
remarkable photovoltaic potential, delivering current densi-
ties of 23mA·cm−2 in the dark and 68.45mA·cm−2 under illu-
mination. These findings showcase a cost-effective, scalable
method for producing multifunctional Cu–Fe–Ni-based mate-
rials with dual capabilities in hydrogen generation and solar
energy conversion – highlighting a new direction in renew-
able energy material development.

Keywords: Ni–Fe/brass foil alloy, hydrogen generation,
high efficiency, water splitting

1 Introduction

A material’s surface is where interactions between its
mechanical, thermal, chemical, and electrochemical prop-
erties begin. Thus, the surface is the most crucial engineering
component of a material. The application of surface modifica-
tion technologies is indispensable in modern production pro-
cesses due to evolving standards. The most critical areas of
surface technology are tribology and corrosion [1] because
surfaces are frequently threatened by wear and corrosion,
leading to significant economic and industrial losses if not
managed properly. Surface technology can prevent or delay
such damage, making it essential in industrial engineering
processes. Choosing the best technique to modify surface
attributes involves complex decisions often guided by eco-
nomic and environmental research [2]. One traditional
yet effective surface modification technique is electrodeposi-
tion [3–5]. With advancements such as Volta’s galvanic cell
around 1,800, electrodeposition became more efficient for
creating coatings through electrochemical processes at the
electrode/electrolyte interface. These coatings can enhance a
substrate’s solderability, lubrication, electrical conductivity,
corrosion resistance, wear resistance, and heat resistance.
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Electrodeposition can be performed using direct current or
pulse current (PC), with PC offering benefits like improved
element dispersion, nonporous nanostructures, reduced gas
absorption, less need for organic additives, and lower envir-
onmental impact [6,7]. Nickel (Ni) and its alloys, particularly
Ni–Fe, are highly valued in deposition applications due to
their excellent corrosion and wear resistance. Ni electrodepo-
sition accounts for up to 12% of global Ni usage [8], primarily
for decorative coatings and various industrial purposes such
as restoring eroded metals, enhancing magnetic properties,
and preparing surfaces for further treatment [9,10]. Ni–Fe
alloy coatings, known for their soft magnetic characteristics
and good electrical conductivity, are used in electronics, sen-
sors, communication, and optical industries [11]. Compared to
other techniques like sputtering and molecular beam epitaxy,
electrodeposition offers advantages such as uniform, flaw-
free coatings at lower costs and under less stringent condi-
tions. Electroplating baths commonly use sulfate and chloride
solutions due to their economic advantages. As an example,
for Fe–Ni alloys is the Permalloy where Fe–Ni alloys possess
significant commercial value because of their magnetic prop-
erties and thermal expansion coefficient. For instance, the
Permalloy, Invar, and other Fe–Ni alloys are ideal materials
for all kinds of microelectromechanical system devices [12,13].
Adding Nickel(II)chloride (NiCl2) to sulfate baths enhances
solution conductivity and Ni anode dissolution, while chloride
baths, although producing harder andmore stressed coatings,
offer higher current efficiencies due to the catalytic effect of
chloride ions [14–17]. Boric acid is often added to these baths
to improve current density range, coating appearance, and
reduce brittleness by acting as a buffer, thus preventing pH
rise at the cathode surface [18–22]. Citric acid is also used as a
complexing agent in Ni–Fe electroplating baths, forming
stable complexes with Fe3+, Ni2+, and Fe2+ ions. However, its
addition can decrease current efficiency by increasing the
cathode surface pH, leading to hydroxide layer formation
[23–25]. Despite this, citric acid’s complexing effect can shift
the reduction potential of Ni–Fe alloys, increase the diffusion-
limited current, and enhance nucleation rates. The global
shift toward renewable energy technologies, particularly
solar cells, necessitates the development of efficient, storable,
and transportable energy carriers. Among various alterna-
tives, hydrogen stands out as a clean, high-energy-density
fuel with the potential to replace fossil fuels across multiple
sectors. As the most abundant element on Earth, hydrogen
can be sustainably generated through water electrolysis, pro-
vided that the hydrogen evolution reaction (HER) is catalyzed
efficiently. Recent advancements have focused on developing
highly active and stable electrocatalysts, particularly in alka-
line media, to enhance the reaction performance. Alloy-based
electrodes have shown promise due to their synergistic

catalytic properties, offering improved charge transfer and
surface kinetics [26,27]. Despite considerable progress, the
overall efficiency and yield of hydrogen production remain
below the thresholds required for large-scale industrial
deployment. This limitation highlights the urgent need for
further innovation in catalyst design, nanostructuring, and
interfacial engineering to maximize hydrogen output. Enhan-
cing H2 generation efficiency not only boosts the viability of
water-splitting technologies but also accelerates the imple-
mentation of hydrogen as a mainstream energy vector in
fuel cells, grid storage systems, and industrial applications
[22]. Therefore, optimizing this systems is a critical step
toward realizing a hydrogen-powered future in the context
of global decarbonization efforts. This enhancement can be
attributed to the transformation of transition metal com-
pounds into their active oxide forms [28,29], as shown in
manganese-based photocathodes and nanocomposites
[30,31]. Herein, in this study, electrochemical deposition of
iron, nickel, and their binary alloys onto brass substrates
was achieved using electrolytic baths containing 0.1M NiCl2,
0.1M NiSO4, and varying concentrations of FeCl3. Succinic acid
was identified as themost effective additive for stabilizing the
deposition process and improving coating quality. Structural,
morphological, and electrochemical characterizations were
performed using various techniques. EDX analysis confirmed
alloy compositions including (8Ni–45Cu–0.3Fe–34.7Zn–12O),
(15Ni–36Cu–4Fe–30Zn–15O), (60Ni–14Cu–3Fe–21Zn–2O),
(18Ni–63Cu–8Fe–10Zn–1O), and (70Ni–7Cu–18Fe–4Zn–1O). Addi-
tionally, a thermally oxidized alloy synthesized at 950°C yielded
a mixed oxide composition of (52Ni–8Fe–5Cu–4Zn–31O). X-ray
diffraction (XRD) patterns revealed dominant alloy phases
alongsideminor oxide components, providing insights into crys-
tallographic structure and phase distribution. Surface mor-
phology studies indicated that increased concentrations of
Ni2+ and Fe3+ resulted in more aggregated and rougher surface
textures compared to deposits enriched in Cu2+. Under alkaline
conditions, the Ni–Fe alloys demonstrated high catalytic activity
toward the HER, facilitating water molecule reduction and effi-
cient hydrogen gas evolution. The favorable hydrogen adsorp-
tion free energies on Ni–Fe active sites support their potential
as cost-effective, high-performance electrocatalysts for sustain-
able hydrogen production in diverse electrolyte systems.

1.1 Experimental details

NiCl2 (99%), nickel(II) sulfate (Ni2SO4 99%), sodium hydro-
xide (NaOH 99%), sodium sulfate (Na2SO4 99%), FeCl3
(99%), boric acid 99%, citric acid 99%, tartaric acid 99%,
succinic acid 99% (Sigma Aldrich), and (77Cu-33Zn) Foil
(Sigma Aldrich 99.99%).
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1.2 Samples characterization

The scanning electron microscope (SEM) analysis was per-
formed using a Quanta 250 FEG microscope (FEI Company,
Eindhoven, Holland), and the chemical compositions were
carefully examined using the accompanying energy-disper-
sive X-ray unit (EDX). For quantitative analysis, the XRD
charts of the deposited alloys were assessed using a Phillips
model PW 1730 X-ray generator, a PW 1716 diffractometer,
and a PW 1050/25 detector. A copper (Cu) anode with a wave-
length of 0.154 nm was utilized, with an ascending voltage of
40 kV, a current of 35mA, and a scanning rate of 0.02 within a
2θ angle range of 10° to 80°. To study the binding energy and
ion valence state of the specimens, X-ray photoelectron spec-
troscopy (XPS) was carried out using a Thermo ESCALAB 250

Xi instrument. Survey spectra were recorded over a range of
0–1,100 eV for each composition. Additionally, high-resolution
spectra were obtained for the 2p1/2 and 2p3/2 levels of Fe, Ni,
and Zn, as well as for the 1s level of oxygen.

1.3 Electrodeposition of Ni–Fe alloy

Cyclic voltammetry results indicate that, in comparison to
other additives, succinic acid emerges as the most effective
additive. Figure 2a–d displays cyclic voltammograms for a
solution containing both Ni and Fe ions that were measured
using an electrochemical cyclic voltammetry technique. The
scan rate used was 50mV·s−1, and the potential range was
−2.0 to +2.0 V. The purpose of the experiment was to

Figure 1: Electrochemical cyclic voltammetry of NiCl2, NiSO4, and FeCl3 dissolved in distilled water electrolyte where (a) 0.1MNiCl2, 0.1MNiSO4, and (0.008–0.04) M
FeCl3; (b) 0.1MNiCl2, 0.1MNiSO4, 0.008M FeCl2(S1), and S1with 0.01Mof tartaric acid; (c) S1 with (0.01 to 0.03)M of citric acid; (d) S1 and (0.01–0.04)M of succinic acid;
and (e) S1 and S1 with 0.01M of citric acid, 0.01M succinic acid, 0.01M boric acid, and 0.01M tartaric acid at 50 mV s−1 and room temperature.
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Figure 2: EDX spectra of Ni–Fe–Cu–Zn–O alloys: (a) Alloy I, (b) Alloy II, (c) Alloy III, (d) Alloy IV, (e) Alloy V, (f) the corresponding alloy oxide, and (g) cross-
sectional analysis of Alloy IV.
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determine the appropriate current and potential for the elec-
trodeposition process. A double jacket cell was used, which
contained Pt electrodes as working and counter electrodes
and a saturated calomel electrode as a reference electrode.
The solution used in the experiment contained NiCl2, NiSO4,
and FeCl3 dissolved in a distilled water electrolyte. The results
presented in Figure 2a–d show the cyclic voltammograms
obtained for this solution under the given experimental con-
ditions. The information obtained from these measurements
can be used to determine the optimal conditions for electro-
deposition of Ni and Fe ions from this solution. Table 1 shows
the effects of different experimental conditions on the elec-
trochemical behavior of Ni–Fe alloys with additives (a) 0.1M
NiCl2, 0.1M NiSO4, and (0.008–0.04) M FeCl3; (b) 0.1M NiCl2,
0.1M NiSO4, 0.008M FeCl2(S1), (S1) with 0.01M of tartaric acid;
(c) (S1) with (0.01–0.03)M of citric acid; (d) (S1) with (0.01–0.04)
M of succinic acid; and (e) S1 with 0.01M of citric acid, S1 with
0.01M succinic acid, S1 with 0.01M boric acid, and S1 with
0.01M tartaric acid) at 50mV·s−1 and room temperature.

1.3.1 Determine the best concentration of Ni and Fe

It seems that Figure 1a shows the effects of different experi-
mental conditions on the electrochemical behavior of Ni,
Fe, and Ni–Fe alloys. In this figure, it was observed that
increasing the concentration of Fe led to an increase in the
reduction potential peak of Fe and Ni EpcIron = (−0.34 to −0.42)
V, Epc Nickel = (−1.2 to −1.7) V, respectively, but a decrease in the
reduction potential peak of Ni–Fe alloy Epc Alloy = (−1.15 to
−0.96) V. The optimal condition for electrodeposition of Ni–Fe
alloy was found to be a sample containing (0.008M Fe and
0.2M Ni) (S1). This sample showed a shift in the reduction

potential peak of about 103mV and an increase in the inten-
sity of the reduction current peak of about 0.2mA compared
to the sample containing 0.2M Ni and 0.04M Fe alloy, where
Ipc Alloy = (−0.6 to −0.8) mA.

1.3.2 Effect of tartaric acid

In Figure 1b, the effect of tartaric acid on the electroche-
mical behavior of Ni, Fe, and Ni–Fe alloys was studied. It was
observed that the presence of tartaric acid led to an increase
in the intensity of the current reduction peak of Fe Ipc Iron =

(−1.2 to −2.2) mA, and a shift in the electrodeposition process
for Ni–Fe alloy to more positive potentials Epc Iron = (–0.5 to
–0.34) V. The electrodeposition process for Ni–Fe alloy starts
at around Epc Alloy = –0.86 V, at more positive potentials than
in the absence of tartaric acid Epc Alloy = −0.99 V. Figure 1b
shows a broad reduction peak for alloy where current reduc-
tion peak of alloy increases Ipc Alloy = (−7 to −16.5) mA. From
Figure 1b, we observed that the sample with tartaric acid has
the ability to produce higher hydrogen evaluation than the
sample without tartaric acid.

1.3.3 Effect of citric acid

According to Figure 1c, the addition of citric acid to the
electrolyte solution led to an increase in the intensity of
the current reduction peak of Fe Ipc Iron = (−1 to −1.8) mA at
an iron reduction potential peak of Epc Iron = −0.45 V. The
best concentration of citric acid was found to be 0.01 M, as
this concentration resulted in an increase in the intensity
of the current reduction peaks of both Fe and Ni–Fe alloy.

Table 1: Effects of different experimental conditions on the electrochemical behavior of Ni–Fe alloys with additive

Figure 1 Samples Start Epc Alloy (V) Max Ipc Alloy (mA) Optimum sample

Figure 1a 0.1M NiCl2 + 0.1M NiSO4 + 0.008M FeCl3(S1) −1.05 −0.8 S1
0.1M NiCl2 + 0.1M NiSO4 + 0.02M FeCl3 −0.96 −0.6
0.1M NiCl2 + 0.1M NiSO4 + 0.04M FeCl3 −1.1 −0.48

Figure 1b S1 −1.05 −0.8 S1 + 0.01M tartaric acid
S1 + 0.01M tartaric acid –0.86 −16.8

Figure 1c S1 −1.05 −0.8 S1 + 0.01M citric acid
S1 + 0.01M citric acid −0.99 16.4
S1 + 0.03M citric acid −0.99 18.2

Figure 1d S1 −1.05 −0.8 S1 + 0.01M succinic acid
S1 + 0.01M succinic acid −0.77 −18
S1 + 0.04M succinic acid −0.83 −16.3

Figure 1e S1 −1.05 −0.8 S1 + 0.01M succinic acid
S1 + 0.01M tartaric acid –0.86 −16.8
S1 + 0.01M citric acid −0.99 16.4
S1 + 0.01M succinic acid −0.77 −18
S1 + 0.01M boric acid −0.84 −5
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1.3.4 Effect of succinic acid

Based on Figure 1d, it was observed that an increase in the
concentration of succinic acid resulted in an increase in
the intensity of the current reduction peak of Fe at an iron
reduction potential peak of Epc Iron = −0.504 V. The optimal
concentration of succinic acid was found to be 0.01 M, as it
resulted in an increase in the intensity of the current
reduction peaks of Ni–Fe alloy, specifically a change in
Ipc alloy = (−8 to −16.5) mA and in Epc alloy = (−1.15 to −0.81)
V than other concentrations of succinic acid.

1.4 Preparation of photoelectrode

The Ni–Fe/brass composite material that was synthesized
is utilized as a photoelectrode for the water splitting reac-
tion (Figure 1(e)). Additionally, the oxides of this alloy,
obtained through a combustion process at 950°C for
20 min, are employed as photoelectrodes for hydrogen gen-
eration. The hydrogen generation experiments are con-
ducted using a 0.2M Na2SO4 electrolyte solution, and a solar
simulator emitting light at an intensity of 400mW·cm−2 is
employed as the light source. The applied potential ranges
from −1.2 to 1 V at room temperature.

2 Results and discussion

2.1 Electrodeposition process and alloy
synthesizing

EDX spectra are shown in Figure 2a–g for Ni–Fe–Zn–Cu–O
alloys synthesized in distilled water containing (a) Alloy(I),
(b) Alloy(II), (c) Alloy(III), (d) Alloy(IV), (e) Alloy(V), (f) Alloy-
oxide after deposited and combustion at 950°C for 20 min

and (g) is a cross section of alloy(V). The chemical composi-
tions of the examined samples are shown in Table 2. All the
spectra show only Fe, Ni, Cu, and Zn and signals without
any impurity traces from the used chemicals, which indi-
cate the high purity of the deposited Ni/Fe alloys spectra of
Ni–Fe–Zn–Cu–O alloys. The alloys were synthesized in dis-
tilled water and various samples were analyzed. The
results are presented in Figure 2, with panels (a) to (g)
corresponding to different samples. In Figure 2a, the EDX
spectrum represents Alloy(I), which was synthesized in dis-
tilled water. Similarly, Figure 2b corresponds to Alloy(II),
Figure 2c corresponds to Alloy(III), Figure 2d corresponds to
Alloy(IV), Figure 2e corresponds to Alloy(V), Figure 2f repre-
sents the EDX spectrum of the Alloy-oxide after deposition
and combustion at 950°C for 20 min, and Figure 2g shows a
cross-section of Alloy(V). The chemical compositions of the
examined samples are provided in Table 2. The elements
detected in all the spectra are Fe, Ni, Cu, and Zn. No
impurity traces from the used chemicals were observed,
indicating the high purity of the deposited Ni/Fe alloys. The
surface morphology of deposited alloys was studying by a
SEM. The study involves two different Ni/Fe alloys formed
on the surface of a Cu–Zn foil from distilled water. Addi-
tionally, there is mention of an alloy oxide formed after
heat treatment at 950°C for 20min. Figure 3a shows the
SEM image of Alloy(I) on the Cu–Zn foil surface, Figure
3b shows the SEM image of Alloy(II) on the Cu–Zn foil sur-
face, Figure 3c shows the SEM image of Alloy(III), shows the
Figure 3d SEM image of Alloy(IV), Figure 3e shows the SEM
image of Alloy(V), Figure 3f shows the SEM image of Alloy
oxide formed after heat treatment at 950°C for 20 min, and
Figure 3g shows the cross-section image of Alloy(V). It is
stated that the morphology of the alloy can be reformed
by governing its chemical composition. In Figure 3a, the
Alloy(I) is characterized by spherical grain particles with
low density. This is attributed to a low deposition ratio of
Nickel and Iron in the alloy formation process. Moving to
Figure 3b, Alloy(II) shows a slight increase in the deposition
ratio of Nickel and Iron compared to Alloy(I). The addition of

Table 2: Chemical compositions of nano crystalline Ni–Cu–Fe–Zn alloys obtained from EDX analysis where (S1) is 0.1M (NiCl2 + NiSO4) + 0.008M FeCl3

Sample Bath composition Additives Ni% Cu% Fe% Zn% O% Applied potential (V) Case of alloy

A (S1) Non 8 45 0.3 34.7 12 −1.05 Alloy(I)
B (S1) 0.01M boric acid 15 36 4 30 15 −0.85 Alloy(II)
C (S1) 0.01M citric acid 60 14 3 21 2 −1 Alloy(III)
D (S1) 0.01M tartaric acid 18 63 8 10 1 −0.86 Alloy(IV)
E (S1) 0.01M succinic acid 70 7 18 4 1 −0.77 Alloy(v)
F (S1) 0.01M succinic acid 52 5 8 4 31 −0.77 Alloy-oxide
G (S1) 0.01M succinic acid 70 7 18 4 1 −0.77 Section of alloy(V)
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boric acid leads to an increased number of deposited particles
in Nickel and Iron, resulting in a slightly higher deposition
ratio. Figure 3c demonstrates the significant effect of citric
acid in the deposition process, particularly in Nickel

deposition. There is a noticeable improvement in the deposi-
tion of Nickel, as well as a slight enhancement in the deposi-
tion of Iron. However, some agglomeration is observed
between the particles of Iron and Nickel, indicating a possible

Figure 3: SEM images of Cu–Fe–Ni–Zn–O alloys: (a) Alloy I, (b) Alloy II, (c) Alloy III, (d) Alloy IV, (e) Alloy V, (f) the corresponding alloy oxide, and (g) cross-
sectional view of Alloy V.

Enhanced electrochemical synthesis of Ni–Fe/brass foil alloy  7



interaction or collection between them. Figure 3d showcases
the influence of tartaric acid, which has a very good effect on
Iron deposition and a good effect on Nickel deposition. The
result is a well-distributed composition between Iron and
Nickel in the thin film. The presence of small overlapping
grains indicates a good quality of deposit, suggesting a desir-
able structure for the alloy. Moving on to Figure 3e, Alloy(V)
stands out as the best sample among the presented images. It
contains the highest ratio of Nickel and Iron. Additionally, it
exhibits a high number of bonds, resembling a thread mesh
structure. This indicates a strong interconnectivity within the
alloy and suggests a structurally robust composition. The per-
cent composition of the Ni–Fe alloy in the thin film becomes
dominant, contributing to the enhanced strength and struc-
tural integrity. Figure 3f focuses on the alloy oxide formed
after heat treatment. Following the determination that Alloy
(V) is the best sample, heat treatment is performed at 950°C.
The SEM image shows clear small granular crystals of Ni–Fe
metal uniformly deposited on the surface of the Cu–Zn sub-
strate. This result suggests good adhesion between the Ni–Fe
deposit and the Cu–Zn substrate, indicating a strong interface
between the two materials. Finally, Figure 3g displays the
cross-section of Alloy(V), offering insight into the thickness
layer of the alloy. The image indicates a very good thickness
distribution, highlighting the effectiveness of the deposition
process in achieving a uniform and controlled thickness for
the alloy. Taken together, the SEM images provide valuable
information about the influence of deposition conditions and

chemical compositions on themorphology and characteristics
of the Ni/Fe alloys. The variations observed in grain size,
density, distribution, and structural integrity underscores
the importance of carefully controlling the deposition para-
meters to tailor the alloy properties according to desired spe-
cifications. Alloy(V) exhibited a well-defined network and
fibrous morphology, with individual fiber diameters ranging
from approximately 200 to 250 nm. This unique structure
significantly enhances the surface area, which is highly ben-
eficial for the HER. In contrast, Alloys(I) through (IV) primarily
displayed radial particle morphologies, with particle dia-
meters decreasing from around 500 nm in Alloy(I) to approxi-
mately 200 nm in Alloy(IV). Although Alloy(IV) shares a com-
parable particle size with Alloy(V), the latter demonstrates
superior catalytic potential due to its interconnected fiber
network and improved structural uniformity. These morpho-
logical features of Alloy(V) are believed to facilitate better
charge transfer and active site exposure, thereby enhancing
the efficiency of H2 gas generation.

2.2 Structural properties of the prepared
nanomaterials

The structural properties of the prepared nanomaterials,
before (alloys) and after the combustion process, were
investigated using XRD. Figure 4 shows XRD charts for

Figure 4: XRD charts for the alloy prepared from where Alloy(V) is, Alloy oxide is Alloy(V) after combustion at 950°C for 20 min.
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Alloy(V) alloys deposited from different solutions of nickel
and iron. Figure 4 displays the XRD pattern for the alloy
prepared from the electrolyte: 0.1M NiCl2, 0.1M NiSO4,
0.008M FeCl3 (S1) with 0.01M succinic acid (Alloy V), and
after combustion at 950°C (Alloy oxide). Figure 4 clearly
demonstrates the polycrystalline nature of all deposited
Ni/Fe-based films. For the Alloy(V), peaks related to the
Ni/Fe alloy were observed at 2θ = 43.42° (111), 50.52° (200),
and 74.21° (220) planes, corresponding to CuNi crystals
(JCPDS card No. 00-009-0205); a peak at 2θ = 43.28° (101)
for Zn crystals (JCPDS card No. 00-004-0784); peaks at 2θ =

44.47° (110), 52.73° (200), and 76.01° (211), corresponding to
Fe crystals (JCPDS card No. 01-081-8767); a peak at 2θ =

43.25° (200) for NiO crystals (JCPDS card No. 04-0835) [32],
peaks at 2θ = 35.65° (012), 43.24° (104), and 60.99° (110)
corresponding to CuFeO₂ nanoparticles (JCPDS card No.
75-2146). These peaks confirm the presence of Ni/Fe alloy
phases. For the alloy oxide after combustion, peaks were
observed at 2θ = 30.24° (220), 35.58° (311), 36.35° (222), 43.71°
(400), 53.54° (422), 57.12° (511), 62.91° (440), 66.20° (531),
75.28° (533), and 79.34° (444), corresponding to (Fe0.8·Zn0.2)
(Ni0.6·Cu0.2·Fe1.2)O4 spinel oxide structure (JCPDS card No.
01-081-8585); peaks at 2θ = 37.23° (111), 43.25° (200), 62.82°
(220), 75.28° (311), and 79.43° (222) for NiO crystals (JCPDS
card No. 04-0835); and peaks at 2θ = 30.32° (220), 35.52° (311),
37.19° (222), 43.25° (400), 51.30° (511), 62.94° (440), and 75.38°
(533) for CuFe2O4 (JCPDS card No. 00-025-0283). These
results indicate that the final oxide material is a multi-
metal oxide system comprising Cu, Ni, Zn, and Fe inte-
grated into a spinel-like structure.

2.3 XPS

The XPS spectrum presented in Figure 5a–h clearly indi-
cates the presence of several elements, including Ni, Cu, Fe,
Zn, and O in the alloy. This observation is consistent with
the elemental mapping results discussed earlier. In parti-
cular, Figure 5a and g represents Alloy(V), while Figure 5h
and n represents Alloy Oxide. Figure 5g and n shows dis-
tinct peaks centered at 1022.32 and 1045.40 eV, which can
be attributed to Zn2P species. Additionally, Figure 5c and j
displays peaks corresponding to CuLM2, and Figure 5f pro-
vides detailed XPS spectra of Cu2p. Figure 5d provides
detailed XPS spectra of Fe2p spectra, exhibit peaks at
712.5 eV, which can be assigned to Fe ions. Furthermore,
the spectrum in Figure 5b reveals high-resolution XPS
spectra of O1s, with peaks observed at 529.3, 531.27, and
532.22 eV. After fitting with Gaussian–Lorentzan functions,
three peaks are identified. The peak at 529.3 eV

corresponds to the lattice oxygen peak in the O1s spectrum
of polycrystalline NiO [33,34]. The provided information
suggests that in the Ni2p region, there is evidence of bulk
metal content supporting the compositional analysis pre-
viously discussed. In Figure 5e, the spectra of nickel display
a distinct and sharp peak, indicating the presence of
metallic nickel. The multiple structures observed in the
Ni2p spectra are identical to the spectra reported for NiO.
Moving on to Figure 5i, the O1s spectrum of metal oxides
displays two peaks. A low binding energy feature is
observed at 530.1 eV, which is attributed to the lattice
oxygen in metals oxide. Additionally, a high binding energy
(HBE) feature is observed at 531.5 eV. In the O1s spectrum of
different metal oxides including Cu–Fe–Ni–Zn oxide, the
lattice oxygen peak was found at 529.3 eV with an HBE
feature at 531.1 eV, as reported by researchers [33–37].
The HBE feature in the O1s spectrum is discussed in the
literature to arise from oxygen defects or adsorbed oxygen.
Furthermore, in summary, the features observed in the
XPS spectra provide evidence that the sample contains
Ni, Fe, Cu, and Zn. The high-resolution XPS spectra of O1s

were observed and fitted using Gaussian–Lorentzian func-
tions. In Figure 5k, the high-resolution XPS spectra of Fe2p
and O1s are displayed. The peaks observed at 724.18 and
709.42 eV can be associated with the characteristic signals
of Fe2p1/2 and Fe2p3/2, respectively. Additionally, two broad
peaks at 732.16 and 718.4 eV are attributed to satellite peaks
of Fe. The Fe2p3/2 peak can be further divided into three
distinct peaks at binding energies of 712.9, 710.65, and
709.43 eV, respectively, the presence of these three peaks
indicates the presence of Fe–O bonds. These results pro-
vide confirmation of the formation of iron oxide within the
sample. In Figure 5l, the XPS spectra of nickel exhibit well-
defined and sharp peaks, signifying the presence of nickel
in multiple oxidation states. The presence of a satellite
peak confirms the existence of NiO or another Ni2+ species.
Additionally, the observed chemical shifts in the 2p1/2A and
2p3/2A peaks indicate that nickel is present in distinct che-
mical environments. Figure 5m reveals important informa-
tion about the oxidation states of copper in the CuFe2O4

sample. Strong Cu2+ satellites can be observed at binding
energies of 942.5 and 962.5 eV, in addition to a peak at
934.3 eV. This indicates the presence of Cu2+ in CuFe2O4,
as reported in the literature [38,39]. Furthermore, based
on the relatively lower peak at 932.1 eV, it can be inferred
that there are Cu+ species on the surface of CuFe2O4 [40].
The XPS spectra provide strong evidence for the presence
of CuFeO2 in the sample. The Fe2p3/2 peak at 709.43 eV,
observed in Figure 5k, indicates the presence of Fe–O
bonds, consistent with iron oxide compounds. Addition-
ally, the Cu2p3/2 peak at 934.3 eV, along with satellite peaks
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Figure 5: XPS spectrum of the as-prepared Alloy(V): (a) survey spectrum of Ni–Cu–Fe–Zn–O, (b) binding energy spectrum of O(1S,ISA,B), (c) binding
energy spectrum of CuLM2, (d) binding energy spectrum of Fe2P, (e) binding energy spectrum of Ni2P(3/2,1/2), (f) binding energy spectrum of Cu2P(3/2,1/2),
(g) binding energy spectrum of Zn2P, (h) survey spectrum of alloy oxide for Ni–Cu–Fe–Zn–O, (i) binding energy spectrum of O(1S,ISA), (j) binding energy
spectrum of CuLM2, (k) binding energy spectrum of Fe2P(3/2,1/2), (l) binding energy spectrum of Ni2P(3/2,1/2), (m) binding energy spectrum of Cu2P(3/2,1/2),
and (n) binding energy spectrum of Zn2P.
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at 942.5 and 962.5 eV in Figure 5m, confirms the presence of
Cu²⁺ species. The lower peak at 932.1 eV further suggests
the existence of Cu+ species, which are characteristic of
CuFeO2. The O1s spectrum in Figure 5i shows peaks at
530.1 and 531.5 eV [35,37], corresponding to lattice oxygen
in metal oxides and oxygen defects, respectively, aligning
with the reported values for CuFeO2. Literature [38–40]
support these binding energies, specifically for the

coexistence of Cu+ and Cu2+ in the structure of CuFeO2.
Together, these findings indicate the formation of CuFeO2

within the sample, corroborating the XPS results with the
known chemical structure of CuFeO2. The XPS spectra
showed the presence of CuFeO2 in the sample. The Fe2p3/2
peak at 709.43 eV, observed in Figure 5k, indicates the pre-
sence of Fe–O bonds, consistent with iron oxide com-
pounds. Additionally, the Cu2p3/2 peak at 934.3 eV, along

Figure 5: (Continued)
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with satellite peaks at 942.5 and 962.5 eV in Figure 5m,
confirms the presence of Cu2+ species. The lower peak at
932.1 eV further suggests the existence of Cu+ species,
which are characteristic of CuFeO2. The O1s spectrum in
Figure 5i shows peaks at 530.1 and 531.5 eV, corresponding
to lattice oxygen in metal oxides and oxygen defects,
respectively, aligning with the reported values for CuFeO2.
Literature [38–40] support these binding energies, specifi-
cally for the coexistence of Cu+ and Cu2+ in the structure of
CuFeO2. Together, these findings indicate the formation of
CuFeO2 within the sample. The XPS analysis confirms the
formation of the Copper Nickel Zinc Iron Oxide compound
through the detection of Fe, Zn, Ni, Cu, and O in their
characteristic oxidation states. The Fe 2p spectrum exhibits
peaks at 724.18 and 709.42 eV [37], with satellite peaks at
732.16 and 718.4 eV, confirming Fe2+/Fe3+ oxidation states.
Zn2+ is identified by peaks at 1022.32 and 1045.40 eV, indi-
cating its substitution in the spinel lattice. Ni2+ is confirmed
by a peak at 855.6 eV, while Cu2+ is identified at 934.3 eV,
with satellites at 942.5 and 962.5 eV, suggesting Cu–Fe inter-
actions. The O1s spectrum exhibits a peak at 529.3 eV [33,34],
characteristic of metal-oxygen bonding in spinel structures.
The observed binding energy shifts confirm strong cationic
interactions, indicative of a mixed-metal oxide rather than
separate oxides. The fitting of Fe, Ni, Cu, and Zn peaks with
Gaussian–Lorentzian functions further supports their incor-
poration in a single-phase ferrite structure.

2.4 Open-circuit potentials measurements

In an alkaline medium such as 0.5 mol·L−1 NaOH, the OCP
reflects the equilibrium between anodic (e.g., metal oxida-
tion or dissolution) and cathodic (e.g., water or proton
reduction) surface processes [41,42]. A more negative OCP
signifies a surface that is more reducing, indicating that the
cathodic reaction specifically HER is thermodynamically
more favorable (Figure 6). Therefore, a material exhibiting
a lower (more negative) OCP is closer to the HER potential
and typically requires less overpotential to initiate
hydrogen evolution. In our study, Alloy(V) displayed the
most negative steady-state OCP among the five alloys
tested. This implies a higher driving force for electron
transfer to water molecules, thereby enhancing the ten-
dency for HER to occur on its surface. Additionally, the
more negative potential may also indicate a less stable or
thinner passive film, which facilitates electron availability
for HER instead of passivation [41,42]. In summary, the
significantly negative OCP observed for Alloy(V), combined
with its known composition and surface characteristics,

strongly suggests that it is electrochemically predisposed
to promote hydrogen generation, validating our conclusion
from the OCP measurements.

2.5 Electrocatalytic activities

The Cu–Fe–Ni–Zn–O alloy system demonstrates significant
potential for efficient hydrogen gas generation from alka-
line media, particularly NaOH solutions. This multimetallic
oxide alloy exhibits a synergistic catalytic behavior that
enhances the HER by offering a high density of active sites
and promoting rapid electron transfer. The presence of
nickel and copper oxides contributes to improved elec-
trical conductivity and catalytic activity, facilitating the
adsorption and reduction of water molecules. Meanwhile,
iron and zinc oxides modulate the electronic structure of
the surface, optimizing hydrogen adsorption energy and
enhancing overall reaction kinetics. In an alkaline NaOH
environment, the HER mechanism typically follows:ini-
tially, water molecules are reduced to form adsorbed
hydrogen intermediates (H*) and hydroxide ions. These
intermediates then combine either electrochemically
with another electron and water molecule to form
hydrogen gas or recombine directly. The redox-active
nature of the alloy, particularly through Fe3+/Fe2+ and
Ni3+/Ni2+ transitions, supports continuous electron cycling
and catalytic stability. Moreover, the mixed oxide structure
enhances corrosion resistance, allowing for long-term

Figure 6: Variation of the open-circuit potential with time for substrate of
Alloy(I, II, III, IV, V) immersed in stagnant aerated 0.5 mol·L−1 NaOH solu-
tion at 25°C.
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operation in harsh alkaline environments. Overall,
Cu–Fe–Ni–Zn–O alloys offer a robust, cost-effective plat-
form for green hydrogen generation. HERs can occur in
alkaline mediasuch as (NaOH), and the electrochemical
polarization (ECP) mechanism plays a crucial role in this
case. The HER also proceeds through an ECP mechanism. In
an alkaline medium, the hydroxide ions (OH−) are the
source of protons for the HER. The overall reaction (2OH−

+ 2e− → H2O + 2OH− → H2 + 2O2−). Here, two hydroxide ions
(OH−) are reduced to produce water (H2O) and generate
hydrogen gas (H2) as a product. The reaction proceeds
through a similar series of steps. Hydroxide ions are
adsorbed onto the electrode surface, followed by electron
transfer to form adsorbed hydroxyl radicals (OH*) [42].
These radicals then combine to form water and release
hydrogen gas. In an alkaline media, the ECP mechanism
governs the HER and involves the adsorption, electron
transfer, and desorption of species on the electrode sur-
face. The kinetics and efficiency of the HER in each
medium can be influenced by factors such as the electrode
material, electrolyte concentration, temperature, and
applied potential. Understanding the HER in alkaline
medium is crucial for various applications, including
hydrogen fuel cells, electrolyzers, and renewable energy
storage. By studying the ECP mechanisms in an alkaline
medium, researchers can develop efficient electrocatalysts
and optimize operating conditions for hydrogen produc-
tion. In summary, HERs using the electrochemical polari-
zation (ECP) mechanism occur in an alkaline (NaOH)
medium. hydroxide ions are reduced in the alkaline
medium [42].

The electrocatalytic activity of Cu−Fe−Ni−Zn−O cath-
odes with varying percentages of Ni and Fe was investi-
gated for HERs in 1M NaOH solution. The experiment
involved calibrating the measured potential with respect
to the NHE using the Nernst equation. The experimentally
measured potential versus Ag/AgCl, EAg/AgCl, was calibrated
with respect to the NHE (normal/standard hydrogen elec-
trode), ENHE, according to the Nernst equation [42]. Figure
7(a) shows the data, indicating that Alloy(V) exhibits higher
activity for HER compared to Alloy(I, II, III, IV). The rate of
HER is directly proportional to the cathodic current den-
sity, and Alloy(V) demonstrates the highest current density
for hydrogen production, measuring 1.57 A·cm−2 at a poten-
tial of 2.506 V in alkaline medium (1M NaOH). The
enhanced activity of Alloy(V) can be attributed to its nano-
porous structure, which provides a higher surface area to
volume ratio. Additionally, the synergistic combination of
Cu, Ni, Fe, Zn, and O in Alloy(V) contributes significantly to
its HER activity. The increased content of iron and nickel in
the alloy may also enhance the hydrogen evolution rate
due to the structural and morphological properties, such
as the reticular form of Alloy(V) and the presence of nano-
granular structures on the surface, which result in a rough
and high surface area. In the case of Alloy(I), it exhibits the
lowest HER production rate as it has the lowest ratio of Ni
and Fe in its structure and on its surface. Table 3 provides
estimated current densities for different electrodes at var-
ious potential values and in different mediums. The results
from Figure 7 and Table 3 indicate that an increase in Fe%
and Ni% leads to higher current density and, consequently,
an increased rate of hydrogen production. Furthermore,

Figure 7: Cathodic polarization for electrodeposited Alloy(I, II, III, IV, V): (a) immersed in stagnant aerated (1 mol·L−1) NaOH solution at 25°C, NHE
(normal/standard hydrogen electrode), (b) relation between time (s) and current density (mA·cm−2) to study the stability of Alloy(I).
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applying higher potentials also increases the rate of
hydrogen production, as mentioned in the literature [42].
In summary, the findings suggest that Alloy(V) is the most
effective for HER, exhibiting higher current densities in
alkaline mediums. Figure 7(b) shows the stability and
hydrogen production efficiency of the alloy in 1M NaOH
over time. The current density gradually increases and
stabilizes around 1.2 A·cm−2, indicating consistent electro-
chemical performance. This stable current density reflects
the alloy’s ability to produce hydrogen efficiently through
the HER. The absence of significant drops in current den-
sity suggests excellent chemical and structural stability of
the alloy, even in a highly alkaline environment. Minor
fluctuations observed in the graph are likely caused by
gas bubble formation during the HER process, which is a
typical phenomenon. Despite these fluctuations, the alloy
maintains its activity, proving its reliability for long-term
use. This high stability and hydrogen production efficiency
make the alloy suitable for water splitting applications.
Overall, the results highlight the alloy’s potential as a dur-
able and effective hydrogen evolution catalyst.

2.6 Electrochemical impedance
spectroscopy (EIS) analysis

EIS was employed to validate the electrochemical polariza-
tion (ECP) measurements and to investigate the HER
kinetics of the electroplated Ni–Fe alloys deposited on
brass foil. The EIS measurements were conducted using a
galvanostat/potentiostat frequency analyzer coupled with
an Autolab 10 potentiostat (Radiometer PGZ100) controlled
by software version 4. Figure 8a displays the Nyquist plots
for Alloy(I), Alloy(II), Alloy(III), Alloy(IV), and Alloy(V),
recorded at potentials relevant to hydrogen evolution. All
the investigated alloys exhibited depressed capacitive
semicircles, which are characteristic of non-ideal electro-
chemical interfaces, possibly due to surface roughness or
heterogeneities in the alloy coatings. The diameter of the
semicircles, which corresponds to the charge transfer
resistance (Rct), varied significantly among the different
alloy electrodes. A smaller semicircle radius indicates a
lower Rct and thus reflects more rapid electron transfer
kinetics and superior electrocatalytic activity toward the
HER. Among the tested electrodes, Alloy(V) displayed the
smallest semicircle diameter, indicating the lowest Rct and
therefore the most efficient catalytic behavior for
hydrogen evolution, while Alloy(IV) also demonstrated
excellent HER activity but was slightly less efficient than
Alloy(V). In contrast, Alloy(I) and Alloy(II) exhibited the lar-
gest semicircle diameters, implying higher Rct values and
slower HER kinetics. Moreover, the Warburg impedance
(σ), evident as a linear slope at lower frequencies, revealed
mass transport effects associated with hydrogen ion diffu-
sion and gas bubble detachment at the electrode surface;
lower σ values suggest enhanced diffusion processes and
fewer transport limitations during HER. Repeated EIS

Table 3: Values of H2 evolution rate of deposited Cu–Fe–Ni–Zn–O alloys
dipped in 1 mol L−1NaOH solution at 25°C

Materials I−2.506V
(A·cm−2)

I−2.3V
(A·cm−2)

I−2.1
V

(A·cm−2)

I−1.9V
(A·cm−2)

I−1.7V
(A·cm−2)

Medium NaOH NaOH NaOH NaOH NaOH
Alloy(I) −0.61 −0.54 −0.48 −0.41 0.29
Alloy(II) −0.95 −0.78 −0.61 −0.44 0.34
Alloy(III) −0.91 −0.82 −0.72 −0.61 0.54
Alloy(IV) −1.35 −1.2 −1.06 −0.90 0.75
Alloy(V) −1.57 −1.38 −1.17 −0.96 0.75

Figure 8: (a) Nyquist plots of electroplated Ni–Fe/Brass foil alloy electrodes (Alloy I, II, III, IV, and V), (b) chronoamperometry stability test for Alloy V.
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measurements under prolonged HER conditions revealed
that Alloy(V) and Alloy(IV) maintained consistent Nyquist
plots with negligible changes in semicircle diameter, con-
firming their excellent electrochemical stability during
hydrogen production. Conversely, Alloy(I) and Alloy(II)
showed increases in semicircle diameters upon repeated
cycling, indicating a progressive increase in Rct and sug-
gesting possible surface degradation or loss of active catalytic
sites. Thus, Alloy(V) emerged as the most promising electro-
catalyst among the studied Ni–Fe alloys, combining the lowest
Rct, minimal Warburg impedance, and high operational
stability, which are all critical parameters for efficient and
durable HER performance. A comparative summary of the
measured electrochemical parameters for all alloys is pre-
sented in Table 4, highlighting the superior performance of
Alloy(V) in terms of both activity and stability.

To further verify the electrochemical stability of Alloy
(V) during the HER, a chronoamperometric measurement
was conducted by recording the current density as a func-
tion of time under a constant applied potential corre-
sponding to HER conditions. Figure 8b shows the curren-
t–time curve for Alloy(V), the experiment revealed an
initial rapid decrease in current density during the first
few seconds, which is commonly attributed to double-layer
charging, surface restructuring, and the removal of
adsorbed hydrogen bubbles from the electrode surface,
all of which contribute to stabilizing the electrode–electro-
lyte interface. Following this brief initial transient, the cur-
rent density plateaued and remained nearly constant at
approximately 80.0 mA·cm−2 over an extended period
exceeding 4,000 s, with only minimal fluctuations within
±0.5 mA·cm−2. This steady-state behavior indicates that
Alloy(V) maintains its catalytic activity without significant
degradation, dissolution, or loss of active sites during pro-
longed HER operation. Such stability is critical for practical
applications, as it ensures sustained hydrogen production
efficiency over time. The chronoamperometric results are
consistent with the EIS measurements, where Alloy(V)
exhibited the lowest charge transfer resistance (Rct) and
the smallest Warburg impedance coefficient (σ),

confirming both its high intrinsic catalytic activity and its
durability under electrochemical stress. Therefore, the
combination of low Rct, minimal diffusion limitations,
and excellent current retention during long-term HER elec-
trolysis positions Alloy(V) as a highly promising and stable
electrocatalyst for hydrogen production applications.

2.7 Effect of light intensity on the alloy oxide
as a photodetector

The effect of light intensity on the photodetection capabil-
ities of the Cu–Fe–Ni–Zn–O burning NPs alloy material was
investigated. The tests were conducted using a solar simu-
lator with a power density of 400mW·cm−2 in solution of
0.2M Na2SO4. The current density (Jph) values were mea-
sured under both dark and light conditions. In the absence
of light, the Jph value was found to be 23 mA·cm−2 at poten-
tial 1 V, as shown in Figure 9, while under light conditions,
it significantly increased to 68.45 mA·cm−2 at potential 1 V.
The high current density under light exposure is primarily
due to the photoexcitation of electrons. Upon illumination,
the alloy oxide absorbs photons, which excite electrons
from the valence band to the conduction band, generating
electron–hole pairs (e⁻–h⁺) [43,44]. This absorption can be
attributed to the composition of the alloy oxide, which
includes materials like NiO and CuO, known for their
ability to harness visible light effectively and for photo-
catalytic applications. Efficient charge separation and
minimized recombination is critical for achieving high
photocurrent.

Table 4: EIS parameters and HER performance comparison of Ni–Fe/
brass alloys

Alloy Rs (Ω) Rct (Ω) σ (Ω·s−1/2) HER performance

Alloy(V) 2.1 18.2 6.5 Excellent
Alloy(IV) 2.3 24.7 8.3 Very good
Alloy(III) 2.0 35.9 10.9 Moderate
Alloy(II) 2.5 45.2 13.7 Poorer
Alloy(I) 2.4 52.8 15.4 Poorest

Figure 9: Effect of light intensity on the alloy oxide Cu–Fe–Ni–Zn–O.
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The alloy composition with Ni, Cu, and Fe can enhance
charge separation and prolong the life of photogenerated
carriers. For instance, Fe and Ni sites can trap holes tem-
porarily, thus helping maintain separated e⁻–h⁺ pairs and
reducing recombination [43], [44]. This process can be
facilitated further by the layered microstructure observed
in alloys with rough and agglomerated surfaces, as these
can increase the surface area and provide additional active
sites for hydrogen evolution. Alloy oxide composition and
structure also play an essential role in charge transport.
Nickel and copper oxides, for example, have suitable band
gaps for visible light absorption, enhancing the alloy’s cap-
ability to act as a photoelectrode under solar conditions.
This substantial increase in Jph when exposed to light indi-
cates that the Cu–Fe–Ni–Zn–ONPs alloy material is an effi-
cient photodetector.

2.8 Conclusion

Different characterization techniques confirmed the struc-
tural and electrochemical properties of the prepared Ni–Fe
alloys. Cyclic voltammetry revealed that the optimal Fe/Ni
ratio resulted in the thickest alloy layer, while succinic acid
significantly enhanced deposition efficiency lowering the
reduction potential to –0.77mV and increasing the peak cur-
rent to –18mA. EDX analysis confirmed the high purity of the
electrodes. Electrochemical testing using ECP showed that
Alloy(V) achieved the highest hydrogen evolution activity,
with a current density of 1.57 A·cm−2 at 2.506 V in 1M NaOH,
highlighting its efficiency as an HER electrocatalyst.
Additionally, the thermally oxidized alloy showed excellent
performance as a photodetector, achieving a photocurrent
density of 68.45mA·cm−2 under 400mW·cm−2 illumination.
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