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A B S T R A C T

Optimizing Nickel–iron nanostructure over large surface areas is critical. This study fabricates well-aligned Ni–Fe 
nanowires on nickel foam, aiming to improve catalytic activity, charge transport, and durability. Using two 
ferrite permanent magnets during chemical bath deposition, the approach yielded uniform NWs (55–64 nm) 
compared to disordered morphologies (150–180 nm) formed without magnetic guidance. Characterization via 
field-emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), and electro
chemical impedance spectroscopy (EIS) confirmed improved nanostructure alignment and reduced charge 
transfer resistance from 20 Ω to 5.2 Ω. Electrochemical performance tests depicted an overpotential of 230 mV 
1.46 V vs. the reversible hydrogen electrode (RHE) at 10 mA/cm2 and a Tafel slope of 54 mV.dec− 1, indicating 
efficient Oxygen Evolution Reaction (OER) kinetics. The electrochemically active surface area increased to 300 
cm2, which was over 7.5 times greater than that of the substrate (by 40 cm2), enhancing reaction interfaces. 
Durability was validated by a minimal 3 mV change over 12 h at 0.5 A/cm2 and a negligible 0.01 V shift in step- 
potential tests.

1. Introduction

Hydrogen has emerged as a pivotal clean energy vector in the global 
pursuit of decarbonization, driven by the urgent need to reduce CO2 
emissions and transition to sustainable energy systems [1–3]. Electro
chemical water splitting, in particular, offers an environmentally 
friendly and scalable approach to hydrogen production [4]. Yet, large- 
scale deployment faces persistent challenges, including system effi
ciency, durability of catalytic components, and the economic feasibility 
of electrode fabrication [5–7]. As advancements in material science and 
electrochemical engineering converge, water electrolysis is increasingly 
regarded as a cornerstone of future low-carbon energy infrastructures. 
The oxygen evolution reaction (OER) is pivotal to the water-splitting 
process, serving as a kinetic bottleneck due to its sluggish multi- 
electron transfer mechanisms that impede overall efficiency. Transi
tion metal-based compounds especially first-row transition metals and 
metal-free carbon materials have shown considerable promise for OER 
and the hydrogen evolution reaction (HER) [8,9]. Nickel–iron (NiFe) 

based catalysts in alkaline media have attracted significant interest due 
to their affordability and exceptional catalytic performance [10]. 
Notably, the Ni(OH)2 /NiOOH matrix serves as an effective host for Fe 
incorporation, significantly enhancing OER activity through synergistic 
effects. NiFe-based catalysts suffer from structural degradation and iron 
segregation under continuous OER operation, leading to performance 
decline over time [10].

Various strategies have been proposed to enhance catalytic stability 
and activity, including the engineering of amorphous structures and 
metastable phases [11], and heteroatom doping [12] can optimize 
active site configurations. Moreover, the development of dual-metal 
single atoms [13] and specific nanostructures [14] can increase active 
site abundance and facillate mass transport [15,16]. Addressing stability 
issues and optimizing catalyst design are crucial for the large-scale 
commercialization of alkaline water electrolysis [10]. Recent studies 
have explored the use of magnetic fields to enhance the synthesis and 
performance of OER catalysts [17]. The magnetic-field-assisted chemi
cal corrosion method has been developed to produce Ni(Fe)(OH)2 
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-Fe2O3 electrodes, achieving an overpotential reduction of 64 mV 
compared to electrodes synthesized without a magnetic field [17]. 
Similarly, synthesized MIL-53(Fe–Ni)/NF-2200Gs under an external 
magnetic field, resulting in superior OER activity with an overpotential 
of 174 mV at 10 mA.cm-2 [18]. A magnetic-field-guided co-electrode
position strategy has been employed to fabricate Ni–S–CoFe2O4 nano
sheets, achieving an overpotential of 228 mV at 10 mA.cm− 2 [19]. These 
investigations illustrate that magnetic fields can promote directional 
growth, diminish accumulation, increase surface free energy, and alter 
the chemical state of catalysts, leading to improved OER performance. 
This approach offers a promising strategy for developing efficient and 
stable electrocatalysts for sustainable energy applications. These studies 
highlight the potential of magnetic field-assisted techniques in devel
oping efficient, non-noble metal OER catalysts for water electrolysis 
[20]. Magnetic field-assisted coating approaches have significant ad
vantages yet encounter numerous restrictions. While magnetic fields can 
enhance particle incorporation in coatings and improve coating effi
ciency [20,21], the cost of magnetic field-generating equipment remains 
a significant barrier to commercial adoption [22]. The dimensions of 
coated samples are often limited, with many studies conducted in nar
row channels or electromagnet bores [20,21]. Methods for generating 
magnetic fields are varied, including direct current wires [21] and 
permanent magnets [23]. The intensity and orientation of the magnetic 
field significantly impact coating outcomes [20,21,24].

This study introduces an innovative magnetic field-assisted chemical 
bath deposition technique for the large-scale fabrication of NiFe-based 
electrocatalysts utilizing permanent magnets with an intensity of 110 
mT. This technique facilitates the formation of worm-like NWs with high 
surface area and directional growth, leading to enhanced OER perfor
mance. The as-fabricated electrodes aim to provide a practical, low-cost, 
and scalable solution for integration into water-splitting devices and 
high-performance alkaline electrolysis systems.

2. Experiments

2.1. Materials

All reagents were used as received without further purification. Iron 
(III) chloride hexahydrate (FeCl3⋅6H2O, 99 %), nickel(II) nitrate hexa
hydrate (Ni(NO3)2⋅6H2O, 99 %), sodium citrate dihydrate 
(C6H5Na3O7⋅2H2O, ≥99 %), polyvinylpyrrolidone (PVP), potassium 
hydroxide (KOH, ≥85 %), sodium borohydride (NaBH4, ≥98 %), and 
hydrazine monohydrate (N2H4⋅H2O, 80 %) were purchased from Merck 
company (Germany). Commercial nickel foam (thickness 1.6 mm, 
porosity 95 %, Alfa Aesar) was used as the substrate for catalyst 
deposition.

2.2. Materials Preparation

Nickel foam samples (1 × 1 cm2) were cleaned prior to use to 
eliminate surface contaminants and oxides. First, the substrates were 
immersed in 98 % acetone and sonicated for 5 min in an ultrasonic bath 
(Elmasonic S30H, Elma, Germany) to remove organic residues. Subse
quently, the foams were immersed in 2.0 M hydrochloric acid (HCl) at 
room temperature (25 ◦C) for 10 min to eliminate surface oxides. After 
acid treatment, samples were rinsed thoroughly with double distilled 
water and ethanol, and dried in a vacuum oven at 70 ◦C for 1 h.

2.3. Synthesis of Ni foam/NiFe

This work synthesized two fabrication samples: one utilizing a 
magnetic field (SWMF) and the other without a magnetic field 
(SWOMF). The magnetic bath utilized for the generation of the SWMF 
sample was developed. The magnetic bath was made of AISI 304L 
stainless steel, with two parallel permanent rectangular magnets placed 
on its sides (Fig. S1).

Based on predetermined proportions, 180 mL of dionized water were 
mixed with FeCl3.6H2O(16.5 Mm) and then Ni(NO3)2.6H2O(33.5 Mm). 
37.5 mM of C6H5Na3O7.2H2O was added to above solution. 1gr PVP was 
added to the resultant solution and the pH of the mixture was raised to 
13 by adding KOH. Hydrazine monohydrate, 8.5 % by volume and 10 
mM sodium borohydride were gradually added to the solution while it 
was in an electroplating cell in a magnetic field with a strength of 
110mT. The temperature of the solution was kept at 80 ◦C for 1 h.

2.4. Characterization

Comprehensive characterization was conducted to examine the 
elemental composition, morphology, and structural properties of the 
synthesized electrocatalyst. X-ray diffraction (XRD) analysis was per
formed using a Bruker D8 Advance diffractometer equipped with Cu Kα 
radiation source (λ = 1.5406 Å) over a 2θ range of 10◦–80◦, at a scanning 
rate of 0.02◦⋅s-1. Field-emission scanning electron microscopy (FESEM) 
was carried out using a Quanta FEG450 (FEI), and energy-dispersive X- 
ray spectroscopy elemental mapping was performed via energy disper
sive X-ray spectroscopy (EDS) with an EDAX detector(EDAX Inc., USA). 
Transmission electron microscopy (TEM) was conducted using a ZEISS 
AB LE0912 operating at 100 kV. Wettability was assessed via static 
water contact angle measurement using a contact angle goniometer 
equipped with an inverted Canon camera and a micro-syringe (Krüss 
DSA100, Germany). All measurements were repeated three times at 
different locations on the sample surface to ensure statistical 
consistency.

2.5. Electrochemical analysis

All electrochemical measurements were conducted using a three- 
electrode configuration connected to a potentiostat (EVIUM X.Re, 
EVIUM Technologies Netherlands,). The prepared Ni foam/NiFe elec
trode (1 cm2) served as the working electrode, a platinum wire as the 
counter electrode, and Ag/AgCl (3 M KCl) as the reference electrode. All 
potentials were converted to the reversible hydrogen electrode (RHE) 
using the following equation: 

E(RHE) = E(Ag/AgCI)+ (0.059 × pH)+0.197 (1) 

Electrochemical tests were carried out in 1.0 M KOH aqueous solution 
(pH ≈ 13.8) at 25 ◦C. Linear sweep voltammetry (LSV) was performed in 
the range of 1.2–2.0 V vs. RHE for the oxygen evolution reaction (OER) 
and from –1.0 to 0 V vs. RHE for the hydrogen evolution reaction (HER) 
at a scan rate of 5 mV.s-1. Electrochemical stability was assessed via 
chronopotentiometry at a constant current density of 500 mA/cm2 for 
12 h.

To determine the electrochemically active surface area (ECSA), cy
clic voltammetry (CV) was conducted in the non-faradaic region 
(1.0–1.1 V vs. RHE) at various scan rates (20–100 mV.s-1), and double- 
layer capacitance (Cdl) was calculated accordingly.

3. Result and discussion

3.1. Materials characterization

In order to identify the phase composition of the nickel–iron coating 
deposited on the nickel foam substrate, their XRD spectrum was exam
ined. Pure nickel foam exhibited three distinct peaks at 44.5◦, 51.9◦, and 
76.4◦, corresponding to the Miller indices (111), (200), and (220), 
respectively, indicating that nickel possesses a cubic face-centered cubic 
(FCC) structure (JCPDS No. 04–0850). In the recorded diffraction pat
terns in Fig. 1, the Ni-Fe NW samples synthesized without and with a 
magnetic field exhibited diffraction peaks similar to pure nickel, with 
slight shifts towards lower diffraction angles, and no clear peaks of pure 
iron or the formation of metallic oxide and hydroxide phases were 
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observed. Furthermore, the presence of an increased iron element results 
in a shift of the (111) plane from 22.26◦ to 22.2◦ and 22.1◦ for the 
SWOMF and SWMF samples, respectively, while the computed average 
lattice parameter rises from 3.52 Å to 3.53 Å and 3.54 Å, correspond
ingly. This could be ascribed to lattice expansion resulting from site-to- 
site lattice distortions induced by the substitution of Ni atoms with Fe. 
Furthermore, the diffraction peaks of both synthesized Ni-Fe samples 
exhibited greater breadth compared to pure nickel, with the peak in
tensities in the magnetic field-synthesized sample surpassing those in 
the non-magnetic field-synthesized sample, potentially attributable to 
lattice distortion and the presence of an amorphous surface peak [25].

FESEM images of the field-free sample in Fig. 2.a, exhibit hetero
geneous island-like clusters with an average size between 150 to 180 
nm, which in Fig. 2.b indicate irregular aggregates measuring around 
180 nm. The SWMF has a homogeneous, worm-like structure with an 
average width of 44.4 nm, as seen in Fig. 2c. The TEM investigation in 
Fig. 2.d illustrates aligned NWs measuring 55–64 nm in width. Minor 
variations in width, likely attributable to differences between surface 

and internal scale measurements, and the absence of ring-like structures 
in TEM possibly due to sample orientation underscore the magnetic 
field’s pivotal role in orchestrating controlled nanostructure formation. 
Specifically, the applied magnetic field (110 mT) induces Lorentz forces 
that enhance ion transport and regulate the directional movement of 
Ni2+ and Fe3+ ions toward the nickel foam substrate, promoting uni
form nucleation and anisotropic growth of worm-like nanowires. The 
magnetohydrodynamic effect further induces micro-convective flows in 
the electrolyte, reducing aggregation and facilitating the formation of 
aligned nanostructures with reduced diameters (55–64 nm vs. 150–180 
nm for SWOMF). This is supported by references to prior studies on 
magnetic field effects in electrodeposition [19,20], strengthening the 
scientific grounding of our findings and clarifying the mechanism 
behind the observed morphological improvements.

Fig. S2 demonstrates the scalability of the magnetic-assisted bath 
design. A uniform NiFe alloy nanowire coating was successfully depos
ited on 10 × 10 cm nickel foam substrate. The macroscopic image 
confirms large-area coverage, while the FESEM insets reveal 

Fig. 1. XRD pattern of Ni foam, NiFe @NF synthesized without magnetic field & NiFe @NF synthesized with magnetic field.

Fig. 2. (a)FESEM image of heterogeneous island-like clusters and (b) TEM of image of a representative aggregate NiFe @NF synthesized without magnetic field, (c) 
FESEM and (d) TEM of NiFe @NF synthesized with magnetic field. EDX-mapping images.
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homogeneous nanowire growth across different regions of the electrode. 
These results support the feasibility of extending the deposition method 
to larger electrodes with uniform morphology.

The bubbles that grow on the electrode’s surface significantly 
obstruct the active area of the electrode, consequently diminishing the 
effectiveness of the electrolysis current. Consequently, hydrophilic sur
faces facilitate the separation of bubbles from the electrode surface, 
hence accelerating the kinetics of the reduction reaction. Therefore, 
enhanced surface hydrophilicity and aerophobicity are highly benefi
cial, as they facilitate faster electrolyte penetration and easier detach
ment of gas bubbles, which ultimately promote both OER and HER 
performance. Due to the non-wettability of pure nickel foam, gas bub
bles attach to the foam surface during the water splitting process, evi
denced by the computed wettability angle of 83.2 degrees in Fig. 3a 
which indicates the hydrophobic nature of the substrate. The SWOMF 
sample showed a wettability angle of 29.3 degrees (Fig. 3b), indicating 
lower hydrophilicity compared to the SWMF sample in Fig. 3c, which 
has a wettability angle of 2.8 degrees nearly hydrophilic (approaching 
zero), allowing gas bubbles to detach from the surface easily in agree
ment with previous reports that highlight the positive role of hydro
philicity and aerophobicity in enhancing gas-evolution electrocatalysis 
[26]. Based on the solid–liquid-gas contact theory, micro and nano 
rough structures can reduce the contact area between bubbles and the 
electrode [27], which in turn leads to low bubble adhesion and facili
tates wetting towards the electrolyte. The high adhesion of the nano
catalyst, which grows directly on the conductive substrate, and the 
increase in the number of active sites can be considered as two main 
factors that contribute to this phenomenon.

Fig. S3 provides direct visualization of bubble evolution during 
electrolysis. On the NiFe alloy nanowire electrode, gas bubbles detach 
rapidly from the surface, in contrast to the bare Ni foam where bubbles 
adhere for longer periods. This observation confirms that the enhanced 
hydrophilicity and aerophobicity of the coated electrode facilitate effi
cient bubble release, which in turn accelerates mass transport and im
proves OER/HER kinetics, consistent with the reduced Tafel slope 
values.

3.2. Electrocatalytic performance

For the purpose of analyzing the electrochemical properties of the 
coated samples and the substrate, a linear sweep voltammetry (LSV) test 
was carried out. The LSV curves in OER, as illustrated in Fig. 4a, indicate 
a reduction in overpotential by 2.15 mV 150 mV(from 140 to 300 mV) 
(from 380 to 230 mV) when comparing pure nickel foam to the nick
el–iron composite for achieving a specified current on the surface of the 
nickel foam. This indicates that by forming a distinct structure, the Ni-Fe 
combination coating applied with a field has a much higher electro
catalytic activity than the sample produced without a field (over
potential 210 310 mV). The SWMF sample revealed a current density of 
10 mA.cm− 2 at a water splitting potential of 1.46 V, which was obtained 
to be 1.54 V for the SWOMF sample and 1.61 V for the nickel foam. The 
overpotential decreases and the reaction rated increases as the recorded 

value approaches 1.23 V. This pattern was continued. and the sample 
treated with the magnetic field performed more efficiently due to its 
NW- and coil-like structure. These structures improve electron transfer 
due to their high aspect ratio and guiding paths, providing the capability 
for rapid electron transfer [28,29].

All three samples were subjected to the linear sweep voltammetry 
test in the HER section (Fig. 4b). The catalyst exhibited enhanced per
formance with increased current density and a closer proximity of the 
onset potential of the hydrogen reduction current to 0 RHE. The samples 
SWOMF, SWMF, and nickel foam exhibited optimal performance with 
onset potentials at current densities of − 10 mA.cm− 2, − 0.22, − 0.31, and 
− 0.48 V, and current densities of − 112, − 48, and − 12 (mA.cm− 2) at 
− 0.5 V, respectively.

The EIS test was performed to examine the electrocatalytic in
teractions between the electrode and electrolyte, as well as to enhance 
the comprehension of the kinetics of the HER and OER. The charge 
transfer behavior was assessed by comparing the semicircle diameter in 
the Nyquist plots using the analogous circuit depicted in Fig. 4c. The 
analogous circuit comprises a solution resistance (Rs), a constant phase 
element (CPE), and a charge transfer resistance (Rct). Based on these 
findings, the minimal charge transfer resistance of 5.2 Ω was associated 
with SWMF, succeeded by SWOMF at 11.8 Ω, while nickel foam 
exhibited the highest charge transfer resistance at 20 Ω. The SWMF 
sample, with lower Rct compared to the other samples, indicated a faster 
catalytic reaction kinetics and an extremely high charge transfer rate in 
the electrolyte, leading to a reduction in Rct and superior HER catalytic 
activity, which is consistent with the LSV analysis. The Rs for the sam
ples was found to be 1.3 Ω. A crucial characteristic in evaluating an 
electrocatalyst is the reaction kinetics, determined by the slope of the 
tangent line on the potential versus logarithm of current density graph, 
as derived from Eq.2. 

η = blogj+α (2) 

Where, j is the current density and b is the Tafel slope, based on the 
tangent slope obtained from graph in Fig. 4d. In general, the lower the 
Tafel slope of the electrocatalyst, the faster the OER reaction kinetics 
and the more rapidly the O2 production rate increases[30]. Nickel foam 
showed the highest Tafel slope at 143 mV.dec-1, while SWOMF had a 
Tafel slope of 64 mV.dec-1 on the high tafel slope scale (60–120 mV/ dec- 

1): The rate-limitting step is the formation of O* or the release of O2 
[31,32]. The SWMF owned the lowest Tafel slope at 54 mV.dec-1 on the 
moderate tafel slope scale (40–60 mV/ dec-1): The rate-limitting step is 
the formation of OOH* (O-O bond formation) [30,33]. The high cata
lytic activity of iron accelerates mass transfer and ion diffusion and 
improves the rapid release of gas bubbles from the surface of the elec
trocatalyst. This is beneficial for sufficient contact between the materials 
and the electrolyte and the adsorption of reactants. The Ni-Fe compo
sition of the SWMF NW sample can effectively regulate the electronic 
structure and accelerate the kinetics of the catalyst. Results of the 
wettability test were confirmed by the Tafel test results. Actually, im
provements in the Tafel slope a gauge of the effectiveness of electro
chemical reactions have a direct correlation with the hydrophilicity of 

Fig. 3. Digital photos demonstrating wettability testing, (a) Ni foam, (b) NiFe (SWOMF) (c) NiFe(SWMF) After the test.
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the catalysts. This connection emphasizes how crucial the catalyst’s 
surface characteristics are to maximizing reaction kinetics. Improved 
Tafel slopes and effective gas evolution are clear indicators that 
improved mass transfer improves catalytic reaction performance 
[34,35]. The bifunctional Ni-Fe catalyst developed in this study, in 
addition to its outstanding performance in the OER, exhibits notable 
activity in the HER. The application of magnetic field-assisted coating 
significantly enhanced the HER performance, resulting in a reduction of 
approximately 90 mV in overpotential at 10 mA.cm-2 compared to cat
alysts prepared without a magnetic field (Fig. S4). This improvement is 
primarily attributed to the optimization of surface morphology and the 
increased density of catalytic active sites, facilitated by a more uniform 
distribution of Ni-Fe particles under the influence of the magnetic field. 
Preliminary mechanistic analysis suggests that the magnetic field likely 
reduces the activation energy for H+ adsorption and H* intermediate 
formation by tuning the electronic structure of the catalyst surface, 
consistent with recent studies on Ni-Fe-based catalysts [36,37].

Conducting stability testing is one of the most critical evaluations of 
electrocatalysts. It denotes the projected lifespan and the degree of al
terations in the coating and its durability on the surface following 
electrochemical assessments. Consequently, stepwise chro
nopotentiometry and long-term chronopotentiometry tests were con
ducted. In the step chronoamperometry test, as shown in Fig. 4e, the 
initial potential variations were found to be negligible, measuring less 
than100 mV. The potential variations in the chronoamperometry test, 
approximately 3 mV as illustrated in Fig. 4f, were measured after 12 h at 
a current density of 500 mA.cm− 2. The present Ni-Fe NW structure, with 
approximately 33 % iron and appropriate dispersion (based on EDS tests 
Fig. 2e-f), was resulted in better stability and performance [28,38,39]. 
These findings underscore the potential of the catalyst as an efficient 
bifunctional material for electrochemical applications, as observed in 

the stability of optimized electode as hydrogen evalution catalyst 
(Fig. 4f) and highlight the critical role of the magnetic field-assisted 
coating method in enhancing HER performance.

An increased number of active sites on the surface enhances the 
effectiveness of the OER and HER reactions, hence improving the elec
trochemical performance of the electrocatalyst and subsequently 
increasing gas generation per unit area of the electrocatalyst. This 
parameter is directly proportional to the electrochemical surface area 
(ECSA). The average current density of the output derived from the CV 
test was determined from Fig. 5 at scan rates ranging from 20 to 100 
mVs-1. The current density graphs as a function of the sweep rate were 
obtained from the average current densities. The SWMF sample, with a 
slope of 12 mF, possesses the most electrochemically active surface area. 
ECSA was calculated by dividing the slope of the curve, representing the 
double-layer capacitance (CDL), by the specific capacitance (Cs). The 
capacitance value of CS was obtained to be 40 µF.cm− 2 and has been 
designated as a standard value in several prior publications [40,41]. 
Therefore, the active surface plays an important role in the activity of 
the electrocatalyst. The electrochemically active surface area of the 
nickel foam was obtained to be 40 cm2. The SWOMF and SWMF were 
obtained to be 120 cm2 and 300 cm2, respectively. By creating a NW 
structure, the number of electrochemically active sites was significantly 
increased. In comparison, the optimal sample with coated samples using 
a similar method and a higher magnetic field intensity has a calculated 
slope of 7.94 mFcm− 2 for Ni-Co-P/NF(600mT) [42] and 3.69 mF.cm2 for 
Ni(Fe)(OH)2–FeS(MF) [43], indicating better performance due to the 
improved design of our bath.

Table 1 offered a comparison of OER catalysts, wherein the onset 
voltage of the reaction at 10 mA.cm− 2 served as an indicator of ther
modynamic activity, while the electrochemical surface area (ECSA) 
denoted the kinetic activity of the catalyst. The synthesized catalyst has 

Fig. 4. Electrochemical performance of the as-prepared electrodes for Oxygen and hydrogen evolution catalyses in 1.0 M KOH (a) OER polarization curves of Ni 
foam, NiFe(SWMF), NiFe(SWOMF);(b) HER polarization curves of Ni foam, NiFe(SWMF), NiFe(SWOMF);(c) EIS Nyquist plots of the (d) corresponding Tafel plots, 
(e) step chronoamperometry,(f) long term chronoamperometry.
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exhibited activity that aligned more closely with thermodynamic equi
librium conditions and has established an appropriate specific surface 
area for facilitating kinetic processes.

4. Conclusion

In this work, a novel magnetic bath utilizing permanent magnets 
with a field strength of 110 mT was developed to prepare NiFe-based 
electrocatalysts exhibiting a worm-like NW morphology. Compared to 
the sample synthesized without magnetic assistance, which exhibited an 
inhomogeneous structure and incomplete coating, the SWMF showed a 
dense, uniform architecture with a larger electrochemically active sur
face area, faster electron transfer kinetics, and enhanced super
hydrophilicity. The SWMF catalyst demonstrated superior OER 
performance in 1 M KOH, achieving a lower overpotential of 1.46 V 230 
mV at 10 mA.cm2, a 15.6 % improvement in the Tafel slope, a 2.5-fold 
increase in electrochemical active surface area, and a 2.26-fold 
decrease in charge transfer resistance. These enhancements are attrib
uted to improved nonstructural alignment, increased wettability, and 
more efficient gas bubble release. Moreover, the scalable design of the 
magnetic bath enables uniform catalyst deposition over larger areas, 
presenting practical advantages for industrial electrode fabrication. This 
study demonstrates an effective and scalable strategy for engineering 
high-performance, non-noble metal OER electrocatalysts, with prom
ising potential for broader applications in electrochemical energy 
systems.

5. Compliance with Ethical Standards

The data presented in this manuscript have never been published 

Fig. 5. CV curves measured at different scan rates from 20 to 100 mV of (a) Ni foam, (b) CVs SWOMF (c) CVs SWMF, (d) corresponding capacitive current scan 
rate plots.

Table 1 
Summary of various electrocatalysts for water splitting.

Catalyst Electrolyte Water 
splitting 
voltage (V) at 
10 mA.cm¡2

ECSA Reference

NiFe 1MKOH 1.46 12mF 
cm− 2*

​ This work

W-doped Ni 
− Fe- P

1MKOH 1.56 Not 
Reported

​ [44] 

FeCoNiMnMoP 1MKOH 1.49 Not 
Reported

​ [45]

Ni-Co-P 1MKOH 1.59 7.94 mF 
cm− 2*

​ [46] 

(Ni, Zn) Fe2O4 1MKOH 1.6 Not 
Reported

​ [47]

Ni/Fe3O4 1MKOH 1.49 11.52mF 
cm− 2*

​ [48]

NiFe LDH 1MKOH 1.48 3.6 mF 
cm− 2*

​ [49]

* Cs = 40 µF/cm2.
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