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Here, we report the use of magnetic induction heating as a rapid and efficient synthesis method to produce
Fe@Ni nanoparticles (NPs) with tunable surface coverage and their application as catalysts in the oxygen evo-
lution reaction (OER). This approach enables localized thermal decomposition of precursors, offering improved
control over catalyst phase formation. To bridge the gap between lab-scale materials and practical electrolyser
integration, the catalysts were deposited onto commercially available Ni-mesh supports suitable for Anion Ex-
change Membrane Water Electrolyser (AEMWE) operation. The influence of iron content on OER activity was
evaluated, and the catalyst performance was validated in a full-cell electrolyser, highlighting the potential of this

synthesis route for scalable green hydrogen technologies.

1. Introduction

Over the last decade, electrochemical hydrogen production has
gained importance in view of the growing necessity of green and cost-
effective technologies for Hp production [1,2]. Nowadays, two main
technologies co-exist at industrial scale for water electrolysis, namely
alkaline water electrolysis (AWE) and proton exchange membrane water
electrolysis (PEMWE). Alkaline water electrolysis is a mature technology
for industrial hydrogen production using well-established Ni-based
catalysts that typically have presented low working current densities
and inefficient adaptation to incoming electrical current oscillation
hindering the total integration of renewable energy suppliers for green
hydrogen production [3-6]. Even though advances were achieved in
terms of working current density, safety issue concerning gas crossover
at low working current densities remains an obstacle that could be
efficiently addressed by implementation of the zero-gap cell
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technologies [7].

On the other hand, proton exchange membrane (PEM) water elec-
trolysis cells use pure water in a zero-gap cell configuration using the
proton exchange membrane as solid electrolyte [8]. This zero-gap
configuration allows higher current densities with a higher adapt-
ability to incoming current oscillations. Nevertheless, when pure water
is used as electrolyte a highly acidic environment is generated at the
electrode surface and consequently the process requires the use of very
active and corrosion resistance noble metal-based catalysts (i. e. Pt, Ir or
Ru), thus increasing the overall costs [9-12]. In view of the current
advantages and limitations of both technologies (PEM and AWE), anion
exchange membrane (AEM) technology has emerged as a combination
of both using lower alkaline electrolyte concentration, allowing the use
of earth-abundant noble metal free catalysts, and zero gap configuration
cell providing higher current densities and higher purity gases [13-16].
Nevertheless, AEM water electrolysis still requires significant
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improvement in overall process efficiency to become economically
viable for industrial implementation. Among the different challenges for
efficiency improvement, the principal bottleneck regarding the elec-
trochemical process is the sluggish kinetics of the oxygen evolution re-
action (OER).

In alkaline media, the OER is generally described by the adsorbate
evolution mechanism, a four-step proton-coupled electron transfer
pathway known for its inherently slow kinetics [17-19]. The exact
mechanistic route followed during the reaction strongly depends on the
structural and compositional features of the catalyst [20-22]. Conse-
quently, synthetic strategies that enable precise control over the
composition and surface structure of the electrocatalytically active
materials are essential for enhancing OER performance [23,24].

Nickel-based materials are, among others, the most promising anodic
catalysts for alkaline OER due to their low cost, moderate catalytic ac-
tivity, and reasonable stability [19,25-27]. Furthermore, incorporating
small amounts of Fe onto Ni-based catalysts was reported to significantly
enhance catalytic efficiency [28,29], primarily through the stabilization
of the highly active y-NiOOH phase [30-33]. Several synthetic ap-
proaches including hydrothermal synthesis [34], electrodeposition [15,
27], solvothermal method [35] and chemical reduction [36] were re-
ported for the preparation of NiFe-based catalysts. These methods
typically result in complex surface mixtures of metallic and oxide pha-
ses, which complicates the mechanistic interpretation in catalysis.
Recent studies described promising OER performances using various
NiFe-based nanomaterials. For instance, Fe-doped NiOx particles syn-
thesized via chiral-controlled hydrothermal growth followed by calci-
nation at 550 °C exhibited an overpotential of 340 mV at 10 mA cm 2
with a Tafel slope of 49.8 mV dec ™! on fluorine-doped tin oxide (FTO)
substrates. These materials also demonstrated a low performance of 200
mA cm~2 at 1.9 V when tested in a full-cell architecture AEMWE [37].
Similarly, NiggFe;( alloy NPs produced via Sonic Cluster Beam deposi-
tion onto indium tin oxide (ITO) supports showed an overpotential of
320 mV at 1 mA cm 2 after optimization of catalyst thickness [38].
Another study reported a material with a similar Ni:Fe ratio synthesized
by chemical reduction of metal nitrates on various metal oxide supports,
displaying higher overpotentials ranging from 329 to 384 mV at 10 mA
cm 2, with Tafel slopes between 65 and 73 mV dec! [39].

In view of the limitations of classical synthetic methods in terms of
surface control and taking advantage of the intrinsic magnetic properties
of Ni and Fe, magnetic induction heating emerges as an appealing
alternative synthetic route. The thermal decomposition of metallic
precursors under an alternating magnetic field can indeed provide
localized and controlled heating at material surfaces, potentially offer-
ing a more precise strategy for catalyst synthesis [40,41]. Although
magnetic induction heating was primarily explored for catalytic appli-
cations as a localized energy source [42-44], its potential in materials
synthesis remains practically unexplored. In a recent study, Raya-Barén
et al. reported the successful synthesis of core-shell nanoparticles via
magnetic induction heating, employing a magnetic core as the starting
material [45]. Indeed, the use of an external magnetic field have been
studied as heating source to locally increase FeNi based electrocatalysts
temperature under reaction conditions improving the overall alkaline
water electrolysis [46,47]. Nevertheless, stability issues concerning
electrocatalytic materials and supporting materials difficult large scale
implementation [48].

A major challenge in scaling up nanoparticle-based OER catalysts to
practical electrolyser devices lies in their effective integration onto
suitable and stable electrical-conductive supports. For lab-scale testing,
catalysts are typically deposited onto rigid substrates such as glassy
carbon, FTO or metal conducting materials, which are not always
compatible with commercial electrolyser architectures and, in some
cases lead to data misinterpretation [49,50]. In contrast, full-cell elec-
trolyser configurations—particularly in proton exchange membrane
water electrolysers (PEMWE)—rely on membrane electrode assemblies
(MEAs) fabricated by spray-coating or casting catalyst inks directly onto
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polymer membranes like Nafion, which are chemically and mechani-
cally robust under standard processing conditions [51]. For that reason,
a full study from three-electrode set up to full-cell architecture devices is
mandatory to fully understand a catalysts behaviour and confirm its
reliability.

However, this process is more complex for anion exchange mem-
brane water electrolysers (AEMWE), due to the lower thermal and me-
chanical stability of AEMs, which limits direct coating methods.
Consequently, spray-coating catalyst inks onto gas diffusion layers
(GDLs) has become the preferred method for AEMWE systems [13,52].
Among the commercially available GDL materials, Ni-foam and Ni-mesh
are widely used due to their high electrical conductivity, tailored
porosity, and catalytic compatibility. Although Ni-foam offers a large
surface area and high porosity, it suffers from poor mechanical resis-
tance under the compressive forces typically applied during electrolyser
assembly. Therefore, to ensure mechanical stability and reliable
large-scale implementation, Ni-mesh was selected as the support in this
study.

In this work, we explore magnetic induction heating as efficient
method to synthesize Fe-decorated Ni nanoparticles, namely Fe@NiNPs,
for OER catalysis. The impact of Fe surface coverage at different levels
on catalytic performance was systematically investigated. Moreover, we
demonstrate the practical integration of these catalysts into AEMWE
systems using commercially available Ni-mesh supports, with the aim of
identifying potential synergistic effects and assessing the viability of this
synthesis approach for scalable applications.

2. Experimental section
2.1. Chemicals

Due to the air-sensitivity of the metallic precursors and the produced
NPs, the synthesis and the purification of the nanoparticles was per-
formed under inert atmosphere either by using a glove box or by stan-
dard Schlenck techniques. {Ni [iPI'NC(CHg)NiPI‘] 2} (Ni(AMD),) and {Fe
[N(SiMe3)2]}2 (Feo(HMDS),4) were purchased from NanoMEPS, palmitic
acid (PA, >99 %) and hexadecylamine (HDA, >98 %) were purchased
from Sigma-Aldrich, potassium hydroxide (KOH, >85 %) was purchased
from VWR Chemicals. All reagents were used as received without further
purification. Mesitylene (99 %) and Toluene (99 %) were purchased
from VWR Prolabo. Solvents for synthesis were used from solvent pu-
rification system, degassed by bubbling Ar through the solution for ca.
40 min, dried with activated molecular sieves and stocked in the glo-
vebox. Deionized water used for electrolyte preparation was type I from
a MilliQ (Merck Millipore) equipment. Inks were prepared using reagent
grade organic solvents, MilliQ water and Nafion 117 resin solution (5 wt
%) from Sigma Aldrich as ionomer.

2.2. Nickel nanoparticles (NiNPs) preparation

Nickel nanoparticles were prepared by thermal decomposition of {Ni
[iPrNC(CH3)NiPr]2} ([Ni(AMD);]) organometallic precursor in the
presence of Hy. As general procedure, in the interior of a glove box, [Ni
(AMD);] (342 mg, 1.0 mmol) was dissolved in 4 mL of mesitylene and
added in to an 80 mL Fisher-Porter (FP) bottle under magnetic stirring
followed by the addition of 422 mg of HDA (422 mg, 1.75 mmol) dis-
solved in 6 mL of mesitylene. The FP bottle was sealed, transferred to a
vacuum line and the purple mixture (10 mL) was then charged with 3
bar of Hy. The decomposition reaction was carried out at 100 °C with
magnetic stirring (500 rpm) for 24 h. The FP bottle was then allowed to
cool to room temperature. The NiNPs were isolated by magnetic
decantation, washed with toluene (3x 5 mlL), dried under reduced
pressure and stored in the glove box (ca. 60 mg). Bulk chemical
composition determined by TGA and ICP-OES analysis included in
Table 1. TGA was used in order to determine the total metallic compo-
sition of samples regarding the presence of organic moieties from
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Table 1
Chemical composition determined by TGA and ICP-OES of the synthesized NPs.
Entry  {Fe[N {Fe[N M Ni® Fe® Ref.
(SiMes)2]2}2 (SiMes)2]l2}2 (wt (wt (wt
(mg) (mmol) %) %) %)
1 - - 80 94.9 - NiNPs
2 13.4 0.018 - 91.2 2.5  Fe,s@NiNPs
3 26.9 0.035 - 88.1 5.8  Fesg@NiNPs
4 53.9 0.072 - 79.2 111 Fe 1 @NiNPs

2 Measured by TGA."Measured by ICP-OES. Reaction Conditions: NiNPs (50.0
mg, 0.85 mmol), Fe[N(SiMe3)>1>}5 (see Table 1), PA (87.8 mg, 0.35 mmol), H
(3 bars), 54.6 mT (300 kHz), 15 h.

stabilizing agent used in NPs synthesis. Final Ni content was determined
by ICP-OES analysis as a more specific technic to determine the selective
dissolved metals in acidic solution.

2.3. Fe decorated NiNPs preparation: Fe@NiNPs

To study the role of each metal in the reaction, a series of materials
based on NiNPs decorated with different ratios of Fe were synthesized
(Scheme 1). Prior to the synthesis of Fe@NiNPs, the heating capacity of
the NiNPs under an alternating magnetic field (AMF) was assessed using
a commercial induction system (Fives Celes, MP12), operating at 300
kHz and generating a root mean square amplitude between 8.5 and 76
mT. The materials were prepared by decomposition of {Fe[N
(SiMes)2l2}2 ([Feo(HMDS)4]) organometallic precursor in solution in
the presence of NiNPs as support and heating agent. As a general pro-
cedure, NiNPs (50.0 mg, 0.85 mmol) were introduced in a 100 mL
Fischer-Porter bottle (FP) with PA, 87.8 mg, 0.35 mmol) as stabilizing
agent, the desired amount of {Fe[N(SiMegs).]}5 (see Table 1) and mesi-
tylene (15 mL) as solvent. The decomposition reaction was carried out
under 3 bar Hy. The FP was placed in the center of the inductor coil and
the desired temperature was obtained by adjusting the power of the AFM
to obtain a bulk temperature of ca. 80 °C (measured with an infrared
camera at the external reactor wall). The final conditions were set at
54.6 mT with a power of 9.5 kW in a 300 kHz inductor coil. The reaction
time was set at 15 h for all the reactions to ensure the total decompo-
sition of the Fe precursor. When the reaction was completed, Fe
% @NiNPs (wt% = 2.5, 5.8 and 11) were isolated by magnetic decanta-
tion, washed with toluene (3x5 mL), dried under reduced pressure and
stored in the glove box (ca. 50 mg). All samples were slowly oxidized by
air exposure before its use using a vial capped with a septum previously
perforated with a needle. Bulk chemical composition determined by
TGA and ICP-OES analysis included in Table 1.

2.4. Materials characterization

Thermogravimetric analyses (TGA): Initial metal content of NiNPs
was determined by TGA in a TGA/DSC 1 STAR System equipped with an
ultra-microbalance UMX5, a gas switch GC200 and DTA and DSC
Sensors.

Inductively coupled plasma optical emission spectrometry (ICP-
OES): The Ni and Fe contents of the materials were measured per
duplicate for each sample using ICP-OES (ICAP 6300 Thermo RF
Generator with a Polychromator-from 166 to 847 nm with a Charge
Injection Device (CID) detector) after digestion in aqua regia at 80 °C for
12 h.

Transmission electron microscopy (TEM): The size and the
morphology of the NPs were studied by bright-field TEM (BF-TEM)
imaging using a JEOL microscope (Model 1400) working at 120 kV.
Additionally, the morphology and metal distribution within the nano-
particle was studied at by high-resolution transmission electron micro-
scopy (HRTEM) observations using a JEOL F200 TEM ColdFEG operated
at 200 kV.

High-Resolution transmission electron microscopy (HRTEM):
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Scheme 1. Schematic representation of NiNPs and Fe,,@NiNPs preparation.

HRTEM images were acquired with a Gatan OneView camera, a CMOS-
based and optical fibre-coupled detector of 4096 by 4096 pixels. Gatan
Digital Micrograph program was used to process the TEM images. STEM
images (1024 x 1024 pixels) were recorded from the JEOL bright-field
(BF) and high-angle annular dark-field (HAADF) detectors using the
Gatan DigiScan3 scanning unit with a camera length of 150 mm. Sam-
ples were inserted in a JEOL beryllium double-tilt holder for energy
dispersive x-ray spectroscopy (EDS). STEM-EDS mapping was recorded
from an EDS Centurio detector (silicon drift) with an effective area of
100 mm? and 133 eV of energy resolution. STEM-EDS maps (512 x 512
pixels) were processed with the JEOL Analysis software. In all cases,
TEM grids were prepared by depositing one drop of a colloidal solution
containing air exposed NPs in toluene on a copper grid covered with
amorphous carbon. HR-TEM grids were prepared with the same pro-
cedure but using hollow carbon covered copper grids. ImageJ software



D.D. Huguet et al.

was used to obtain particle size distributions from the TEM images and
thereon analyzed in terms of Gaussian statistics to obtain the mean size
and standard deviation parameters.

X-Ray diffraction (XRD): Routine XRD measurements for crystalline
phase identification were carried out in reflection geometry on a PAN-
alytical Empyrean diffractometer using Co—Ka radiation (A = 0.1789
nm), operating at 35 kV and 45 mA. Data were collected over a 20 range
of 30-110°, with a step size of 0.05° and a time per step of 35 ms for a
total acquisition time of 56 min. To prevent metal oxidation of the
samples containing metallic Fe and Ni, the powder samples were pre-
pared and sealed with Kapton polyimide films in the glovebox. Samples
were further studied after air exposure using a Bruker-AXS D8-Advance
diffractometer with vertical theta-theta goniometer, incident- and
diffracted-beam Soller slits of 2.5°, a fixed 0.5° receiving slit and an
automatic Air-scattering knife on the sample surface. The angular 26
range was between 5° and 110°. The data were collected with an angular
step of 0.02° at a step/time of 0.5 s. Cuka radiation was obtained from a
copper X-ray tube operated at 40 kV and 40 mA. Diffracted X-rays were
detected with a PSD detector LynxEye-XE-T with an opening angle of
2.94°. Sample was deposited on a low-background support (Si (510)).
The diffractograms were interpreted with the software DIFFRAC.EVA
6.1 from BRUKER.AXS and the database PDF-2 release 2022 from ICDD
(International Center for Diffraction Data). The Rietveld refinement
(Rietveld, 1969) [53] was performed with the TOPAS v6 software
(Bruker AXS GmbH, 2017), (Coelho, 2018) [54]. The background was
modelled with a 2nd order Chebyschev polynomial. The instrumental
contribution to the diffraction profile was calculated with the S4
Fundamental Parameters Approach (Cheary, Coelho, & Cline, 2004)
[55]. The relative quantitative phase analysis was obtained by refining
the Rietveld scale factor for each phase and applying the corresponding
well-known equations (Hill & Howard, 1987) [56]. The peak width of
each phase was modelled with the Double-Voigt Approach (Balzar,
1999) [57] by considering only the Lorentzian contribution of the
crystallite size effect and discarding any contribution of the micro strain
to the peak width.

Vibrating-sample magnetometry (VSM): Magnetic characterization
was carried out using a physical property measurement system (PPMS,
Quantum Design) in the vibrating sample magnetometer configuration
(VSM). The sample was prepared inside the glovebox to prevent metal
oxidation of the samples containing Ni or Fe as a dry powder (ca. 10 mg)
enclosed in a Teflon capsule. The hysteresis loops were measured for
magnetization vs magnetic field at 300 and 5 K, using an external field of
up to £3 T.

Specific absorption rate (SAR): SAR was used to determine the heat
generation of a material upon exposure to an external magnetic field.
SAR values were estimated using calorimetry experiments with a 93 kHz
fixed frequency coil, following an optimized protocol described in pre-
vious works [58]. In a typical experiment, a glass sample tube was
charged with magnetic NPs (10 mg), PA (~0.5 mg) as stabilizing agent
to prevent agglomeration and organic solvent (0.5 mL, mesitylene). The
magnetic NPs were dispersed in the solvent by sonication for a few
seconds after closing the tube inside of the glovebox to prevent NPs
oxidation. During the calorimetric experiments, the sample tube was
placed in the center of a magnetic coil filled with 1.8 mL of deionized
water. Two optic fiber temperature probes were submerged in water,
one near the socket’s bottom and the other near its center. Then, the
increase in temperature after applying an alternating magnetic field for
50 s was measured at different field amplitudes in a 100 kHz inductor
coil. The sample was exposed to field amplitudes varying between 0 and
47 mT. After applying a precalculated correction factor that accounts for
the heat losses to the surroundings, it was possible to construct a curve of
SAR (W g 1) against field amplitude (mT).

X-ray photoelectron spectroscopy (XPS): XPS analysis was per-
formed at SRCiT (URV) using a ProvenX-NAP (Specs Surface Nano
Analysis GmbH, Berlin, Germany) spectrometer with a monochromatic
X-ray source (pFocus450). The measurements were collected under
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these conditions: power of X-ray of 100 W (AlKa anode = 1486.7 eV),
the hemispherical analyzer operating in the main fixed analyzer trans-
mission mode, entrance slit of 7 x 20 mm and exit slit open with mesh.
The beam spot size at sample position was around 200 pm of diameter.
The data was recorded with a PHOIBOS 150 NAP 1D-DLD and the total
pressure in the main vacuum chamber during the analysis was better
than 2-10~° mbar. Survey spectrum was collected at 80 eV of pass en-
ergy and 0.7 eV of step size. To obtain more detailed information about
chemical environment and oxidation states, high-resolution spectra
were recorded from individual peaks at 30 eV of pass energy and 0.3 eV
of step size. Each specimen was analyzed at an emission angle of
0° measured from the surface normal. Assuming typical values for the
electron attenuation length of relevant photoelectrons, the XPS analysis
depth ranges between 5 and 10 nm for a flat surface. Data processing
was performed using CasaXPS processing software version 2.3.26.PR1.0
(Casa Software Ltd., Teignmouth, UK). Binding energies were referenced
to the Cls peak at 284.8 eV (adventitious carbon). The Ni 2p3/, region
was fitted following the methodology described in Biesinger’s articles, in
which each nickel species is fitted using distinct components [59-63].

2.5. Electrochemical characterization

2.5.1. Rotating disc glassy carbon electrode electrochemical
characterization

Basic electrochemical characterization was carried out in a three-
electrode cell configuration using a rotating disc electrode (RDE) sys-
tem (Autolab PGSTAT302 N potentiostat, rotating disc electrode from
Autolab (RDE-2)). A Pt-foil (1 cm?) was used as counter electrode, and
Ag/AgCl electrode (3 M KCl) was used as reference. The working elec-
trode was a glassy carbon electrode (GCE) (0.07 cm?) (Autolab). Prior to
catalyst deposition, the GCE was polished sequentially with 0.3 pm and
0.05 pm alumina suspensions (Buehler) on microcloth polishing pads
and then cleaned in Milli-Q water using an ultrasonic bath for 30 s.
Catalyst ink was prepared by dispersing 2 mg of catalyst powder in 125
pL of an ethanol/water solution (4:1, v/v) followed by the addition of
10 pL of Nafion resin solution (5 wt%). The suspension was sonicated for
30 min in an ultrasonic bath to obtain a homogeneous dispersion. The
ink was drop-casted onto the GCE surface (2 pL total volume), resulting
in a catalyst loading of 0,42 mg/cm?. The electrode was dried in a
vacuum oven at 40 °C, with gradual increase in vacuum to prevent ink
splashing and to facilitate bubble removal, ensuring optimal contact
between the catalysts layer and the electrode. The electrode was then
immersed in degassed 1 M KOH electrolyte (at room temperature) and
let spin for 10 min at 1600 rpm prior to measuring the open circuit
potential (OCP), which was recorded for 300 s under static conditions.
Subsequently, cyclic voltammetry (CV) was performed in the non-
faradaic region (1.0-1.2 V vs RHE) at various scan rates (20, 40, 60,
80 and 100 mV/s) to determine the capacitance double layer (Cq;) and
estimate the electrochemical surface area (ECSA) before and after the
activation procedure. Catalyst activation was performed by running CVs
between 1.0 V-1.60 V (vs RHE) at scan rate of 50 mV/s, until the vol-
tammograms overlapped exactly for at least 50 consecutive cycles (in-
formation available in S.I. Section 3). Once a stable response was
achieved, a second set of CVs in the non-faradaic region was recorded to
determine the post-activation ECSA. Finally, linear sweep voltammetry
(LSV) was performed from 1.0 V to 1.70 V (vs RHE) at a scan rate of 5
mV/s. All potentials reported in the study were converted from Ag/AgCl
[3 M KCI] (E°ag/agct = 0.210 V) to RHE scale using the following
equation [64]:

E(vs. RHE) = E(vs. Ag / AgCl) + E} p,ci(vs. RHE) + 0.059 x pH

All measurements were performed in triplicate and without IR
compensation.

Cgq; of the materials was determined from the slope of the linear fit of
the capacitive current versus scan rate (see S.I. Section 4)
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2.5.2. NiMesh supported materials electrochemical characterization

A commercial nickel mesh (NiMesh, dimensions: 1 cm x 1 cm x 0.25
mm; from TopTitech, China), was used as the working electrode for
catalyst stability tests under stress conditions, employing the same
potentiostat setup. For these measurements, a Pt gauze counter elec-
trode (0.0762 mm wire diameter, 99.9 % metal basis, 0.53 g, 2.5 x 2.5
cm; Thermo Scientific) was used. Prior to use, the NiMesh was cleaned
by sonication in acetone (20 mL, 3 x 10 min) followed by a final soni-
cation step in deionized water (20 mL, 1 x 10 min).

For the preparation of the NiMesh working electrode, 2 mg of cata-
lyst powder were dispersed in a mixture of 700 pL isopropanol, 100 pL
water and 10 pL Nafion resin solution (5 wt%). The suspension was
sonicated for 30 min in an ultrasonic bath to obtain a homogeneous
dispersion and then manually sprayed onto the NiMesh, which was
placed on a heating/vacuum table preheated at 90 °C to ensure rapid
solvent evaporation.

The prepared electrode was immersed in degassed 1 M KOH elec-
trolyte, which was magnetically stirred prior to the measurement. The
open circuit potential (OCP) was recorded for 300 s under static con-
ditions. Catalyst activation was performed by cyclic voltammetry (CV)
between 1.0 V and 1.60 V (vs RHE) at a scan rate of 50 mV/s until the
voltammograms overlapped exactly in successive cycles, indicating
electrochemical stabilization of the catalyst layer (information available
in S.I. Section 3). Once a stable CV response was achieved, linear sweep
voltammetry (LSV) was performed from 1.0 V to 1.70 V (vs RHE) at scan
rate of 5 mV/s. This was followed by chronoamperometry (CA) at 1.70 V
(vs RHE) for 6 h to evaluate the catalyst under continuous operation.

2.5.3. Full-cell AEM 5 cm? electrolyser tests

The materials were evaluated in a custom-built 5 cm? electrolyser
cell (a photograph of the setup is provided in Figure S.I. 24). The anode
was prepared using the same procedure described for NiMesh supported
electrode, employing a 5 cm? NiMesh electrode (2.25 x 2.25 cm) with a
final catalyst loading of ~1.5 mg. The cathode consisted of a 2.4 x 2.4
cm piece of commercial Pt Black-coated carbon cloth electrode (2 mg/
cm?) purchased from Fuel Cell Store (W1S1011). Different anode and
cathode sizes were used to reduce the risk of membrane rupture during
operation. A Sustainion X37-50-Grade RT membrane (5 x 5 cm, Dioxide
Materials) was used as the anion exchange membrane. It was pre-treated
in 1 M KOH solution (in water) for 48 h (according to the stablished
protocol [65]). The electrodes and membrane were inserted into PTFE
gaskets and assembled between two titanium current collector plates
with serpentine flow channels. The full system was closed using stainless
steel end plates tightened to 3 Nm torque and equipped with an inte-
grated heating system. Electrical insulation was ensured with silicon
gaskets. After assembly, a 15 mL/min flow of 1 M KOH electrolyte was
pumped through the bottom inlets of the cell using a dual-channel
peristaltic pump, feeding the anode and cathode from separate reser-
voirs. The electrolyser cell and reservoirs were then heated to 60 °C and
maintained at that temperature for 4 h to ensure uniform thermal dis-
tribution before electrochemical measurements. A Keysight E36731A
battery emulator was used to apply the desired current or voltage. Po-
larization curves were recorded in galvanostatic mode, starting with an
initial 30-min step at 50 mA/cm?, followed by 5-min steps with incre-
mental increases of 50 mA/cm? The cell voltage was reported as the
average value over the last 30 s of each step. A cut-off voltage of 2.2 V
was set for all experiments. Catalysts stability was assessed by chro-
noamperometry at a constant cell voltage of 2.0 V for 24, 48 and 72 h,
with a polarization curve recorded every 24 h.

3. Results and discussion
3.1. Physical, chemical and magnetic characterization

Monometallic Ni nanoparticles (NiNPs) were prepared by thermal
decomposition of [Ni(AMD),] under 3 bar Hy in the presence of HDA as
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stabilizing agent, at 100 °C for 24 h under vigorous magnetic stirring
(see Experimental Section). Transmission electron microscopy (TEM)
images revealed a monodisperse particle size distribution with an
average size of 5.3 + 0.6 nm (see Figure S.I. 1). Thermogravimetric
analysis (TGA) confirmed a Ni metal content of 80 wt% where the
remaining 20 % of the sample weight was assigned to organic content
from stabilizing agent. (Table 1). The magnetic properties of the NiNPs
were determined by vibrating sample magnetometry (VSM). After con-
firming their heating capability by SAR measurements, the NiNPs dis-
playing a SAR calorimetry value of 20 W g~ ! were used both as support
and as inductive heating agent for the decomposition of the
[Feo(HMDS),4] metallic precursor under 3 bar Hy, in the presence of
palmitic acid (PA, 0.5 eq relative to NiNPs) as a stabilizing agent. The
reaction was conducted under an AMF of 54.6 mT with a power input of
9.5 kW for 15 h. Three Fe,@NiNPs nanomaterials were prepared by
varying the Fe concentration in the reaction medium. Inductively
coupled plasma (ICP-OES) analysis confirmed Fe loadings of 2.5, 5.8 and
11 wt% on the NiNPs surface (see Scheme 1). TEM analysis of the Fey
% @NiNPs revealed a progressive increase in particle size with increasing
Fe content, with mean diameters of 6.1 4= 0.8 nm, 6.8 & 1.1 nm and 7.2
+ 0.8 nm (see Fig. la-f). Further insights into the surface composition
were obtained by high-resolution HRTEM in scanning transmission
mode (STEM) coupled with energy-dispersive X-ray spectroscopy (EDS).
Elemental mapping revealed partial surface coverage of the Ni core at
low Fe content, evolving toward a nearly complete core-shell structure
at higher Fe loadings (Fig. 1g-0). Additional characterisation data are
provided in Figures S.I. 2 to 7.

Powder XRD mainly revealed the presence of metallic Ni fcc struc-
ture. No peaks could be assigned to metallic iron, which crystallizes in
the bcc phase. An alloy can be formed between Ni and Fe in low Fe
concentration promoting the stabilization of an fcc structure of Fe-Ni as
Tetrataenite phase [66](Fig. 2). The Fey,@NiNPs were also charac-
terized by XRD after slow air exposure to avoid violent oxidation. The
oxidized NPs diffractogram displayed a distortion from the metallic Ni
fec structure that was assigned to the formation of a NiO fcc Bunsenite
phase as a passivation layer that prevents the total oxidation of the
metallic Ni core. The incorporation of Fe in the structure reduces the
intensity of NiO peaks at 37° indicating a better protection due to sur-
face coverage of the metallic Ni. Moreover, with the sample that con-
tains the highest amount of Fe, Fe;; @NiNPs, new peaks corresponding
to iron oxide phases were detected. Fe(OH)3 Bernalite phase in very low
amounts could be identified among different iron oxide phases
(20°-24°) [67] while in lower Fe content samples iron oxide phases
cannot be clearly identified mainly due to low concentration and
possible amorphous structure. Additional signals present at angles lower
than 20° were associated to organic and silicon-based surface contami-
nants from stabilizing agent and precursor decomposition.

Analysis of the magnetic properties by VSM was performed on the
Fewto,@NiNPs materials and the expected behaviour regarding Mg and
H, values at 5 K was observed due to reported iron higher M and lower
H, [41,68-73]. First, NiNPs exhibited ferromagnetic behaviour, with a
saturation magnetization value (Ms) of 49 A m? kg™! with a coercivity
field (H.) of 52 mT. However, Fe-decorated materials (Feyo,@NiNPs)
showed an increase of M compared to NiNPs up to 74 A m? kg™! upon
the incorporation of Fe onto the material (Fig. 3). Furthermore, a
decrease was observed in the H. 52 mT for NiNPs to 18 mT for
Fe11 @NiNPs. This trend has also been observed in other FeNi alloys and
has been attributed to enhanced interparticle magnetostatic in-
teractions, as reported by Dijith et al. [74]. SAR values for the prepared
materials also increased from 20 W g1 for NiNPs to 144 W g™ ! for
Fe11@NiNPs due to the incorporation of a harder magnetic material on
the surface of the nanoparticles, which enhanced their overall heating
efficiency [75] (Fig. 4).
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Fig. 1. TEM image of: a) Fe, s@NiNPs, b) Fes g@NiNPs and c) Fe;; @NiNPs. Particle size distribution of: d) Fe, s@NiNPs, e) Fes g@NiNPs and f) Fe;; @NiNPs. g)
STEM-HAADF image of an isolated Fes g@NiNPs. STEM-HAADF-EDS elemental mapping from an isolated Fes g@NiNPs of h) Nickel (green) and i) Iron (red). STEM-
HAADF-EDS elemental mapping overlay of an isolated j) Fe, s@NiNPs, k) Fes g@NiNPs and 1) Fe;; @NiNP. Elemental profile distribution of isolated m) Fep s@NiNPs,
n) Fes g@NiNPs and o) Fe;; @NiNPs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.2. GCE electrochemical characterization

Electrochemical measurements using a glassy carbon electrode
(GCE) were performed to evaluate the catalytic activity of the synthe-
sized materials. When the iron-decorated Fe;;@NiNPs sample was
tested, an overpotential (1) of 396 mV at 10 mA/cm? was recorded,
along with a Tafel slope of 113 mV/dec. These results were comparable
to those obtained with the pure NiNPs (1 = 395 mV, Tafel slope of 86

mV/dec), which exhibited an electrochemical surface area (ECSA) of
6.8 cm? For the Fe;;@NPs, high-resolution transmission electron
microcopy (HRTEM) confirmed an almost complete coverage of the Ni
core (green) by the Fe shell (red) (Fig. 1 1), consistent with a slightly
reduced ECSA value of 5.8 cm?. In contrast, materials with lower Fe
content showed enhanced electrochemical performance. The
Fes5 g@NiNPs and Fe; s@NiNPs exhibited lower overpotentials of 342
mV and 341 mV, respectively, at 10 mA/cm?. Regarding the reaction
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kinetics, Tafel slopes of 58 mV/dec (Fesg@NiNPs) and 70 mV/dec
(Fey 5s@NiNPs) were determined (Fig. 5). The corresponding ECSA
values were 8.7 cm? and 5.8 cm?, respectively (see S.I. Section 4). These
results suggest that partial iron coverage enhances the electrochemical
performance of Ni-based nanoparticles, likely due to synergistic effects
at the Fe-Ni interface that improve both charge transfer and active site
accessibility.

To further rationalize this trend, a deeper analysis of the electro-
chemical surface area (ECSA) and the surface composition of the catalyst

was carried out (see S.I. Section 4). This behavior can be attributed to
the variation in ECSA at both low and high iron loadings, suggesting that
optimal catalytic performance is achieved under a balanced surface
composition. In the case of Fe; s@NiNPs, the overall number of active
centers is likely limited due to the lower Fe-Ni ratio. Conversely, for
Fe;1 @NiNPs, HRTEM combined with EDS mapping revealed extensive
iron coverage of the Ni surface, which reduces availability of Ni active
centers at the catalyst interface. Additionally, the characteristic anodic
peak associated with f-NiOOH formation, typically observed at 1.4 V (vs
RHE) for pure NiNPs, was shifted to >1.45 V (vs RHE) in the Fe;
%@NiNPs samples. This shift indicates the stabilization of higher Ni®*
and Ni** oxidation states in the y-NiOOH phase, facilitated by the
presence of Fe (Fig. 6) [32,37,76,77]. These findings reinforce the key
role of Fe in tuning the surface composition and electronic structure of
Ni-based electrocatalysts, thereby improving their activity and stability
toward the oxygen evolution reaction (OER).

3.3. Ni mesh electrochemical characterization

To better assess the stability and performance of the catalysts under
more practical conditions, the materials were deposited onto 1 cm?
NiMesh electrodes by spray-coating, achieving a final catalyst loading of
approximately 1 mg/cm? The resulting electrodes, denoted as Fe,,
% @NiNPs/NiM, exhibited similar trends to those observed with GCE,
but additional synergistic effects arising from interactions with the
catalytically active Ni support were identified. The bare NiMesh dis-
played an overpotential of 448 mV at 10 mA/cm?, which was signifi-
cantly reduced to 388 mV upon deposition of NiNPs (NiNPs/NiM).
Incorporation of Fe further enhanced the performance, with
Fey s@NiNPs/NiM showing the lowest overpotential 311 mV, followed
by Fes g@NiNPs/NiM (325 mV) and Fe;; @NiNPs/NiM (330 mV) (Fig. 7
a). A synergistic effect between the Fey,@NiNPs and the NiMesh
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support is thus evidenced, particularly in the case of Fe;; @NiNPs/NiM,
which exhibited a lower overpotential than NiNPs/NiM, despite its
lower intrinsic activity on GCE. This improvement is likely due to an
overall increase of the Ni-Fe interfacial ratio in the system, as the iron-
decorated nanoparticles are in direct contact with the NiMesh, further
promoting the formation of catalytically active Ni-Fe sites. The reaction
kinetics followed a similar trend to that observed on GCE. The Tafel
slope for bare NiMesh was 142.6 mV/dec, which decreases to 99.1 mV/
dec upon deposition of NiNPs. The Fe-containing samples displayed
even lower values, with Fes g@NiNPs/NiM showing the best perfor-
mance (83.9 mV/dec), followed by Fe;; @NiNPs/NiM (90.8 mV/dec)
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and Fep s@NiNPs/NiM (91.6 mV/dec) (Fig. 7 b). The similarity in Tafel
slopes among the three Fe-decorated samples further supports the ex-
istence of a synergistic effect with the NiMesh substrate, which con-
tributes to enhancing the kinetics of the OER. In addition, a clear change
on the 1.4 V vs RHE -1.5 V vs RHE was observed, maintaining the
displacement of anodic p-NiOOH formation peak. Nevertheless, in this
case this peak displacement can be observed among all the three Fe
decorated samples, thus evidencing the synergistic effect generated
between the support and the iron-decorated nanoparticles (Fig. 8).

The study of LSV displayed a clear change in the slope observed at
potentials above 1.65 V vs RHE (Fig. 7 a), indicating a transition from
kinetically controlled regime to one limited by mass transport due to
product bubble formation observed at electrode surface. To simulate the
operating conditions of a practical electrolyser, a short stability test was
conducted at 1.7 V (vs RHE), within the diffusion-limited region for 6 h.
Under these conditions, the recorded current densities can be attributed
to differences in product/electrolyte diffusion at high current levels 78,
79. In terms of short-term performance, the NiNPs/NiM -catalyst
exhibited a minimal current loss of 0.03 mA/h.

For the Fe-decorated samples, current degradation rates increased
with iron loading: Fe; s@NiNPs/NiM showed the lowest loss (0.005 mA/
h), followed by Fes g@NiNPs/NiM (0.05 mA/h) and Fe;; @NiNPs/NiM
(0.11 mA/h) (Fig. 9). These results indicate that electrochemical sta-
bility is strongly influenced by the Ni-to-Fe ratio. A higher Ni content
appears to suppress Fe leaching by stabilizing iron species within the
catalyst structure, an effect that has been previously reported in the
literature [80-82]. This preliminary study was performed to determine
the most suitable material to be implemented for full-cell architecture
AEMWE tests among the prepared materials.

3.4. X-ray photoelectron spectroscopy characterization

Ex situ X-ray photoelectron spectroscopy (XPS) was employed to
investigate the surface composition and chemical states of pristine and
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Fig. 7. a) LSV of materials tested in Ni Mesh and b) Tafel Plots.
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rials supported in NiMesh.

modified nickel mesh (NiMesh) electrodes. The modifications involved
NiNPs deposition (NiNPs/NiM) and Fe incorporation (Fezs@NiNPs/
NiM), using ink formulations without Nafion to eliminate fluorine-
related signals. In fluorinated systems, the F 1s region typically ex-
hibits two peaks: one at 684 eV corresponding to metal fluorides, and
another at 688 eV, attributed to organic fluorine species [83]. These
signals may overlap with Ni LMM Auger peaks (610-650 eV), while the
F KLL Auger features at ~832 and ~858 eV can interfere with the Ni
2ps3/2 region (~850-860 eV) [84]. Moreover, the relaxation peak pro-
duced from F 1s overlaps with Fe 2p region (~700-740 eV).
Fep s@NiNPs/NiM was selected as studying material due to its lower
overpotential among all the materials while having a low surface
coverage allowing a proper study of the changes in the Ni species present
in the surface of the sample. As visual example, the survey spectra of
post catalytic Fey s@NiNPs/NiM (Fig. 10) reveal characteristic signals
for Ni 2p, O 1s, and C 1s present in all samples. A weak Fe 2p signal at
~709 eV was also detected in Fep s@NiNPs/NiM, confirming Fe incor-
poration [63]. The C 1s region shows a main peak corresponding to
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Fig. 10. Survey spectra Fep s@NiNPs/NiM.

adventitious carbon (284.8 eV) assigned to environmental contamina-
tion and a secondary peak 288.5 eV that has been assigned to possible
surface organic contamination (O-C—0) of the commercial NiMesh [59,
61,85]. For post-catalytic samples two main peaks appear in the same C
1sregion at 293.2 eV and 296.3 eV corresponding K 2p; /2, coming from
surface contamination by the KOH electrolyte used [86]. For XPS
detailed spectra of all samples see S.I. Section 5.

The study of Ni LMM Auger region facilitates the interpretation of Ni
2p3,/2 region identifying the presence of different possible Ni species. A
main peak on the Ni LMM Auger region (Fig. 11) was observed at KE =
846 eV. This value of kinetic energy is associated in literature with
metallic Ni [87,88]. A signal peak at 832.8 eV of kinetic energy was
observed, which can be assigned to y-NiOOH, as was evident in the
pristine NiMesh sample.

In NiNPs/NiM and Fe, s@NiNPs/NiM, an enhancement of a broad
peak at KE = 843.9 eV was also observed, indicating a higher proportion
of NiO, which partially overlaps with the y-NiOOH signal. The Ni 2ps/5
region (Fig. 12a,c,e) further supports these findings. All samples exhibit
a metallic Ni peak at BE = 852.6 eV. The broader oxidized Ni envelope
was fitted using established fitting parameters, revealing contributions
from NiO and y-NiOOH in NiMesh [52,70]. For NiNPs/NiM and
Fey5@NiNPs/NiM, a component attributed to B-NiOOH (Ni2t/Ni®™)
was also detected. This phase is commonly regarded as a precursor to the
more catalytically active y-NiOOH [89-91].

Post-catalytic XPS analysis (after 6 h at 1.7 V vs. RHE) revealed
significant spectral changes (Fig. 12b,d,f). The metallic Ni signal
decreased in all samples and was completely absent in Fey s@NiNPs/
NiM, indicating full surface oxidation. Additionally, a shift of the Ni
2p3/2 main peak from 855.6 eV in NiMesh to 856.0 eV in Fey s@NiNPs/
NiM suggests the formation of higher oxidation state Ni**/Ni*" species
[28,71,72]. Notably, p-NiOOH features persisted in NiMesh and
NiNPs/NiM but disappeared in the Fe-containing catalyst in gain of Ni
(OH); species, indicating a more complete and efficient transformation
from Ni(OH), to the catalytically active phase y-NiOOH in the presence
of Fe [33]. These changes can be correlated with the higher catalytic
activity of Fey s@NiNPs/NiM compared to NiNPs/NiM and NiMesh.

3.5. Full-cell 5 cm? AEM water electrolyser performance

To assess the practical applicability of the Fes g@NiNPs/NiM elec-
trode, having the best Tafel slope value while maintaining a low over-
potential, we extended our investigation beyond the conventional three-
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Fig. 11. a) Ni LMM spectra of pre-catalytic NiMesh and b) Ni LMM spectra of pre-catalytic Fe, s@NiNPs/NiM.
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electrode set up and evaluated its performance in a full-cell anion ex-
change membrane water electrolyser (AEMWE). The electrochemical
activity of Fe-modified electrode was directly compared to that of pris-
tine NiMesh under identical operating conditions. As shown in the

10

polarization curves of freshly assembled cells, the Fes g@NiNPs/NiM
electrode demonstrated a pronounced improvement in cell performance,
reaching a current density of 740 mA/cm? at 2.2 V, while the unmodi-
fied NiMesh achieved only 305 mA/cm? under the same conditions
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(Fig. 13). These results are consistent with the catalytic enhancements
observed in the three-electrode measurements, confirming the superior
intrinsic activity of the Fe-modified catalysts and their effectiveness in
realistic electrolyser configurations.

To assess the long-term stability of the Fes g@NiNPs/NiM electrode
under practical operating conditions, potentiostatic electrolysis was
carried out at a constant cell voltage of 2.0 V over a period of 72 h.
Polarization curves were recorded at 24 h intervals to monitor perfor-
mance evolution. After the first 24 h, an activation effect was observed,
with the current density increasing to a peak value of 930 mA/cm?.
However, after 48 h, a slight decline in performance was noted, with the
current density decreasing to 904 mA/cm?, corresponding to 3.5 %
reduction. After 72 h of continuous operation, the final current density
was 870 mA/cm?, indicating a total performance loss of approximately
7 %. Fig. 14 presents the time dependent polarization curves, revealing a
relatively low degradation rate of approximately 0.1 % h~!. This
degradation rate confirms the need for improvement in terms of oper-
ational durability of Fes g@NiNPs/NiM catalyst for further development
in AEM electrolyser systems.

4. Conclusions

The improvement of Ni-based catalysts through Fe decoration for
alkaline water electrolysis is well-established. However, conventional
synthesis methods often yield alloyed bimetallic nanoparticles with
poorly defined surface compositions, complicating the analysis of
surface-specific effects. In this work, we developed a controlled syn-
thetic approach through magnetic induction that enables selective Fe
nucleation on the surface of NiNPs, efficiently preventing homo-
nucleation and allowing precise control over surface Fe-Ni ratios. This
proof of concept can be adapted to a huge variety of organometallic
precursors and heating agents opening new synthetical routes increasing
the control over catalysts prepared for several applications.

Three Feyt,@NiNPs materials with Fe loadings of 2.5 wt%, 5.8 wt%,
and 11 wt% were synthesized, characterized, and evaluated under
various electrocatalytic conditions. The results demonstrated a strong
dependence of electrocatalytic behaviour on both the Fe/Ni surface ratio
and the Ni surface coverage. When Fe,@NiNPs were used as the sole
active material, performance varied significantly with Fe content.
However, when supported on an electrochemically active NiMesh,
additional synergistic effects arise from the interaction of Fe, @NiNPs
with the NiMesh as the Fe present in the surface of Fe,@NiNPs comes
in contact with the Ni from the NiMesh.

Furthermore, stability assessments revealed that higher Fe content
correlates with increased degradation rates, likely due to weaker
adhesion when the catalysts were applied via spray coating on to the
NiMesh support compared to the deposited Fe,@NiNPs/NiM mate-
rials. These findings highlight the importance of precise surface
composition control and material integration strategies to fully harness
the synergistic between Fe and Ni, thereby optimizing both the activity
and durability of the electrocatalysts.

Finally, Fes g@NiNPs/NiM material was successfully tested in a full-
cell AEMWE displaying a maximum current density of 930 mA/ em? with
a performance decrease of ~0.1 % h™! over 72h of continuous elec-
trolysis at 2.0 V. Demonstrating the adaptability of the synthetical
procedure upon scaling up materials for catalysts testing from three-
electrode systems up to full-cell AEMWE:s.
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