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Soufiane Skakri, a Anas El Attar,ab Saad Benhaiba, a Badr Bouljoihel,‡a
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In the race to develop new catalysts for water splitting, researchers are increasingly focusing on the design

of cost-effectivematerials, particularly first-row transitionmetals. Nickel and copper catalysts are promising

candidates due to their low cost and excellent compatibility. Herein, for the first time, the electrochemical

synthesis of Ni–Cu-based nanomaterials reinforced with a para-phenylenediamine (pPD) layer for the HER

is reported. A very simple method involving the electrodeposition of a pPD layer on a carbon paste

electrode (CPE), followed by the electrodeposition of Ni–Cu particles at a constant current to form

Ni4Cu1/pPD/CPE, was employed. The morphological, structural and electrochemical properties of the

catalyst were thoroughly characterized using several techniques such as field-emission scanning

electron microscopy (FE-SEM), X-ray diffraction (XRD), cyclic voltammetry (CV) and electrochemical

impedance spectroscopy (EIS). The catalytic performance and stability of the catalyst were evaluated in

a 1 M KOH solution using linear sweep voltammetry and chronoamperometry, respectively. The prepared

Ni4Cu1/pPD/CPE electrocatalyst exhibited high activity toward HER in an alkaline medium, achieving

a very low overpotential of −70 mV vs. RHE at 10 mA cm−2 and a value of 87 mV dec−1 for Tafel slope.

The results indicate that the prepared Ni4Cu1/pPD/CPE electrocatalyst is a highly promising catalytic

material for effective green hydrogen production.
Introduction

With the tremendous increase in the global population and the
continuous advancement of various technologies, the world-
wide demand for energy consumption has escalated, leading to
a critical challenge in meeting human energy needs.1 Currently,
fossil fuels are the primary source of energy; however, their
usage releases numerous pollutants into the environment and
contributes to future challenges such as greenhouse gas emis-
sions, CO2 emissions, and global warming.2 The development of
clean energy technology, such as water splitting, has emerged as
a promising strategy for producing green hydrogen.3,4 The HER
generally requires three stages in alkaline solutions.5 The rst is
the Volmer reaction, also known as electrochemical hydrogen
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adsorption: H2O + M + e− /MHads + OH−. In this step, a water
molecule dissociates, producing a hydroxide ion and hydrogen
adsorbed on the catalyst surface. The second step is electro-
chemical desorption, or the Heyrovsky reaction, in which the
hydrogen adsorbed during the Volmer step is discharged with
an electron at the electrode–solution interface, leading to the
formation of hydrogen gas (H2). Finally, the third step is
chemical desorption, known as the Tafel reaction, where two
adsorbed hydrogen atoms formed during the Volmer step
combine to produce hydrogen gas (H2).6

Platinum is the most effective catalyst for the HER. However,
its high cost and limited earth abundance nature affect the cost-
effectiveness of HER technology.7,8 To overcome this issue,
many strategies have been investigated using rst-row transi-
tion metals such as nickel, copper and cobalt.9–11 Nickel-based
catalysts have garnered signicant interest and have been
thoroughly investigated. However, the activity and durability of
Ni-based catalysts remain unsatisfactory. Recent research on
synthetic Ni-based alloys has demonstrated that the nickel
content in the alloy has a signicant impact on both the alloy's
morphological characteristics and electrochemical proper-
ties.12,13 On the other hand, copper is an inexpensive, nonpre-
cious transition metal with a face-centered cubic structure and
lattice characteristics comparable to those of nickel. It has been
reported that alloying nickel with copper exhibits favorable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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synergistic effects and good electrocatalytic properties toward
HER with an overpotential of 140 mV at 10 mA cm−2; mean-
while, the corresponding Tafel slope was 79 mV dec−1.14

However, the synthesis method requires a signicant amount of
time. Hüner et al. succeeded in depositing Ni–Cu on 3D printed
electrodes, enhancing their kinetic activity. The combination of
Pd nanoparticles with nickel–copper foam leads to a special
fractal structure with a high surface area and a very low over-
potential towards HER.15,16

One of the most advantageous approaches to improving the
catalytic performance of catalysts is to combine them with
conducting polymers, as reported recently by many authors.17–20

This combination provides a large specic surface area, strong
electrical conductivity, and excellent stability under alkaline
conditions. This approach has already been used in many
studies for the oxidation of alcohol (ethanol oxidation reaction
EOR and methanol oxidation reaction MOR) using different
conducting polymers, such as polyaniline,21 polypyrrole,22 poly-
para-phenylenediamine,23 and poly-ortho-phenylenediamine, as
support of bimetallic nanoparticles.24 The presence of polyani-
line as a supporting matrix ensures a homogeneous distribu-
tion of the deposited palladium–silver nanoparticles, leading to
excellent electrocatalytic activity and higher resistance to
intermediate catalyst species.25 Furthermore, Zhanzhao Li and
coworkers elaborated a MoS2/rGO/PPD/O-MWCNT catalyst via
a hydrothermal process at 220 °C for 24 h, and they investigated
the effect of para-phenylenediamine on the HER of the MoS2/
rGO/PPD/O-MWCNT catalyst. The presence of pPD ensures
good catalytic activity with 47.6 mA cm−2 as current density at
an overpotential of 200 mV. This is mainly due to the fast
electron transfer during the electrocatalytic reaction, coupled
with a large surface area providing numerous active sites.26 Park
et al. synthesized a catalyst via a solvothermal process at 120 °C
for 72 h and studied the effect of amine-based COF on the HER
performance of the catalyst. It was concluded that the intro-
duction of p-phenylenediamine and 2-nitro-p-phenylenedi-
amine enhances the performance of the catalysts due to the
modication of the electrocatalytic properties by increasing the
proton transfer at the electrode–solution interface.27 Ji and
coworkers prepared different catalysts with metal cobalt nano-
particles and different phenylenediamines (o-phenylenedi-
amine, m-phenylenediamine, p-phenylenediamine) via
pyrolysis at 900 °C for 2 h in N2 at 5 °C min−1 to investigate HER
and OER. The catalyst Co@OPDBS exhibited a remarkable
performance for both cathodic HER and anodic OER reactions,
which was assigned to the highest charge-transfer kinetics,
conversion efficiency and exposed more active sites with an
overpotential h10 of 172 mV and 289 mV, respectively.28

However, these studies suffer from serious drawbacks, such as
the time-consuming synthesis process and high temperature.
These aspects increase the cost of catalyst preparation and limit
its widespread use in large-scale applications.29,30

To the best of our knowledge, this is the rst report on the
combination of para-phenylenediamine as a support matrix and
Ni–Cu-based composite using an electrochemical synthesis
approach to enhance the electrocatalytic performance of HER.
Herein, a detailed investigation of the electrodeposition of para-
© 2025 The Author(s). Published by the Royal Society of Chemistry
phenylenediamine, copper and nickel particles was conducted
using two simple pot synthesis methods. In order to achieve this
purpose, our electrocatalysts were electro-synthesized in two
steps using a single batch of potassium chloride solution con-
taining copper and nickel chloride and another batch contain-
ing an appropriate concentration of para-phenylenediamine in
sulfuric acid. The electrodeposition mode of para-phenyl-
enediamine was investigated using cyclic voltammetry, chro-
noamperometry and chronopotentiometry. Galvanostatic and
potentiostatic modes were applied to allow the deposition of
nickel–copper particles. We carefully examined parameters that
could affect the deposition process, including the salt concen-
tration, deposition time, and deposition mode. The electro-
chemical behavior and stability of our catalyst towards HER
were investigated using linear sweep voltammetry (LSV), elec-
trochemical impedance spectroscopy (EIS), cyclic voltammetry
(CV) and chronopotentiometry (CP) methods. The acquired
results show that our electrocatalysts exhibit good durability,
long stability, and good catalytic activity under alkaline
conditions.

Experimental
Compounds and chemicals

Graphite (powder, <20 mm, synthetic, 100%) (MW = 12), H2SO4

(36%) (MW= 98), (para-phenylenediamine) (pPD) (99%) (MW=

108.14), mineral oil (heavy) (99%), CuCl2, 2H2O (99%) (MW =

170.48), NiCl2, 6H2O (97%) (MW = 237.69), potassium ferri/
ferrocyanide K3Fe(CN)6/K4Fe(CN)6 3H2O (ACS reagent >99%),
potassium chloride (KCl, extra pure, >99%) (MW = 74.55), and
potassium hydroxide (KOH, 85%) (MW = 56.11) were provided
by Sigma-Aldrich. All other chemicals were of analytical reagent
grade and were used as received.

Preparation of the modied electrodes

A carbon paste electrode was prepared by mixing graphite
powder (1 g) and paraffin oil (300 ml) in a mortar until a homo-
geneous paste was formed, which was then packed into the
Teon tube electrode (3 mm) cavity (CPE).31–33 The electro-
chemical deposition of para-phenylenediamine was performed
in a solution containing the monomer (5 mM of pPD in 1 M of
H2SO4), followed by the galvanostatic electrodeposition of Ni–
Cu within a solution containing NiCl2 and CuCl2 in 0.5 M of KCl
with different salt concentrations. The electrode was named
Ni4Cu1/pPD/CPE.

Synthesis of modied carbon paste electrode using para-
phenylenediamine

The synthesis of poly para-phenylenediamine (pPD) was carried
out via cyclic voltammetry using a three-electrode system. A
carbon paste electrode, a platinum wire, and an Ag/AgCl elec-
trode was used as working, auxiliary, and reference electrodes,
respectively. First, the pPD monomer (5.10−3 M) was dissolved
in 1 M H2SO4 solution, followed by electrodeposition on the
CPE for 15 cycles in a potential range between−0.3 and 0.9 V vs.
Ag/AgCl at a scan rate of 0.05 V s−1. Two other approaches were
RSC Adv., 2025, 15, 24256–24269 | 24257
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used to synthesize the (pPD), which comprises galvanostatic
and potentiostatic modes. The as-prepared pPD/CPE electrodes
were used for electrodeposition of nickel–copper particles.
Fabrication of nickel–copper particles

It is important to indicate that the deposition mechanism is
a signicant factor in the determination of the shape of the
bimetallic particles on the electrode.34,35 The as-prepared pPD/
CPE electrodes were carefully washed with bi-distilled water
and placed in another aqueous solution containing 0.2 M
NiCl2–0.05 M CuCl2 in 0.5 M KCl (the ratio 4/1 was already
optimized in our previous work35). Two approaches have been
investigated to prepare the Ni4Cu1 particles: the galvanostatic
mode (applying a constant current density) and the potentio-
static mode (the applied potential of the prepared electrode was
taken from the galvanostatic curve). Fig. 1 summarizes the
fabrication procedures of the Ni4Cu1/pPD/CPE electrocatalyst.
Characterization and electrochemical measurements

SEM imaging was performed using a eld-emission scanning
electron microscope (HITACHI SU8220) at an accelerating
voltage of 10 kV. The morphologies and compositions were
further investigated using an energy-dispersive X-ray (EDX)
detector coupled to FEG-SEMwith an EDX detector (Oxford) and
Transmission Electron Microscope (TEM) (acceleration voltage
200 kV, source: eld emission gun, resolution 0.12 nm in
imaging mode). XRD patterns were obtained by a Bruker D8-
Advance X-ray diffractometer with Cu Ka irradiation
(l = 1.541874 A).
Fig. 1 Schematic of the fabrication steps of the Ni4Cu1/pPD/CPE electr

24258 | RSC Adv., 2025, 15, 24256–24269
All electrochemical measurements were controlled with the
Versa-Studio soware and conducted using the VersaSTAT 4
system in a typical three-electrode conguration with the
modied electrode as the working electrode, a silver chloride
electrode Ag/AgCl as the reference electrode, and a platinum
disc as the auxiliary electrode. All recorded potentials were
adjusted to the reversible hydrogen electrode according to the
following equation: ERHE = EAg/AgCL + 0.197V + 0.059 pH.36 The
catalytic performance of our modied electrode (electrocatalyst)
was evaluated using linear sweep voltammetry from 0.1 to −0.6
(V vs. RHE) at a scan rate of 0.005 V s−1.37 Tafel plots were
extracted from LSV curves using the equation: h= b log(j) + a (h:
overpotential, j: current density, b: Tafel slope, a: Tafel
constant).38 The electrochemical active surface area (ECSA) was
calculated by the double layer capacitance method, and the
charge transfer electron was determined by electrochemical
impedance spectroscopy (EIS).
Results and discussion
Effect of electrodeposition modes on pPD

The effect of the electrodeposition mode was investigated using
three different electrodeposition modes on pPD on the CPE
electrode. The rst experiment was conducted using cyclic vol-
tammetry (CV) from−0.3 to 0.9 at a scan rate of 0.05 V s−1 using
15 cycles (Fig. S1a†). Notably, the monomer oxidation occurs at
0.6 V vs. Ag/AgCl during the rst cycle, while we can observe that
in the backward scan, two reduction peaks appear at 0.27 and
0.45 V vs. Ag/AgCl, in line with the previous ndings obtained by
Halim et al.39 It's worth mentioning that the current of the
ocatalyst and its application for the HER in alkaline media.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cathodic and anodic peaks of the polymer increased with the
consecutive potential cycling, indicating the formation of an
electroactive layer of the polymer.40 The second electrode was
prepared using the galvanostatic mode (CP) at a current of 0.1
mA for 40 s. As shown in Fig. S1b,† the potential increased
instantly during the rst seconds and then stabilized at 1.45 V,
demonstrating that the pPD lm was successfully synthesized.41

The last experiment was conducted using the chro-
noamperometry (CA) method at 0.7 V for 40 s (Fig. S1c†).
According to the potentiostatic curve, the electrodeposition
process comprises two steps. During the rst step, the current
increases (t < 3 s), indicating the formation of a radical cation.
The current then decreased from 110 mA to 30 mA for 40 s, which
was due to the deposition of the poly-pPD lm.42

Aer the modication with poly-pPD, the electrode was
placed in a solution containing 200 mMNiCl2 and 50mMCuCl2
prepared in 0.5 M KCl and a current of −3 mA was applied for
150 s. Fig. 2a shows the galvanostatic deposition curves of the
as-prepared electrodes. During the rst second, the potential
decreases rapidly for the three electrocatalysts until a value of
−0.95 V/vs. Ag/AgCl, indicating the reduction of nickel–copper
cations on the electrode surface. Then, between 20 and 150 s,
the potential gradually increased with time, attributed to the
formation of hydrogen bubbles on the Ni–Cu particles.43
Fig. 2 (a) Chronopotentiometry curves of the galvanostatic deposition
modes. (b) LSV curves of Ni4Cu1/pPD/CPE using three different electrode
LSV test in 1 M KOH showing different overpotentials at 10 mV cm−2 fo
position potentials of para-phenylenediamine.

© 2025 The Author(s). Published by the Royal Society of Chemistry
To evaluate the catalytic efficiency of the as-prepared elec-
trodes, the electrocatalytic response in 1 M KOH was investi-
gated by LSV (Fig. 2b). The LSV curves reveal that the deposition
of pPD with cyclic voltammetry (CPE/pPD)CV exhibits poor HER
activity compared to the galvanostatic mode (CPE/pPD)CP and
the potentiostatic mode (CPE/pPD)CA, with an overpotential h10
of −503 mV, which might be as a result of a polymer layer
formation on the surface of the electrode, which limits its
conductivity and consequently reduces its active sites and
performance. In contrast, the use of the galvanostatic mode
(CPE/pPD)CP and the potentiostatic mode (CPE/pPD)CA
demonstrates better electrocatalytic activity with an over-
potential h10 of −206 mV and −245 mV, respectively. It should
be noted that with the enhancement in overpotential (−275
mV>), the (CPE/pPD)CA exhibits higher electrocatalytic perfor-
mance toward HER than (CPE/pPD)CP. For (CPE/pPD)CA, the
higher activity toward HER is clearly due to the good conduc-
tivity of pPD deposited by the potentiostatic mode, as demon-
strated in previous reported experiments.26,27 SEM images of
Ni4Cu1 particles deposited on pPD by CV methods (CPE/pPD)CV,
and by potentiostatic method (CPE/pPD)CA are shown in
Fig. S3.† The electrocatalyst prepared with pPD by potentiostatic
deposition (Fig. S3a and b†) reveals the presence of a smooth
surface with a slice-shaped which provides a signicant surface
area. While the electrocatalyst prepared with pPD by the CV
of Ni4Cu1 on the pPD deposit on CPE by different electrodeposition
position modes of para-phenylenediamine (pPD). (c) Outcomes of the
r the prepared electrodes in 1 M KOH solution at different electrode-

RSC Adv., 2025, 15, 24256–24269 | 24259
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method (Fig. S3c and d†) shows a good distribution of Ni–Cu
particles on the electrode, it may be noted that the particles are
ower-shaped. Since reducing the overpotential is the primary
challenge in HER,44 the effect of the deposition potential of pPD
was investigated in order to determine the most suitable
deposition potential to generate a higher amount of hydrogen.
The electrocatalytic response of the different electrodes is
shown in Fig. 2c; the lowest overpotential h10 (−109 mV) was
obtained at an applied potential of 0 V. vs. Ag/AgCl, while the
recording overpotential for the applied potentials −0.2, −0.1,
0.1, and 0.7 V were −356, −124, −176, and −245 mV, respec-
tively. The higher catalytic efficiency of the prepared electro-
catalyst at 0 V vs. Ag/AgCl toward HER may be related to the fact
that the deposition of the pPD on the surface of the electrode by
a simple adsorption of the monomer onto the electrode surface,
which provides a large number of active sites for the nickel–
copper deposition. It is important to highlight that the surface
state plays an important role before the deposition of the
bimetallic particle, as mentioned by many authors.34

Effect of the electrodeposition mode of nickel–copper
particles

Once the electrodeposition mode of the para-phenylenediamine
has been optimized, and to incorporate nickel–copper on the
surface of the as-prepared electrode (CPE/pPD)CA, the next step
is to nd the appropriate deposition mode of the Ni4Cu1
particles. To this end, the behavior of our catalyst will be
Fig. 3 (a) LSV curve of Ni4Cu1 particle electrodeposition after the depo
galvanostatic mode (green), the potentiostatic mode (red), (b and c) outco
the prepared electrodes in 1 M KOH solution for different electrodepos
duration of 10, 40, 60, 90 and 150 s at −4 mA of the Ni4Cu1 particles.

24260 | RSC Adv., 2025, 15, 24256–24269
investigated using two different electrodeposition techniques,
galvanostatic mode and potentiostatic mode. Fig. S4a† shows
a chronopotentiometry curve of the deposition of Ni–Cu at −3
mA for 150 s. The potential decreases rapidly to a more negative
value from −0.4 V to −0.9 V vs. Ag/AgCl, and represents the
reduction of nickel–copper cations on the electrode surface. The
potential stabilizes aer 10 s at −0.9 (V vs. Ag/AgCl), reaching
a plateau, probably due to the evolution of hydrogen on the
crystallites of the Ni–Cu particles, as reported by Chemchoub
et al.45 The second approach involved the potentiostatic depo-
sition of Ni–Cu particles by applying a constant potential of
−0.9 V vs. Ag/AgCl for 150 s (Fig. S4b†). The chro-
noamperometry curve shows that the potential increases and
stabilizes aer 25 s, indicating the nucleation of the nickel–
copper particles. The same behavior for nickel cobalt particles
was reported by indicating 3D nucleation.46 The growth of
nickel–copper particles and their activity toward HER were
examined in 1 M KOH. Fig. 3a shows the results obtained using
the two approaches explained above. It can be noticed that a low
overpotential h10 of −109 mV was recorded using galvanostatic
mode, while an overpotential of −205 mV was observed using
potentiostatic mode. A potential shi of −96 mV was observed
between the two methods. Subsequent investigations will be
conducted under galvanostatic conditions.

The mass of nickel–copper particles deposited on the elec-
trode ((CPE/pPD)CA) related to different electrodeposition
currents was studied (the current was varied from −0.75 mA to
sition of para-phenylenediamine using two different approaches. The
mes of the LSV test showing different overpotentials at 10mV cm−2 for
ition: (b) currents of −0.75, −1, −1.5, −2, −3, −4, −5 mA for 150 s; (c)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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−5 mA during 150 s). The Benchmark response of different
prepared electrodes toward HER in 1 M KOH was compared
(Fig. 3b). We can notice that the overpotential values decrease
with the increase of electrodeposited nickel–copper particles
until −4 mA (−99 mV at h10). The additional mass growth of
nickel–copper leads to an elevation of the overpotential, indi-
cating that an excess of nickel–copper amount can negatively
affect the electrocatalyst by decreasing the number of its active
sites.47

The effect of the electrodeposition time of Ni4Cu1 particles
was investigated. For this purpose, we performed LSV tests in
1 M KOH at −4 mA, varying the durations from 10 to 150 s.
Increasing the deposition duration decreased the overpotential,
reaching an optimal value of −70 mV at 10 mA cm−2 for 90 s
(Fig. 3c). This is probably due to the enhancement of the active
surface area and the presence of coordination sites available for
HER at the interface Ni–Cu, as mentioned in previous reports.48

However, higher time did not produce any additional gains. As
mentioned above, an excessive amount of nickel–copper parti-
cles can negatively affect the electrocatalyst by decreasing the
number of its active sites.47,49 As far as we are aware, this value
was recorded for the rst time using a transition metal rein-
forced by a layer of para-phenylenediamine. The free amine
group present in the pPD plays an important role in the cata-
lyst's performance enhancement, especially by facilitating the
electrode/electrolyte interaction. Moreover, amines can inu-
ence the selectivity of reactions by favoring specic reaction
pathways, which decreases the activation energy required for
HER. Integrating the amine groups into the structure of the
catalysts improves not only the activity but also the stability and
durability, as recently reported when using multiwalled carbon
nanotubes doped with nitrogen as ametal-free electrocatalyst. It
has also been suggested that amine-based COF combined with
Pt could facilitate proton transfer and hydrogen molecule
formation.27,50 Fig. S5a† shows the electrodeposition of pPD on
the CPE electrode at a constant potential of 0 V vs. Ag/AgCl for
Fig. 4 XRD patterns of the Ni4Cu1/pPD/CPE electrocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
40 s. As shown, the current increased during the rst few
seconds, then it stabilized at a value of −5 mA, indicating that
the pPD monomer was well deposited on the carbon paste
electrode. Once the pPD was formed, and in order to incorpo-
rate nickel–copper on the surface of the as-prepared electrode
pPD/CPE, the electrode was promptly and carefully washed with
bi-distilled water and placed in the appropriate solution (0.2 M
NiCl2–0.05 M CuCl2 in 0.5 M KCl). Fig. S5b† shows the chro-
nopotentiometry curve of Ni–Cu particle deposition (−4 mA for
90 s). The rst plot decreases rapidly to a more negative value
from −0.3 to −1.2 V vs. Ag/AgCl due to the reduction of nickel–
copper cations. The potential stabilizes aer 10 s at −1.2 (V vs.
Ag/AgCl), reaching a plateau, which is in agreement with the
results of previous studies.35,51 The prepared electrocatalyst was
named Ni4Cu1/pPD/CPE.
Characterization of the Ni4Cu1/pPD/CPE electrocatalyst

X-ray diffraction. The crystalline phase of the prepared
Ni4Cu1/pPD/CPE electrocatalyst was characterized using XRD
and the results are shown in Fig. 4. The intense peak that
appeared at diffraction angle (2q) of 26.37° and 54.5°, was
indexed to the hexagonal structure of the carbon graphite's
(002) and (400) planes contained at the surface of the electrode
(ICDD 00-041-1487), respectively.52 The peaks at 2q = 36.4°,
40.28° and 77.33° match the crystal planes (111), (200) and (222)
of the cubic structure of copper oxide Cu2O (ICDD 01-078-
2076),53,54 respectively. The presence of Cu2O can be explained
by the neutral medium of the solution prepared for depositing
the nickel–copper particles (0.5 M KCl). The presence of the
cubic structure of the nickel metal was indicated by the distinct
peak located at 2q = 44.35°, assigned to the (111) plane (ICDD
01-089-7128).55–57 The peaks at 2q = 42.2° and 49.9° correspond
to (111) and (002) crystalline planes of the cubic structure of the
copper metallic (COD 96-410-5682).58,59 No additional secondary
or amorphous phases were identied.
RSC Adv., 2025, 15, 24256–24269 | 24261
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Surface morphology and elemental analysis. In order to get
a clear understanding of the surface of our prepared electro-
catalysts, the composition and microstructural properties were
examined using Scanning Electron Microscopy (SEM). As illus-
trated in Fig. 5, the SEM micrographs of the prepared electro-
catalysts Ni4Cu1/CPE (Fig. 5a) reveal a homogeneous
distribution of lamellae-like structure on their surface, with the
presence of a few cracks due to the hydrogen bubbles during the
nickel–copper particles deposition. The observed crystalline
features are attributed to residual salts such as Cl, most likely
from the bath containing 0.2 M NiCl2–0.05 M CuCl2 in 0.5 M
KCl. This result is further supported by the presence of Cl in the
EDS spectra. At the same time, the existence of pPD at the
surface of the electrocatalyst Ni4Cu1/pPD/CPE (Fig. 5b and c)
acts as a substrate to allow the homogeneous growth of nickel–
copper and prevent the aggregation of nanoparticles on the
electrode surface. The presence of lament structures provides
a large surface area, resulting in more edge active sites, which
play a signicant role in the improvement of the electro-
chemical performance of HER.

An energy-dispersive X-ray (EDX) detector coupled to FEG-
SEM and elemental mapping analysis was employed to iden-
tify the composition and distribution of element species in the
prepared catalyst (Fig. 5d and e). The EDX analysis of the
prepared electrocatalyst Ni4Cu1/pPD/CPE (Fig. 5e) revealed the
presence of N, Ni and Cu at the surface of the electrocatalyst.
The elemental atom percentages of the sample are illustrated as
an inset table in Fig. 5e, which indicates that more nickel is
Fig. 5 SEM images of the prepared electrocatalyst. (a) Ni4Cu1/CPE and
electrocatalyst. (e) EDX mapping of the prepared Ni4Cu1/pPD/CPE elect

24262 | RSC Adv., 2025, 15, 24256–24269
deposited at the electrode surface compared to copper and
nitrogen. This elemental mapping image (Fig. 5d) demonstrates
the homogenous distribution of the deposited species.

TEM images of the optimized electrode Ni4Cu1/pPD/CPE are
shown in Fig. 6. In agreement with XRD, the images (Fig. 6a and
b) show a cluster of overlapping nanostructures with a relatively
high contrast, suggesting denser or thicker materials. Some
elongated, rod- or needle-like features are visible. The dark,
elongated particles correspond to metallic nickel or copper
nanoparticles. The high-aspect-ratio features are likely nano-
rods or nanoneedles, which could be Cu2O crystals due to their
crystalline growth habits. The images (Fig. 6c and d) show well-
dened rod- or platelet-like structures clustered in a roughly
parallel fashion. These smaller features may correspond to
Cu2O nanocrystals, which tend to form such elongated crystal-
line domains. The surrounding matrix might be a thin lm or
support of CPE/pPD, given the faint background.

Electrocatalytic performance of electrocatalysts on HER. The
electrocatalytic performance of different prepared catalysts
pPD/CPE, Ni4Cu1/CPE, Ni4Cu1/CPE/pPD/CPE, for hydrogen
production was tested in 1 M KOH solution using a three-
electrode system (CPE as Working electrode, platinum wire
and Ag/AgCl as auxiliary electrode and reference electrode,
respectively). As illustrated in Fig. 7a, the Ni4Cu1/pPD/CPE
electrocatalyst exhibited the highest electrocatalytic activity
compared with the other prepared electrocatalysts, with
a remarkable overpotential of −70 mV at h10. On Ni4Cu1/CPE
and pPD/CPE electrocatalysts, the obtained overpotential h10
(b and c) Ni4Cu1/pPD/CPE. (d) EDX pattern of the Ni4Cu1/pPD/CPE
rocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM images of the prepared Ni4Cu1/pPD/CPE electrocatalyst.
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was −171 mV and −657 mV, respectively. Therefore, the
combination of para-phenylenediamine and Ni4Cu1 particles
enhanced the HER activity of the CPE electrode, resulting in
a shi in overpotential. This phenomenon has been reported
earlier by many authors when they investigate the oxidation of
alcohol. The existence of pPD avoids the agglomeration of the
metallic nanoparticles.23,39 As mentioned earlier, the Tafel slope
extracted from the LSV curves was estimated using the Tafel
formula h = b log(j) + a (h, b and j are the overpotential, Tafel
slope and the current density, respectively).60,61 A Tafel slope
inferior to 40 mV dec−1 suggests facile water dissociation and
hydrogen production via the Volmer–Tafel mechanism,
whereas a Tafel slope between 40 and 120 mV dec−1 suggests
fast reaction kinetics, indicating the Volmer–Heyrovsky mech-
anism. A Tafel slope superior to 120 mV dec−1 indicates slow
reaction kinetics and slow water dissociation.62 The Tafel slopes
for Ni4Cu1/pPD/CPE, and Ni4Cu1/CPE were 87, and 85mV dec−1,
respectively, indicating faster reaction kinetics compared to
pPD/CPE (168 mV dec−1) (Fig. 7b), the higher Tafel slope for
© 2025 The Author(s). Published by the Royal Society of Chemistry
Ni4Cu1/pPD/CPE compared to Ni4Cu1/CPE (2 mV dec−1) might
be related to higher activation energy and the adsorption
characteristic of the intermediates. These smaller Tafel slopes
suggest the Volmer–Heyrovsky mechanism, as the slopes are
inferior to 120 mV dec−1, indicating fast adsorbed hydrogen
formation followed by the reduction of hydrogen cations on the
electrode followed by the discharge of the Hads with an electron
and water molecule (another hydrogen source) present on the
electrode surface, allowing the formation of the hydrogen gas
(H2).6 The values of the Tafel slope and recorded overpotential
for the previously reported electrocatalysts for HER are
compared with the values obtained by the Ni4Cu1/pPD/CPE
electrocatalyst Table 1. The electrocatalytic performance of
our catalyst was higher than many reported catalysts, such as
NiTe2 nanoakes/Ni foam and NiSe/Ni foam.

Electrochemical impedance measurements were performed
on the prepared electrocatalysts (Ni4Cu1/pPD/CPE, Ni4Cu1/CPE,
pPD/CPE, CPE) to examine the electrochemical behavior at the
electrode–solution interface. The measurements were
RSC Adv., 2025, 15, 24256–24269 | 24263
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Fig. 7 (a) HER polarization curve, (b) Tafel slope of pPD/CPE, Ni4Cu1/pPD/CPE, and Ni4Cu1/CPE. (c) EIS spectra of Ni4Cu1/pPD/CPE, Ni4Cu1/CPE,
pPD/CPE, and CPE measured at E = −150 mV vs. RHE, with an amplitude of 0.01 V in 1 M KOH. CV diagrams of (d) Ni4Cu1/pPD/CPE and (e)
Ni4Cu1/CPE electrocatalyst in 1 M KOH at scan rates 20–100mV s−1 (f) Continuouswater electrolysis chronopotentiometry curves of the Ni4Cu1/
pPD/CPE electrocatalyst at −10 mA cm−2 in alkaline media 1 M KOH.
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performed in 1 M KOH at a frequency range between 100 kHz–
0.1 Hz, a potential amplitude of 0.01 V and an applied potential
of −0.15 V vs. RHE to calculate the charge transfer resistance
(Rct), which is a crucial parameter to evaluate the catalytic
reaction's kinetics.68,69 Fig. 7c displays the ndings obtained
using the prepared electrocatalysts Ni4Cu1/pPD/CPE, Ni4Cu1/
CPE, pPD/CPE, and CPE, where the semicircle in the low-
frequency area represents the kinetics of HER. The smaller
the radius of the semicircle, the higher the electrocatalyst
conductivity, and the higher the electron transfer.70,71 According
to Fig. 7c, the prepared electrocatalyst Ni4Cu1/pPD/CPE shows
a smaller radius compared to other prepared electrocatalysts
(Ni4Cu1/CPE, pPD/CPE, CPE), indicating a rapid hydrogen
evolution reaction kinetics. The improvement in the electron
transfer rate is attributed to a good synergetic impact between
Ni4Cu1 particles and the pPD, which provides a high surface
area and good electrical properties, facilitating electron
Table 1 Comparison of the reported HER activities of nickel- and copp

Catalyst
Overpotential
h10 (mV vs. RHE)

NiTe2 nanoakes/Ni foam −157
NiTe nanorods/Ni foam −202
Cu nanodots@Ni3S2 −128
NiS2 −454
Ni3S2 −335
NiSe/Ni foam −137
Ni4Cu1/pPD/CPE −70

24264 | RSC Adv., 2025, 15, 24256–24269
transport.72–74 The tting circuit is shown in the inset of Fig. 7c,
where Rs represents the electrolyte resistance, Rct represents the
charge transfer resistance, and CPE is used as a constant phase
element to replace the double-layer capacitor of the charge
transfer process. The Rct reached the lowest value with the
Ni4Cu1/pPD/CPE electrocatalyst (33 and 11 U), while Rct for
Ni4Cu1/CPE, pPD/CPE, and CPE were 45, 91, 197, 570, and 5 U,
respectively. The EIS response conrms the HER results ob-
tained from polarization tests (LSV).

In addition, the double layer capacitance Cdl method was
used to determine the electrochemically active surface area
ECSA of the prepared electrocatalysts. The CV curves at different
scan rates of (d) Ni4Cu1/pPD/CPE electrocatalyst and (e) Ni4Cu1/
CPE electrocatalyst are shown in Fig. 7d and e. The non-faradic
potential range was used to examine CV curves, as well as the
cathodic current density Jc and the anodic current density Ja to
er-based electrocatalysts with that reported in this work

Tafel slope mV
dec−1 Reference

91 63
185 64
76.2 65
128 66
97 66
118 67
87 Our work

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculate the double-layer capacitance using the following
expressions:75

Jdl ¼ jJc j þ jJaj
2

Jdl ¼ Cdl

dE

dt

The value of Cdl is 14.23 mF cm−2 and 12.15 mF cm−2 for the
Ni4Cu1/pPD/CPE and Ni4Cu1/CPE electrocatalysts, respectively
(Fig. S6†). The ECSA was estimated using the following
formula:76

ECSA ¼ Ageometric � Cdl

20 mF cm�2

where Ageometric represents the geometric area of the electro-
catalyst (00 706 cm2), and 20 mF cm−2 is the ideal double-layer
capacitance value.77 The calculated ECSA values for the
prepared electrocatalysts Ni4Cu1/pPD/CPE and Ni4Cu1/CPE are
50.23 cm2 and 42.89 cm2, respectively. Consequently, the
prepared electrocatalyst has a large effective surface area and
high overall conductivity, leading to an enhancement of cata-
lytic performance.78,79

Durability and stability are important parameters for
assessing the quality of the prepared electrocatalysts.80 To this
end, we used chronopotentiometry and linear voltammetry to
investigate the stability of the prepared electrocatalyst Ni4Cu1/
pPD/CPE at −10 mA cm−2 in alkaline media, 1 M KOH. As
shown in Fig. 7f, the continuous chronopotentiometry curve did
not show any movement in the negative direction during the
continuous electrolysis, and the overpotential shied slightly
towards the positive direction within 24 h. This conrms that
the Ni4Cu1/pPD/CPE electrocatalyst is highly stable during long-
term electrolysis and maintains its hydrogen evolution catalytic
activity under stable current density conditions. The long-term
stability of the Ni4Cu1/pPD/CPE electrocatalyst was also tested
in 1 M KOH by cyclic voltammetry. Fig. S7† shows a comparison
of the polarization curve aer 1000 cycles by cyclic voltammetry
(CV) in a potential region of the linear sweep polarization
region. The polarization curve aer the CV test shied slightly
to a negative value, reaching a value of −105 mV at h10. We can
notice that for higher current density (100 mA cm−2), only
a difference of 10 mV was observed. These comparisons high-
light the high performance of the optimized Ni4Cu1/pPD/CPE
electrocatalyst composition.
Conclusion

A novel and highly efficient hybrid electrocatalyst based on Ni–
Cu reinforced with a layer of pPD was successfully synthesized
using a straightforward and rapid electrodeposition method for
monitoring the HER in alkaline media. Three electrodeposi-
tions modes of pPD have been investigated: galvanostatic mode,
potentiostatic mode and cyclic voltammetry. The electrodepo-
sition of nickel–copper particles was performed using the
© 2025 The Author(s). Published by the Royal Society of Chemistry
galvanostatic mode. The estimated time for catalyst fabrication
was 2 to 3 minutes, given a rapid and efficient pathway to the
synthesis of electrocatalysts. The best response in terms of
overpotential was obtained by pPD deposition at 0 V vs. Ag/AgCl
for 40 s, followed by deposition of Ni–Cu particles at −4 mA for
90 s. The presence of amino groups at the electrode-solution
interface with negative charge at 0 V appears to promote
uniform dispersion of Ni–Cu particles, preventing their
agglomeration. The ESCA calculation and the EIS show that the
prepared electrocatalyst has a high surface area and low charge
transfer resistance compared to other catalysts, Ni4Cu1/CPE and
pPD/CPE. Interestingly, the Ni4Cu1/pPD/CPE electrocatalyst
demonstrated an excellent catalytic performance for HER,
exhibiting a very low overpotential h10 of −70 mV. Moreover, it
maintained high stability and durability for 24 h in alkaline
media. These ndings highlight the superior electrocatalytic
properties of the Ni4Cu1/pPD/CPE electrocatalyst for efficient
HER activity in water splitting, indicating its promising poten-
tial for sustainable H2 production.
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 Hydrogen Evolution Reaction

OER
 Oxygen Evolution Reaction

Ni–Cu
particles
Nickel–Copper particles
Ni
 Nickel

Cu
 Copper

CPE
 Carbon Paste Electrode

pPD
 para-Phenylenediamine

PpPD
 Poly-para-Phenylenediamine

Ni4Cu1/pPD/
CPE
The prepared electrocatalyst by Ni–Cu particles
supported by pPD
FE-SEM
 Field Emission coupled with Scanning Electron
Microscopy
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 Scanning Electron Microscopy

EDX
 Energy-dispersive X-ray
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 X-ray Diffraction
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 Linear Sweep Voltammetry
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 Cyclic Voltammetry
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 Chronoamperometry

CP
 Chronopotentiometry
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 The overpotential required for an electrocatalyst

to reach 10 mA cm−2
RES
 Renewable Energy Sources

DC
 Direct Current

RHE
 Reversible Hydrogen Electrode
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 Silver Chloride Electrode
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 Working Electrode
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 Reference Electrode
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