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A B S T R A C T

The development of durable and highly active electrocatalysts is essential for advancing cost-effective hydrogen 
production through alkaline water electrolysis. In this work, we report template-assisted electrodeposition of 
composition-optimized NiFeS nanowires, followed by a low-temperature thermal treatment designed to stabilize 
sulphur species and improve durability. The resulting ternary alloy, containing 17 at% sulphur and 7 at% iron, 
exhibited remarkable oxygen evolution activity, which may be related to its partially amorphous nature and the 
sulphur-induced increase in active site density. However, medium- and long-term stability tests revealed pro
gressive sulphur leaching and a consequent loss of the catalytic performance in the untreated samples. To 
mitigate this effect, post-deposition thermal treatment was introduced. After thermal treatment, the NiFeS 
nanowires required an overpotential of 206 mV at a current density of 10 mA cm⁻² and exhibited fast reaction 
kinetics with a Tafel slope of 30 mV dec⁻¹ in 30 wt% KOH. Long-term electrolysis experiments showed only a 
30 mV increase in operating potential after 125 h of continuous operation at ambient temperature, indicating 
improved durability. Structural and compositional characterization confirmed that heat treatment effectively 
suppresses sulphur loss while preserving electrode integrity. Overall, these results demonstrate that thermally 
treated NiFeS nanostructured electrodes are highly promising oxygen evolution catalysts for alkaline electrolysis, 
offering a practical route to combine excellent catalytic performance with prolonged operational stability.

1. Introduction

Climate change represents one of the most pressing global challenges 
of the present century; reducing greenhouse gas emissions is a funda
mental priority for limiting global temperature rise [1]. Within this 
framework, the move toward sustainable energy systems has markedly 
intensified in recent years, driving a swift rollout of renewable tech
nologies, including solar and wind power. Nonetheless, the fluctuating 
output of these resources makes the development of effective energy 
storage and management solutions indispensable [2,3].

Hydrogen is an attractive energy carrier because it enables the 
storage of surplus renewable electricity and its later conversion into 
power or fuels. Among the different hydrogen production routes, elec
trolytic water splitting powered by renewable electricity provides an 

environmentally friendly and viable pathway for industrial-scale 
hydrogen production [4,5]. However, the relatively high production 
cost of hydrogen produced by electrolysis remains a major challenge 
compared to hydrogen derived from fossil-based processes. Accordingly, 
ongoing intensive research is targeting enhancements in electrolyzer 
efficiency alongside reductions in their operating expenses [6,7].

Among the available electrolysis systems, alkaline water electro
lyzers (AEs) are considered one of the most mature and commercially 
established technologies for hydrogen production [8]. In contrast to 
proton exchange membrane (PEM) electrolyzers, which rely on 
platinum-group electrocatalysts, alkaline systems can operate with cat
alysts based on abundant and inexpensive transition metals. These fea
tures make alkaline electrolysis particularly attractive for the large-scale 
implementation of green hydrogen production. Accordingly, current 
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studies thus prioritize the optimization of electrode materials to boost 
electrocatalytic performance and cut energy losses during operation [9, 
10].

In alkaline water electrolysis, the oxygen evolution reaction (OER) is 
widely regarded as the slowest step of the process, and therefore, a key 
factor determines the energy efficiency of the system. The sluggish ki
netics arise from the complex multistep mechanism involving four- 
electron and proton transfers necessary to form the oxygen–oxygen 
bond. Overcoming the kinetic barriers associated with OER is therefore 
essential to lowering the overall energy consumption and enhancing the 
efficiency of water-splitting systems, especially in alkaline electrolyzers, 
where the activation of this reaction remains particularly challenging 
[11,12].

Ni-based alloys rank among the most widely used electrocatalysts for 
alkaline electrolysis, owing to their excellent chemical resilience in 
harsh alkaline media and superior electrical conductivity [13]. 
Compared with noble metals, nickel offers an attractive compromise 
between cost and performance, making it particularly attractive for 
water electrolysis [14]. Incorporating iron into nickel-based structures 
enhances OER electrocatalysis by lowering the required overpotential, 
so Ni-Fe alloys are considered highly promising for improving electro
lyzer efficiency without significantly increasing costs. Iron improves 
electronic conductivity and electrode stability, facilitating charge 
transfer and reducing energy losses [15,16]. However, the relatively low 
intrinsic electrical conductivity of many Ni–Fe (oxy)hydroxide phases 
remains a drawback. To address this challenge, extensive research has 
focused on engineering NiFe oxides and hydroxides through nano
structuring [17], surface atom incorporation [18,19], and hybridization 
with conductive matrices [20].

The introduction of a third element, such as sulphur, can further 
improve electrode performance. Recent studies on nickel–iron-based 
nanosheet electrocatalysts have shown that sulphur incorporation can 
enhance conductivity and OER activity [21,22]. By tuning the alloy 
electronic properties, sulphur increases the population of catalytically 
active sites and facilitates charge transfer, thereby lowering the over
potentials of key electrochemical processes and improving overall 
electrolyzer performance. In addition, nickel–iron–sulphur alloys often 
exhibit an amorphous structure, and this atomic disorder can contribute 
to greater chemical stability and a more homogeneous distribution of 
active elements. As a result, electrode durability is improved, and 
structural degradation processes that typically limit the lifetime of 
conventional electrodes are mitigated [23,24].

Nevertheless, conventional NiFeS catalysts are typically produced 
via multi-step processes such as oxidation/sulfidation, sintering-aided 
deposition, or hydrothermal synthesis, which often lead to inhomoge
neous active phase distribution and weak substrate binding. Further
more, nanoparticulate catalysts can hinder mass transport at high 
current densities, thereby limiting their practical applicability. In 
addition, autoxidation processes, which are almost unavoidable under 
anodic operation, may decrease conductivity and cause dissolution of 
active species over time [25,26].

In this work, a template-assisted pulsed electrodeposition strategy is 
employed to fabricate three-dimensional (3D) nickel–iron–sulphide 
nanowires (NiFeS NWs) with controlled composition and morphology, 
followed by a low-temperature thermal treatment aimed at stabilizing 
sulphur species and enhancing durability under OER conditions [27]. 
Compared with conventional planar electrodes, the nanowire architec
ture provides a high density of accessible active sites, efficient 
charge-transport pathways, and strong adhesion to the nickel substrate, 
thereby supporting stable operation under prolonged electrochemical 
polarization. The incorporation of sulphur into the Ni–Fe framework 
promotes electronic modulation and may contribute to the formation of 
defect-rich surfaces that are beneficial for OER catalysis. Importantly, 
the present study focuses on the combined advantages of composition 
control, nanostructuring, sulphur stabilization, and practical validation 
in alkaline electrolyzer conditions. This integrated approach is intended 

to address both catalytic activity and operational durability, which are 
essential requirements for real-device applications [28–30].

To investigate the sulphur role in the alloy, the S content was varied 
during electrodeposition. The starting point of this work is the best- 
performing NiFe alloy electrode of the previous study [31]. Structural 
and compositional analyses confirmed that heat treatment reduces 
sulphur loss and preserves electrode integrity, highlighting NiFeS 
nanostructured electrodes as promising candidates for alkaline elec
trolysis. These results demonstrate that thermal treatment is an effective 
strategy to achieve both high catalytic performance and improved 
long-term operational stability. In addition, the simulation results for 
coupling an alkaline electrolyzer with NiFeS nanostructured electrodes 
to a photovoltaic system are reported. The performance of a 
laboratory-scale alkaline electrolysis cell equipped with the developed 
nanostructured electrodes was also evaluated.

2. Material and methods

Nickel–iron–sulphur (NiFeS) nanostructured electrodes were fabri
cated by template electrodeposition, a straightforward and cost- 
effective method carried out at ambient temperature under atmo
spheric pressure. This fabrication procedure is described in detail else
where [31]. This technique enables the deposition of the desired 
material onto a conductive substrate, while the final morphology of the 
electrodes is primarily determined by the type of template used. We 
utilized a Whatman polycarbonate membrane featuring ~1012 pores per 
m², pore diameters of 220–250 nm, and 20 µm thickness. Its porous 
structure directs the electrodeposition of aligned cylindrical nanowires 
(NWs).

Before electrodeposition, the membrane was made conductive by 
depositing a thin gold layer by sputtering on one side. The coating was 
performed using a Quorum T300 Plus multitarget sputter coater under a 
continuous current of 120 mA until a gold layer of 30 nm was achieved. 
Next, a dense nickel film was electrochemically deposited on the Au- 
sputtered membrane surface. This layer ensured mechanical integrity 
and served as a current collector linking all embedded nanowires. 
Deposition occurred in a standard Watts bath (300 g L⁻¹ NiSO₄⋅6H₂O, 
45 g L⁻¹ NiCl₂⋅6H₂O, and 45 g L⁻¹ H₃BO₃) using a three-electrode cell (Au- 
coated membrane as working electrode, Pt counter electrode, and 
saturated calomel reference (SCE) via potentiostatic mode at − 1.15 V vs. 
SCE for 2.5 h (current-time transient in Fig. S1).

After the formation of the nickel current collector, the nanowires 
were deposited. The electrolyte for NW fabrication consisted of the 
Watt’s bath supplemented with 0.44 M FeSO₄⋅7H₂O (selected based on 
previous experimental work) and different concentrations of 
Na₂S₂O₃⋅5H₂O (5, 10, and 15 g L⁻¹). At this stage, the pH of the solution 
was about 3 and was adjusted to 4.25 by adding 0.1 M NaOH before 
deposition. The NiFeS NWs were obtained by pulsed electrodeposition 
using a square-wave potential profile, cycling the potential between 
− 0.55 V and − 1.05 V vs. SCE for a total of 80 cycles. The upper and 
lower potentials were applied for 4 s and 6 s, respectively. Fig. S1 further 
displays representative voltage and current density transients from the 
NW electrodeposition.

The final step of the fabrication process was template removal, 
achieved by dissolving the polycarbonate membrane in four consecutive 
5 min baths of pure chloroform. During dissolution, a large portion of 
the sputtered gold is removed together with the template. In particular, 
the thin gold coating on the non-porous areas is eliminated, while only 
the gold located between the nanowire base and the Ni current collector 
is retained. After template removal, the resulting NiFeS NW electrodes 
were subjected to thermal treatment in a tubular Lenton TSH15 furnace 
under a nitrogen atmosphere. The temperature ramped from ambient to 
the target at 20 ◦C min⁻¹ , dwelled for 3 min, then passively cooled to 
ambient temperature. In this study, heat treatment was carried out from 
150 ◦C to 500◦C. These values were selected considering the data re
ported in [10,32].
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Before electrochemical performance evaluation, electrode 
morphology and elemental composition were probed via field-emission 
gun scanning electron microscopy (FEG-SEM; FEI Quanta 200) coupled 
with energy-dispersive X-ray spectroscopy (EDS). To validate the data 
obtained from EDS, inductively coupled plasma optical emission spec
troscopy (ICP-OES; PerkinElmer Avio 220 Max) was performed, 
providing a more accurate determination of the elemental composition. 
Standard solutions of Ni, Fe and S were first used to generate calibration 
plots. The alloy nanowires were then separated from the substrate and 
fully decomposed in aqua regia prepared with nitric acid and hydro
chloric acid in a 1:3 vol ratio. The resulting solution was subsequently 
diluted with Milli-Q water.

Crystal phases were identified by X-ray diffraction (XRD; Rigaku D- 
Max 25600 HK diffractometer, 5◦–80◦ 2θ range). Surface oxidation 
states were examined by X-ray photoelectron spectroscopy (XPS) using a 
PHI5000 VersaProbe II system (ULVAC-PHI, Chigasaki, Japan) equipped 
with a monochromatic Al Kα source (1486.6 eV). Measurements were 
performed with a 100 μm beam size, 25 W power, and at an incident 
angle of 45◦. Spectra were collected in FAT mode with a pass energy of 
23.5 eV, and charge compensation was applied using a dual electron and 
Ar⁺ ion neutralization. Each spectral region was acquired for 20 min, and 
the data were processed with MultiPak software (version 9.9.3, ULVAC- 
PHI). Raman spectroscopy measurements were carried out using a 
micro-Raman (Renishaw inVia Raman Microscope) to further investi
gate the structural features of the samples. Tests were performed using 
the 633 nm laser at 50X.

Performance was assessed at ambient temperature in 30 wt% KOH 
using a three-electrode cell: NiFeS NWs (geometric area 0.6 cm²) as 
working electrode, Ni foil counter electrode, and Hg/HgO (0.1 M) 
reference (in the text, all potential values were converted to reversible 

hydrogen electrode, RHE, scale). The reference electrodes were peri
odically cleaned, refilled with a fresh solution of 0.1 M KOH, and cali
brated using a new reference electrode that was not used for the 
electrochemical tests. All electrochemical measurements were repeated 
at least three times to ensure reproducibility and reliability of the 
collected data.

3. Results and discussion

Arrays of NiFeS nanowires with different compositions were ob
tained by varying the sodium thiosulfate concentration in the electro
deposition bath. Fig. 1a shows a representative top-view SEM image of 
the NiFeS NW electrodes prepared with 15 g L− 1 of Na₂S₂O₃. The 
nanowires displayed a well-defined cylindrical morphology and uniform 
spacing. Typical interconnections between adjacent NWs, arising from 
pore coalescence in the template, were also clearly visible. NWs formed 
a uniform coating on the current collector, with diameters ranging from 
220 to 250 nm and lengths of approximately 10–11 µm. As anticipated, 
the morphology remained independent of the alloy composition and was 
determined solely by the template geometry. Fig. 1b shows the same 
sample after thermal treatment at 150 ◦C. At this temperature, as well as 
at the other investigated temperatures, the NW structure did not change 
during annealing, suggesting good mechanical stability of the nano
structures. Figs. 1c and 1d show the cross-sectional SEM images of the 
same samples, confirming the uniform coverage of the nickel current 
collector by firmly anchored NWs.

The effect of sodium thiosulfate concentration in the deposition bath 
on the performance of the NiFeS ternary alloy was investigated. Fig. 2
shows the EDS spectra of samples prepared with 5, 10, and 
15 g L⁻¹ Na₂S₂O₃, compared to the best-performing NiFe binary alloy 

Fig. 1. Top-view SEM images of a) NiFeS NWs b) NiFeS HT150 and c-d) cross-section.
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obtained from the same bath without thiosulfate. EDS analyses were 
performed on NWs detached from the electrode surface using carbon 
tape to avoid interference from the nickel current collector.

The compositions of the alloys differed markedly (Table 1). The bi
nary NiFe alloy was Fe-rich (78 at% Fe), in agreement with literature 
data [33,34]. To validate the compositional analysis obtained by EDS, 
inductively coupled plasma optical emission spectroscopy (ICP-OES) 
was performed. In particular, the NWs were detached from the current 
collector and dissolved in aqua regia. The corresponding solution was 
then diluted in ultrapure water and analysed after the calibration for the 
three elements. A detailed comparison between the atomic percentages 
obtained by EDS and ICP-OES is reported in Table S1. Despite the 
intrinsic differences between the two analytical techniques, a good 
agreement was observed for Ni, Fe, and S contents in all samples, con
firming the reliability of the EDS measurements and the representa
tiveness of the elemental compositions reported in Table 1.

The NiFeS HT150 sample exhibited only minor compositional varia
tions after thermal treatment, indicating that annealing at 150 ◦C does 
not significantly alter the overall alloy composition.

The deposition of NiFe follows the “anomalous co-deposition” 
mechanism, which is characterized by the preferential deposition of the 
less noble metal (Fe) compared to the more noble one (Ni) [35]. Several 
mechanisms have been proposed to explain this behaviour [36,37]. The 
most plausible explanation, proposed by Matlosz [37] describes the 
adsorption of Fe intermediate species on the electrode surface despite 
ongoing Ni deposition. In nanochannels, this surface blocking effect is 
enhanced, resulting in Fe-rich NWs [38,39]. As shown by Llavona et al. 
[38], is particularly pronounced in nanoporous templates. The presence 
of sodium thiosulfate and the pH adjustment (from 3 to 4.25) profoundly 
altered the deposition mechanism and alloy composition. Thiosulfate 
(S₂O₃²⁻) is reduced through a series of reactions, yielding metal sulphides 
(NiS, FeS) and amorphous sulphur embedded in the deposit [23,40]. At 
moderately acidic pH (~4.25), thiosulfate is relatively stable but un
dergoes partial decomposition, releasing sulphide ions that react with 
deposited metal cations [41]. This results in a mixed microstructure 
comprising crystalline and amorphous regions [42]. Nickel is mainly 
deposited in metallic form, while iron may be present as metal or 
amorphous sulphide inclusions. The resulting low-crystallinity structure 

is advantageous for electrocatalytic applications. Increasing the thio
sulfate concentration had little effect on the Ni content but strongly 
influenced the Fe and S contents.

Fig. 3 shows the XRD patterns of the NiFeS NW electrodes. All NiFeS 
samples exhibited similar diffraction patterns, with peaks at 44.53◦, 
51.86◦, and 76.37◦ attributable to the face-centered cubic α-Ni structure 
[PDF card no. 04–850], corresponding to the (111), (200), and (220) 
planes. A gold peak from the sputtering seed layer was observed at 
38.21◦. Only Ni peaks were detected, as they arise from both the current 
collector and the metallic Ni phase in the NWs. As reported in [23], 
sulphur-containing phases were amorphous and therefore undetectable 
by XRD. However, the presence of amorphous sulphide inclusions led to 
an increase ( 0.379◦ for 5 g L− 1 and 0.491◦ for 15 g L− 1in the mean 
half-width of the main peak located at 44.44◦. Heat treatment at 150 ◦C 
did not alter the XRD pattern (the mean half-width of the main peak for 
the sample obtained with 15 g L− 1 is 0.484), confirming preservation of 
the amorphous structure.

X-ray photoelectron spectroscopy (XPS) was used to investigate the 
surface chemical states of the samples. The high-resolution Ni 2p, Fe 2p, 
and S 2p spectra of NiFeS NW are shown in Fig. 4a–c. The Ni 2p₃/₂ region 
(Fig. 4a) is dominated by a broad multiplet centered at approximately 
855 eV, with satellite features at higher binding energies 
(~861–866 eV), consistent with oxidized Ni species. This indicates that 
nickel at the surface is primarily present in an oxidized state rather than 
as metallic Ni⁰ (which is expected at ~852.6 eV), in agreement with 
previous reports [43–46].

The Fe 2p₃/₂ spectrum (Fig. 4b) shows a multiplet centered at around 
712 eV, characteristic of Fe³ ⁺ species, with a minor contribution at 
lower binding energy (~706.6 eV) that may be attributed to a small 
amount of metallic Fe. The S 2p spectrum (Fig. 4c) exhibits a doublet in 
the low binding energy region (~162–164 eV), assigned to sulphide 
species, together with additional components at higher binding energies 
(~168–170 eV), associated with oxidized sulphur species such as sul
phates or thiosulfates. These features indicate that partial surface 
oxidation of sulphur is present in the as-prepared material [45,47].

After thermal treatment at 150◦C (NiFeS HT150), the corresponding 
Ni 2p, Fe 2p, and S 2p spectra (Fig. 4d–f) show that the most evident 
changes occur in the sulphur region, whereas the Ni and Fe signals 
remain largely unchanged. The Ni 2p spectrum (Fig. 4d) retains a similar 
multiplet structure and binding energy positions, suggesting that the Ni 
chemical state is essentially preserved. Likewise, the Fe 2p spectrum 
(Fig. 4e) does not show significant shifts or changes in spectral shape, 
indicating that Fe remains predominantly oxidized. In contrast, the S 2p 

Fig. 2. EDS spectra of different NWs electrodes: black) NiFe NW; red) NiFeS 
NW 5 g/L; blue) NiFeS NW 10 g/L; red) NiFeS NW 15 g/L.

Table 1 
Composition of NiFeS and NiFe NWs determined by EDS analysis (SD 2%).

Element (at 
%)

NiFeS 5 g/ 
L

NiFeS 10 g/ 
L

NiFeS 15 g/ 
L

NiFe NiFeS 
HT150

Ni 73.00 79.34 76.1 22 76.5
Fe 16.18 9.46 6.8 78 6.77
S 10.82 11.2 17.1 - 16.73

Fig. 3. XRD patterns of NiFeS NWs electrodes prepared at different Na₂S₂O₃ 
concentrations: purple) 5 g/L; green) 10 g/L; blue) 15 g/L; red) 15 g/L after 
heat treatment at 150◦C.
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Fig. 4. High-resolution XPS spectra of NiFeS nanowires before and after thermal treatment. (a–c) NiFeS NW: a) Ni 2p, b) Fe 2p, and c) S 2p . (d–f) NiFeS HT150: d) Ni 
2p, e) Fe 2p, and f) S 2p . The experimental data (grey) fitted curves (red), and individual fitted components are shown.
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spectrum (Fig. 4f) shows a decrease in the relative intensity of the 
sulphide-related peaks and a concomitant increase in the oxidized 
sulphur components, suggesting further surface oxidation and partial 
depletion of sulphide species induced by heating. Overall, these results 
indicate that the NiFeS surface is already significantly oxidized in the as- 
prepared state, and that thermal treatment mainly promotes sulphur 
oxidation without substantially altering the chemical states of Ni and Fe.

The NiFeS electrode was tested in 30 wt% KOH via cyclic voltam
metry (CV) at varying scan rates to quantify specific capacitance 
through the double-layer method. [46]. The quantification of specific 
capacitance, which is proportional to electrochemically active surface 
area (ECSA), enabled benchmarking of NiFeS NWs against planar Ni foil. 
Also, the annealed sample at 150◦C was tested. The CV was performed in 
the non-Faradaic window (0.645–0.795 V vs. RHE, 10–100 mV s⁻¹ scan 
rates) and the Δj at 0.75 V RHE vs was calculated. A linear fit of Δj vs. 
scan rate gave slopes ~10 times steeper for NWs, evidencing their large 
active surface area from nanostructured morphology (Fig. 5) [48]. The 
measured values for as prepared and annealed samples are very similar, 
indicating that the thermal treatment does not significantly alter the 
accessible surface area, while preserving the high surface area charac
teristic of the nanowire architecture.

To estimate the electrocatalytic electrodes behaviour, Quasi Steady 
State Polarization (QSSP) tests were performed for OER (0.1667 mV s− 1 

scan rate; 1.1–1.8 V vs. RHE, near thermodynamic potential). Ternary 
NiFeS NW electrodes were compared with NiFe binary alloy electrodes 
to gauge the impacts of S incorporation.

The results of QSSPs for OER are shown in Fig. 6. Electrode perfor
mance was evaluated through the overpotentials at 10 and 100 mA cm⁻² 
(η₁₀ and η₁₀₀) [49]. The values were reported in Table 2.

Optimal OER activity emerged from NiFeS NWs synthesized with 15 
gL⁻¹ Na₂S₂O₃ (17 at% S). However, prolonged exposure to KOH caused 
sulphur leaching and performance degradation.

To avoid sulphur leaching, the samples were thermally treated at 
different temperatures, as shown in Fig. S2. Among the investigated 
conditions, post-synthesis annealing at 150 ◦C (denoted NiFeS HT₁₅₀) 
provided the best balance between activity and stability, yielding nearly 
identical catalytic activity to the as-prepared sample while greatly 
improving durability. Even after 125 h of operation at 50 mA cm⁻², the 
annealed electrode outperformed the binary NiFe reference. In contrast, 
higher-temperature annealing led to increased alloy crystallinity and 
consequently poorer electrochemical performance.

The linear portions of the QSSP curves were fitted to the Tafel 
equation η = a + b log i, where a is related to the exchange current 
density and b is the Tafel slope.

NiFeS NWs from 15 g L⁻¹ Na₂S₂O₃ displayed the lowest onset 

potential (1.569 V) and superior kinetics (Tafel slope (~30 mV dec⁻¹), 
indicating facile OER via reversible NiFeS-to-NiFeS oxysulfide trans
formation [50]. The addition of S promotes OH- adsorption, hastening 
the rate-determining step (M–O → M–OOH) [51].

NiFeS NW performance aligns competitively with state-of-the-art 
benchmarks (Table S2), matching or surpassing prior NiFeS reports. 
Notably, their 30 mV Tafel slope is lower than typical NiFeS alloy 
values, while η10 (at 10 mA/cm²) value confirms superiority [52]. Once 
again, the NiFeS NW electrodes exhibit performances that are compa
rable to or exceed those reported by other authors. Superior OER on 
NiFeS NW electrodes stems from their elevated electrochemically active 
surface area (ECSA) and amorphous structure, which offers a major 
quantity of active catalytic sites for the OER.

The turnover frequency (TOF) was determined using 

TOF =
iA

xnF 

where i is the current density at a given overpotential, A is the electro
chemically active surface area (ECSA) estimated from the double-layer 
capacitance measurement, F is the Faraday constant (96,485 C mol− 1), 
x is the number of transferred electrons for each molecule of gas pro
duced (4 for OER), and n corresponds to the NiFeS moles, assuming that 
all NiFeS units are catalytically accessible [53]. The ECSA was estimated 
from the double-layer capacitance CDL according to: 

ECSA =
CDL

CS 

where CS is the specific capacitance of a smooth surface. A value of 40 
µFcm− 2 was adopted, in accordance with the common practice reported 
for Ni-based, NiFe-based, and sulphide-derived electrocatalysts oper
ating in alkaline media. The same CS value was applied to both the as- 
prepared NiFeS and thermally treated NiFeS HT150 electrodes, since 
the thermal treatment did not significantly alter the nanowire 
morphology, elemental composition, amorphous character, or double- 
layer capacitance of the electrodes. Thus, the same interfacial specific 
capacitance was assumed for both samples [54,55].

It should be noted that this represents a formal TOF estimate based 
on the total catalyst amount, rather than a true site-specific TOF. In 
Fig. 7, the TOF related to a NiFe NW electrode is also reported to make a 
comparison between the two alloys. Considering that the two electrodes 
have an almost identical morphology, the differences between the two 
curves can be attributed to the different performance of the two alloys. 
At identical potentials, the NiFeS NWs exhibited higher TOF values than 
the NiFe NWs, confirming the beneficial role of sulphur in promoting 
OH⁻ oxidation to O₂.

Fig. 5. a) CVs of NiFeS NWs at different scan rates; b) Specific capacitance determined by the double-layer capacitance method: black, Ni foil; blue, NiFeS NWs; 
green, NiFeS HT150.
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The behaviour of the NiFeS NW electrodes at high current densities 
was studied using galvanostatic step polarization. These tests were 
carried out using a multi-step current protocol in which the current 
density was progressively increased, with each step lasting 300 s, 
ranging from 10 to 500 mA cm⁻² (10, 20, 50, 100, 200, 500). In Fig. 8, 
data points reflect mean potentials recorded across individual chrono- 
potentiometric steps. The results obtained with step galvanostatic po
larization are very similar to the curves obtained with QSSP tests, 
demonstrating that the obtained results are robust.

The stability over time was evaluated by performing a mid-term 
stability test at constant current density, conducted for 6 h at 
50 mA cm⁻² for the OER. Fig. 9a displays time-averaged potentials (over 
1800 s per point), evidencing robust stability across the 6 h test for both 
NiFeS and NiFeS HT150 electrodes, with the potential remaining almost 
constant at the value of 1.549 V vs RHE throughout the 6 h. A further 

investigation was performed to verify long-term stability (125 h), 
Fig. 9b (over 5 h per point). For the NiFeS NW electrode, the long‑term 
test reveals unstable performance, with the potential drifting from 
1.570 V to 1.751 V vs RHE, corresponding to a total increase of 181 mV. 

Fig. 6. Quasi-steady-state polarization (QSSP) curves for OER at 0.1667 mV s⁻¹ : a) NiFeS NWs at different compositions compared to NiFe NWs; b) linear region of 
a); c) best-performing NiFeS NWs after 150 ◦C treatment vs. NiFe NWs; d) linear region of c).

Table 2 
Overpotentials η₁₀ and η₁₀₀ for OER on NiFe and NiFeS NW electrodes.

η10 η100

NiFe NW 273 mV 424 mV
NiFeS NW (5 g/L) 334 mV 502 mV
NiFeS NW (10 g/L) 309 mV 458 mV
NiFeS NW (15 g/L) 208 mV 360 mV
NiFeS NW HT150 206 mV 368 mV
NiFeS NW HT150 after 125 h of testing in KOH 230 mV 409 mV

Fig. 7. Turnover frequency (TOF) values for OER on NiFeS NWs and planar Ni 
foil in 30 wt% KOH.
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This behaviour is ascribed to sulphur leaching in KOH, which degrades 
the activity of the NiFeS alloy, since it operates as a binary Ni‑rich alloy 
with a higher nickel content that, as demonstrated in our previous work, 
exhibits the worst performance. In contrast, the NiFeS HT150 electrode 
shows markedly improved stability, with the potential changing only 
from 1.556 V to 1.589 V vs RHE over 125 h, for a total loss of 33 mV. 
This enhanced stability is attributed to the heat treatment, which, thanks 
to its low temperature, preserves the amorphous structure of the catalyst 
while immobilizing sulphur within the alloy matrix (Table 3).

Such stabilization suppresses sulphur leaching and, in turn, improves 
the electrochemical performance of the electrode and long‑term dura
bility under harsh alkaline conditions.

Electrodes tested for 125 h were characterized by SEM, EDS, and 
XRD to assess their stability. Fig. 9 shows that the nanowire array 
morphology was largely preserved, with only minor mechanical frac
tures in some areas (Fig. 10b).

EDS analysis, however, revealed changes in alloy composition 
(Table 4). Sulphur content decreased markedly for untreated NiFeS NWs 
(from 17.1 to 3.0 at%), while annealed NiFeS HT₁₅₀ retained a sub
stantial fraction (12.9 at%). As reported above, these results were also 
confirmed by ICP-OES (Table S1). The reduction of the sulphur content 
in the NiFeS alloy during operation in KOH is the synergistic result of 
processes of chemical leaching and electrochemical oxidation [56]. 

First, the sulphur initially present in the alloy in the form of metal sul
phides (NiS, FeS or mixed phases) is subject to chemical leaching in an 
alkaline environment. Under these conditions, metal sulphides react 
with OH- ions to form soluble species such as HS- and S²-.

Secondly, under anodic operating conditions (e.g., during the OER), 
sulphur can be further electrochemically oxidized to more oxidizing 
soluble compounds (such as S2O3

2-), which do not remain bound to the 
solid structure and are dispersed in the solution. This process accelerates 
the loss of sulphur from the active surface of the catalyst [57].

In contrast, the post‑heat‑treatment samples exhibit greater stability, 
retaining a substantial sulphur fraction even after 125 h in 30 wt% KOH. 
This enhanced stability arises from the formation of more stable phases, 
such as FeS₂, during heat treatment; these phases feature stronger M–S 
bonds that resist chemical leaching and promote better sulphur inte
gration into the metal matrix. The improved stability also stems from 
reduced surface defects (which serve as preferential sites for hydroxide 
ions reaction) and the lower solubility of thermal-treated sulphur phases 
compared to untreated ones, which curtails conversion to soluble spe
cies [58]. XRD patterns after stability testing (Fig. S3) were nearly 
identical to the pristine ones, confirming structural integrity. Two peaks 
with very low intensity at about 11.2◦ and 22.8◦. These peaks are 
characteristic of the layered structure of a NiFe oxy-hydroxide of the 
LDH (layered double hydroxide) type, exhibiting low crystallinity 
(broad and weak diffraction bands) [59]. Their low intensity and 
broadening are indicative of a partially amorphous or nanocrystalline 
nature. The formation of NiFe oxy-hydroxide is also reported in previous 
studies [60,61].

Raman spectroscopy was performed on the as-deposited (RT), ther
mally treated (HT150), and post-OER samples to further investigate the 
structural nature of the NiFeS alloy. As shown in Fig. 11, all spectra 
exhibit broad bands rather than sharp, well-defined peaks, indicating 
the absence of long-range crystalline order and supporting the pre
dominantly amorphous nature of the material. This amorphous char
acter is preserved after thermal treatment at 150 ◦C, since no sharp 
Raman features emerge in the HT150 sample, suggesting only limited 

Fig. 8. Galvanostatic-step polarization for OER in 30% wt KOH.

Fig. 9. a) Mid-term stability test for 6 h for OER at 50 mA cm− 2 and b) Long-term stability test for 125 h for OER at 50 mA cm− 2 in 30% wt KOH.

Table 3 
Tafel parameters for OER in 30 wt% KOH.

a (V) b (V/dec) R2 (%)

NiFe NW 1.629 0.027 99.90
NiFeS NW (5 g/L) 1.685 0.026 99.60
NiFeS NW (10 g/L) 1.628 0.022 99.96
NiFeS NW (15 g/L) 1.569 0.026 99.57
NiFeS NW HT150 1.575 0.030 99.94
NiFeS NW HT150 after 125 h of testing in KOH 1.576 0.021 99.97
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structural rearrangement without crystallization. In the RT sample, 
bands around ~285 cm⁻¹ may be associated with Fe–S vibrations [62], 
while features at ~347 and ~558 cm⁻¹ can be assigned to Ni–S vibra
tional modes, consistent with NiS-like local coordination [63,64]. A 
broader band at ~680 cm⁻¹ may be related to Fe–O vibrations, sug
gesting the presence of partial surface oxidation under ambient condi
tions [65]. These features are retained after thermal treatment, 
indicating that the samples remain largely unchanged.

After the OER test, additional spectral modifications are observed. A 
weak feature at ~211 cm⁻¹ can be attributed to Fe–S vibrations [62], 
while a shoulder near ~475 cm⁻¹ may be associated with Ni–O vibra
tions, suggesting the formation of nickel oxide or oxyhydroxide species 

during electrochemical operation [66]. Moreover, the band at 
~680 cm⁻¹ , becomes more intense, consistent with further oxidation of 
iron species under anodic conditions. These changes suggest the for
mation of surface oxide/oxyhydroxide phases during OER, which are 
commonly considered active species for oxygen evolution.

The performance of NiFeS alloy electrodes was also evaluated under 
conditions simulating coupling with a photovoltaic-powered electro
lyzer system (Fig. 12). The test reproduced a realistic day–night cycle, 
consisting of 8 h of simulated light (operation) followed by 16 h of dark 
(shutdown), repeated over 7 days.

Under these conditions, the NiFeS NW electrodes exhibited a marked 
performance decline starting from the third day, with progressive in
creases in operating potential during each 8 h activation window, 
indicating limited long‑term stability. Unlike untreated NiFeS, HT150- 
treated variants sustained steady potential over the full test, under
scoring how 150 ◦C annealing markedly bolsters durability for fluctu
ating loads in solar-driven electrolyzers.

To evaluate the practical applicability of the NiFeS NW electrodes, 
they were tested as bifunctional electrodes in a lab-scale alkaline elec
trolyzer under realistic operating conditions (Fig. S4− 6). NiFeS NWs 
were compared with NiFe-based electrodes, and the setup consisted of 
an alkaline electrolysis cell equipped with a recirculation pump using 
30 wt% KOH. The linear sweep voltammetry (LSV) curves shown in 

Fig. 10. SEM images after 125 h OER in 30 wt% KOH: (a) NiFeS NWs; (b) NiFeS HT₁₅₀ NWs.

Table 4 
Composition of NiFeS alloy by EDS analysis after OER (SD 2%).

Element 
(at%)

NiFeS NW 
before OER

NiFeS NW 
after OER

NiFeS NW 
HT150 before 
OER

NiFeS NW 
HT150 after 
OER

Ni 76.1 87.29 77.09 76.62
Fe 6.8 9.70 6.33 10.53
S 17.1 3.01 16.58 12.85
Total 100 100 100 100

Fig. 11. Raman spectra of NiFeS nanowire electrodes in the as-deposited state 
(black), after thermal treatment at 150 ◦C (red), and after OER test (blue).

Fig. 12. Simulated electrolyzer/photovoltaic coupling test for OER in 30 wt% 
KOH (8 h light/16 h dark cycles over 7 days).
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Fig. S6 indicate that a current density of 10 mA cm⁻² is reached at only 
1.65 V for the electrolyzer with NiFeS NW electrolyzer, which is lower 
than that required for the NiFe counterpart. This result confirms the 
improved performance of the NiFeS nanostructured electrodes in this 
configuration.

Continuous operation was evaluated at 100 mA cm⁻² and 25 ◦C for 
125 h, Fig. 13a, with each data point representing the average potential 
recorded over 3600 s. Under these conditions, a stable cell potential of 
about 1.94 V was maintained, and the NiFeS NW electrodes display very 
stable performance, with an overall increase of only 30 mV over the 
entire test. After long-term operation, multistep chronopotentiometry 
measurements (Fig. 13b) showed only a slight deviation of less than 
30 mV at 0.5 A cm⁻², confirming the excellent stability of the electrodes.

Post-test SEM analysis (Fig. S7) showed that the nanowire 
morphology was preserved across the electrode surface, although the 
nanowire surfaces appeared more wrinkled and were covered with 
needle-like features, likely corresponding to a thin NiFe layered double 
hydroxide layer, in agreement with previous reports [60,61]. These 
observations are consistent with the XRD results in Fig. S3. In addition, 
post− 125h EDS mapping of individual NWs (Fig. S8) confirmed the 
homogeneous distribution of Ni, Fe, and S along the full nanowire 
length, and the EDS data in Table S3 further support the retention of all 
three elements after prolonged operation. Notably, the thermally treated 
anode still retained a substantial sulphur fraction after 125 h in 30 wt% 
KOH. In the XPS spectra of Fig. S9, according to the results reported in 
[67], some spectral changes are observed, suggesting partial surface 
oxidation during electrochemical operation, while the overall amor
phous character of the material is preserved.

During electrolyzer operation, gas evolution measurements were 
also carried out to determine the Faradaic efficiency (Fig. S10). The 
measured oxygen production rates at current densities of 100 and 
200 mA cm⁻², yielding values of 1.49 and 3.02 mL min⁻¹ , respectively, 
in excellent agreement with the theoretical values calculated from the 
applied current, corresponding to an efficiency of approximately 
98–99%. These results indicate that the measured current is almost 
entirely associated with water oxidation, with negligible contribution 
from parasitic reactions. Overall, the full-cell tests demonstrate that the 
improved activity and stability of the NiFeS NW electrodes are main
tained under practical alkaline electrolyzer conditions, supporting their 
relevance for real-device applications.

Table S4 shows the estimated costs for manufacturing NiFeS-based 
electrodes. Based on laboratory cost estimates, a value of €0.27 cm⁻² 
was calculated for NiFe NW-based electrodes. Comparing this value with 
those reported for foam and SS 316 substrates highlights the cost ad
vantages of nanowire electrodes fabricated via a template-assisted 

deposition.

4. Conclusions

This work demonstrates a template-assisted route to composition- 
optimized NiFeS nanowires, combined with low-temperature thermal 
stabilization, to obtain durable electrodes suitable for practical alkaline 
water electrolysis. The NiFeS composition with 17% sulphur and 7% 
iron displayed the best OER performance among the tested samples, 
confirming the strong capabilities of NiFeS due to its high density of 
active sites and favourable electronic structure. Despite high initial ac
tivity, long‑term galvanostatic tests at 50 mA cm⁻² (6 and 125 h) 
revealed stability losses in untreated samples during OER, mainly from 
sulphur leaching out of the amorphous alloy matrix. To address this, a 
post‑synthesis thermal treatment was applied. The 150 ◦C treated 
electrodes exhibited marked improvements in durability, preserving 
structural integrity and sulphur content during extended operation by 
stabilizing sulphur species within the alloy and maintaining the nano
structured morphology. Overall, these nanostructured NiFeS electrodes 
emerge as highly active OER materials, while the template-assisted 
pulsed electrodeposition approach offers a controllable and reproduc
ible route to fabricate uniform nanowire architectures. The thermal 
treatment represents an effective strategy to enhance durability, and 
future work should focus on simplifying the process, reducing template- 
related costs, and scaling up the deposition area to further assess its 
practical feasibility for alkaline water electrolyzers.
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A. Del Caño Gochi, A comparative sustainability assessment of several grid energy 
storage technologies, Appl. Energy 396 (2025) 126248, https://doi.org/10.1016/j. 
apenergy.2025.126248.

[2] C. Karakosta, J. Papathanasiou, Decarbonizing the construction sector: strategies 
and pathways for greenhouse gas emissions reduction, Energies 18 (2025) 1285, 
https://doi.org/10.3390/en18051285.

[3] A.A. Firoozi, A.A. Firoozi, M.R. Maghami, Harnessing photovoltaic innovation: 
Advancements, challenges, and strategic pathways for sustainable global 
development, Energy Convers. Manag. X 27 (2025) 101058, https://doi.org/ 
10.1016/j.ecmx.2025.101058.

[4] C. Anand, B. Chandraja, P. Nithiya, M. Akshaya, P. Tamizhdurai, G. Shoba, 
A. Subramani, R. Kumaran, K.K. Yadav, A. Gacem, J.K. Bhutto, M.A. Alreshidi, M. 
W. Alam, Green hydrogen for a sustainable future: A review of production 
methods, innovations, and applications, Int. J. Hydrog. Energy 111 (2025) 
319–341, https://doi.org/10.1016/j.ijhydene.2025.02.257.

[5] N. Subedi, M.M. Hossain Bhuiyan, M.A. Islam, B.C. Alfredo, Z. Siddique, Hydrogen 
as an energy carrier: Production pathways, thermochemical constraints, and 
electrolysis-based green hydrogen prospects, Int. J. Hydrog. Energy 220 (2026) 
154100, https://doi.org/10.1016/j.ijhydene.2026.154100.

[6] I.M.S. Anekwe, S.I. Mustapha, S.O. Akpasi, E.K. Tetteh, A.S. Joel, Y.M. Isa, The 
hydrogen challenge: addressing storage, safety, and environmental concerns in 
hydrogen economy, Int. J. Hydrog. Energy 167 (2025) 150952, https://doi.org/ 
10.1016/j.ijhydene.2025.150952.

[7] F.A. Ahmed Ali, F. Fadhillah, A.M. Alghamdi, T.V. Kumar, S. Padmanabhan, 
P. Saravanan, S. Ganesan, A.I. Alromaeh, A.A. Assadi, W.A.M. Al-Garadi, G. Shoba, 
P. Tamizhdurai, Clean hydrogen from water: emerging technologies for a 
sustainable energy future, RSC Adv. 16 (2026) 29073–29120, https://doi.org/ 
10.1039/D6RA03255A.

[8] X. Ma, X. Zhang, Y. Ge, Y. Yang, Y. Xu, B. Zhou, Simulation Modeling and 
Comparative Analysis of Multi-Type Electrolytic Hydrogen Production Methods, in: 
Q. Yang, Z. Bie, X. Yang (Eds.), Proc. 19th Annu. Conf. China Electrotech. Soc., 
Springer Nature Singapore, Singapore, 2025, pp. 453–468, https://doi.org/ 
10.1007/978-981-96-1391-5_45.

[9] E.N. Aminaho, N.S. Aminaho, F. Aminaho, Techno-economic assessments of 
electrolyzers for hydrogen production, Appl. Energy 399 (2025) 126515, https:// 
doi.org/10.1016/j.apenergy.2025.126515.

[10] B. Łosiewicz, Advanced Electrode Materials for Water Electrolysis: Design 
Principles, Performance Trade-Offs, and Technology Pathways Across ALK, PEM, 
SOEC, and AEM Systems, Materials 19 (2026) 2259, https://doi.org/10.3390/ 
ma19112259.

[11] R. Wu, R. Gao, Z. Li, J. Wang, H. Wang, Y. Wu, S. Jiang, X. Zhang, X. Wang, X. Liu, 
Z. Lu, Nanoporous high-entropy Mn-Fe-Co-Ni amorphous oxide: Boosting oxygen 
evolution efficiency through electron spin-polarization, J. Mater. Sci. Technol. 238 
(2025) 266–275, https://doi.org/10.1016/j.jmst.2025.03.050.

[12] M. Ismael, Recent developments of hydrogen and oxygen evolution electrocatalysts 
in proton electrolyte membrane water electrolyzers (PEMWE), Results Eng. 29 
(2026) 109564, https://doi.org/10.1016/j.rineng.2026.109564.

[13] W. Wang, C. Chen, Z. Liu, Q. Zhu, Y. Xu, Z. Lu, B. Zhang, Z. Yu, G. Xu, From 
laboratory to industrial scale: nickel-based catalysts for hydrogen evolution under 
highcurrent–density alkaline electrolysis, Rare Met. 44 (2025) 9507–9542, https:// 
doi.org/10.1007/s12598-025-03624-0.

[14] X. Zhang, J. Wang, K. Zong, Z. Chen, X. Yang, L. Yang, X. Wang, Z. Chen, Recent 
advances in non-noble metal-based electrocatalysts for hybrid water electrolysis 
systems, Carbon Energy 7 (2025) e679, https://doi.org/10.1002/cey2.679.
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