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Developing earth-abundant, durable, and scalable oxygen evolution electrocatalysts is critical for alkaline
water electrolysis. Herein, a monolithic, binder-free Se-activated FeNi layered double hydroxide (Se—
FeNi-LDH) electrode grown directly on an ultrathin FeNi alloy substrate is introduced. This integrated
architecture eliminates polymeric binders and interfacial resistance, enabling efficient electron/mass

transport under industrial conditions. The optimized FeNi-LDH1-Seqs electrode delivers outstanding OER

activity with overpotentials of only 240 and 290 mV at 10 and 100 mA cm™2, respectively, a low Tafel

) slope of 37 mV dec™?, and stable operation for 120 h at 100 mA cm™2. In a practical electrolyzer (Se—
iii:g;% 129th r;;fgggé% FeNi-LDH]||Pt), a cell voltage of 1.56 V at 10 mA cm~2 is achieved. Selenium incorporation modulates the
electronic structure of Fe/Ni centers, enhances active surface area and charge-transfer kinetics, and
DOI: 10.1035/d6ra02304e maintains high faradaic efficiency (~97.5%). This work establishes selenium activation in a binder-free

rsc.li/rsc-advances monolithic LDH platform as a scalable, mechanically robust strategy for high-performance alkaline OER.
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1 Introduction

Since the industrial revolution, fossil fuels have dominated the
global energy landscape, underpinning unprecedented indus-
trial growth and technological advancement."” However, the
continued and intensive exploitation of these nonrenewable
resources has resulted in profound environmental conse-
quences, including greenhouse gas emissions, climate change,
and ecological degradation, alongside the inevitable depletion
of finite reserves. As a result, the global energy system is
increasingly strained, highlighting an urgent need for sustain-
able and renewable alternatives that can alleviate dependence
on conventional fossil-fuel-based energy infrastructures.
Hydrogen has emerged as one of the most promising energy
carriers for a sustainable energy future owing to its high gravi-
metric energy density, carbon-free combustion, and recycla-
bility.*** When produced from renewable sources, hydrogen
offers a viable pathway toward decarbonizing energy-intensive
sectors. Among the available hydrogen production technolo-
gies, electrochemical water splitting stands out as a clean and
efficient approach, as it directly converts electrical energy into
chemical energy without generating greenhouse gas
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emissions.>® In alkaline media, water electrolysis involves two
coupled half-reactions: the oxygen evolution reaction (OER,
40H — O, + 2H,0 + 4e") at the anode and the hydrogen
evolution reaction (HER, 2H,O + 2e~ — H, + 20H") at the
cathode.”™ Thermodynamically, the OER requires a potential
of 1.23 V versus the reversible hydrogen electrode (RHE) under
standard conditions (25 °C, 1 atm), whereas the HER proceeds
at 0 V versus RHE."” In practice, however, additional energy
input in the form of overpotential () is required to overcome
kinetic barriers.

Notably, the OER is a complex, multistep proton-coupled
electron transfer process involving the formation of oxygen-
oxygen bonds, which renders its reaction kinetics intrinsically
sluggish. Consequently, the OER typically demands large over-
potentials and is widely recognized as the principal kinetic
bottleneck in overall water electrolysis. To date, the most effi-
cient OER electrocatalysts are based on precious metals,
particularly IrO, and RuO,, while platinum-based materials
dominate HER catalysis. Despite their superior activity, the
scarcity, high cost, and limited long-term sustainability of those
metals severely restrict their widespread and commercial
deployment. Therefore, developing cost-effective, earth-
abundant, and durable electrocatalysts capable of delivering
high OER performance remains a central challenge in the field
of electrochemical energy conversion."

In response to this challenge, extensive efforts have been
devoted to exploring non-noble-metal-based OER catalysts,
including transition metal oxides (TMOs),”* metal-organic
frameworks (MOFs),** transition metal sulfides (TMSs),"* and
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transition metal phosphides (MPs).'* Although many of these
materials exhibit encouraging catalytic activity, their practical
implementation is often hindered by inherent drawbacks such
as poor electrical conductivity, limited electrochemical stability,
and insufficient mechanistic understanding of active sites.'”'®
Among these candidates, layered double hydroxides (LDHs)
have emerged as particularly attractive OER electrocatalysts due
to their tunable metal composition, adjustable electronic
structure, and distinctive two-dimensional layered architec-
ture.’”?*® The structural versatility of LDHs enables precise
modulation of catalytic active sites and offers multiple pathways
to enhance OER activity through compositional and morpho-
logical engineering.**>

Nevertheless, pristine LDHs suffer from several intrinsic
limitations, including low electrical conductivity, sluggish
charge-transfer kinetics, structural instability under prolonged
operation, and restricted accessibility of active surface sites.**>°
To address these challenges, diverse strategies, such as
heteroatom doping, interface engineering, defect modulation,
and hybridization with conductive substrates, have been
proposed. Recently, selenium incorporation into NiFe-LDH has
emerged as a promising strategy to enhance OER performance
by modulating electronic structure and improving charge-
transfer kinetics. For instance, Liu et al.*® reported a partial
selenization strategy to construct Nij gsFep15Se@LDH/NF
heterostructures, achieving an overpotential of 190 mV at 10
mA cm ™2 Similarly, Yu et al.** developed a FeNi,Se,~FeNi LDH
heterointerface with strong electronic interaction that opti-
mizes electron redistribution, delivering 205 mV at 10 mA cm 2.
Duan et al. further showed that elemental selenium doping
promotes the generation of OER-active y-NiOOH, achieving
200 mV at 10 mA cm 2.2

Despite these advances, most reported Se-modified LDHs are
synthesized as powders or on macro-porous foams, which still
face challenges regarding interfacial contact resistance and
mechanical peeling of the active phase under high gas pressure.
A critical need remains for monolithic architectures where the
electrocatalyst is an intrinsic extension of the conductive
substrate.**** In this regard, a top-down fabrication strategy,
using ultrathin (0.02 mm) Invar36 alloy sheets, is introduced,
diverging from traditional coating methods. By combining
controlled electrochemical anodization with subsequent
hydrothermal selenization, a self-supported, hierarchical elec-
trode is created, in which FeNi-LDH is rooted directly into the
metal bulk. This architecture provides a binder-free path for
electron transport and exceptional structural durability during
prolonged operation at high current densities, a feature often
missing in literature reports of Se-modified LDH powders.*"*>3

Despite these advances, issues related to long-term dura-
bility, binder-limited charge transport, and scalable synthesis
persist. To address these challenges, herein, ultrathin FeNi alloy
substrates were first anodized for varying durations (0.5, 1.0,
and 1.5 h) to generate a porous FeNi-LDH architecture with
abundant exposed active sites. Among these, FeNi-LDH1 (1 h
anodization) exhibited the optimal balance between structural
integrity and catalytic activity, delivering an overpotential of
270 mV at 10 mA cm 2 in 1.0 M KOH. Selenium species were
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then incorporated via hydrothermal treatment using different
precursor concentrations (0.03, 0.05, 0.07, and 0.09 M) to tailor
the electronic structure and surface chemistry. The optimized
FeNi-LDH1-Se(s catalyst achieved an overpotential as low as
240 mV at 10 mA cm ™2, outperforming commercial benchmarks
such as IrO, and RuO,.*”*® The superior OER performance is
attributed to synergistic effects of selenium incorporation:
enhanced electrical conductivity, accelerated charge-transfer
kinetics, and increased density of accessible active sites.
Collectively, these results demonstrate that selenium-
engineered, self-supported FeNi-LDH architectures offer an
effective and economically viable pathway toward next-
generation OER electrocatalysts for sustainable hydrogen
production.

2 Experimental section
2.1 Materials and chemicals

Ultrathin FeNise alloy sheets (Invar36, thickness 0.02 mm) were
purchased from Schlenk Company. All chemicals were used as
received without further purification. Ethylene glycol (analytical
grade, SABIC), ammonium fluoride (NH4F, 96%, Alfa Aesar),
selenium powder (Se, 99.9%, DOP), sodium borohydride
(NaBH,, 97.0%, Loba Chemie), potassium hydroxide (KOH,
85.0%, Sigma-Aldrich), hydrazine hydrate (N,H, H,O, 99%,
CDH), and deionized (DI) water were used in all experiments.

2.2 Preparation of the electrode

The FeNi-LDH-based electrocatalysts were synthesized via
a two-step process, as illustrated in Scheme 1. First, the
microporous FeNi-LDH catalysts were prepared through anod-
ization. FeNizs sheets were cut into 1 cm x 2 cm pieces and
cleaned sequentially in acetone, ethanol, and DI water for 5 min
each under ultrasonication to remove surface impurities and
oxides. Anodization was carried out following a modified liter-
ature method.** The cleaned FeNi sheets were immersed in
a 100 mL ethylene glycol electrolyte containing 0.54 M NH,F
and 2.5 M H,O and anodized at 10 V for 0.5, 1.0, or 1.5 h under
gentle stirring to remove gas bubbles forming at the surface. A
two-electrode setup was employed with a platinum counter
electrode, maintaining an interelectrode distance of approxi-
mately 2 cm. After anodization, the samples were rinsed thor-
oughly with DI water and dried in an oven at 60 °C for 1 h. The
resulting samples were labeled according to anodization time as
FeNi, FeNi-LDHO0.5, FeNi-LDH1, and FeNi-LDH1.5. This was
followed by selenization.*® Selenium precursor solutions were
prepared by dissolving Se powder (0.03, 0.05, 0.07, or 0.09 M)
and 0.07 M NaBH, in a mixture of 5 mL N,H, H,O and 50 mL DI
water. The solution was stirred vigorously for 60 min to yield
a light red solution. The FeNi-LDH1 sample was then immersed
in the prepared solution inside a 100 mL Teflon-lined autoclave,
which was sealed and heated at 130 °C for 12 h. After naturally
cooling to room temperature, the sample was removed, thor-
oughly washed with DI water to remove residual selenium
species and by-products, and dried in an oven at 60 °C for 1 h.
The resulting selenized samples were labeled according to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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[lustration of the preparation of the FeNi-LDH1-Segs electrocatalyst via a two-step process: (i) electrochemical anodization of

ultrathin FeNisg alloy to form a porous FeNi-LDH structure, (ii) hydrothermal selenization to incorporate selenium species, and (iii) subsequent

electrochemical characterization of the resulting catalyst.

selenium concentration as FeNi-LDH1-Se03, FeNi-LDH1-Ses,
FeNi-LDH1-Se07, and FeNi-LDH1-Se09.

2.3 Preparation of RuO, electrode

A 10 mg amount of commercial RuO, powder was dispersed in
isopropanol (2 mL) and sonicated for 25 min. Then, 25 puL of
Nafion solution was added. Additional sonication for 5 min was
needed to form a relatively homogeneous suspension. After-
ward, the catalyst ink was loaded on the graphite sheet and was
ready for testing.

2.4 Materials characterization

The morphology of the samples was examined using a Zeiss
Ultra 60 field-emission scanning electron microscope (FESEM)
operated at an accelerating voltage of 4 kV. Elemental compo-
sition was analyzed via energy-dispersive X-ray spectroscopy
(EDX) using a JEOL JCM-6000 PLUS system. The crystal struc-
ture of the synthesized films was determined by glancing-angle
X-ray diffraction (GAXRD) using a PANalytical Empyrean
diffractometer equipped with Cu Ko radiation (A = 1.54 A),
a step size of 0.06°, and a 260 range of 5-80°. Raman spectra were
collected with a 785 nm laser over a spectral range of 100-
3200 cm™'. Attenuated total reflection Fourier-transform
infrared (ATR-FTIR) measurements were conducted using
a Platinum ATR-QL unit with a diamond crystal. The surface
composition and chemical states were analyzed by X-ray

© 2026 The Author(s). Published by the Royal Society of Chemistry

photoelectron spectroscopy (XPS, Thermo Scientific), with
binding energies calibrated to the C 1s peak at 284.8 eV.

2.5 Electrochemical measurements

All electrochemical OER tests were performed in a standard
three-electrode configuration using a SP-300 Biologic potentio-
stat at room temperature. The working electrode was the
modified FeNizq sample with a geometric area of 1 cm?, the
counter electrode was a graphite rod, and the reference elec-
trode was Hg/HgO. Experiments were conducted in 1.0 M KOH
electrolyte. All potentials were converted to the reversible
hydrogen electrode (RHE) scale according to the Nernst
equation:

E(RHE) = E (Hg/Hg O) + 0.098 + 0.0591 x pH (1)

The OER activity was evaluated using linear sweep voltam-
metry (LSV) at a scan rate of 5 mV s~ '. The overpotential () was
calculated as the difference between the measured potential at
10 mA cm ™2 and the thermodynamic OER potential (1.23 V vs.
RHE):

n = E(OER in RHE@10 mA cm™?) — 1.23 (V) (2)

All measurements were IR-compensated to account for the
solution resistance.
Tafel slopes were derived from LSV curves using:

RSC Adv, 2026, 16, 22269-22281 | 22271
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n=a+blogj (3)

where 7 is the overpotential (V), j is the current density (mA
em ?), and b is the Tafel slope (mV dec '), which provides
insight into the kinetics of the OER.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed at 1.52 V vs. RHE over a frequency range
of 0.1 Hz to 10° Hz to evaluate solution and charge-transfer
resistances. The electrochemical double-layer capacitance (Cq;)
was determined from cyclic voltammetry (CV) in a potential
window of 0.1 V centered at the open-circuit voltage at scan
rates of 20, 40, 50, 70, and 100 mV s~ *:

A(z.(l2 iv) o ()
where i, and i, are the anodic and cathodic currents (mA cm™2),
vis the scan rate (mV s~ '), and Cg (F) is extracted from the slope
of the current vs. scan rate plot. The electrochemically active
surface area (ECSA) was calculated using eqn (5), assuming

a specific capacitance (C,) of 40 p F cm ™2
C
ESCA = ?‘“ (5)

S

Long-term stability was evaluated via chronopotentiometry
(CP) at 100 mA cm ™2 for 120 h (5 days). Faradaic efficiency (FE)
was determined using a two-electrode electrolyzer via the water-
displacement method with a platinum mesh counter electrode
in 1.0 M KOH. Chronopotentiometric measurements were per-
formed at 100 mA cm > for 100 min. The theoretical and
experimental moles of oxygen were calculated as followsexperi

2.6 Theoretical oxygen production

The number of electrons used = Q/F, where F is the Faraday
constant, and Q is the charge applied at a certain time. Four
electrons are required to produce one mole of O,. Therefore, the
number of O, moles produced (n) = (number of electrons)/4.

2.7 Experimental oxygen production
The number of O, moles produced (n) = displaced water volume

(L)/22.4. Consequently, the faradaic efficiency was calculated
using eqn (6):
FE(%)
number of moles of O, produced experimentally

= 1
number of moles of O, produced theoretically x 100
(6)

2.8 Computational methods

Spin-polarized DFT simulations were conducted using VASP
5.4. to determine the optimized geometries and total energies of
FeNiss, FeNi-LDH1, and FeNi-LDH1-Se,; structures. To
construct the 64-atom supercell, the Special Quasirandom
Structures (SQS) method was employed using the Alloy-
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Theoretic Automated Toolkit (ATAT) Monte Carlo mecsqs
method with the SimplySQS interface.*>** The resulting super-
cell has a composition of Fe, ¢,Nig 36, containing 41 Fe atoms
and 23 Ni atoms, with an experimental equilibrium lattice
parameter of 3.5957 A and atomic volume of 11.62 A®. The
interactions between core and valence electrons were addressed
utilizing the projector augmented wave (PAW) method, while
the exchange-correlation energy was characterized inside the
generalized gradient approximation (GGA) employing the Per-
dew-Burke-Ernzerhof (PBE) functional. The Kohn-Sham
single-electron wave functions were represented using plane
waves with an energy cutoff of 500 eV. The convergence
requirements for total electronic energy and geometry optimi-
zation were established at 107® eV and 0.01 eV A™*, respectively.
To accurately describe the localized 3d states of Ni and Fe, the
rotationally invariant Hubbard U correction (DFT+U) was
applied following Dudarev et al.,** with U—J values of 6.6 eV for
Ni 3d and 3.5 eV for Fe 3d, as reported in previous studies.”* A
vacuum layer of 15 A was added to avoid spurious interactions
between periodic images. The Gibbs free energy (AG) for each
elementary reaction step was calculated as:***”

AG = AE + AEZPE - TAS (7)

where AE, AZPE, and AS are the changes in the energy, zero-
point energy, and entropy contribution of the geometry,
respectively. At 298.15 K, AZPE and AS values for H,0, H, and
O, Molecules are derived from the NIST-JANAF thermodynamic
tables, while the intermediates OH*, O*, and HOO* are gener-
ated by computing their vibrational frequencies in adsorbed
states.**** The Brillouin zone was sampled using the Mon-
khorst-Pack scheme with 4 x 3 x 3 k-points for the FeNi-LDH
structures and 2 x 2 X 2 k-points for the FeNizs systems.
Bader charge analysis was performed to quantitatively evaluate
the charge distribution and electron transfer behavior in the
optimized structures. The charge density obtained from DFT
calculations was partitioned using the Bader scheme based on
zero-flux surfaces in the charge density, as implemented in the
Henkelman group algorithm. A fine FFT grid was employed to
ensure accurate charge integration. The resulting Bader charges
were used to determine the effective oxidation states of Fe, Ni,
and Se atoms and to analyze the electronic redistribution
induced by LDH formation and selenium incorporation.
Further computational details are provided in the SI.

3 Results and discussion
3.1 Surface morphology and elemental composition

The surface morphology evolution of the prepared electrodes
systematically investigated using scanning electron
microscopy (SEM), as presented in Fig. 1. The pristine FeNizq
alloy exhibits a relatively smooth and compact surface with no
discernible micro- or nanostructural features (Fig. 1a), reflect-
ing the dense metallic nature of the untreated substrate. Such
a featureless morphology typically limits the exposure of elec-
trochemically active sites and restricts electrolyte penetration,
thereby constraining catalytic performance.

was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FESEM images of the electrocatalysts: (a) pristine FeNizg alloy,
(b) microporous FeNi-LDH1 formed after anodization, and (c and d)
FeNi-LDH1-Seqs after selenization at different magnifications.

Following electrochemical anodization, a pronounced
transformation in surface morphology is observed. As shown in
Fig. 1b, the FeNizq surface evolves into a roughened, micropo-
rous architecture composed of interconnected pores and
nanoscale features. This anodization-induced restructuring
significantly increases the effective surface area and creates
abundant open channels, which are highly beneficial for
enhancing electrolyte accessibility and facilitating mass trans-
port during OER. More importantly, the formation of this
porous FeNi-LDH framework provides a robust scaffold for
subsequent surface modification and active site engineering.

After the selenization treatment, the anodized FeNi-LDH
surface becomes uniformly decorated with finely dispersed
nanoparticles anchored onto the microporous matrix (Fig. 1c
and d). The homogeneous distribution of these nanoparticles
without noticeable aggregation strongly suggests the successful
incorporation of selenium species into the LDH framework.
This hierarchical architecture, combining a porous LDH back-
bone with selenium-modified nanostructures, is expected to
promote synergistic effects by simultaneously improving elec-
trical conductivity, exposing additional active sites, and opti-
mizing interfacial charge transfer.

To further elucidate the compositional evolution induced by
anodization and selenization, energy-dispersive X-ray spectros-
copy (EDX) and elemental mapping analyses were conducted. As
shown in Fig. S1a, the pristine FeNizq alloy consists predomi-
nantly of Fe (68 wt%) and Ni (31 wt%), confirming the high
compositional purity of the Invar36 substrate. After anodiza-
tion, the oxygen content increases to approximately 6 wt%
(Fig. S1b), providing clear evidence for the formation of metal
hydroxide/oxide species and the successful generation of the
FeNi-LDH phase.

Upon selenization, a substantial compositional change is
observed. The oxygen content decreases markedly to about
1 wt% (Fig. S1c), which can be attributed to the strong reducing
environment created by sodium borohydride and hydrazine
during the hydrothermal process. Concurrently, selenium is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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incorporated at a high content of 53 wt%, indicating effective
surface modification and strong interaction between selenium
species and the FeNi-LDH framework. This selenium incorpo-
ration is expected to modulate the local electronic structure of
the active metal centers, thereby enhancing intrinsic catalytic
activity.

3.2 Structural and compositional analysis

The crystal structures of the electrocatalysts were investigated
by X-ray diffraction (XRD), as shown in Fig. 2a. The pristine
FeNi;e (Invar36) alloy exhibits three dominant diffraction peaks
at 26 values of 43.9°, 51.1°, and 75°, corresponding to the (111),
(200), and (220) planes of the face-centered cubic (FCC)
austenitic Fe-Ni phase (PDF#06-0696). These sharp reflections
indicate the high crystallinity and structural integrity of the
untreated alloy substrate.

After anodization, significant structural evolution is
observed for the FeNi-LDH1 sample (Fig. 2b). Two low-intensity
and broadened peaks centered at approximately 15.2° and 22.2°
appear, which are assigned to the (003) and (006) planes of NiFe
layered double hydroxide (LDH) (PDF#40-0415), reflecting its
poor crystallinity and ultrathin layered nature. In addition,
a high-intensity diffraction peak at 29.1°, indexed to the (310)
plane of B-FeOOH (JCPDS#34-1266), confirms the coexistence of
iron oxyhydroxide species within the anodized layer. Such
a multiphase structure suggests partial oxidation of the FeNi
alloy and the formation of an LDH/oxyhydroxide hybrid surface.
Notably, the characteristic FeNi alloy peaks shift from 51.1° and
75° to 50.8° and 74.7° after anodization, respectively. According
to Bragg's law, these shifts indicate an increase in interplanar
spacing, which can be attributed to lattice strain induced by
surface oxidation and hydroxide formation.

Following selenization, the FeNi-LDH1-Seys electrode
exhibits new diffraction peaks at 33.3°, 33.8°, 43.3°, 44.4°, and
50.5°, corresponding to the (112), (202), (114), (105), and (310)
planes of monoclinic NiFe,Se, (JCPDS#01-089-1968),* respec-
tively, as shown in Fig. 2b. A magnified XRD view of FeNi-LDH1-
Segs in the 31-36° range (Fig. S3) clearly resolves the two
reflections at 33.3° and 33.8°. Meanwhile, the characteristic
basal reflections of FeNi-LDH1 and B-FeOOH become signifi-
cantly weakened, indicating partial phase conversion while
preserving the layered framework, which remains electro-
chemically active. Minor peak shifts from 29.1°, 50.8°, and 74.7°
to 28.9°, 50.5°, and 74.5°, respectively, are observed after sele-
nization. The shift to lower 26 angles indicates an increase in
interplanar spacing (d) according to Bragg's Law. This lattice
expansion can be attributed to the substitution of 0>~ (1.40 A)
by the larger Se®*~ (1.98 A), consistent with prior reports on
selenium incorporation into layered double hydroxides where
XRD peak shifts confirm successful intercalation without
structural destruction.*** Crystallite sizes calculated using the
Scherrer equation decrease from 17.9 nm for FeNi-LDH1 to
4.45 nm after selenization, consistent with the formation of
finer crystalline domains.

Raman and attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectroscopy were employed to further

RSC Adv, 2026, 16, 22269-22281 | 22273
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(a) XRD patterns of pristine FeNizg alloy, FeNi-LDH1, and FeNi-LDH1-SegsSegs catalysts, (b) magnified XRD patterns in the 10-50° 26 range

for FeNi-LDH1 and FeNi-LDH1-Segs, (c) Raman spectra of FeNi-LDH1, and FeNi-LDH1-Segs, and (d) ATR-FTIR spectra of FeNi-LDH1.

probe the structural features and functional groups of the FeNi-
LDH-based catalysts (Fig. 2¢,d). After anodization, the Raman
spectrum of FeNi-LDH1 exhibits several weak and broad
features in the 200-720 cm ™" region, which can be attributed to
mixed Fe-Ni (hydrjoxide or FeNi-LDH phases. In addition,
a band at ~1300 cm™" is observed, corresponding to CO;>~
species adsorbed from atmospheric CO,. The weak intensity
and broad nature of these Raman bands indicate that the FeNi
(hydr)oxide phase is predominantly amorphous and nanoscale
in nature, consistent with the XRD results reported previously.**
Following selenization, the Raman spectrum of FeNi-LDH1-Ses
displays distinct peaks at approximately 210 ¢m™' (Fe-Se
stretching), 275 cm™" (Ni-Se stretching), and 420 cm ™" (metal
selenide lattice vibrations), confirming the successful formation
of ternary FeNi selenide species (Fig. 2¢).*® Notably, the char-
acteristic Raman features of the FeNi (hydr)oxide phase are
significantly attenuated after selenization, indicating partial
transformation of the original oxide/hydroxide framework.
ATR-FTIR spectra recorded in the range of 500-4000 cm *
(Fig. 2d) display a broad band around 3600 cm ™" corresponding
to O-H stretching vibrations of surface hydroxyl groups and
interlayer water molecules. The band at 1635 cm ™" is assigned
to the bending vibration of interlayer water (H-O-H), while the
band near 1500 cm ™ is attributed to the asymmetric stretching
of carbonate ions (CO,*>7) absorbed from atmospheric CO,.
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Vibrational bands below 800 cm ™ arise from M-O and M-O-M
lattice vibrations within the layered structure.**>*

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the surface elemental composition and oxidation
states of the FeNi-LDH1-Seys catalyst. The survey spectrum
(Fig. S4) reveals the presence of Fe, Ni, Se, and O. Quantitative
analysis gives surface atomic percentages of Fe (26.46%), Ni
(14.67%), Se (41.81%), and O (17.06%), corresponding to an
approximate Fe:Ni:Se:O atomic ratio of 1.0:0.55:.58:0.64.
The high selenium content confirms successful incorporation
of Se into the catalyst surface. The high-resolution Fe 2p spec-
trum (Fig. 3a) displays a peak at 707.77 eV corresponding to Fe-
Se bonding.*® Peaks at 710.43 eV and 724.13 eV are assigned to
Fe*" 2p;,, and 2py,, while those at 713.30 eV and 728.09 eV
correspond to Fe*" 2p;/, and 2py,,, indicating the coexistence of
Fe®" and Fe®* species.®> The Ni 2p spectrum (Fig. 3b) exhibits
a characteristic peak at 853.5 eV attributed to Ni-Se species.*>*
Additional peaks at 854.82 eV and 872.44 eV correspond to Ni**
2ps» and 2p,), in nickel oxide species.”® The O 1s spectrum
(Fig. 3c) can be deconvoluted into three components at 532.3 eV
(hydroxyl groups in LDH), 531.0 eV (surface-oxidized oxygen
species), and 534.3 eV (adsorbed water).*>*° The high-resolution
Se 3d spectrum (Fig. 3d) displays peaks at 54.3 eV and 55.3 eV
corresponding to Se 3ds, and Se 3djj,, along with a peak at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 X-ray photoelectron spectra of the FeNi-LDH1-Seqs catalyst: (a) high-resolution Fe 2p spectrum, (b) high-resolution Ni 2p spectrum, (c) O

1s spectrum, and (d) Se 3d spectrum.

56.4 eV attributed to oxidized selenium species (SeO,) formed
due to surface oxidation in air.**"*

Overall, the combined XRD, Raman, ATR-FTIR, and XPS
analyses confirm the successful incorporation of selenium into
the FeNi-LDH-derived framework, the coexistence of mixed-
valence Fe and Ni species, and the preservation of layered
structural motifs. These structural and compositional features
collectively underpin the enhanced electrocatalytic activity and
durability of the FeNi-LDH1-Seys catalyst during oxygen
evolution.

3.3 Electrochemical performance

The oxygen evolution reaction (OER) activity of the as-prepared
catalysts was evaluated in 1.0 M KOH using a standard three-
electrode configuration. Linear sweep voltammetry (LSV)
measurements were conducted at a scan rate of 5 mV s~ with
IR compensation to accurately assess intrinsic catalytic perfor-
mance. To identify the optimal anodization conditions, IR-cor-
rected LSV curves were recorded for FeNi-LDH electrodes
anodized for different durations (0.5, 1.0, and 1.5 h), as shown
in Fig. S5. The overpotentials required to achieve a current
density of 10 mA cm > were 288, 270, and 271 mV for FeNi-
LDHO.5, FeNi-LDH1, and FeNi-LDH1.5, respectively. Among

© 2026 The Author(s). Published by the Royal Society of Chemistry

these, FeNi-LDH1 exhibited the lowest overpotential, which is
75 mV lower than that of the pristine FeNizq alloy (345 mV). This
pronounced improvement highlights the critical role of anod-
ization in enhancing OER activity by generating a catalytically
active FeNi-LDH phase and increasing the density of exposed
active sites, consistent with the structural evolution confirmed
by XRD.

Subsequent selenization of the optimized FeNi-LDH1 elec-
trode led to a further enhancement in OER performance, as
illustrated in Fig. 4a. The FeNi-LDH1-Seq;, FeNi-LDH1-Seys,
FeNi-LDH1-Se,;, and FeNi-LDH1-Se,, catalysts required over-
potentials of 250, 240, 248, and 255 mV, respectively, to reach 10
mA cm 2 Notably, FeNi-LDH1-Se,s delivered the lowest over-
potential, representing a 105 mV reduction compared with the
pristine FeNi;¢ alloy and a 30 mV decrease relative to FeNi-
LDH1. These results clearly demonstrate that the synergistic
combination of anodization and selenium incorporation is
highly effective in boosting OER activity. By comparison, the
monolithic electrode (FeNi-LDH1-Seys) (240 mV) outperforms
the commercial RuO, (294 mV) at 10 mAcm > under the same
conditions as shown as in Fig. S6. The reaction kinetics was
further evaluated through Tafel slope analysis derived from the
LSV curves (Fig. 4b). The FeNi, FeNi-LDH1, and FeNi-LDH1-Ses
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Fig. 4 Electrochemical characterization of FeNi-LDH1-based catalysts: (a) /R-corrected linear sweep voltammetry (LSV) curves recorded at
a scan rate of 5 mV s~ for FeNi-LDH1 samples selenized with different selenium concentrations; (b) Tafel plots derived from the LSV curves; (c)
Nyquist plots obtained from electrochemical impedance spectroscopy (EIS) measured at 1.52 V versus RHE over a frequency range of 0.1-10°
Hz; and (d) double-layer capacitance (Cq) values determined from cyclic voltammetry for FeNi, FeNi-LDH1, and FeNi-LDH1-Seqs catalysts.

catalysts exhibit Tafel slopes of 72, 46, and 37 mV dec™*,

respectively. The substantially reduced Tafel slope of FeNi-
LDH1-Ses indicates faster reaction kinetics and more favorable
OER pathways, in excellent agreement with its superior LSV
performance.

Electrochemical impedance spectroscopy (EIS) was
employed to gain further insight into the charge-transfer char-
acteristics during OER (Fig. 4c). The impedance data were fitted
using a Randles-type equivalent circuit incorporating a constant
phase element (CPE) to account for surface inhomogeneity, as
shown in the inset of Fig. 4¢.***> Measurements were conducted
at 1.52 V versus RHE, where all catalysts exhibited appreciable
catalytic currents. The extracted charge-transfer resistance (Rcr)
values for FeNi, FeNi-LDH1, and FeNi-LDH1-Se,; were 30.5,
1.77, and 0.80 Q, respectively. The markedly lower Ry of FeNi-
LDH1-Seys confirms significantly enhanced electron-transfer
efficiency and improved electrical conductivity, corroborating
the trends observed in the LSV and Tafel analyses.

To further elucidate the origin of the enhanced catalytic
activity, the electrochemical surface area (ECSA) was estimated
by determining the double-layer capacitance (Cq;) from cyclic
voltammetry (CV) measurements performed at scan rates of 20,
40, 50, 70, and 100 mV s~ ' (Fig. S7). As shown in Fig. 4d, the Cq

22276 | RSC Adv, 2026, 16, 22269-2228]

values were determined to be 0.0628, 0.082, and 0.637 mF cm ™2
for FeNi, FeNi-LDH1, and FeNi-LDH1-Ses, respectively. Using
a specific capacitance (C;) value of 40 uF cm™ > *', the corre-
sponding ECSA values were calculated to be 1.57, 2.05, and
15.93 cm?, respectively. The substantially larger ECSA of FeNi-
LDH1-Seys indicates a significantly higher density of electro-
chemically accessible active sites, which rationalizes its lower
overpotential, accelerated kinetics, and overall superior OER
performance.

The FeNi-LDH1-SeysSeqs catalyst, which exhibited
outstanding OER activity in the three-electrode configuration,
was further evaluated in a two-electrode alkaline water electro-
lyzer to assess its practical applicability. A platinum counter
electrode was employed to minimize the hydrogen evolution
reaction (HER) overpotential. As shown in the polarization
curve (Fig. 5a), the electrolyzer required a low cell voltage of
1.56 V to reach a current density of 10 mA cm ™2, demonstrating
efficient overall water splitting performance.

The oxygen evolution performance was quantitatively
examined using the water displacement method in a two-
compartment electrolyzer, in which the cathode and anode
chambers were separated by a Nafion membrane. Gas evolution
was monitored at a constant current density of 100 mA cm™>

© 2026 The Author(s). Published by the Royal Society of Chemistry
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over different time intervals. As depicted in Fig. 5b, the experi-
mentally measured amounts of O, closely match the theoretical
values calculated as shown previously in experimental section,
resulting in a high faradaic efficiency of approximately 97.5%.
This close agreement confirms that the applied current is
predominantly utilized for oxygen evolution with minimal
parasitic reactions.

Long-term operational stability, a critical requirement for
practical OER electrocatalysts, was evaluated by chro-
nopotentiometry (CP) at a high current density of 100 mA cm >
for 120 h (5 days) in 1.0 M KOH (Fig. 5¢). The FeNi-LDH1-Seys
catalyst exhibits excellent durability, maintaining nearly
constant OER activity throughout the test with only a slight
increase in overpotential of approximately 30 mV. This minimal
performance decay highlights the robustness of the catalyst
under prolonged anodic polarization.

Post-electrolysis FESEM imaging (Fig. S8) demonstrates that
the characteristic microporous morphology of FeNi-LDH1-Ses
remains largely intact after prolonged operation under harsh
alkaline conditions, confirming excellent structural stability.
This was accompanied by an increase in oxygen content to
15 wt% and a decrease in selenium content to 0.48 wt%
(Fig. S1d), indicating partial transformation of metal selenide
species into electrochemically active (oxy)hydroxide phases.
This is further supported by XRD analysis (Fig. S9), which shows
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Table 1 ICP-OES results of FeNi-LDH1-Segs before and after the
stability at 100 mA cm™2 for 5 days

Selenium content after LSV 674 0.5 pg L"
Selenium content after CP for 5 days@100 mAcm > 727 pg L™"

only weak residual
conversion.

Upon anodic polarization, selenium is gradually oxidized
and partially leaches into the electrolyte as soluble selenite/
selenate (confirmed by ICP-OES, Table 1), while the surface
concurrently incorporates oxygen to form an (oxy)hydroxide-
rich layer. This in situ surface reconstruction is consistent
with previously reported behavior of transition-metal
chalcogenide-based OER catalysts®* and is often associated
with sustained or enhanced catalytic activity. The trans-
formation leaves behind a metastable, defect-rich, and highly
active surface that exhibits superior OER activity compared to
pristine FeNi-LDH (240 mV vs. 270 mV at 10 mA cm ™ 2).

Thus, selenium serves as a sacrificial electronic modulator
and structural activator during the initial stages of OER.
Specifically, selenization pre-treats the FeNi-LDH framework by
inducing electron transfer from Ni to Se, creating lattice strain,
and generating defect-rich sites. The role of selenium is

selenide peaks, confirming partial
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Fig. 5 Electrochemical performance of the FeNi-LDH1-Seqs catalyst for overall water splitting in 1.0 M KOH: (a) IR-compensated linear sweep
voltammetry (LSV) curve recorded at 5 mV st using FeNi-LDH1-Segs as the anode and Pt as the cathode; (b) experimentally measured and
theoretically calculated O, evolution versus time at a constant current density of 100 mA cm™2; (c) chronopotentiometry (CP) profile of FeNi-

LDH1-Segs at 100 mA cm™2 over 120 h to evaluate long-term stability.
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therefore not as a permanent active site but as a transient
electronic and structural promoter that enables a more active
reconstructed surface. This sacrificial activator mechanism is
consistent with prior reports on transition metal chalcogenides
for OER.

Overall, FeNi-LDH1-Se,s preserves its hierarchical structure,
compositional homogeneity, and partial selenium content
under harsh OER conditions. These features, combined with
surface reconstruction, underscore the catalyst's structural and
electrochemical robustness, highlighting its practical viability
for long-term alkaline water oxidation. A comparative summary
of OER overpotentials measured in 1.0 M KOH for FeNi-LDH1-
Seps and other reported surface-modified FeNi-LDH-based
catalysts is illustrated in Fig. 6 and listed in Table S1. The
comparison clearly highlights the superior catalytic perfor-
mance of FeNi-LDH1-Ses as a non-precious-metal OER catalyst,
outperforming many state-of-the-art FeNi-LDH derivatives re-
ported to date.

To elucidate the fundamental origin of the enhanced OER
kinetics, the atomic structures of FeNi,q, FeNi-LDH1, and FeNi-
LDH1-Se,s were constructed and fully optimized, as shown in
Fig. 7a—c, and subsequently employed for density functional
theory (DFT) calculations. The calculated Gibbs free energy
diagrams for the oxygen evolution reaction on these three
catalysts are presented in Fig. 6d. For all models, the OER
proceeds through the conventional four-step proton-coupled
electron transfer mechanism involving the formation of HO*,
O*, and HOO* intermediates.

For each catalyst, the reaction pathway initiates from
adsorbed H,0, which is taken as the reference state (AG = 0 eV).
The first elementary step corresponds to water adsorption and
deprotonation to form HO*, as illustrated in Fig. 6e. Compared
with metallic FeNizs, both FeNi-LDH1 and FeNi-LDH1-Segs
exhibit moderated HO* adsorption energies, effectively avoid-
ing the excessively strong binding observed on FeNizs. Such
overly strong HO* adsorption on FeNi;, is detrimental, as it

View Article Online
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impedes subsequent reaction steps and slows overall OER
kinetics.

The second step involves the transformation of HO* to O*.
On FeNizs, the O* intermediate is excessively stabilized,
resulting in a deep energy minimum. While strong O* binding
can facilitate O-H bond cleavage, it introduces a large energetic
penalty for subsequent oxidation to HOO*. In contrast, FeNi-
LDH1 displays weakened O* adsorption, reflecting a more
favorable balance between adsorption strength and surface
reactivity. Notably, selenium incorporation further fine-tunes
the O* binding energy, yielding a thermodynamically opti-
mized intermediate configuration.

The third step, corresponding to the formation of the HOO*
intermediate, is identified as the rate-determining step (RDS)
for all three catalysts, as it exhibits the highest Gibbs free energy
change (AGj;). FeNizs shows the largest AG; value of 1.51 eV,
indicating sluggish OER kinetics and a high theoretical over-
potential. Upon transformation to the layered double hydroxide
structure, AG; decreases to 1.49 eV, signifying improved cata-
Iytic activity. Importantly, selenium doping leads to a further
reduction in AG; to 1.37 eV, demonstrating that selenium
incorporation effectively promotes O-O bond formation and
lowers the energy barrier of the potential-determining step. The
final step, involving O, desorption and regeneration of the
active site, is energetically less demanding than the RDS for all
catalysts. Accordingly, the overall AG,. follows the trend:
FeNizs > FeNi-LDH1 > FeNi-LDH1-Ses.

This theoretical trend is in excellent agreement with the
experimentally observed OER performance, where FeNi-LDH1-
Segs exhibits the lowest overpotential and fastest reaction
kinetics. The enhanced activity of FeNi-LDH1-Se,; arises from
the synergistic effects of LDH structural reconstruction and
selenium incorporation, which collectively optimize the
adsorption energies of key reaction intermediates, reduce the
energy barrier of the rate-determining step, and bring the
catalyst closer to the ideal thermodynamic pathway for OER.
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Fig. 6 3-D histogram comparing the performance of FeNi-LDH1-Seqs with different FeNi-based catalysts using the overpotential @0 mAcm™

and Tafel slope values.
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for the four-step oxygen evolution reaction (OER) pathway on FeNizg, FeNi-LDH, and FeNi-LDH-Segs catalysts, (e) schematic illustration of the
OER reaction mechanism, highlighting the formation of HO*, O*, and HOO* intermediates, and (f) Bader charge of Fe, Ni, and Se atoms in FeNizg,

FeNi-LDH1, and FeNi-LDH-Segs.

To quantitatively elucidate the electronic origin of the opti-
mized OER activity, Bader charge analysis was performed based
on the quantum theory of atoms in molecules (QTAIM) frame-
work, which partitions the total electron density into non-
overlapping atomic volumes bounded by zero-flux surfaces.
This method provides a basis set independent measure of net
atomic charges, enabling direct comparison of oxidation states
across structurally distinct catalyst models. The computed

© 2026 The Author(s). Published by the Royal Society of Chemistry

Bader charges are summarized in Table 2. In metallic FeNiz, Fe
and Ni atoms exhibit weak charge polarization, with average
Bader charges of approximately +0.4e| for Fe and +0.3|e| for Ni.
This electronic configuration is consistent with strong metallic
bonding and overly strong adsorption of oxygenated interme-
diates, as reflected by the deep AG(HO*) and AG(O*) minima in
Fig. 6d. Upon transformation into FeNi-LDH1, coordination
with hydroxyl ligands induces significant electron withdrawal
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Table 2 Bader charge analysis of Fe, Ni, and Se atoms in FeNizg, FeNi-
LDH1, and FeNi-LDH1-Seqs

Catalyst Fe (le|) Ni (le|) Se (le])
FeNizg +0.4 +0.3 —
FeNi-LDH1 +1.1 +0.8 —
FeNi-LDH1-Ses +1.3 +1.0 —0.4

from the metal centers, increasing the Bader charges to
approximately +1.1|e| for Fe and +0.8 e| for Ni. This moderated
oxidation state weakens O* binding and stabilizes the HO* and
HOO* intermediates, leading to a more balanced free-energy
landscape.

Following selenium doping, pronounced charge redistribu-
tion occurs. Selenium atoms gain electrons, exhibiting Bader
charges of approximately —0.4|e|, while adjacent Fe and Ni
atoms become further oxidized to +1.3]e| and +1.0|e|, respec-
tively. This enhanced charge polarization effectively suppresses
excessive O* binding while simultaneously stabilizing the
HOO* intermediate, resulting in a reduced AG(O* — HOO¥)
gap and a lowered potential-determining step. Consequently,
Se-doped FeNi-LDH1 exhibits the most favorable OER thermo-
dynamics among the three catalysts, consistent with its lowest
AG; value and superior experimental performance.

4 Conclusion

A simple and effective strategy was developed to fabricate a self-
supported FeNi-LDH1-Se,s electrocatalyst by combining anod-
ization with hydrothermal selenization. This method produces
a highly efficient OER catalyst under alkaline conditions. The
optimized electrode delivers an overpotential of 240 mV at 10
mA cm ™, a Tafel slope of 37 mV dec™ ", and a charge transfer
resistance of only 0.8 Q indicating fast kinetics and excellent
electron transport. The electrode also exhibits remarkable long-
term durability, operating steadily at 100 mA cm > for 120
hours (5 days). During this extended test, the porous structure
remains largely intact, while the surface gradually transforms
from metal selenides into active (oxy) hydroxide species. The
high catalytic activity stems from a synergistic combination of
factors: improved conductivity, increased accessible active
surface area, the formation of the FeNi-LDH phase, and elec-
tronic modulation induced by selenium incorporation. A key
strength of this monolithic electrode is its binder-free design,
which eliminates polymer-related issues and ensures full
accessibility of selenium-modified active sites. To further vali-
date practical potential, this electrode requires evaluation in
a real zero-gap electrolyzer under more industrial conditions. In
addition, a comprehensive life-cycle and techno-economic
analysis is necessary to determine whether this earth-
abundant catalyst offers genuine cost and overall benefit
advantages over noble-metal counterparts. Addressing these
remaining limitations would position FeNi-LDH1-Seys as
a strong candidate for real-world water splitting, advancing
sustainable energy technologies. Overall, this work provides
insight into the interplay between structure, electronics, and
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activity in OER catalysis, while offering a straightforward route
to high-performance, non-precious-metal electrocatalysts.
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