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o electronic coupling in FeMoO4/
carbon hybrids for efficient and durable alkaline
overall water splitting

Rajini Murugesan,a Manova Santhosh Yesupatham, a Mandana Amirib

and Arthanareeswari Maruthapillai *a

Biomass-derived materials have emerged as sustainable and low-cost platforms for designing next-

generation electrocatalysts owing to their natural abundance, tunable porosity, and carbon-rich

frameworks. In this context, water splitting demands efficient electrocatalysts capable of driving both the

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). Herein, we develop a biomass-

oriented hybrid electrocatalyst, FeMoO4@Ds-AC, by anchoring FeMoO4 particles with hierarchically

porous activated carbon derived from date seed waste, thereby coupling catalytic activity with

sustainable material design. The FeMoO4Ds-AC catalyst improves the OER performance in an alkaline

medium, achieving a low overpotential of 334 mV at 20 mA cm−2 and a Tafel slope of 84 mV dec−1.

Subsequently, it shows an effective HER activity, with an overpotential of 75 mV at 10 mA cm−2. The

catalyst splits water with a cell voltage of 1.642 V at 10 mA cm−2. FeMoO4@Ds-AC has outstanding long-

term durability exceeding 100 hours for both the HER and OER, with low performance degradation. The

enhanced activity is attributed to the synergistic interaction between redox-active FeMoO4 and the

conductive, porous carbon matrix, which accelerates charge transfer and increases active-site

accessibility. Furthermore, density functional theory (DFT) calculations are performed to gain deep

insights into the interfacial coupling between FeMoO4 and Ds-AC. The lowest interaction distance

between FeMoO4 and Ds-AC confirms the strong Fe–C and Mo–C covalent bonding and large negative

binding energy (−4.61 eV), representing exothermic binding. In addition, the electronic structure analysis

reveals that the strong orbital hybridization between the Mo-3d, Fe-3d and C-2p states further confirms

the electronic coupling bonding between the interfacial materials. Finally, the charge density difference

plots reveal that the electron density redistribution between the interfaces indicates strong Fe–C and

Mo–C covalent bonding. Our DFT observations clearly demonstrate that Fe–C and Mo–C coupling

enhances charge transfer and influences the OER performance. This paper describes a sustainable and

effective technique for developing biomass-derived bifunctional electrocatalysts for water splitting

applications.
1 Introduction

The growing global demand for clean and sustainable energy
has put tremendous pressure on scientists to produce viable
alternatives to fossil fuels. Hydrogen (H2) is a promising energy
carrier with high energy density and minimal carbon emissions
aer combustion.1 Water electrolysis is one of the most
sustainable and scalable methods for producing hydrogen
using two half-reactions: the oxygen evolution reaction (OER) at
the anode and the hydrogen evolution reaction (HER) at the
eering and Technology, SRM Institute of

Tamil Nadu, 603203, India. E-mail:

(LiST), Faculty of Medicine and Dentistry,

stria

9144
cathode.2 Although the general procedure appears simple, its
practical implementation is hampered by low reaction rates,
particularly for the OER, which involves a complex four-electron
transfer pathway with signicant overpotential needs.3 At the
same time, efficient HER activity is also required to achieve
balanced and energy-efficient total water splitting. As a result,
the development of bifunctional electrocatalysts capable of
efficiently driving both the OER and HER is extremely desirable
for practical water electrolysis systems. To overcome these
issues, signicant efforts have been made to develop highly
efficient, stable, and cost-effective electrocatalysts capable of
accelerating reaction kinetics and facilitating rapid charge
transfer.4 Noble metal-based catalysts, including RuO2 and IrO2

for the OER and Pt-based materials for the HER, are considered
cutting-edge due to their high catalytic activity.5,6 However, their
exorbitant cost, limited availability, and poor long-term
© 2026 The Author(s). Published by the Royal Society of Chemistry
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durability limit their widespread use.7 As a result, current
research has concentrated on earth-abundant transition metal-
based materials, including those containing iron (Fe), cobalt
(Co), nickel (Ni), and molybdenum (Mo), which have tunable
electronic structures, numerous oxidation states, and advanta-
geous redox characteristics.8–10 Iron molybdate (FeMoO4) has
gained attention for its potential catalytic activity as a bimetallic
oxide system.11–13 The interaction of Fe and Mo centers is ex-
pected to affect the electronic structure and adsorption
behavior of reaction intermediates, improving catalytic perfor-
mance. However, the practical application of immaculate
FeMoO4 is restricted by its low electrical conductivity, limited
surface area, and inadequate exposure of active areas.14–16 To
circumvent these limitations, combining metal oxides with
conductive carbon frameworks has proven to be a viable
method. Biomass-derived carbon compounds, in particular,
have sparked widespread interest because to their hierarchical
porosity, high electrical conductivity, and sustainability,
providing a synergistic foundation for efficient overall water
splitting.17 Biomass-derived carbon materials, such as those
derived from energy crops, agricultural residues, and forestry
waste, have emerged as promising catalyst precursors due to
their high carbon content, abundance, and low cost.18 These
materials have tunable porosity, high electrical conductivity,
and structural versatility, making them ideal for developing
efficient electrocatalysts. Long et al. developed a NiFeP/NiFe-
LDH heterojunction system with efficient bifunctional activity.
It required overpotentials of 341 mV for OER and 210 mV for
HER and achieved overall water splitting at 1.526 V and 10 mA
cm−2.19 Yang et al. found Fe and N co-doped biomass-derived
carbon to be a high-performance bifunctional electrocatalyst,
achieving low overpotentials of 265 mV for OER and 92 mV for
HER at 10 mA cm−2 and an overall water splitting voltage of 1.53
V.20 Gayathri et al. synthesized biowaste-derived carbon
(Fe@PSAC) catalyst with a cell voltage of 1.58 V at 10 mA cm−2.21

Similarly, the conversion of aloe wastes,22–24 Magnolia leaf
wastes,25 ginkgo leaf wastes,26,27 cauliower leaf wastes,28 neem
leaves,29 Jasminum leaves30 and alfalfa plant wastes31 into
useable carbon supports circular economy concepts, minimizes
environmental difficulties and contributes to global deca-
rbonization efforts. These studies demonstrate the effectiveness
of combining transition metal compounds and conductive
frameworks to improve catalytic performance for overall water
splitting.

Herein, we report a biomass-derived hybrid electrocatalyst,
FeMoO4Ds-AC, constructed by anchoring FeMoO4 nano-
particles onto activated carbon from date seed waste. Incorpo-
rating FeMoO4 into Ds-AC improves electrical conductivity and
the dispersion of active sites, overcoming the inherent limita-
tions of metal oxides. The carbon framework is porous and
conductive, facilitating fast electron transport and easy access
to electrolytes. FeMoO4 provides redox-active centers for cata-
lytic reactions. The FeMoO4@Ds-AC catalyst improves bifunc-
tional activity for both OER and HER, allowing for efficient
water splitting under alkaline conditions. To determine the
catalyst's performance, comprehensive structural, surface, and
electrochemical investigations are conducted. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
FeMoO4@Ds-AC system exhibits improved performance
compared to the individual components and demonstrates
competitive activity relative to benchmark catalysts, high-
lighting the synergistic interaction between the metal oxide and
the biomass-derived carbon matrix.

2 Experimental section
2.1 Synthesis of iron molybdate (FeMoO4) nanoparticles

Iron molybdate (FeMoO4) nanoparticles were synthesized
through a hydrothermal method, followed by calcination. In
brief, 0.1 M FeCl3 and 0.2 M Na2MoO4$2H2O were dissolved in
35 mL of DD water, separately. Then, the homogeneous
suspension was mixed in a 250 mL beaker under constant
stirring. Aer that, 0.5 g of urea (10 mL H2O) was added to the
above suspension and continuously stirred for 1 h. Then, the
obtained mixture solution was transferred into a 100mL Teon-
lined stainless-steel autoclave, heated at 180 °C for 24 h, and
gradually cooled down to room temperature. The resultant
products were collected by centrifugation, washed with doubly
distilled water and ethanol several times to eliminate the
unreacted precursor material, and dried at 60 °C overnight.
Finally, the collected products were calcined at 550 °C for 4 h in
an air atmosphere. The overall synthesis procedure of FeMoO4

is shown in Scheme 1a.

2.2 Preparation of date seeds-derived activated carbon (Ds-AC)

The Ds-AC was prepared via a two-step process. The rst step
was the preparation of pre-carbonized carbon (PCC), and the
second step was the chemical activation of PCC. The date seeds
were washed with distilled water in order to remove dust and
other inorganic impurities, dried, and further dried in an oven
for 24 h at 110 °C. Aer the removal of all moisture content, the
date seeds were carbonized at 300 °C for about 4 h under
vacuum conditions and further ground well to get a ne
powder. This nely ground carbon powder was labelled as Ds-
derived pre-carbonized carbon (Ds-PCC). In the chemical acti-
vation process, 20 g of the Ds-derived pre-carbonized carbon
powder (Ds-PCC) was mixed with 100 mL of a 3 M KOH aqueous
solution. This slurry was stirred for 24 hours at room temper-
ature to ensure thorough mixing. The prepared Ds-PCC-3 M
KOH slurry was dried in an oven at 110 °C. Aer that, the slurry
was heated up to 700 °C for 1 h in N2 atmosphere at a 5 °Cmin−1

heating rate. Subsequently, the resulting activated carbon was
repeatedly washed with DD water until the pH of the superna-
tant solution was neutral. Finally, the perfectly washed activated
carbon sample was dried at 110 °C for 24 h in a hot air oven,
nely ground and stored in a desiccator. This prepared acti-
vated carbon sample was labelled as Ds-AC. The overall
synthesis procedure of Ds-AC is shown in Scheme 1b.

2.3 Preparation of the FeMoO4@Ds-AC nanocomposite

The FeMoO4@Ds-AC nanocomposite was prepared through the
sonochemical approach, wherein 5 mg of FeMoO4 and 5 mg of
Ds-AC were dispersed into 100 mL of DD water and ultra-
sonicated for 30 min. Finally, the collected products were
RSC Adv., 2026, 16, 29132–29144 | 29133
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Scheme 1 (a) Illustration of the synthetic process of the FeMoO4 nanocomposite. (b) Schematic of the synthesis process of Ds-AC. (c) Schematic
of the synthesis process of FeMoO4@Ds-AC at 60 °C overnight.
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centrifuged and dried at 60 °C for 12 h, and it is denoted as
FeMoO4@Ds-AC nanocomposite. The overall synthesis proce-
dure of the FeMoO4@Ds-AC nanocomposite is shown in
Scheme 1c.
Fig. 1 XRD patterns of (a) Ds-AC, (b) FeMoO4 and (c) FeMoO4@Ds-AC.
3 Results and discussion
3.1 X-ray diffraction (XRD) analysis

The crystalline structures of the produced materials were ana-
lysed using powder XRD. The naturally occurring Ds-AC
observed two broad diffraction humps at 2q = 24.4° and
43.6°, which corresponded to the (002) and (101) planes of
disordered graphitic carbon, respectively (Fig. 1a).32,33 These
broad peaks suggested that Ds-AC was largely amorphous and
had a low graphitization degree, which was benecial for
electrocatalysis due to the abundance of defect sites and
a relatively large surface area. The structural analysis of FeMoO4

showed strong diffraction peaks (Fig. 1b), indicating a well-
crystallized monoclinic phase. The diffraction peaks at 2q
values for the (110), (021), (220), (002), (112), (202), (222) and
(440) planes are consistent with standard JCPDS no. (01-089-
2367), conrming the formation of phase-pure monoclinic
FeMoO4. The absence of impurity-related peaks conrmed the
successful synthesis of phase-pure iron molybdate. The XRD
pattern of the FeMoO4@Ds-AC nanocomposite (Fig. 1c) showed
the unique diffraction peaks of FeMoO4 and the broad carbon
humps (highlighted inside of Fig. 1c) associated with Ds-AC,
showing the effective integration of FeMoO4 nanoparticles
29134 | RSC Adv., 2026, 16, 29132–29144 © 2026 The Author(s). Published by the Royal Society of Chemistry
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inside the carbon framework. The retention of FeMoO4 reec-
tions showed that the crystalline structure of the metal oxide
was preserved during the nanocomposite formation, while
broad carbon characteristics indicated that the amorphous
nature of Ds-AC remained unchanged. This coexistence of
diffraction evidence demonstrated that hybridization occurred
without the structural degradation of either component. This
heterostructure was expected to improve electron transport
efficiency, electrolyte accessibility and overall electrocatalytic
performance during alkaline OER.
3.2 X-ray photoelectron spectroscopic (XPS) studies

X-ray photoelectron spectroscopy (XPS) was used to investigate
the surface chemical composition and oxidation states of the
FeMoO4 electrocatalyst. The survey spectrum (Fig. S1a) showed
the presence of Fe, Mo, and O, conrming the successful
synthesis of the FeMoO4 phase and its effective integration with
the biomass-derived carbon support. The strong C 1s signal
resulted from the Ds-AC matrix, whereas the distinct Fe 2p and
Mo 3d peaks conrmed the presence of both metal species with
no detectable impurities, conrming the composite's chemical
purity.12 The high-resolution Fe 2p spectrum (Fig. S1b) showed
two prominent spin–orbit components centered at roughly
711.27–713.70 eV and 725.21–728.20 eV, which corresponded to
Fe 2p3/2 and Fe 2p1/2, respectively, along with distinctive satellite
features. Peak deconvolution demonstrated the coexistence of
Fe2+ and Fe3+ species, with tted components located at low and
high binding energies within the Fe 2p3/2 region. The presence
of signicant shis in satellite peaks conrmed the high-spin
Fe3+ conguration, which was a characteristic of iron
Fig. 2 (a) XPS survey spectrum of FeMoO4@Ds-AC and its deconvoluted

© 2026 The Author(s). Published by the Royal Society of Chemistry
molybdate-based oxide systems. The observed Fe2+/Fe3+ mixed-
valence state occurred because of the strong Fe–O–Mo elec-
tronic interaction inside the FeMoO4 lattice. This led to charge
redistribution and partial electron delocalization between the
Fe and Mo centers. These mixed-valence Fe redox pairs were
extremely advantageous to the oxygen evolution reaction
because they allow for quick electron transfer and dynamic
redox cycling during anodic polarization. This electronic exi-
bility, together with strong metal–oxygen coordination,
improved the adaptability of Fe active sites during alkaline OER
operation, leading to the increased electrocatalytic activity of
the FeMoO4 catalyst.34 The Mo 3d spectrum (Fig. S1c) showed
two distinct peaks at 232.25 eV and 235.38 eV, corresponding to
the Mo 3d5/2 and Mo 3d3/2 spin–orbit components, respectively.
These binding energy positions were exclusive to the Mo6+

species in molybdate-based compounds. There were no addi-
tional peaks corresponding to reduced Mo species (Mo5+ or
Mo4+), demonstrating that molybdenum predominantly existed
in its fully oxidized state. The presence of stable Mo6+ centers
was likely to inuence the electronic environment of nearby Fe
sites through Fe–O–Mo interactions, promoting charge redis-
tribution and leading to increased electrocatalytic reaction
kinetics, as previously reported for comparable Fe–Mo oxide
systems.35,36 The O 1s spectrum (Fig. S1d) showed different
contributions from metal–oxygen bonds (M–O, 530.10 eV),
metal–hydroxyl species (M–OH, 530.53 eV), and surface
oxygenated species (C–O, 531.47 eV). The coexistence of C–O
species in the C 1s spectrum and M–O components in the O 1s
spectrum indicated the formation of interfacial carbon–oxygen–
metal (C–O–M) connections, which allowed for effective elec-
tronic coupling and charge transfer across the carbon-oxide
XPS sub-spectra of the (b) Fe 2p, (c) Mo 3d, (d) C 1s, and (e) O 1s orbitals.

RSC Adv., 2026, 16, 29132–29144 | 29135
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interface.12 The survey spectrum (Fig. 2a) of the FeMoO4@Ds-AC
composite showed the presence of Fe, Mo, and O, as well as an
important C 1s peak, indicating the successful incorporation of
biomass-derived carbon matrix. The high-resolution Fe 2p
spectrum (Fig. 2b) revealed Fe2+ and Fe3+ species with peaks at
712.02 eV and 713.73 eV, respectively, along with distinct
satellite features. Compared to pristine FeMoO4, these peaks
showed a positive shi of ∼0.75 eV (Fe2+) and ∼0.03 eV (Fe3+),
indicating a modied electronic environment around Fe
centers. The presence of Fe2+/Fe3+ redox pairs was benecial for
electrocatalysis as it promoted efficient electron transfer and
dynamic redox behaviour. The Mo 3d spectrum (Fig. 2c) showed
the characteristic Mo6+ peaks, indicating the structural stability
of themolybdate phase. An increase in peak intensity, especially
for the Mo 3d3/2 component, indicated the improved exposure
of Mo active sites in the composite. The presence of stable Mo6+

species could affect the electronic structure of nearby Fe sites
via Fe–O–Mo interactions. The C 1s spectrum (Fig. 2d) was
divided into graphitic carbon (C]C), C–O, and O–C]O
components, indicating the presence of oxygen-containing
functional groups on the Ds-AC surface. These functionalities
improved interfacial contact and may promote the formation of
C–O–M (M = Fe and Mo) linkages, allowing for efficient charge
transfer across the carbon–oxide interface. The O 1s spectrum
(Fig. 2e) showed metal–oxygen (M–O) and metal–hydroxyl (M–

OH) peaks at 530.43 and 530.94 eV, respectively. Compared to
pristine FeMoO4, these peaks showed positive shis of∼0.33 eV
(M–O) and ∼0.41 eV (M–OH), indicating electron density
Fig. 3 (a–c) FE-SEM images of FeMoO4@Ds-AC. (d) SEM image of FeMo
(i and j) HR-TEMmicrographs of FeMoO4@Ds-AC. (k) Lattice fringes of Fe
HR-TEM elemental mapping images of Fe, Mo, C, and O.

29136 | RSC Adv., 2026, 16, 29132–29144
redistribution at the interface. The presence of abundant
surface hydroxyl species is especially advantageous because
they are recognized as key intermediates in electrocatalytic
reactions.
3.3 Morphological analysis

FE-SEM was used to analyse the surface morphology and
structural changes of Ds-AC, FeMoO4 and the FeMoO4@Ds-AC
nanocomposite upon hybridization. As shown in Fig. S2a–c,
the Ds-AC sample formed a highly porous, foam-like shape with
curved, layered textures and huge pores. This structure is typical
of activated carbon generated from biomass precursors, such as
date seeds, and it increases mass transport and increases
electrochemical surface area. Fig. S3a–c shows the morphology
of the FeMoO4 particles, made up of asymmetrical small parti-
cles clustered tightly together, providing a dense and rough
surface. These particles were closely packed, resulting in
a compact structure but with a low accessible surface area due
to particle aggregation. The SEM picture of the FeMoO4@Ds-AC
nanocomposite (Fig. 3a–c) showed a well-integrated hybrid
structure, with the FeMoO4 particles uniformly linked to the
porous carbon surface. Ds-AC's foam-like carbon structure
provided structural support and uniformly dispersed FeMoO4 to
prevent agglomeration. The close interactions between FeMoO4

and Ds-AC improved smooth electron transport, charge transfer
performance and the number of exposed active sites, all of
which led to improved electrocatalytic activity. Furthermore,
SEM-EDS elemental mapping, as shown in Fig. S2d–f, S3d–g
O4@Ds-AC. (e–h) EDS elemental mapping images of FeMoO4@Ds-AC.
MoO4@Ds-AC. (l) SAED pattern of FeMoO4@Ds-AC. (m) Corresponding

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and 3d–h, conrmed the uniform distribution of the elements C
and O in Ds-AC; Fe, Mo, and O in FeMoO4; and Fe, Mo, C, and O
in FeMoO4@Ds-AC, throughout the nanocomposite, showing
excellent synthesis and material hybridization. Also, the ED
table and ED spectrum of Ds-AC, FeMoO4 and FeMoO4@Ds-AC
are displayed in Fig. S4, S5 and S6, respectively. The
FeMoO4@Ds-AC nanocomposite's crystalline structure and
crystallinity were studied using HRTEM and selected area
electron diffraction (SAED). The HRTEM image (Fig. 3i and j)
showed that the FeMoO4 nanoparticles were strongly attached
to a transparent sheet-like carbon matrix (Ds-AC), indicating
high active-phase dispersion. The interface between FeMoO4

and Ds-AC was conrmed by visible lattice fringes, with inter-
planar spacings of 0.282 nm and 0.212 nm, corresponding to
the (112) plane of FeMoO4 and the (101) plane of Ds-AC (Fig. 3k
and l). The respective mappings of all the current elements to
images and colors are given in Fig. 3m. These characteristics
validated the crystalline nature of both components and
conrmed the successful nanocomposite of FeMoO4 and the
(101) plane of Ds-AC, which matched well with the XRD results
and further conrmed the structural integrity and phase
composition of the hybrid material.

Furthermore, these ndings were well aligned with the
structural characteristics revealed by XRD and HR-TEM anal-
yses. The superior overall water splitting performance of the
FeMoO4@Ds-AC nanocomposite can be attributed to the strong
synergistic electronic interaction between FeMoO4 and the
defect-rich Ds-AC support. This interaction effectively modu-
lated the adsorption energetics of the key intermediates, facil-
itating optimized hydrogen adsorption/desorption (*H) at the
cathodic sites for HER, alongside the favorable adsorption and
transformation of oxygenated intermediates (*OH, *O, and
*OOH) at the anodic sites for OER. The intimate interfacial
coupling between FeMoO4 nanoparticles and the conductive
Scheme 2 Schematic of the synergistic overall water splitting (HER andO
porous biomass-derived Ds-AC support facilitates rapid electron transpo
redox-active Fe–Mo sites promote efficient water dissociation and optim
along with the favorable adsorption and conversion of the OER interm
electronic interactions and carbon coupling lead to the enhanced bifun

© 2026 The Author(s). Published by the Royal Society of Chemistry
carbon matrix induced electronic redistribution around the Fe
active centers, thereby enhancing local charge density and
redox exibility. This was further conrmed by XPS analysis,
where the O 1s spectrum revealed the presence of abundant
defect-related oxygen species and adsorbed oxygen compo-
nents, indicating a high density of surface defects and oxygen
vacancies, which were benecial for intermediate adsorption
and activation, particularly during alkaline OER. In addition,
the signicantly higher double-layer capacitance (Cdl) of
FeMoO4@Ds-AC suggested an increased number of electro-
chemically accessible active sites. These defect sites, along with
interfacial Fe–O–C linkages, were expected to lower the energy
barrier for *OOH formation, which was widely recognized as the
rate-determining step in alkaline OER. Simultaneously, the
conductive Ds-AC framework provided efficient electron trans-
port pathways, as evidenced by the reduced charge-transfer
resistance observed in EIS measurements, thereby ensuring
rapid electron delivery to active sites and promoting efficient
HER kinetics. Collectively, these structural and electronic
advantages accelerate both hydrogen evolution and the four-
electron oxygen evolution pathways, resulting in enhanced
bifunctional catalytic activity and long-term durability. Based
on these insights, the synergistic HER and OER mechanism of
the FeMoO4@Ds-AC catalyst is schematically illustrated in
Scheme 2.
4 Electrochemical performance
4.1 Electrocatalytic OER performance

For identifying the actual potential of the FeMoO4@Ds-AC
catalyst for TWS, we conducted a systematic electrochemical
evaluation with 1.0 M KOH as the electrolyte, FeMoO4@Ds-AC
as the working electrode (coated on NF), and Hg/HgO as the
reference electrode. A platinum rod and bare NF were used as
ER) mechanism over the FeMoO4@Ds-AC catalyst. The conductive and
rt and the uniform dispersion of the FeMoO4 nanoparticles, while the
ized hydrogen adsorption/desorption (*H) for the HER at the cathode,
ediates (*OH, *O and *OOH) at the anode. The combined Fe–Mo

ctional catalytic activity and long-term stability in alkaline media.
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the counter electrodes for OER and HER, respectively. The main
plot started with the most direct measure of catalytic perfor-
mance by linear sweep voltammetry (LSV), which assessed the
overpotential mandatory to generate OER at a given current
density (Table S1). A low overpotential not only signied small
energy input but also high intrinsic catalytic activity. Among all
tested samples (Fig. 4a), FeMoO4@Ds-AC stood out because it
needed only 334mV to reach 20mA cm−2, which was lower than
those required by pristine FeMoO4 (341 mV), Ds-AC (398 mV),
and bare NF (549 mV) and was comparable to that required by
the commercial RuO2 (307 mV) catalyst. This remarkable
improvement was due to the synergistic interaction of redox-
active FeMoO4 and a highly conductive, porous carbon nano-
composite generated from date seeds. The carbon support not
only prevented FeMoO4 nanoparticle agglomeration, but it also
improved interaction with the electrolyte, increasing electron
and ion transport. However, activity alone is insufficient; we
must also remember to take a look at reaction kinetics, which
we achieved via Tafel analysis. The Tafel slope provides an
Fig. 4 (a) iR-corrected OER linear sweep voltammograms of Ds-AC,
commercial RuO2 catalyst. (b) Tafel analyses of Ds-AC, FeMoO4, FeMo
catalyst plotted from SCV curves. (c) Corresponding Nyquist plots for Ds
equivalent circuit used for fitting the EIS data). (d) Stability graph of FeM

29138 | RSC Adv., 2026, 16, 29132–29144
understanding of the reaction pathway and rate-determining
steps of OER. A smaller slope denotes faster kinetics and
better kinetics for intermediate production and degradation.
FeMoO4@Ds-AC had the lowest Tafel slope of 84 mV dec−1,
defeating Ds-AC (123 mV dec−1), FeMoO4 (128 mV dec−1), and
NF (190mV dec−1), but not the benchmark catalyst RuO2 (67mV
dec−1) (Fig. 4b). This demonstrated the catalyst's ability to
facilitate fast electron transport and intermediate conversion
steps. The presence of Fe2+/Fe3+ and Mo6+/Mo5+ redox couples
contributed to dynamic active site reconguration under
applied potential, improving reaction kinetics. Furthermore,
electronic manipulation by the carbon matrix enhanced the
adsorption energy of important OER intermediates (*OH, *O,
and *OOH), permitting high turnover rates. To get a deep
understanding of the charge transport behaviour at the elec-
trode–electrolyte interface, we carried out electrochemical
impedance spectroscopy (EIS). The technique exposes the
charge transfer resistance (Rct), a signicant parameter that
indicates how efficiently electrons move along the interface.
FeMoO4, FeMoO4@Ds-AC, and NF in comparison with that of the
O4@Ds-AC, and NF in comparison with that of the commercial RuO2

-AC, FeMoO4, FeMoO4@Ds-A, NF, and RuO2 catalysts (inset shows the
oO4@Ds-AC over 100 hours.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Due to its metallic nature, RuO2 exhibited the lowest Rct (0.480
U), while FeMoO4@Ds-AC had a considerably lower Rct of 0.708
U, and this was clearly better than those of FeMoO4 (0.953 U),
Ds-AC (1.211 U) and NF (2.095 U). This ideal resistance balance
showed that the combination catalyst offered good electrical
conductivity without lowering the number of active sites
(Fig. 4c). The carbon network and FeMoO4 were interconnected,
resulting in the formation of rapid electron highways and the
reduction of recombination losses. Such favourable interfacial
characteristics were crucial for maintaining high OER rates over
a long period. Understanding the number of active sites avail-
able for catalysis is also extremely important; therefore, we
calculated the electrochemically active surface area (ECSA)
using double-layer capacitance (Cdl) measurements presented
in Fig. S4. A higher Cdl value usually indicates more exposed
active sites and greater surface availability. FeMoO4@Ds-AC had
the highest Cdl of 77.62 mF cm−2, defeating FeMoO4 (60.62 mF
cm−2), Ds-AC (21 mF cm−2) and NF (26.87 mF cm−2). This
noticeable rise was due to the porous nature of the carbon
support, which facilitated electrolyte inltration and
Fig. 5 (a) iR-corrected HER linear sweep voltammograms of the Ds-AC, F
AC, FeMoO4, FeMoO4@Ds-AC, and NF catalysts plotted from SCV curves.
AC, and NF catalysts (inset shows the equivalent circuit used for fitting t

© 2026 The Author(s). Published by the Royal Society of Chemistry
maximized catalyst utilization (Fig. S8a). The signicant
number of accessible sites was most probably due to the
uniform dispersion of FeMoO4 nanoparticles across the high-
surface-area carbon framework, which allowed a large portion
of the catalyst to actively participate in the reaction. Further-
more, the most superior FeMoO4@Ds-AC nanocomposite
demonstrated outstanding stability over 100 hours (Fig. 4d).
The FeMoO4@Ds-AC catalyst was highly durable due to the
strong interfacial connection between the FeMoO4 nano-
particles and the defect-rich Ds-AC framework. This avoided
nanoparticle agglomeration and reduced Fe/Mo dissolution
under strongly alkaline OER conditions. Furthermore, the
hierarchically porous and structurally robust carbon structure
allowed for excellent electrical contact and continued electrolyte
penetration during extended polarization, preserving structural
integrity, active site accessibility, and long-term catalytic
activity. The bar plot presented in Fig. S8b indicates how
FeMoO4@Ds-AC is superior to other catalysts as a result of OER
activity. The respective bar plots of overpotential and Tafel slope
values compared our prepared catalysts with the benchmark
eMoO4, FeMoO4@Ds-AC, andNF catalysts. (b) Tafel analyses of the Ds-
(c) Corresponding Nyquist plots for the Ds-AC, FeMoO4, FeMoO4@Ds-
he EIS data). (d) Stability graph of FeMoO4@Ds-AC over 100 hours.
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catalyst. FeMoO4@Ds-AC exhibited enhanced performance
compared to the other samples, owing to its improved intrinsic
activity, accelerated reaction kinetics, reduced charge transfer
resistance, and increased active surface area, collectively
contributing to its efficient OER activity. The dual functioning
of FeMoO4 (as a redox-active core) and Ds-AC (as a conductive,
porous scaffold) resulted in a tightly interconnected electro-
catalytic system. The close contact between these components
conrmed excellent interaction, allowing them to maximize
their potential in accelerating the sluggish four-electron OER
process under alkaline conditions.
4.2 Electrocatalytic HER performance

The HER activity of the prepared electrodes was measured with
LSV curves (Fig. 5a). The FeMoO4@Ds-AC catalyst delivered 10
mA cm−2 at 75 mV, which was lower than those of FeMoO4 (91
mV), Ds-AC (149 mV), and NF (233 mV), indicating superior
catalytic efficiency. The incorporation of FeMoO4 with the
conductive Ds-AC matrix improved performance by enabling
Fig. 6 (a) Schematic representation for two-electrode alkaline water spli
water splitting with FeMoO4@Ds-AC used both as anode and cathode.
hours. (d) LSV polarization graph before and after the stability test of the

29140 | RSC Adv., 2026, 16, 29132–29144
effective electron transport and the better utilization of active
sites. Tafel plots were used to further analyze the reaction
kinetics (Fig. 5b). FeMoO4@Ds-AC had a Tafel slope of 103 mV
dec−1, which was signicantly lower than those of FeMoO4

(167 mV dec−1), Ds-AC (230 mV dec−1), and NF (271 mV dec−1).
This value indicated that the HER followed a Volmer–Heyrovsky
pathway, with the electrochemical desorption step playing
a dominant role. The lower slope indicated that proton
adsorption and hydrogen evolution were more efficient on the
composite surface. Charge transfer behaviour was investigated
using EIS measurements (Fig. 5c). The FeMoO4@Ds-AC elec-
trode had the lowest charge transfer resistance (Rct = 2.01 U),
which was signicantly lower than those of FeMoO4 (3.45 U),
Ds-AC (3.18 U), and NF (4.97 U). This low resistance suggested
fast interfacial electron transfer kinetics. The interconnected
carbon framework improved conductivity by providing efficient
electron pathways and maintaining intimate contact with
FeMoO4 active sites. Long-term chronoamperometric
measurements were used to assess the catalyst's durability
(Fig. 5d). The FeMoO4@Ds-AC electrode maintained a stable
tting system using FeMoO4@Ds-AC. (b) LSV polarization graph for total
(c) Stability study of the FeMoO4@Ds-AC-based cell at 1.642 V for 24
FeMoO4@Ds-AC//FeMoO4@Ds-AC electrode.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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current density over 100 hours with minimal degradation,
demonstrating its exceptional operational stability. Finally, the
bar plot presented in Fig. S9 shows how FeMoO4@Ds-AC is
superior to other catalysts as a result of HER activity. The robust
performance was primarily due to the strong interaction
between FeMoO4 and the carbon framework, which maintained
structural integrity during continuous operation. The
FeMoO4@Ds-AC composite enhanced HER activity through
improved charge transfer kinetics and stable active sites,
making it an efficient hydrogen evolution electrocatalyst in
alkaline media. In Table S2, a comparison of overpotential
values with those reported for other biomass-carbon-based HER
and OER electrocatalysts is provided. These characterizations
combine to tell a fascinating story about material design and
performance.
4.3 Total water splitting performance

FeMoO4@Ds-AC demonstrated exceptional half-cell perfor-
mance, prompting further evaluation in a two-electrode
conguration for water splitting. A two-electrode setup was
employed using FeMoO4@Ds-AC as both anode and cathode in
a 1 M KOH electrolyte. The evolution of gas bubbles on both
electrodes, as illustrated in the inset of Fig. 6a, indicates that
OER and HER occur simultaneously. The FeMoO4@Ds-
AC‖FeMoO4@Ds-AC system achieved a current density of 10 mA
cm−2 at a low cell voltage of 1.642 V, as seen in Fig. 6b. In
addition, long-term durability was assessed using chro-
noamperometric measures at room temperature. Fig. 6c shows
that the FeMoO4@Ds-AC electrolyzer remained stable for 24
hours at a current density of 10 mA cm−2. The polarization
curves of the FeMoO4@Ds-AC//FeMoO4@Ds-AC full-cell were
recorded before and aer long-term stability testing, demon-
strating minimal performance degradation and excellent
durability under alkaline water splitting conditions.
5 Post stability studies

In order to further investigate the morphology and structural
evolution of FeMoO4@Ds-AC aer the OER reaction, SEM and
XRD analyses were carried out following a 24 h stability test on
a nickel foam. The XRD pattern of FeMoO4@Ds-AC aer the
stability test (Fig. S10a) further conrmed the structural integ-
rity of the composite. The characteristic diffraction peaks cor-
responding to crystalline FeMoO4 were retained aer 24 h of
operation, indicating that the primary phase remained stable
during OER. A broad hump observed in the 2q range of∼15–30°
was attributed to the amorphous Ds-AC carbon framework. No
signicant peak shi or emergence of additional impurity
phases was detected, demonstrating that the catalyst underwent
minimal structural degradation. As shown in Fig. S10b–d, the
nanocomposite architecture of FeMoO4@Ds-AC remains largely
preserved aer prolonged OER operation, indicating good
structural robustness under alkaline electrochemical condi-
tions. The FeMoO4 particles were still uniformly distributed
over the Ds-AC matrix, although slight surface agglomeration
could be observed, which may have resulted from prolonged
© 2026 The Author(s). Published by the Royal Society of Chemistry
electrochemical polarization and partial surface reconstruction
during OER. At high magnication, the intimate contact
between the FeMoO4 nanoparticles and the carbonaceous
substrate was maintained, suggesting strong interfacial adhe-
sion that contributed to the stability of the catalyst. Also, the
elemental distribution spectra shown in Fig. S12a and
b conrm that the FeMoO4@Ds-AC catalyst remains stable even
when faced with strong anodic potential for a long time. Overall,
the combined SEM and XRD results conrmed the excellent
morphological and phase stability of FeMoO4@Ds-AC during
long-term OER testing.
6 Computational details

Density functional theory computations were used to probe the
bonding and coupling between the Fe and Mo atoms in the
FeMoO4 material and the carbon atom of the Ds-AC sheet. First,
the bonding behavior between the hybrid materials could be
analyzed using the minimum energy geometry of the material.
Thus, we optimized the FeMoO4@Ds-AC hybrid catalyst to
identify the minimum energy geometry. The optimized struc-
ture of the FeMoO4@Ds-AC hybrid catalyst is provided in Fig. 7a
and b (side and top views). It shows that FeMoO4 is strongly
anchored/stabilized onto the Ds-AC sheet through multiple
interfacial bonding, including Fe–C, Mo–C, and O–C interac-
tions. The equilibrium distances of Fe–C and Mo–C were
approximately 2.07 Å and 2.30 Å, which inferred the formation
of stable chemisorptive bonding rather than weak van der
Waals interactions. The FeMoO4 structure underwent slight
distortion upon interaction with the Ds-AC monolayer, sug-
gesting signicant interfacial electronic interaction. This
structural deformation facilitated enhanced orbital overlap
between the Fe, Mo, and O atoms and the Ds-AC support. Such
strong anchoring ensured structural stability and tuned the
electronic property of the interfacial material. To quantitatively
evaluate the interaction strength of FeMoO4 on the Ds-AC sheet,
the binding energy (Ebin) was calculated using the following
equation:

Ebin = EFeMoO4+Ds-AC − (EFeMoO4
+ EDs-AC),

where EFeMoO4+Ds-AC is the total energy of the optimized
FeMoO4@Ds-AC interface, EFeMoO4

is the energy of bare
FeMoO4, and EGra is the energy of the Ds-AC sheet. The calcu-
lated binding energy of FeMoO4 at the Ds-AC support was
−4.61 eV, indicating an exothermic binding, i.e., energetically
stable and more favourable binding of FeMoO4 with the Ds-AC
support. The large negative value conrmed that the hybrid
formation was thermodynamically more stable and easier to
synthesize under standard experimental conditions. Also, it was
interesting to note that this strong binding interaction sug-
gested the formation of robust Fe–C and Mo–C interfacial
bonds, which facilitated efficient electronic coupling at the
FeMoO4/carbon interface. This was consistent with the
observed structural distortion and shortened interfacial bond
distances. Consequently, the signicant binding strength
played a crucial role in stabilizing the hybrid structure and
RSC Adv., 2026, 16, 29132–29144 | 29141
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Fig. 7 Optimized geometries of the (a) side and (b) top views of the FeMoO4@Ds-AC interface. The distance between FeMoO4 and Ds-AC was
given in Å. (c) Projected density of states and (d) total density of states plots of the FeMoO4@Ds-AC interface. (e and f) Electron density difference
plots of the FeMoO4@Ds-AC interface. Yellow represents the charge accumulation. The isosurface value is set as 0.02 e per Bohr.3
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modulating its electronic properties, which was benecial for
enhanced OER activity.

To further elucidate the nature of the interfacial interaction,
the projected density of states (PDOS) was performed (Fig. 7c).
The PDOS revealed a signicant contribution of Fe-3d, Mo-3d,
O-2p, and C-2p states in the valence band region (VB), indi-
cating the strong electronic hybridization of FeMoO4 with the
Ds-AC support. In particular, the Fe-3d and Mo-3d orbitals
exhibited noticeable overlap with O-2p states from −2.2 eV to
−6.4 eV of the VB, suggesting metal–oxygen covalent interac-
tions within the FeMoO4 catalyst. It was important to note that
the overlap of the C-2p states with the Fe-3d and Mo-3d orbitals
in the same energy region indicated the Mo–C and Fe–C
coupling between the FeMoO4 and Ds-AC monolayers.
Furthermore, the increased density of states near the Fermi
29142 | RSC Adv., 2026, 16, 29132–29144
level (Ef) in the TDOS (refer to Fig. 7d) indicated the enhanced
electrical conductivity of the hybrid system. This electronic
enhancement was crucial for facilitating rapid charge transfer
during the OER. Notably, the simultaneous overlap of the Fe-3d
and Mo-3d states suggested a redistribution of electronic states
between the Fe and Mo atoms. This behavior was indicative of
Fe–Mo electronic coupling, where the d-orbitals of Fe and Mo
interacted through bridging oxygen atoms and the conductive
carbon support.

To further closely visualize the FeMoO4@Ds-AC interaction,
we performed electron density differences analysis, which was
provided in Fig. 7e and f. It is clearly showing regions of electron
accumulation (yellow) and depletion (cyan), conrming signif-
icant charge redistribution upon hybrid formation. Electron
accumulation was primarily observed around the Fe and Mo
© 2026 The Author(s). Published by the Royal Society of Chemistry
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centers, while electron depletion occurred in the carbon
substrate and interfacial oxygen atoms. This indicated that the
carbon support acted as an electron donor, transferring charge
to the FeMoO4 active sites. More importantly, the asymmetric
charge distribution between the Fe andMo atoms suggested the
presence of interfacial electronic polarization, which was an
indication of bimetallic electronic coupling. The charge redis-
tribution enhanced the electronic interaction between the Fe
and Mo centers, leading to the formation of electronically
coupled active sites. The formation of Fe–C, Mo–C, and O–C
interfacial bonds further facilitated charge delocalization across
the interface, resulting in improved electron mobility. This
enhanced charge transfer capability was critical for accelerating
the multi-electron OER process.

7 Conclusion

We successfully produced a novel FeMoO4@Ds-AC nano-
composite electrocatalyst by attaching iron molybdate nano-
structures to a porous conductive carbon framework made from
recovered date seed biomass. This well-designed hybrid struc-
ture combined the redox versatility of FeMoO4 with the large
surface area, good electrical conductivity and strong structure of
the bio-derived carbonmatrix. The catalyst that came out of this
process worked very well under alkaline conditions and
required only a 334 mV overpotential at 20 mA cm−2 and a Tafel
slope of 84 mV dec−1, which showed that the reaction kinetics
were good. Also, the FeMoO4@Ds-AC electrode showed long-
term operational stability and high durability, keeping steady
current densities during long chronoamperometric tests of
24 h. These results clearly showed how to achieve both high
performance and sustainability in OER catalysis, making the
nanocomposite electrocatalyst an attractive alternative to
systems based on noble metals. The increased activity was
mostly due to the strong interactions at the interface between
FeMoO4 and Ds-AC. These interactions not only sped up charge
transfer but also made more active sites available. The DFT
results showed that the synthesized FeMoO4@Ds-AC hybrid
catalyst exhibited improved OER performance due to strong Fe–
C and Mo–C coupling in the interfacial material. The interac-
tion strength, orbital coupling and electron density between
FeMoO4 and the Ds-AC sheet were conrmed from the binding
energy (−4.61 eV), orbital overlap between the Mo-3d and Fe-3d
orbitals of FeMoO4 and the C-2p states of Ds-AC sheet, and
electron density redistribution. Our combined experimental
and theoretical investigations highlighted the critical role of Fe–
C and Mo–C coupling in the synthesized FeMoO4@Ds-AC
hybrid catalyst support for the rational design of high-
efficiency electrocatalysts. Also, this study showed that agricul-
tural waste recycling, which turns low-value biomass into high-
performance electroactive materials, could be a way to connect
environmental cleanup with energy conversion technologies.
Overall, this work gives us a solid blueprint for making
electrocatalysts for water splitting that are inexpensive, simple
to scale up and good for the environment. It ts perfectly with
the global push for clean energy technologies and the devel-
opment of sustainable materials. It supports the goals of SDG 7
© 2026 The Author(s). Published by the Royal Society of Chemistry
and SDG 12. So, the FeMoO4@Ds-AC system looks like it could
be a good next-generation anode material for practical alkaline
water electrolysis and other energy storage and conversion
systems.
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