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the results indicate that the phase composition and the interplay between

different iron oxide phases play a decisive role in determining electrocat-

alytic activity. The highest performance is observed for the coating containing a combination of hematite, magnetite, and maghemite
phases, which exhibited the lowest overpotential of 349.7 mV at a current density of 10 mA-cm 2.
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1. INTRODUCTION effectiveness.”” Hematite (a-Fe,O,), which features a hexago-
nal crystal structure with Fe** ions occupying octahedral sites,
is considered a promising material for OER due to its natural
abundance, low toxicity, and environmental compatibility.
Meanwhile, a spinel-type Fe,O,, can provide multiple oxidation
states, high electrical conductivity, and favorable binding ener-
gies for OER intermediates.® However, Fe active sites often
bind adsorbates too strongly. To address this, incorporating
Ni—known for its tendency to bind intermediates too
weakly—into Fe-based oxides may create a balanced system
with varied oxidation states, improved conductivity, and more
optimal adsorption characteristics for OER.” Although nickel—
iron oxide systems have been extensively investigated world-
wide, a comprehensive understanding of the optimal nickel con-
tent, suitable deposition techniques, and the impact of nickel
incorporation on the phase structure of iron oxides remains lim-
ited. While porous morphologies are generally advantageous
due to their increased active surface area, the vigorous evolution
of oxygen during operation can lead to pore blockage,

Aligning with the global goals of clean and sustainable energy,’
the development of green hydrogen and green ammonia tech-
nologies is crucial. Despite their potential, current H, and
NH, production methods rely heavily on fossil fuels, accounting
for approximately 2% of global greenhouse gas emissions.” The
shift to green hydrogen production via water electrolysis (WE)
holds the potential to transform the global energy economy and
accelerate the achievement of carbon neutrality. The two estab-
lished WE technologies—alkaline (A-WE) and proton
exchange membrane (PEM-WE) electrolysis—face economic
challenges in achieving cost competitiveness with conventional
H, production methods.” The anion exchange membrane
(AEM-WE) electrolysis is an emerging technology that com-
bines the low cost of A-WE and the high efficiency of
PEM-WE. It utilizes abundant, inexpensive transition metals
such as iron and their derivatives as catalysts, safe polymer
membranes, and mildly alkaline electrolytes.” While scientific
efforts are focused on the development of all critical compo-
nents of AEM technology—namely catalysts, membranes, iono-

mers, membrane electrode assembly (MEA)°—a key challenge Received:  April 20, 2026
remains the advancement of efficient and stable electrocatalysts Revised:  July 20, 2026
for both the hydrogen evolution reaction (HER) and the oxy- Accepted:  July 23] 2026

gen evolution reaction (OER). Transition metal oxides
(TMO) and (oxy)hydroxides (TM-(O)OH) are considered as
great candidates for this role due to their low overpotentials,
long-term stability, fast kinetics, abundance and cost
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ultimately resulting in a reduction of accessible surface area and
catalytic performance.'®!!

In this study, compact nickel-doped iron oxide thin films
were synthesized by reactive magnetron sputtering (RMS),
enabling precise control of film composition, microstructure,
thickness, particle size, and crystallinity through systematic
adjustment of deposition parameters. The present work aims
to elucidate how Ni incorporation affects the formation and
coexistence of different iron oxide polymorphs within the coat-
ings. By tuning the deposition conditions, the relative contribu-
tions of hematite, magnetite, and maghemite phases were
modulated, allowing the role of phase composition and inter-
phase interactions in determining the electrocatalytic properties
of the films to be systematically evaluated. This approach pro-
vides new insight into phase-driven optimization strategies for
iron-oxide-based electrocatalysts.

2. MATERIALS AND METHODS

Nickel-doped iron oxide coatings were deposited on commercially
available AISI304 type stainless steel plates with a geometric area of
1 X 3 cm® (Goodfellow, Germany) using the magnetron sputtering
technique with Kurt J. Lesker PVD 75 system. Pure hematite
(a-Fe,05, 99.9% purity) and metallic nickel (99.99% purity) were
used. Synthesis was performed in a 70/30% ratio of argon and oxygen
gas. A direct current (DC) power source was used for the hematite tar-
get at 250 W and pulse direct current (PDC) was used for the nickel
target at various power values (25-60 W). A base chamber pressure
of 6.5 X 107 Torr was achieved and the operating pressure was fixed
at levels between 1.3 X 10> and 1.8 X 107> Torr.

The crystal structure of the deposited coatings was investigated
using a Bruker AXS D8 X-ray diffractometer. The operating conditions
were as follows. Cu-K,, radiation with A = 1.54056 X 10~'° m wave-
length, Ni filter, anodic voltage 40 kV, position step of detector
0.02°, current strength 40 mA. Morphological peculiarities were ana-
lyzed with scanning electron microscopy (SEM) using Hitachi
S-3400N equipment with Bruker Quad 5040 detector for energy dis-
persive X-ray spectroscopy (EDS). Raman analysis was conducted
using a Renishaw inVia setup equipped with a 532 nm laser source, a
2400 L/mm grating and 100X objective. Surface topography was fur-
ther investigated by high-resolution atomic force microscopy (AFM)
using an instrument mounted in a vibration- and noise-isolated enclo-
sure (Q-Box). XPS spectra were acquired in an Ultra High Vacuum
(UHV) system with a base pressure of 2 X 10'® mbar located at
TEMA, University of Aveiro. The system is equipped with a hemi-
spherical electron energy analyzer (SPECS Phoibos 150), a delay-line
detector and a monochromatic AlKo (1486.74 V) X-ray source.
High resolution spectra were recorded at normal emission take-off
angle and with a pass-energy of 20 eV, which provides an overall instru-
mental peak broadening of 0.5 eV.

Electrocatalytical evaluation was performed in 1.0 M KOH
(Chempur, Poland) electrolyte in a three-electrode cell with nickel-
doped iron oxide coatings on AISI304 as the working electrode, a plat-
inum wire (geometric area 15 cm®) as the counter electrode, and
Ag,AgCl|KCl, as the reference electrode. A potentiostat/galvanostat
BioLogic SP-150 (BioLogic Science Instruments, Seyssinet-Pariset,
France) with EC-Lab 10.39 software was used for recording and
treating electrochemical data. Cyclic voltammetry (CV), chronoam-
perometry (CA), chronopotentiometry (CP) and potentiostatic elec-
trochemical impedance spectroscopy (PEIS) were employed for the
electrochemical characterization of the films. PEIS measurements were
carried out with a sinus amplitude of 20 mV in the frequency range
from 10° to 10~ Hz at 1.544 V vs RHE. All potential values in this
work are given according to the RHE with 85% iR compensation
applied prior electrochemical measurements. The numerical fitting of
PEIS results to the Randles circuit was performed using the Zview

software from Scribner Associates. Constant phase elements (CPE,
with impedance defined as Z¢py, = [Y,(i®)"]™", where Y, is a pseudo
capacitance, # is a variable exponent 0 < n < 1, and ® is the angular
frequency) were used in place of capacitances'* Then the CPE values
were converted to effective capacitances using the Brug equ:ition,l3‘14
using Yy, n and the values of the resistances in series (R;) and parallel
(R,) with respect to the CPE:

n-1
1 1\"
=Y — + — 1

¢ \/_"(Rs ’ Rct) @

The electrochemically active surface area (ECSA) was estimated
from the double-layer capacitance (C,) obtained by CV rather than
from EIS. The CV measurements were performed within a narrow
non-Faradaic potential window (+20 mV the open-circuit potential),
where the measured current is predominantly associated with double-
layer charging. In contrast, the EIS measurements were conducted at
the onset of the OER, where the electrode surface undergoes
potential-dependent changes and the measured interfacial capacitance
may include significant contributions from pseudocapacitance,
surface-state charging, and adsorption of reaction intermediates.
ECSA values were estimated from Cy/C,. Since no established C
exists for dense Ni-doped iron oxide thin films, values reported for
smooth metal electrodes (20-25 pF-cm™) and transition metal oxide
electrodes (~40 pF.cm ) were considered. In this work, C, =
40 pF-cm ™ was used to facilitate comparison with the electrocatalysis
literature.'>*¢

3. RESULTS AND DISCUSSION
3.1. Structural Analysis

To evaluate the doping efficiency and the correlation between
dopant target power and its concentration in the deposited
coatings, energy-dispersive X-ray spectroscopy (EDS) was
employed. The results summarized in Table 1 indicate that
the Ni content increases from 2.6 to 4.6 atom % as the target
power is raised from 25 to 60 W. An increase in target power
generally causes a linear or near-linear increase in dopant con-
centration during magnetron sputtering, particularly within a
moderate power range.'” However, the dependence of nickel
concentration on target power is not linear. Deviations from a
strict linear relationship may be related to the possible oxidation
of the metallic nickel target surface in the Ar/O, atmosphere
and the consequent formation of an insulating oxide layer.'®
The stability of this layer is governed by the competition
between two processes: its removal by argon-ion bombardment
and its regeneration by oxidation. At specific power levels, an
imbalance between these processes leads to deviations in both
the sputtering rate and the resulting film stoichiometry. This
effect is particularly evident in the negligible change in Ni con-
centration observed when the Ni target power is increased from
40 to 50 W. However, because iron and nickel are among the
elements present in the substrate, significant measurement
errors are possible, so the results should be interpreted with
caution. A slight increase in the iron concentration and decrease
in the oxygen concentration was detected for the coating depos-
ited at 60 W of Ni target power. Although EDS does not pro-
vide phase-specific information, this observation is consistent
with the phase evolution identified by Raman spectroscopy, as
discussed in the following section.

X-ray diffraction (XRD) was utilized to investigate the effect
of nickel concentration on the crystallinity of the coatings and
to examine the possible transformation of the initial hematite
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Table 1. Elemental Composition and Crystallinity Percentage of Iron-Nickel Oxide Coatings on AISI304 Stainless Steel
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Figure 1. XRD patterns of uncoated AISI304 substrate (SS), undoped
iron oxide and nickel-doped iron oxide coatings with different Ni con-
centrations. Symbols: *—Fe,0, (ICDD PDF No. 33-0664), O—
Fe,0, (ICDD PDF No. 19-629), V—NiO (ICDD PDF No.
73-1523), e—Ni-Cr-Fe (ICDD PDF No. 33-397), #—Fe-Cr
(ICDD PDF No. 34-396).

crystalline phase into other iron oxide phases. As evidenced by
the results presented in Figure 1, the incorporation of nickel
into the synthesis procedure exerts a pronounced influence on
the crystallinity of the doped coatings in comparison with the
undoped coating prepared under identical conditions.
Although the a-Fe,O, phase (ICDD PDF No. 33-0664) with
the (012), (104), (113), (024), and (116) reflections posi-
tioned at 20 = 23.94°, 32.88°, 40.72°, 50.00°, and 53.84°,
respectively, dominates the structure of the coatings, traces
characteristic of the Fe,O, phase (ICDD PDF No. 19-629)
were also observed. Due to the amorphous nature of the coat-
ings, the determination of the phases of nickel oxide com-
pounds becomes hampered, as the peaks of some possible
compounds, e.g, NiFe,O,, overlap with the peaks of a-Fe,O,
in the pattern, especially the most intense peak at 20 = 35.6°.
However, low intensity peaks characteristic of nickel oxide
(NiO, ICDD PDF No. 73-1523) at 20 = 37.21° and 43.15°
are detected in the coating diffractogram.

The crystallinity of the coatings was also quantitatively
assessed based on XRD results. The calculations of crystallinity
percentage (CP) (Table 1) reveal that a slight increase in nickel
concentration from 2.6 to 2.8% leads to an almost twofold
reduction in crystallinity, decreasing from 67.1 to 35.4%. This
behavior may be attributed to the incorporation of nickel ions
into the iron oxide lattice during reactive magnetron sputtering,
which likely promotes the formation of lattice defects, such as
oxygen vacancies, thereby favoring the development of an
amorphous structure. A further increase in nickel concentration

to 3.1% resulted in an additional decrease in the CP to 16.2%,
indicating substantial phase rearrangement during the sputter-
ing process. Upon increasing the Ni target power from 40 to
50 W, as discussed previously, the change in nickel concentra-
tion determined by EDS analysis was negligible. However, crys-
tallinity percentage calculations showed that the coating with
3.2% nickel exhibited a markedly higher crystalline fraction than
the coating with 3.1% nickel. These findings support the
hypothesis that, within the 40-50 W power range, a competitive
interplay exists between the formation and degradation of the
target passivation layer, which may create conditions conducive
to the formation of amorphous coatings. A further increase in
nickel concentration to 4.6% does not result in a significant
change in crystallinity relative to the coating containing
3.2% Ni, with the crystalline fraction remaining at approxi-
mately 32.1%. This behavior can be attributed to operation at
target powers exceeding the regime dominated by target passiv-
ation, under which oxide film formation becomes stabilized and
sputtering proceeds without pronounced fluctuations. In this
regime, the sputtering rate increases with target power, leading
to a more constant flux of sputtered species and a steadier
growth environment, which suppresses large variations in phase
composition and crystallinity.

Raman analysis of nickel-doped iron oxide coatings revealed
more scattered results among coatings with different Ni concen-
trations (Figure 2). The undoped iron oxide coating deposited
under the same conditions presented a combination of several
phases of iron oxide (Figure S1). a-Fe,O, structure was con-
firmed with symmetric stretching E, vibrations at 292, 411,
and 613 cm™' and antisymmetric bondlng peak (Alg) at
221 ecm™"."? The presence of a maghemite (y-Fe,O 3) was sug-
gested by the low-intensity E, vibrations at 507 cm™ "and A,
peak at 688 cm™'. Only the most intense A, peak of a spmel
type magnetite (Fe3 ) was recorded at 668 cm™! assuming
that Fe(III) is the dominant oxidation state in the deposited
undoped iron oxide coatings.

The incorporation of nickel into the structure during synthe-
sis at the lowest concentration of 2.6 atom % adjusts the iron
oxide structure while maintaining the oxidation state of Fe*™
in the compounds as prevailing. However, apart from the peaks
of hematite and maghemite, all four peaks characteristic of mag-
netite were promment in the spectrum, 1nclud1ng two T, peaks
at 193 and 538 cm™ E peak at 306 cm™' and the most inten-
sive A, peak at 668 cm L. This observation may imply a more
pronounced reduction of 1ron(III) within the deposition cham-
ber during the reactive magnetron sputtering process, likely
facilitated by the concurrent oxidation of metallic nickel parti-
cles into their respective oxide phases. Partial substitution of
Fe ions with Ni ions in the spinel structure of Fe,O, is sup-
ported by the presence of T,, asymmetric Fe-O or Ni-O bond-
ing vibrations at 570 cm™ and A, symmetric stretching Fe-O
vibrations at 691 cm™ characterlstlc to NiFe,0,.”
Quantitative Raman peak deconvolution (Table S1) confirms
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Figure 2. Raman spectra of iron-nickel oxide coatings with different
Ni concentrations.

that y-Fe,O; is the dominant phase (53.5%), followed by a-
Fe,0, (23.7%), NiFe,0, (15.7%), and smaller contributions
from Fe,0, (6.4%) and NiO (0.7%).

Further increment in Ni concentration to 2.8 atom % is
favorable for the formation of inverse spinel-type maghemite
phase in which some of the Fe** ions occupy tetrahedral posi-
tions surrounded by four instead of six O>~ ions, thus creating
cation vacancies.”! Although the most characteristic hematite
bands at 292 and 412 cm™' become considerably less pro-
nounced in the experimental spectrum, Raman fitting indicates
that a-Fe, Oj still contributes approximately 24.8% of the over-
all spectral response. While the most characteristic magnetite
peaks at 306 and 668 cm™ are present in the spectrum, a
noticeable shift of the broadened peak within the 650-
750 cm ™! range is observed. This shift can be attributed to sev-
eral factors. Firstly, while both maghemite and magnetite share
a spinel crystal structure with Fe(III) ions occupying tetrahedral
sites—contributing to this spectral feature—the observed shift
toward the maghemite region may indicate the predominance
of maghemite in the coating. Additionally, the partial substitu-
tion of iron ions with nickel ions in the nickel ferrite lattice
likely contributes to both the peak broadening and its spectral
shift.”® This interpretation is supported by the deconvolution
results, which identify y-Fe,O; as the major component
(50.9%) together with an increased NiFe,O, fraction (17.9%).
Secondly, XRD analysis suggests a significant drop in the coat-
ing crystallinity (35.4% compared to 67.1% for 2.6% Ni concen-
tration), which is associated with randomly oriented dangling
bonds.”> This structural disorder typically results in broader,
less intense Raman peaks. A similar evolution is observed for
the coating containing 3.1 atom % Ni. Although characteristic
NiFe,0, band near 560 cm™ is not clearly resolved in the spec-
trum due to the peak overlap and band broadening, Raman fit-
ting reveals that nickel ferrite accounts for 23.8% of the fitted
spectrum, representing the highest concentration among all
investigated samples. Simultaneously, the y-Fe,O, contribution
decreases to 44.0% while Fe O, remain relatively constant
(5.2%) and NiO contributes only 1.0%. These results indicate
enhanced incorporation of Ni into the spinel lattice rather than
extensive segregation into NiO, despite the visual dominance of
magnetite-related features.

The Raman spectrum of the iron oxide coating doped with
3.2% of Ni reveals the presence of distinct peaks corresponding

to hematite, maghemite, magnetite, and nickel ferrite, indicating
the coexistence of multiple iron oxide phases. Quantitative fit-
ting identifies y-Fe,O, as the predominant phase (47.8%),
followed by o-Fe,O, (29.7%), NiFe,O, (16.4%), Fe,O,
(5.4%), and a minor NiO contribution (0.7%), confirming that
the multiphase character of the coating is retained despite
increasing nickel incorporation. Although the Ni concentration
determined by EDS (Table 1) is slightly higher than that of the
3.1 atom % Ni coating, the fitted NiFe,O, fraction decreases
from 23.8 to 16.4%. As mentioned previously, the difference
in Ni concentration between these coatings (0.1 atom %) is
close to the uncertainty associated with EDS quantification,
especially due to the presence of nickel in the substrate.
Therefore, the measured Ni concentrations are regarded as
approximate. Nevertheless, the reduction of NiFe,O, fraction
supports the assumption of partial target passivation during
reactive magnetron sputtering in the power range of 40—
50 W. Formation of an oxide layer on the nickel target surface
can reduce the sputtering yield of metallic Ni, thereby decreas-
ing the flux of nickel atoms reaching the substrate and limiting
NiFe,O, formation. Consequently, a larger fraction of iron
remains incorporated in hematite and maghemite phases, as
reflected by the increased a-Fe,O, contribution.

At the highest Ni concentration of 4.6 atom %, the broad and
nearly symmetrical band around 670 cm™ suggests a stronger
contribution from spinel-type phases. Although the experimen-
tal spectrum does not display clearly distinguishable maghemite
bands because of extensive spectral overlap, Raman peak fitting
reveals that y-Fe,O, remains the largest phase fraction (39.5%),
accompanied by increased contributions from NiFe,O,
(20.0%) and Fe,O, (94%), while a-Fe,O, accounts for
30.2% of the fitted spectrum. The increase in the magnetite
and nickel ferrite fractions indicates that higher Ni concentra-
tions favor the stabilization of spinel-type oxide phases, whereas
the consistently low NiO content (<1%) suggests that most
nickel is incorporated into the ferrite lattice rather than forming
a separate nickel oxide phase. The Raman analysis of the coat-
ing with 4.6 atom % Ni provided further insight into the com-
positional changes previously observed by EDS (Table 1). As
discussed in the EDS results, the coating deposited at the high-
est Ni target power exhibited a slight increase in iron concentra-
tion followed by the decrease in oxygen concentration. The
Raman peak deconvolution revealed that this trend could be
related to the increase in the Fe O, phase fraction that pos-
sesses the lower O/Fe atomic ratio (4/3) compared to the
y-Fe,O, phase (3/2) which fraction reduced during synthesis.

Scanning electron microscopy (SEM) analysis was per-
formed on as-deposited coatings without an additional gold
layer (Figures 3 and S2). Examination of the micrographs indi-
cates that the nickel target power applied during synthesis sig-
nificantly influences the resulting coating morphology. All
coatings are compact and closely replicate the underlying stain-
less steel surface morphology, indicating good conformity and
coverage. In general, higher power increases the sputtering rate
and particle flux, which raises the probability of particle—
particle interactions both in the plasma phase and upon arrival
at the substrate, thereby favoring agglomeration and cluster for-
mation.”® Analysis of particle size as a function of nickel target
power (and corresponding nickel concentration) shows that at
the lowest power (25 W), particles are uniformly distributed
with diameters ranging from 20 to 70 nm. At 30 W, particles
of 30-70 nm remain predominant; however, isolated clusters
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Figure 3. SEM micrographs of nickel-doped iron oxide, with the inset
depicting the nanocluster (20—S0 nm) microstructure.

with diameters of 150-250 nm begin to appear. Further
increases in power to 40 and 50 W promote the formation of
denser regions enriched with larger particles, rather than dis-
crete clusters, although the dominant particle size remains
below 80 nm. The increasing kinetic energy of sputtered species
enhances surface diffusion, promoting coalescence into larger
features and the development of particle-rich zones. At a target
power of 60 W, the coating exhibits more homogeneous growth
compared to the previously analyzed samples, with a relatively
balanced distribution of smaller particles (35-50 nm) and larger
particles (70—-100 nm). It may arise from a dynamic balance
between increased nucleation density and enhanced surface
mobility, resulting in simultaneous formation of new nuclei
and controlled growth of existing particles.

The cross-sectional SEM images (Figure S3) revealed that
the film thickness increased slightly from 373 to 391 nm as
the Ni target power was increased from 25 to 30 W. This
increase can be attributed to the higher sputtering yield of the
Ni target, which results in a higher deposition rate. However,
further increasing the Ni target power caused the film thickness
to decrease progressively, reaching 260 nm at 60 W. At higher
target powers, energetic ion bombardment during reactive mag-
netron sputtering becomes more significant, enhancing the
re-sputtering of weakly bonded surface atoms and thereby
reducing the net deposition rate. Simultaneously, increased Ni
incorporation promotes grain refinement and enhanced atomic
packing, resulting in the formation of thinner but denser films.

Surface roughness of all synthesized samples was evaluated
by AFM (Table S2). The results revealed that the surface
roughness varied with the applied Ni target power, initially
increasing and then decreasing at higher powers. This behavior
can be attributed to the competing effects of Ni incorporation
on thin-film nucleation and crystal growth during reactive mag-
netron sputtering. At low Ni target powers (25 and 30 W), the
films exhibited relatively smooth surfaces when measured S,
values for 10 X 10 pm areas did not exceed 25 nm. The rela-
tively smooth surface is obtained due to uniform grain growth
and sufficient adatom mobility, allowing deposited species to
diffuse to energetically favorable sites.”* As the Ni target power
increased up to 40 W, greater Ni incorporation introduced lat-
tice distortion and promoted the formation of additional nucle-
ation sites, resulting in grain competition, non-uniform crystal
growth, and more pronounced surface features.
Simultaneously, the higher deposition rate reduced adatom sur-
face diffusion and enhanced shadowing effects, contributing to
an increase in surface roughness up to 50 nm. With further
increasing Ni target power to 50 and 60 W, the roughness
decreased to 40 and 20 nm, respectively, indicating a transition

in the dominant growth mechanism. At higher Ni concentra-
tions, grain growth was likely to be inhibited by grain-
boundary pinning and continuous renucleation, leading to grain
refinement and the formation of a denser, more homogeneous
microstructure.

XPS was employed to investigate the surface chemical com-
position and oxidation states of the synthesized coatings
(Table S3). The Fe 2p spectra of all coatings exhibit the charac-
teristic spin-orbit doublet (Fe 2p3/2 and Fe 2pl/2, separated
by ~13.6 €V) together with the shake-up satellite structure
and multiplet splitting that are diagnostic of high-spin Fe oxide
environments and that make the Fe 2p envelope inherently
more complex to deconvolute than a simple two-peak
model.*?® In the present coatings, curve fitting resolved Fe**
and Fe’' contributions within the Fe 2p3/2 multiplet, and
the resulting fractions were cross-checked against the Fe-
associated component of the Ols line shape, which indepen-
dently reports on the local Fe-O coordination through its
lattice-oxygen sub-components (Table S3). Across the as-
deposited series, the two channels agree within 1.5-2 percent-
age points at every composition (e.g, 61.98/38.02% from Fe
2p versus 60.36/37.03% from O 1s at 25 W), which supports
the internal consistency of the peak assignment rather than indi-
cating two chemically distinct Fe populations. All as-deposited
coatings display a mixed-valence Fe**/Fe®* surface, with Fe*"
fractions between 58 and 63%, i.e., a surface substantially richer
in Fe*" than pure hematite (exclusively Fe>*) but broadly com-
patible with the Fe**—Fe’* stoichiometry expected for
magnetite-type (Fe,0,) and some part of nickel-ferrite-type
(NiFe,0,) spinel environments, which is consistent with the
multiphase hematite/magnetite/maghemite/nickel-ferrite
assemblage already identified by Raman deconvolution
(Table S1) and by XRD (Figure 1). The film deposited at
50 W (3.2 atom % Ni) is the only composition for which the
surface Fe’" fraction exceeds Fe’* by more than a marginal
amount (41.88 versus 58.12% from Fe 2p), indicating a com-
paratively more oxidized, hematite/maghemite-like near-
surface layer. Because this coating also delivers the lowest
overpotential at 100 mA-cm™> and the smallest Tafel slope
among all samples (Table 2), the XPS result reinforces the argu-
ment that the electrocatalytic response is governed by the spe-
cific balance of iron oxide phases and their associated Fe
oxidation states rather than by nickel content alone; an Fe**-
enriched, defect-tolerant surface appears here to combine favor-
ably with the electronic conductivity retained from the coexist-
ing Fe;O, and some part of the fraction of nickel ferrite.

The Ni 2p spectra were deconvoluted into Ni** and Ni**
contributions superimposed on the characteristic Ni 2p shake-
up satellite envelope, which is required for reliable quantifica-
tion of mixed Ni oxidation states in NiO/NiFe,0O,/NiOOH-
type systems.”> At every composition, the sum of the surface
Ni** and Ni** fractions is small relative to Fe (2.6-5.0 atom %),
consistent with Ni acting as a dilute substitutional dopant
within the iron oxide lattice rather than forming an appreciable
separate NiO phase, in line with the low (<1%) NiO content
extracted from Raman deconvolution across the whole series
(Table S1). A composition-dependent trend in Ni speciation
is nevertheless apparent: at low-to-intermediate Ni loading
(25-50 W, 2.6-3.2 atom % Ni), the surface Ni is predominantly
Ni** (e.g, 0.09% Ni** versus 3.16% Ni*" at 40 W), whereas at
the highest loading (60 W, 4.6 atom % Ni) this ratio inverts,
with Ni** (3.11%) exceeding Ni** (1.86%). Dilute, isolated
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Table 2. Electrocatalytical Parameters of Nickel-Doped Iron Oxide Coatings in 1.0 M KOH”

Ni concentration (atom %) 7 (£0.1 mV) at 10 mA-cm >

0 355.8
2.6 352.2
2.8 357.2
3.1 360.3
32 354.0
4.6 349.7

“Tafel slopes are given for a (left) high and a low (right) potential range.

7 (£0.1 mV) at 100 mA-cm b (+1 mV-dec")

448.5 23 45
4117 32 39
453.0 31 41
464.8 31 39
4102 28 34
4319 32 45

Ni substituting for Fe>* within the hematite/maghemite/nickel
ferrite framework is charge-compensated most readily as Ni**,
whereas at higher Ni loading a larger fraction of Ni is accommo-
dated within a stoichiometric NiFe,O, spinel environment, in
which Ni conventionally occupies octahedral sites as Ni**.
This is consistent with the Raman-derived NiFe,O, fraction
increasing monotonically from 15.7 to 20.0% between the low-
est and highest Ni-target-power coatings (Table S1).

The O 1s spectra of all coatings were resolved into a main
lattice-oxygen component (metal-O? the dominant contribu-
tion in every sample) together with higher-binding-energy com-
ponents generally assigned in the literature to hydroxyl groups,
defect-associated oxygen and adsorbed molecular water.
Because the strict correspondence between the 531-532 eV O
1s feature and true oxygen vacancies has been repeatedly and
explicitly challenged a vacant lattice site cannot itself emit a
photoelectron, and the same binding-energy region is populated
by surface hydroxyls, adsorbed water and defect-related
metal-oxygen environments that are spectroscopically indistin-
guishable from vacancies by Ols alone.”” > The higher-
binding-energy Ols components reported here are interpreted
conservatively as a hydroxylated/defective near-surface oxide
rather than as a direct, quantitative measure of the oxygen-
vacancy concentration. Within this conservative framework,
the relative intensity of the non-lattice Ols components tracks
the same compositional trend already identified by XRD, ie.,
coatings with lower crystallinity percentage (Table 1) display
a proportionally larger hydroxylated/defective oxygen contribu-
tion, consistent with the greater density of dangling bonds and
undercoordinated surface cations expected for amorphous, Ni-
perturbed iron oxide networks.”” This defective, hydroxylated
character is mechanistically favorable for OER, since surface
hydroxyl groups and undercoordinated metal-oxygen sites are
widely regarded as precursors for, or direct participants in, the
adsorption of OH- intermediates during the first electron-
transfer step of the reaction.

Quantitative comparison of the XPS-derived atomic concen-
trations with the bulk EDS values (Table 1) provides additional
insight into the near-surface distribution of Ni. Summing the
Ni** and Ni** fractions gives a total surface Ni content of
2.6, 3.0, 3.3, 3.9 and 5.0 atom % for the films deposited at 25,
30, 40, 50 and 60 W, respectively, which are numerically close
to, and for the two highest-power films slightly higher than,
the corresponding EDS-derived bulk values of 2.6, 2.8, 3.1, 3.2
and 4.6 atom %. This small but systematic surface excess at 50
and 60 W (4+0.7 and + 0.4 atom % relative to EDS, respec-
tively) is compatible with mild surface segregation of Ni toward
the outermost 5—10 nm probed by XPS, an effect that a bulk-
averaging technique such as EDS is not able to resolve. The for-
mation of a mixed Fe>*/Fe®" surface in every as-deposited

coating, rather than a purely Fe’™ hematite-like surface, is a
direct consequence of the reactive magnetron sputtering condi-
tions employed. Reactive sputtering of an oxide target in an Ar/
O, mixture is intrinsically sensitive to the instantaneous oxida-
tion state of the target surface, which is itself governed by a
dynamic competition between argon-ion-induced target erosion
(which exposes reduced, sub-stoichiometric metal) and re-
oxidation by the reactive gas.'® Because the deposition rate,
the flux of oxidized versus metallic species reaching the growing
film, and the resulting film stoichiometry are all coupled to this
target-surface equilibrium, a degree of oxygen sub-stoichiometry
and hence a fraction of reduced Fe" cations is essentially
unavoidable in RMS-grown iron oxide films, even when the
nominal target material (a-Fe,O,) contains only Fe".

3.2. Electrocatalytic Activity in Oxygen Evolution

The electrocatalytic properties of nickel-doped iron oxide coat-
ings were evaluated using various electrochemical techniques.
The LSV curves illustrate how the current density of the coat-
ings responds to changes in potential within the anodic region
(Figure 4A). These results indicate that the activity for oxygen
evolution does not directly correlate with the nickel concentra-
tion. Instead, factors such as the distribution of iron oxide
phases, along with the degree of crystallinity, appear to have a
significantly greater impact on electrocatalytic performance.
XRD analysis (Figure 1) of the doped coatings revealed that,
compared to the undoped iron oxide coating, the incorporation
of nickel promotes the formation of an amorphous structure.
The resulting long-range disorder can lead to unsaturated coor-
dination sites and structural defects, which are considered as
advantageous for electrocatalysis. However, this disorder may
also contribute to reduced electrical conductivity.”> Therefore,
phase engineering emerges as an effective strategy to develop
electrocatalytically active materials by leveraging the high den-
sity of active sites inherent to amorphous phases, while main-
taining the stability and adequate conductivity associated with
crystalline structures. Raman spectroscopy indicated the con-
version between different iron oxide crystal phases while alter-
ing the power of the nickel target, which can facilitate the
generation of disordered domains and, consequently, enhance
the concentration of active sites. During LSV measurements
the coating containing 2.6 atom % Ni exhibited one of the low-
est overpotentials at both 10 and 100 mA.cm™> (Table 2).
According to the Raman analysis, this sample was dominated
by the y-Fe,O; phase, which is generally reported to possess
higher electronic conductivity and a greater density of surface
defects than a-Fe,O;. These characteristics likely facilitate elec-
tron transport and provide a larger number of catalytically active
sites, contributing to the enhanced OER performance.
Increasing the Ni concentration to 2.8 atom % resulted in
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Figure 4. Linear sweep voltammograms (A), overpotential at various current densities (B), Tafel (C), Nyquist (D) and Bode (E, F) plots of nickel-

doped iron oxide coatings in 1.0 M KOH at 20 mV.s.”™"

higher overpotentials, particularly at 100 mA.cm 2. Although
the NiFe,O, content increased, the fraction of y-Fe,O,
decreased slightly (from 53.5 to 50.9%), suggesting that the
increased spinel content did not fully compensate for the reduc-
tion in the conductive and defect-rich maghemite phase. A fur-
ther increase in the Ni concentration to 3.1 atom % led to an
additional decline in OER activity despite the highest
NiFe,O, fraction (23.8%). This coating also contained one of
the lowest y-Fe,O, contents (44.0%) and exhibited the highest
surface roughness among all samples. While a rougher surface
generally provides a larger electrochemically accessible area,
excessive roughness may become detrimental during the oxygen
evolution reaction. The pronounced surface features can pro-
mote bubble retention within surface valleys, partially blocking
active sites and hindering electrolyte access, particularly at
higher current densities where oxygen evolution is more
vigorous.

Further increasing the Ni concentration to 3.2 atom % signif-
icantly improved the OER performance, yielding the lowest
overpotential at 100 mA.cm™ and the smallest Tafel slope.
Although the phase composition did not differ substantially
from that of the neighboring compositions, this coating exhib-
ited a more balanced combination of a-Fe,O,, y-Fe,O,,
Fe,O,, and NiFe,O, together with moderate surface roughness
(<40 nm). This combination likely provided an optimal com-
promise between electrical conductivity, the density of catalyti-
cally active sites, and eflicient mass transport, making this
coating the most effective electrocatalyst among those investi-
gated. The coating containing 4.6 atom % Ni exhibited the low-
est overpotential at 10 mA.cm % however, its performance

deteriorated at 100 mA-cm 2. This behavior may be associated
with the further decrease in the ¢y-Fe,O; fraction to
39.5% and the lowest surface roughness among all samples.
Although the increased Fe,O, content may enhance electronic
conductivity, the reduced amount of the defect-rich maghemite
phase together with the smoother surface is likely to decrease
the density and accessibility of active sites, thereby limiting
the catalytic performance under high-current operating condi-
tions. Overall, these results demonstrate that maximizing the
concentration of an individual phase, such as NiFe,O,, is insuf-
ficient to optimize the OER activity. Instead, the best perfor-
mance is achieved through a balanced phase composition
combined with favorable surface morphology. Although the dif-
ference in activity between coatings with 2.6 and 3.2% of Ni
appears modest, as they both require only 56-60 mV to
increase the current density from 10 to 100 mA.cm™?, staircase
chronopotentiometry measurements (Figure S5) reveal that
higher nickel content in the iron oxide coatings offers a distinct
advantage—likely due to an increased density of active sites and
structural defects. At industrially relevant current densities, the
coating with 3.2% of Ni demonstrates more efficient oxygen
evolution, as evidenced by a lower overpotential compared to
the lower-nickel sample.

Normalization of the OER activity to the ECSA (Table S4)
did not substantially change the overall performance trend
obtained using the geometric electrode area (Figure S6). The
ranking of the coatings remained essentially unchanged, indicat-
ing that the differences in electrocatalytic activity cannot be
attributed solely to variations in the electrochemically active
surface area. Notably, ECSA normalization more clearly
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highlighted the superior activity of the coating containing
2.6 atom % Ni relative to the coating with 3.1 atom % Ni.
These results suggest that the observed differences in OER per-
formance are primarily governed by the combined effects of
phase composition and microstructural characteristics, while
the contribution of the electrochemically active surface area is
comparatively less significant.

In evaluating the efficiency of coatings for catalyzing oxygen
evolution and their possible application at industrial level, iden-
tifying the rate-determining step is particularly critical. Despite
occurring under alkaline conditions, oxygen evolution remains
kinetically unfavorable, as the formation of one O, molecule
from hydroxide ions requires the removal of four electrons.
The Tafel slope (b), derived from the Tafel equation describing
the relationship between current density and overpotential, pro-
vides insight into which step of the hydroxide ion oxidation pro-
cess is most kinetically hindered. A lower Tafel slope generally
indicates that the rate-limiting step is at the end of the four-
electron process, and is therefore characteristic of a more effi-
cient catalyst. Tafel plots (Figure 4C) were derived from
potential-controlled electrolysis data (Figure S4) in the range
of 1.49-1.57 V, with the corresponding Tafel slopes (b values)
summarized in Table 2. This potential window was selected
based on previously recorded LSV curves (Figure 4A) to
emphasize the onset region of the oxygen evolution. The
Tafel plots display a noticeable inflection in the middle of the
analyzed region, indicating a change in the rate-determining
step between the onset and higher current densities. Based on
previous simulations aimed to establish the relationship
between Tafel slopes and the anodic transfer coefficient (or
symmetry coefficient for a complex electron reactions),*
Tafel slopes in the range of 28—32 mV can be subject to ambig-
uous interpretation. The simulations indicated that such values
at low overpotentials may correspond either to the removal of
the third electron during the oxidation of M—O to M—OOH,
or to an earlier step involving the release of the second electron
during the transition from M~OH to M—O.* Meanwhile, a fur-
ther increase in overpotential clearly suggests that the rate-
determining step shifts earlier in the reaction pathway, with
the release of the second electron becoming the key factor gov-
erning the overall reaction kinetics.

3.3. Corrosion Behavior

According to the ionization tendency, metallic components in
the oxide state are more thermodynamically stable than in their
metallic form in aqueous solutions.>' However, electrochemical
redox reactions that inevitably occur at the surface of the active
material can ultimately accelerate catalyst surface degradation
and reduce catalytic activity. Therefore, corrosion monitoring
and quantitative evaluation of its parameters enables the predic-
tion of surface durability, which is critical for assessing their suit-
ability in industrial applications. A well-known technique of
Tafel extrapolation was employed to determine the general

corrosion.*” The results presented in Figure S7 and Table 3
reveal the intensity of both anodic and cathodic processes
occurring on the surface of the coatings in an alkaline medium.
The anodic process in metallic materials involves the oxidation
of metal ions to higher oxidation states, while the cathodic pro-
cess corresponds to the diffusion of dissolved oxygen to the
interface, where it undergoes reduction to form OH™. Tafel
extrapolation results indicated that the corrosion potential
values for the various nickel-doped iron oxide coatings exhibit
some variations, but all fall within the range of 900-1000 mV
vs RHE. No clear correlation was observed between the nickel
concentration in the coatings and their E_ . In contrast, the
corrosion current values demonstrate a more systematic trend.
Linear polarization measurements revealed that coatings with
lower nickel concentration of 2.6 and 2.8 atom % exhibit signif-
icantly higher j_  —at least twice those of coatings with higher
Ni concentrations — indicating a greater propensity for surface
redox reactions. The relative contributions of cathodic and
anodic processes to long-term surface changes were inferred
from the Tafel slopes of the cathodic and anodic branches—
B. and P,, respectively. The values of these slopes suggest that
cathodic processes, related to O, reduction, predominate across
all coatings, as they are characterized by lower overpotentials for
a decade of current density. Comparison of the B, values indi-
cates that increasing the nickel concentration promotes greater
involvement of the doped coatings in oxidation processes. A
correlation was also observed between the crystallinity of the
active material and the f, value. XRD analysis revealed that
higher nickel concentrations lead to increased amorphousness
of the coatings, suggesting that the lack of a well-defined crystal-
line structure may enhance redox activity, not only at the sur-
face but potentially within the bulk of the catalyst as well. In
contrast to the behavior observed in anodic reactions, there is
an inverse relationship between p—which indicates the inten-
sity of the cathodic reaction — and the degree of amorphousness
in the coatings. Coatings with a predominantly amorphous
structure exhibit higher overpotentials, suggesting that the
reduction of oxygen molecules, whether adsorbed on the sur-
face or intercalated into deeper layers, proceeds more slowly.
This behavior may be attributed to the long-range structural dis-
order introduced during coating formation, which likely pro-
motes the development of configurations more tolerant to
oxygen deficiency. In comparison, more crystalline coatings
tend to incorporate oxygen molecules into their structure more
readily, effectively filling existing vacancies.

3.4. Electrochemical Impedance Measurements

Electrochemical impedance spectroscopy was employed to
investigate the electrode—electrolyte interface and to gain
insight into the mechanism and kinetics of the OER. The mea-
surements were performed at a pre-oxygen evolution potential
of 1.544 V in order to accurately determine the charge-
transfer resistance but to avoid noise caused by intensive oxygen

Table 3. Corrosion Parameters of Nickel-Doped Iron Oxide Coatings in 1.0 M KOH

Ni concentration (%) E. (£0.1 mV) Jeore (2£0.001 pA-cm )
2.6 970.7 0.033
2.8 902.3 0.029
3.1 991.9 0.008
32 894.1 0.003
4.6 974.2 0.014

B, (+0.1 mV) B, (0.1 mV) corrosion rate (+0.001 pm per year)
98.6 10.1 0.367
128.8 11.3 0.353
519 18.6 0.091
32.1 22.4 0.033
77.5 12.4 0.159
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Table 4. Quantitative Parameters of EIS Fittings According to the Following Equivalent Circuit: R, + C4/R_,

Ni concentration (%) R, (£0.01 Q-cm™) Yo, (£0.01 mF-s™".em )

2.6 3.22 117
2.8 3.71 L1S
3.1 3.40 1.01
32 2.90 1.30
4.6 3.22 1.86

ng (£0.001)  Cy (£0.001 mFem™) R, (£0.01 Q-cm™) b'e
0.885 0.558 24.72 61x10*
0.890 0.572 18.42 59x 107"
0.877 0.449 27.47 70x 107"
0.899 0.685 1835 51x107*
0.851 0.727 11.46 L6x 107"

bubble formation at higher potentials. The obtained results are
presented as Nyquist (Figure 4D) and Bode (Figure 4E,F)
plots. For all investigated samples, the impedance spectra
exhibit characteristic semicircles corresponding to a single time
constant. However, their distribution does not follow a system-
atic trend with respect to Ni concentration. The experimental
data were fitted using an equivalent circuit model R, + Cg/
R, consisting of the series resistance (R,), double-layer capac-
itance (Cy), and charge-transfer resistance (R_). The extracted
values of the circuit elements are summarized in Table 4.
Although magnetron sputtering typically produces compact
coatings with low surface roughness (Figures 3, S2, and S3;
Table S2), the relatively high double-layer capacitance values
suggest that the coating surfaces may possess nanoscale struc-
tural features accompanied by porous hydration layers of oxy-
hydroxides. Furthermore, nickel is known to undergo the
reversible redox transition Nit™/ Ni(m), which introduces pseu-
docapacitive behavior and contributes to the increase in the
apparent C, values.® This effect is reflected in the generally
increasing Cy values with increasing Ni concentration, with
the exception of the 3.1% Ni sample, which exhibits the lowest
capacitance. This decrease may be attributed to the strongly
amorphous character of the coating and the higher surface
roughness. Such structural features likely lead to a reduced
number of exposed catalytic sites, hindered penetration of
OH™ ions, and consequently inferior electrocatalytic perfor-
mance. The 3.1% Ni sample also deviates from the general
trend of decreasing charge-transfer resistance with increasing
Ni concentration. While amorphous phases are often associated
with a higher density of active sites due to structural defects and
oxygen vacancies, they may also exhibit lower electrical conduc-
tivity due to the absence of long-range structural order.”” In this
case, the 3.1% Ni sample, characterized by a CP value of only
16.2%, appears to possess a less favorable electronic structure,
resulting in slower electron transfer kinetics. Overall, the incor-
poration of Ni into the iron oxide structure is clearly beneficial,
as it decreases R values, thereby facilitating faster electron
transfer and optimizing the adsorption energies of OER
intermediates.

3.5. Long-Term OER Stability and Post-Test
Characterization

The long-term electrocatalytic stability of the synthesized coat-
ings was evaluated by chronopotentiometry in 1.0 M KOH at a
constant current density of 10 mA-cm > for SO h (Figure S8).
All coatings exhibited great electrochemical stability, showing
a slight activation during the initial stage of the measurement
followed by a nearly constant potential throughout the remain-
ing test period. After 50 h of continuous operation, all samples
retained more than 99.5% of their initial potential, demonstrat-
ing high resistance to electrochemical degradation under OER
conditions.

Although the chronopotentiometric measurements demon-
strated excellent electrochemical stability over SO h, the post-
OER SEM observations (Figures S9 and S10) indicate that
the most active coating (3.2 atom % Ni) undergoes noticeable
morphological evolution under prolonged OER conditions.
The pronounced surface deterioration, together with the mea-
surable reduction in coating thickness observed by cross-
sectional SEM, suggests that this composition is less resistant
to the harsh alkaline environment and continuous oxygen evo-
lution than coatings with lower Ni contents.** The higher cata-
Iytic activity of the 3.2 atom % Ni coating is accompanied by
more intense oxygen evolution, which increases mechanical
stresses associated with oxygen bubble nucleation and detach-
ment and accelerates surface reconstruction and partial material
loss. Consequently, although the catalyst maintains its electro-
chemical performance during the S0 h stability test, its mor-
phology is less stable under prolonged operation in strongly
alkaline electrolyte. The concurrent decrease in surface rough-
ness after OER (Table SS) further indicates that unstable sur-
face asperities were preferentially removed or reconstructed,
resulting in a smoother but partially eroded surface.

The XPS results of post-OER samples (Table S3) revealed
that after 50 h of electrochemical operation, the surface Fe?t
fraction increases markedly for every coating, reaching 77—
84% at the expense of Fe®". Because Fe>* is known to form sol-
uble hydroxo/ferrate-type species under strongly alkaline condi-
tions® and is therefore preferentially leached from oxide
surfaces during prolonged anodic polarisation, this shift is con-
sistent with selective dissolution of the outer, Fe>*-enriched
hematite/maghemite over-layer, which progressively exposes
an underlying, more reduced Fe**-rich (magnetite-like) region.
This interpretation is corroborated by two independent lines of
evidence already reported: the measurable general corrosion
currents obtained from Tafel extrapolation (Table 3) and the
post-OER morphological degradation and coating-thickness
reduction documented by SEM for the most active coating
(Figures S9 and S10). The largest relative increase in Fe** con-
tent is observed for the film deposited at 60 W (4.6 atom % Nj,
from 63.33 to 83.59%), suggesting that the highest-Ni coating is
also the one whose outer oxidized layer is most susceptible to
alkaline dissolution, even though this composition retains a
low overpotential at 10 mA-cm™2. Meanwhile, after 50 h of
operation, the total surface Ni content changes only marginally
for most compositions (e.g., 3.25 atom % before and after long-
term OER at 40 W), indicating that the Fe**/Fe** and Ni**/
Ni** redistributions discussed above reflect predominantly an
internal re-speciation of the existing near-surface cations-
consistent with preferential Fe* dissolution and Ni(II)/
Ni(III) redox cycling rather than a net enrichment or depletion
of nickel at the surface.

Electronic-structure considerations provide a further, com-
plementary rationale for the absence of a simple, monotonic
relationship between Ni content and OER activity (Figure 4,
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Table 2), in agreement with all results. Doping Fe-based oxides
with Ni is widely reported to shift the Fe and Ni d-band centers
in opposite directions, generally strengthening OH/O adsorp-
tion at Fe sites while weakening OOH binding at Ni sites,
thereby producing a more balanced adsorption energetics
across the four-electron OER pathway than either monometallic
oxide alone. The present XPS results indicate that this elec-
tronic modulation is not fixed by composition alone but evolves
with the specific phase assemblage and, upon operation, with Ni
and Fe redox cycling; the coating exhibiting the most balanced
Fe oxidation state and moderate crystallinity (3.2 atom % Ni)
rather than the coating with the highest nominal Ni loading is
the one that best approaches optimal adsorption energetics,
consistent with the view that d-band and defect engineering,
rather than dopant concentration per se, controls intrinsic activ-
ity in Ni-Fe oxide OER catalysts. The close numerical agree-
ment between total surface Ni content (XPS) and bulk Ni
content (EDS) at low-to-intermediate loading, together with
the modest surface enrichment detected at the two highest
nickel-target powers, is consistent with the general expectation
that dopant segregation toward the surface of sputter-
deposited oxide films becomes more pronounced as the nomi-
nal dopant loading increases and the host lattice becomes
progressively more disordered. The essentially unchanged total
surface Ni content before and after 50 h of operation, despite
substantial internal Fe?*/Fe®* and Ni**/Ni>* redistribution,
further supports the conclusion that the observed OER perfor-
mance differences originate from the specific oxidation-state
balance and phase coexistence at the near-surface region rather
than from bulk-to-surface nickel migration during operation.

4. CONCLUSIONS

Nickel-doped iron oxide coatings were synthesized in this work
by reactive magnetron sputtering, with the Ni content con-
trolled by varying the Ni target power between 25 and 60 W.
Structural characterizations revealed that the applied target
power governs not only the nickel concentration but also
strongly influences the crystallinity and phase composition of
the deposited films. Increasing the Ni target power, and conse-
quently the Ni content, promotes the formation of increasingly
amorphous coatings. Concurrently, the reactions occurring dur-
ing deposition transform the initial hematite phase, enabling the
formation of spinel-type phases such as Fe,O,, y-Fe,O,, and
NiFe,O,, characterized by different arrangements of Fe, Nij,
and oxygen as well as the presence of oxygen vacancies.

In addition, within the Ni target power range of 30—40 W, an
imbalance between the formation of an insulating oxide layer on
the target surface and its removal during Ar" ion bombardment
appears to favor the development of structurally disordered and
non-equilibrium coatings, which correlates with reduced electro-
catalytic performance. Although no direct correlation between
dopant concentration and OER activity was observed, the results
indicate that the synergistic interaction among the three iron
oxide phases—hexagonal hematite and the spinel phases magne-
tite and maghemite—likely determines the optimal balance
between amorphous and crystalline domains. This balance
enhances the density of active sites and oxygen vacancies while
maintaining sufficient electrical conductivity, thereby contribut-
ing to lower reaction overpotential, improved stability, and
enhanced corrosion resistance in strongly alkaline electrolyte.
Reactive-sputtering-controlled Fe**/Fe®*  disproportionation,

composition-dependent Ni**/Ni** speciation reflecting compet-
ing substitutional and spinel-lattice incorporation pathways, a
hydroxylated and defective rather than strictly oxygen-vacancy-
rich surface, and an operationally reversible Fe- and Ni-redox sur-
face reconstruction together provide a mechanistically coherent
explanation for why the OER activity of these coatings tracks
phase composition and its evolution under operating conditions
rather than nickel concentration in isolation.

Comparison of the electrocatalytic performance of the coat-
ings shows that the lowest overpotential (349.7 mV at
10 mA-cm™?) is achieved for films containing all three iron
oxide phases, while the corresponding nickel concentration
remains relatively lower, in the range of 2.6—4.6 atom %.
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