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for hydrazine oxidation and energy saving
hydrogen production†
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Electrocatalytic water splitting is a promising technique for green hydrogen production, yet its efficiency is

hindered by the sluggish oxygen evolution reaction (OER) at the anode. This study advocates an efficient

strategy to address this challenge by developing a NiFe-hydroxide/sulfide heterostructure (NFS@NF)

catalyst directly grown on nickel foam via a one-pot chemical bath deposition technique. The optimized

NiFe-hydroxide/sulfide shows obvious catalytic performance, requiring overpotentials of 150 mV at

a current of 10 mA cm−2 for hydrogen evolution. Additionally, the NFS@NF exhibits low potentials for the

OER (1.45 V vs. RHE), urea oxidation (1.35 V vs. RHE), and hydrazine oxidation (0.26 V vs. RHE) at 100 mA

cm−2. These exceptional catalytic activities are attributed to the synergy between nickel and iron and

sulfur-induced modifications in chemical states and the local structure. A full-cell configuration

generates 10 mA cm−2 current at 1.57 V for water electrolysis, which can be further reduced to 1.44 V

and 0.37 V by substituting conventional electrolysis of water with electrolysis of urea and hydrazine,

respectively. The electrodes exhibit excellent durability, maintaining stable catalytic performance for 70

hours at 300 mA cm−2 for water electrolysis and 100 mA cm−2 for hydrazine electrolysis. Additionally, its

application in an Mg/seawater battery shows stable discharge for 16 hours with a power density of 4.02

mW cm−2, which provides the required power for hydrazine electrolysis. Finally, this research offers an

efficient, earth-abundant catalyst solution for sustainable hydrogen production and energy storage

applications, advancing hybrid water-splitting and Mg/seawater battery technologies.
Introduction

The rising worldwide energy demand and the adverse environ-
mental effects of fossil fuel consumption have driven extensive
research into sustainable and green energy sources. Molecular
hydrogen (H2) stands out as the most promising clean energy
carrier among various alternatives due to its high energy density
and the fact that its combustion produces only water as a by-
product. Traditional techniques of hydrogen synthesis, such
as steam methane reforming and electrolysis of water,
encounter challenges including high energy consumption and
carbon emissions. Particularly, the traditional water electrolysis
system works through two half-reactions: cathodic hydrogen
evolution and anodic oxygen evolution.1 However, the oxygen
evolution reaction (OER) exhibits a thermodynamic potential of
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1.23 V vs. RHE (reversible hydrogen electrode), making water
electrolysis more sluggish and energy consuming.2,3

Recent advancements have focused on developing more
efficient and sustainable methods for hydrogen generation,
bypassing the OER by advanced oxidation of organic
compounds such as urea,4,5 glycerol,6,7 ethylene glycol,8 sulphite
compounds,9 polyethylene terephthalate,10,11 hydrazine, etc.
One such economically viable and pollution-free approach is
the simultaneous production of hydrogen coupled with hydra-
zine oxidation. Hydrazine (N2H4) has captivated attention due
to the potential for complete electrocatalytic oxidation to
nitrogen and water. The hydrazine oxidation reaction (HzOR)
with a low thermodynamic potential of−0.33 V vs. RHE not only
lowers the energy usage, but also facilitates the degradation of
hydrazine as a pollutant in industrial and agricultural waste-
water and its upgradation into value-added products.12–14 The
electrolysis system containing a hydrazine-rich electrolyte
involves the HER on the cathode and HzOR on the anode. As
a result of the complex intermediate adsorption/desorption
processes involved in both of these activities, electrocatalysts
with lower energy barriers and accelerated reaction kinetics are
required.15,16
J. Mater. Chem. A, 2025, 13, 9865–9877 | 9865
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To address the technological barriers for hydrazine-assisted
water electrolysis, efforts have been made to develop bi-
functional electrocatalysts for the HER and HzOR. Recently,
a variety of self-supported catalytic networks based on nano-
arrays on Ni or Cu-foam/foil and carbon fabric have been widely
explored, containing the active catalysts based on noble metals
(such as Pt, Pd and Ru)17–19 and transition metals (such as Ni,
Co, Fe, Mn, etc.). However, the natural scarcity and high cost of
noble metals make noble catalysts less attractive for industrial
applications. So far, transition metal phosphides,20,21

sulphides,22,23 nitrides,24 carbides,25 hydroxides,26 oxides,27,28 etc.
with optimized chemical and electronic structures have been
developed. Metal/non-metal doping is a promising strategy to
modify the energy levels and improve the bi-functional catalytic
performance.20 For example, Kaili Wu et al. reported Mn-doped
2D-NiCo-hydroxide nanosheets intertwined with 1D-carbon
nanotubes with regulation of electronic structure and opti-
mized adsorption of OH−.26 Wenhao Zhang et al. recently re-
ported a novel 2D/3D hierarchical structure of Fe, F co-doped
Ni2P as a core with an optimised electronic structure and an
armour shield of nitrogen carbon to prevent core corrosion.20

The interface engineering strategy in a Ni(OH)2/Ni2P hetero-
structure synthesized by a three-step process (electrodeposi-
tion–phosphorization–electrodeposition) shows promising bi-
functional HER and HzOR catalytic performance with over-
potentials of 72 mV and 14 mV to generate 10 mA cm−2,
respectively due to the strong synergistic effect of Ni(OH)2 and
Ni2P.21 Moreover, this process not only produces nitrogen gas
and protons but also releases electrons, which can be harnessed
to produce electrical energy or drive other electrochemical
reactions, such as hydrogen production at the cathode.29–33 Fu
Sun et al. developed a hydrazine fuel cell to power the electro-
lyser cell for hydrazine-assisted seawater splitting.34 They
demonstrated hydrogen production at a yield of 9.2 mol h−1

gcat
−1 on NiCo/MXene-based electrodes with a power

consumption of 2.75 kW h per m3 H2 at a higher current density
of 500 mA cm−2, reporting 48% less power as compared to
commercial water electrolysers.34 Moreover, the Ni–Fe–OH
amorphous layer on crystalline Ni3S2 supported on Ni-foam not
only enhanced the catalytic OER performance in alkaline
conditions, but also enhanced the corrosion resistance,
ensuring the stability of electrodes at an industrial scale current
density of 1000 mA cm−2 for 50 hours.35 Apart from this, the
optimization of electronic structure by forming hetero-
structures can signicantly improve the electronic charge
transfer,36–39 which in turn enhances the electrochemical
performance.

Inspired by this, we report the facile and one-pot synthesis of
NixFe1−x-hydroxide/sulphide heterostructure catalysts on Ni-
foam using chemical bath deposition (CBD), which is also
extended up to industrial scale synthesis without using any
polymeric binders. We demonstrate efficient water electrolysis
and energy-saving hydrazine-assisted water electrolysis at
industrial-scale current densities as well as Mg/seawater battery
application. The rational design of the NixFe1−x-hydroxide/
sulphide heterostructure electrodes and optimized chemical
conguration lead to stable catalytic performance for water and
9866 | J. Mater. Chem. A, 2025, 13, 9865–9877
hydrazine-assisted water electrolysis at a current density of 300
mA cm−2, along with low cell voltages of 1.83 V and 0.84 V,
respectively. In addition, we fabricated a Mg/seawater battery
with magnesium alloy (AZ31) as an anode and a NixFe1−x-
hydroxide/sulphide heterostructure as a cathode to achieve
a peak power density of up to 4.02 mW cm−2. The present
ndings advocate the development of a state-of-the-art catalytic
network for simultaneous hydrogen production and degrada-
tion of toxic hydrazine to value-added products such as nitrogen
and water. This discovery holds signicant promise for the
effective conversion and usage of the limitless seawater
resource since it offers a novel and effective method for
obtaining hydrogen from seawater in real time without the need
for external power networks.
Experimental section
Chemicals and reagents

Nickel nitrate hexahydrate (Ni(NO3)2$6H2O), iron nitrate non-
ahydrate (Fe(NO3)3$9H2O), ammonium uoride (NH4F), urea
(CH4N2O), sodium thiosulfate (Na2S2O3), and hydrochloric acid
(HCl) were purchased commercially and utilized without
further purication.
Synthesis of NiFe(OH)2@NF

Nickel foam-supported NiFe-hydroxide catalysts were fabricated
using the chemical bath deposition technique. Prior to depo-
sition, a (2 cm × 3 cm) piece of NF was cleaned following
a routine procedure. In a typical procedure 10 mmol of
(Ni(NO3)2$6H2O) and 10 mmol of Fe(NO3)3$9H2O were dis-
solved in 30 ml of DI water. Aer 10 min of vigorously stirring,
20 mmol of NH4F and 50 mmol of urea were added into the
solution at room temperature. Aer completely dissolving the
salts, the pre-treated NF was immersed into the reaction solu-
tion and kept at 85 °C for 5 hours. Then the electrodes were
washed with DI water and dried in an oven for 5 h to obtain
NiFe-hydroxide and then utilized for electrochemical experi-
ments without additional modication.
Synthesis of the NixFe1−x-hydroxide/sulphide heterostructure

To synthesise the NixFe1−x-hydroxide/sulphide heterostructure,
Ni (NO3)2$6H2O and Fe (NO3)3$9H2O (with a xed total of 20
mmol of metal but different Ni/Fe molar ratios) were added to
30 ml of DI water in appropriate proportions. Aer vigorous
stirring for 10 minutes, 60 mmol of sodium thiosulfate
(Na2S2O3), 20 mmol of NH4F and 50 mmol of urea were added
and stirred for 30 min to obtain a homogeneous solution. Pre-
treated NF was immersed in a reaction solution and main-
tained at 85 °C for 5 hours. In the precursor composition, the
Ni/Fe molar ratio was changed to Ni0.25Fe0.75, Ni0.50Fe0.50, and
Ni0.75Fe0.25, denoted as NFS-1@NF, NFS-2@NF, and NFS-3@NF
respectively. NiS@NF and FeS@NF reference electrodes were
also synthesized using the same procedure given above except
for the absence of Fe (NO3)3$9H2O and Ni (NO3)2$6H2O
respectively.
This journal is © The Royal Society of Chemistry 2025
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Structural characterization

Themicrostructure, morphology, and elemental mapping of the
prepared samples were characterized using a Field Emission
Scanning electron microscope with an EDAX facility (using an
FEI LoVac Apreo electron microscope) and transmission elec-
tron microscopy (TEM, JEOL JAM 2100 microscope operated at
200 KeV). X-ray diffraction (XRD, make: Bruker, D2-Phasor,
Cu(Ka)) was used to examine the crystal structure of the
prepared samples with 2q ranging from 10 to 70°. The chemical
valence states of the corresponding elements were detected
using X-ray photoelectron spectroscopy (XPS) measurements on
a Thermo Scientic K-alpha XPS.

Electrochemical measurements

Electrochemical measurements were performed using a three-
electrode setup with a platinum rod as the counter electrode,
Ag/AgCl as a reference electrode, and the prepared electrode of
area 1 cm2 as a working electrode on an electrochemical
workstation (METROHM AUTOLAB PGSTAT M204). All the
measurements were carried out at room temperature. All
potentials were recorded versus RHE using the Nernst equation:
E (vs. RHE) = EAg/AgCl + 0.1976 + (0.059 × pH). Linear polariza-
tion curves were recorded at a scan rate of 2 mV s−1. Electro-
chemical impedance spectroscopy (EIS) was carried out at
a frequency range of 0.01 Hz to 100 kHz with an amplitude of
Fig. 1 (a) XRD pattern of the NixFe1−x-hydroxide/sulphide heterostructur
(e) NFS-1@NF, and (f) NFS-2@NF, and (g–j) EDS elemental mapping ima

This journal is © The Royal Society of Chemistry 2025
10 mV. The electrochemically active surface area (ECSA) was
calculated from the Cdl using the equation ECSA= Cdl/Cs, where
Cs is assumed to be 0.040 mF cm−2 in alkaline conditions.
Results and discussion

The structural properties of the as-prepared electrodes were
investigated using the X-ray diffraction technique. Fig. 1a
displays the XRD pattern of the as-prepared electrocatalysts.
The diffraction peaks observed at angles of 43.8° and 51.2° in
every sample correspond to the NF substrate, which is well
matched with the standard data (JCPDS No. 04-0850). The
formation of the NixFe1−x-hydroxide/sulphide heterostructure is
conrmed from the other diffraction patterns, which are well
indexed to the standard XRD patterns of NiFe LDH (JCPDS No.
40-0215),40 NiS (JCPDS No. 12-0041),41,42 and FeS (JCPDS No. 15-
0037)43,44 displayed by symbols “V”, “q”, and “*” respectively.
Fig. 1b–g display the FE-SEM images of the NixFe1−x-hydroxide/
sulphide heterostructure. Fig. 1b shows the morphology of
NiS@NF that covers the NF uniformly and shows the occus
structure demonstrating poor crystallinity, which is consistent
with the XRD data. The FESEM image of the as-synthesized
FeS@NF electrode demonstrates a nanowire-like morphology
(Fig. 1c). The FeS@NF nanowires have a length of ∼0.5 mm and
a diameter of ∼70 nm. The morphology of NiFe LDH shows
e, (b–g) FE-SEM images of (b) NiS@NF, (c) FeS@NF, (d) NiFe(OH)2@NF,
ges of NFS-2@NF catalysts.

J. Mater. Chem. A, 2025, 13, 9865–9877 | 9867
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enormous nanoowers made up of nanosheets with cluster
sizes of 3–4 mm (Fig. 1d). Aer incorporation of the sulphur
source and increasing the iron content (Ni : Fe = 1 : 3, NFS-
1@NF), the cross-linked clusters of nanowires and nanosheets
are seen, wherein the nanosheets agglomerate and are formed
on the nanowire array (Fig. 1e). With the equal ratio of Ni : Fe
the NFS-2@NF electrode shows a microporous nanostructured
morphology with interconnecting vertically aligned nanosheets
(Fig. 1f). During water electrolysis, the nanosheet array structure
can offer a large number of reaction sites to speed up the
electrolyte permeation and bubble release.45 When the Ni
content increases (Ni : Fe = 3 : 1), the nanosheets no longer
assemble and disperse on the underlying nanowire array as
shown in Fig. S1a (ESI).† Overall the NixFe1−x-hydroxide/
sulphide heterostructure shows nanostructure morphology
such as nanosheets (NSs) and nanowires (NWs) which is
advantageous for overall water splitting.46,47 This is because
through morphological design and engineering, important
characteristics like specic surface area and electrical conduc-
tivity can be controlled.45 Morphology engineering of electro-
catalysts can improve the electrochemical process by offering
a shorter charge transport path and better charge separation,
which will support the HER and OER.48 The energy dispersive
Fig. 2 XPS spectra of the NixFe1−x-hydroxide/sulphide heterostructure:

9868 | J. Mater. Chem. A, 2025, 13, 9865–9877
spectroscopic (EDS) mapping results of the NFS-2@NF elec-
trode (Fig. 1g–j) show that the hierarchical nanostructures of
elements Ni, Fe, and S are uniformly distributed in the as-
formed nanosheets. Further, the TEM images of NFS-2 cata-
lysts show a nanosheet-like morphology along with the presence
of defects (Fig. S2, ESI†). The optimized defect concentration
may enhance the catalytic performance for electrolysis.49–51

TEM-EDS elemental mapping images show the presence of Ni,
Fe, S and O elements on nanosheets of the NFS-2 catalyst
(Fig. S3, ESI†).

The XPS spectra of the NixFe1−x-hydroxide/sulphide are dis-
played in Fig. 2. Ni, Fe, and S, the three primary constituent
elements, were veried to be present in the electrode (Fig. S1b,
ESI†). The high-resolution Ni 2p spectrum of NixFe1−x-
hydroxide/sulphide in Fig. 2a shows two characteristic peaks
located at 855.15 and 872.51 eV. These peaks are assigned to Ni
2p3/2 and Ni 2p1/2, respectively. The other two peaks at the
binding energies of 861.05 and 878.87 eV are the satellite peaks.
Compared to NiFe(OH)2@NF and NiS@NF, the binding energy
of Ni 2p3/2 and Ni 2p1/2 in NFS-2@NF is negatively shied,
indicating the enhanced electronic charge density around Ni
sites. Previous theoretical studies also suggest that the Fe sites
facilitate the transfer of electrons from Fe to Ni sites, which is
(a) Ni 2p, (b) Fe 2p, (c) S 2p, and (d) O 1s.

This journal is © The Royal Society of Chemistry 2025
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benecial for the enhanced conductivity of NiFe catalysts.52–55

Additionally, the presence of Sulfur anions induces negative
shiing of Ni 2p peaks in NFS-2@NF because it can be easily
polarized to share more electrons with nearby metal ions, in
order to balance the strong positive elds of Ni. Moreover, the
incorporation of sulfur increased the catalytic activity by
reducing the free energy gap between O* and OH* and the free
energy of OH* adsorption.56 Consequently, it enhances the
catalytic activity for water splitting and facilitates the simulta-
neous processes of adsorption, electron transfer, and
desorption.56–59 Fig. 2b shows the high-resolution Fe 2p spectra
of the NixFe1−x-hydroxide/sulphide heterostructure. The peaks
associated with the binding energies of 711.97 and 725.16 eV
correspond to Fe 2p3/2 and Fe 2p1/2 core levels respectively.
Furthermore, compared to NiFe(OH)2@NF and FeS@NF, the
peak position of Fe 2p3/2 for NFS-2@NF showed a 0.37 and 0.62
eV positive shi, conrming the charge transfer from Fe to Ni
due to the synergistic effect.52–55 This nding indicates that
charge transfer and electron rearrangement are induced
between the components at the heterogeneous interface
between metal suldes and hydroxide, which could increase the
catalytic activity of materials. The S 2p XPS spectrum of the
NixFe1−x-hydroxide/sulphide heterostructure shows the two
prominent peaks located at 167.28 and 160.75 eV assigned to
sulfate groups (S–O) and S 2p respectively, indicating that sulfur
was incorporated into NiFe(OH)2 (ref. 59 and 60) (Fig. 2c).
Fig. 2d displays the high-resolution O 1s spectra of
NiFe(OH)2@NF and NFS-2@NF catalysts. The peaks located at
530, 530.59, and 531.76 eV are ascribed to metal–O (M–O),
Fig. 3 HER performance of NixFe1−x-hydroxide/sulphide in 1.0 M KOH
Pt/C. (b) Tafel plots, (c) EIS graph, (d) accelerated chrono at 10, 100, 200
400 mA cm−2.

This journal is © The Royal Society of Chemistry 2025
hydroxyl oxygen attached to metal (M–OH), and absorbed
molecular water (M–H2O), respectively.61,62
Hydrogen evolution reaction

We rst investigate the electrocatalytic HER activity of the
NiFe(OH)2, NiS@NF, FeS@NF, NFS-1@NF, NFS-2@NF and NFS-
3@NF catalysts in 1.0 M KOH solution using a three-electrode
setup. For comparison nickel foam and Pt/C were also investi-
gated under the same conditions. Fig. 3a illustrates the iR-
compensated HER polarization curves of all samples. Except the
bare NF, all electrocatalysts exhibit obvious catalytic HER
performance. The overpotential required for NiFe(OH)2,
NiS@NF, FeS@NF, NFS-1@NF, NFS-2@NF and NFS-3@NF
catalysts to reach 10 and 400 mA cm−2 current density is
(204 mV, 396 mV), (192 mV, 334 mV), (158 mV, 348 mV),
(180 mV, 311 mV), (150 mV, 273 mV) and (165 mV, 398 mV)
respectively, whereas the commercial Pt/C required 43 mV at 10
mA cm−2 current density. Encouragingly, NFS-2@NF requires
the minimum overpotential owing to enhanced HER perfor-
mance. Tafel slopes were also calculated from the polarization
curves to further comprehend the reaction kinetics of the HER
(Fig. 3b). NFS-2@NF showed a lower Tafel slope (91 mV dec−1)
compared to NiFe (125 mV dec−1), NiS (105 mV dec−1), FeS (126
mV dec−1), NFS-1 (95 mV dec−1), and NFS-3 (124 mV dec−1)
indicating favourable kinetics for efficient charge and mass
transport characteristics. The Tafel study indicates that the HER
process occurs via the Volmer–Heyrovsky reaction mechanism
and electrochemical desorption is the rate-determining
: (a) LSV polarization curves of NixFe1−x-hydroxide/sulphide, NF and
and 300 mA cm−2, (e) Cdl graph, (f) overpotential table at 10, 100 and

J. Mater. Chem. A, 2025, 13, 9865–9877 | 9869
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step.4,63,64 Further, EIS spectra were analysed to study the charge
transport on the electrode and interfacial resistance. The EIS
spectra (Fig. 3c) show that NFS-2@NF exhibits the lowest charge
transfer resistance value (0.98 U), owing to the higher conduc-
tivity and accelerated charge transport. The variation of Rct for
studied electrodes is consistent with the polarization and Tafel
plots. In addition, the NixFe1−x-hydroxide/sulphide was tested
for durability at various current values using the multi-step
chrono-potentiometry test, as shown in Fig. 3d. Increasing the
current density from 10 to 300 mA cm−2 resulted in higher
overpotential values, which remained stable at all current
density levels. Furthermore, when the current density is
reduced to 10mA cm−2, the electrocatalyst's retention capability
improves signicantly. The steep change in the potential on
switching the current is attributed to the stable charge and
mass transport on electrodes.5 The electrochemical active
surface area (ECSA) was measured using cyclic voltammetry
(CV) to determine the number of reactive sites. CV curves of the
prepared samples were recorded at scan rates ranging from 10
to 100 mV s−1 in the non-faradaic potential region, as shown in
Fig. S4 (ESI).† The double-layer capacitance (Cdl) was also esti-
mated by tting linearly dependent plots of current density and
scan rates (Fig. 3e). Fig. 3f shows a comparison of the over-
potential of NixFe1−x-hydroxide/sulphide at 10, 100 and 400 mA
cm−2 current density. It is observed that at a lower over-
potential, NFS-2@NF has higher catalytic activity. The NFS-
2@NF also demonstrates superior HER catalytic activity
compared to other transition metal-based electrocatalysts
(Table S1†).
Oxygen evolution reaction

The NiFe-hydroxide/sulphide heterostructure with different
combinations of Ni and Fe displayed varying electrocatalytic
activities for the OER. Fig. 4a shows the polarization curves of
NiFe(OH)2, NiS@NF, FeS@NF, NFS-1@NF, NFS-2@NF, NFS-
3@NF, bare NF and commercial RuO2@NF in 1 M KOH. The
polarization curves display a typical oxidation peak around 1.3
to 1.4 V, indicating the characteristic oxidation of Ni(II) to Ni(III)
due to the in situ formation of NiOOH species on the surface of
electrodes.4,63 Among all fabricated electrodes, the NFS-2@NF
requires the lowest potentials of 1.34 and 1.51 V (vs. RHE) to
yield 10 and 400 mA cm−2 current density, showing superior
OER performance as compared to NiFe(OH)2@NF (1.45 V, 1.57
V), NiS@NF (1.49 V, 1.63 V), FeS@NF (1.35 V, 1.54 V), NFS-1@NF
(1.34 V, 1.59 V), and NFS-3@NF (1.34 V, 1.56 V) catalysts. The
NFS-2@NF also demonstrates superior OER catalytic activity
compared to previously reported state-of-the art transition
metal-based electrocatalysts (Table S2†).

Although an anodic oxygen evolution reaction (OER) is
ecologically favourable, its large overpotential reduces the effi-
ciency and cost of electrocatalytic cells. Hybrid water electrolysis
using easily oxidizable chemicals like urea and hydrazine is
a more efficient approach that requires a lower voltage. Urea,
a major metabolic waste, has better oxidation kinetics than
water. To reduce the energy consumption and remediation of
the environment, we examined the urea oxidation reaction of
9870 | J. Mater. Chem. A, 2025, 13, 9865–9877
NixFe1−x-hydroxide/sulphide electrodes in a 1.0 M KOH elec-
trolyte containing 0.33 M urea. Fig. 4d illustrates the LSV
polarization curve of the NixFe1−x-hydroxide/sulphide hetero-
structure. The NFS-2@NF catalyst demonstrates superior
performance compared to other prepared catalysts. Concretely,
the NFS-2@NF electrode requires just 1.32 V and 1.35 V (vs.
RHE) to achieve 10 and 100 mA cm−2 urea oxidation current
density which is very low compared to other prepared catalysts
such as NiFe(OH)2@NF (1.36 V, 1.43 V (vs. RHE)), NiS@NF (1.32
V, 1.36 V (vs. RHE)), FeS@NF (1.33 V, 1.37 V (vs. RHE)), NFS-
1@NF (1.334 V, 1.38 V (vs. RHE)), and NFS-3@NF (1.328 V,
1.37 V (vs. RHE)). The NFS-2@NF exhibits exceptional proper-
ties of dissolving urea molecules, signicantly better than
previously reported materials (Table S3†).

Moreover, hydrazine is also a type of water contaminant and
liquid rocket fuel; its theoretical oxidation potential (−0.33 V) is
much lower than that of water (1.23 V) and urea (0.37 V), making
it a potential energy-saving alternative to the OER. In addition,
the HzOR generates environmentally supportive products such
as nitrogen and water, making it a more energy-efficient
approach. Fig. 4g shows the electrocatalytic activity of the as-
prepared catalysts in 1.0 M KOH + 0.3 M hydrazine hydrate
(HH) electrolyte. As with the OER and UOR, the catalytic activity
of the HzOR over the NiFe(OH)2 is substantially inferior to that
of the other prepared electrodes. The NiFe(OH)2@NF, NiS@NF,
FeS@NF, NFS-1@NF, and NFS-3@NF required 0.89 V (vs. RHE),
0.79 V (vs. RHE), 0.19 V (vs. RHE), 0.30 V (vs. RHE), and 0.20 V
(vs. RHE) potentials to reach 10 mA cm−2 current density. The
NFS-2@NF which demonstrates exceptional performance
towards the HzOR needs only 0.18 and 0.25 V (vs. RHE) to reach
10 and 100 mA cm−2 current density suggesting its capabilities
as a highly active catalyst for the HzOR process. Moreover, OER,
UOR, and HzOR electrochemical impedance spectroscopy (EIS)
was conducted to analyze ion transport during electrocatalysis
reactions. As shown in Fig. 4b, e and h NFS-2@NF formed the
shortest semicircle, while the NiFe-hydroxide produced the
largest. The small semi-circle radius leads to lower charge-
transfer resistance, improved electrical conductivity, and
faster reaction kinetics. It demonstrates that optimized
concentrations of Ni and Fe modulate the atomic arrangement
and optimize the electronic structure resulting in improved
conductivity. Furthermore, Tafel slopes were analysed from
linear sweep voltammetry (LSV) curves of the NixFe1−x-
hydroxide/sulphide heterostructure to further study reaction
kinetics. As shown in Fig. 4c, f and i the Tafel slope of
NiFe(OH)2, NiS@NF, FeS@NF, NFS-1@NF, NFS-2@NF and NFS-
3@NF demonstrates that the NFS-2@NF electrode is more
effective in enhancing the reaction kinetics of anodic oxygen.
The NFS-2@NF shows the lowest OER, UOR, and HzOR Tafel
slopes due to the improved mass transfer rate and electron
transfer pathways at the interface. Excellent activity could be
attributed to the synergistic effect of structure and composition.
The NixFe1−x-hydroxide/sulphide heterostructure is a multi-
functional electrocatalyst for anodic oxidation processes, as
demonstrated by the above results. This NixFe1−x-hydroxide/
sulphide heterostructure array supports the concept of
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 OER, UOR, and HzOR performance of NixFe1−x-hydroxide/sulphide catalysts: (a) OER polarization curves of NixFe1−xS@NF, NF and RuO2,
(b) EIS graph, (c) Tafel plots, (d) UOR polarization curves of NixFe1−xS@NF, (e) EIS graph, (f) Tafel plots, (g) HzOR polarization curves of NixFe1−x-
hydroxide/sulphide, (h) EIS graph, (i) Tafel plots, (j) comparison of LSV curves in variousmedia, (k) overpotential table at 10, 100 and 400mA cm−2,
(l) accelerated chrono at 10, 100, 200 and 300 mA cm−2.
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replacing the slow OER with the UOR or HzOR, leading to new
energy-saving and wastewater treatment possibilities.

Fig. 4j displays the LSV curves of NFS-2@NF for the OER,
UOR andHzOR. As observed, the performance of the NFS-2@NF
catalyst was improved by adding 0.33 M urea in 1.0 M KOH
solution; however, in 1.0 M KOH with 0.3 M HH, it showed
This journal is © The Royal Society of Chemistry 2025
superior catalytic activity owing to low thermodynamic poten-
tial of oxidation of hydrazine. Fig. 4k shows that the voltages for
HzOR to obtain current densities of 10, 50, and 100 mA cm−2

are 0.18 V, 0.23 V, and 0.25 V, which are signicantly lower than
those for the UOR (1.32 V, 1.34 V, and 1.35 V) and OER (1.34 V,
1.41 V and 1.45 V respectively). To assess the electrochemical
J. Mater. Chem. A, 2025, 13, 9865–9877 | 9871
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stability of NFS-2@NF in the OER, UOR, and HzOR, a chrono-
potentiometry test was carried out at 10, 100, 200, and 300
mA cm−2 current density as shown in Fig. 4l. The operational
stability was enhanced by the ability to shi instantly at various
current rates and maintain stability throughout all current
density ranges. The outstanding activity is due to (i) the pres-
ence of more exposed active sites at the surface due to the nano-
structured growth in the 3D NF substrate which will avoid the
bubble shielding effect, and (ii) direct growth of bimetallic
suldes on the current collector NF, which enables efficient
mass transfer and superior mechanical adhesion.45,63 Addi-
tionally, the intrinsic activity of the catalysts plays a crucial role
in HER and OER performance. Therefore, polarization curves
normalized by double layer capacitance were calculated for NiS,
FeS and NFS-2 catalysts (Fig. S5, ESI†), showing that NFS-2
Fig. 5 (a) Schematic of overall water splitting performance, (b) LSV curve
1.0 M KOH + 0.33 M urea electrolyte, (c) corresponding overpotential at 1
catalysts with recently reported work in 1.0 M KOH solution, (e) step chro
1.0 M KOH and 1.0 M KOH + 0.33 M HH solution.

9872 | J. Mater. Chem. A, 2025, 13, 9865–9877
exhibits higher normalized current as compared to pristine
NiS and FeS due to synergy between Ni and Fe. Even previous
reports on the DFT calculations demonstrated that the Fe sites
serve as active catalytic sites due to stronger adsorption of the
intermediates, while incorporation of S in NiFeOOH enhances
the charge transfer between adsorbates and active sites, which
leads to the superior catalytic performance.65
Water, urea, and hydrazine electrolysis full cell

We studied hydrogen production through electrolysis of water,
urea and hydrazine in a two-electrode electrolyser using Nix-
Fe1−x-hydroxide/sulphide as both the anode and cathode to
further understand its practical applicability in 1 M KOH, 1 M
KOH + 0.33 M urea, and 1 M KOH + 0.3 M HH electrolytes.
of the NFS-2@NF catalysts in 1.0 M KOH, 1.0 M KOH + 0.33 M HH, and
0, 100 and 300mA cm−2 current density, (d) comparison of NFS-2@NF
no-potentiometry curve, (f) stability test for the NFS-2@NF electrode in

This journal is © The Royal Society of Chemistry 2025
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Fig. 5a presents the schematic diagram of overall water, urea,
and hydrazine splitting. The linear polarization curves for
overall water electrolysis (OWE), overall urea electrolysis (OUE),
and overall hydrazine electrolysis (OHzE) on NFS-2@NF cata-
lysts are shown in Fig. 5b. The negatively shied polarization
curves on potential values for OHzE demonstrate that OHzE is
the energy-saving approach for green H2 production. The
comparison of cell voltage at 10, 100, and 300 mA cm−2 current
density is shown in Fig. 5c. The cell voltages required to achieve
10, 100, and 300 mA cm−2 current densities for OHzE are 0.37,
0.58, and 0.84 V, which are much smaller in comparison to
those of OUE (1.49, 1.65, and 1.78 V) and OWE (1.57, 1.72, and
1.83 V). Furthermore, the as-synthesized catalysts NFS-2@NF
exhibit superior performance in comparison to the as-
prepared catalysts NiFe(OH)2@NF, NiS@NF, FeS@NF, NFS-
1@NF, and NFS-3@NF (Fig. S6–8, ESI†). In addition, it also
shows good activity compared to recently published reports in
1.0 M KOH solution (Fig. 5d). The chrono-potentiometry was
carried out for 10 to 300 mA cm−2 current density as shown in
Fig. 5e. With the sharp increase in cell voltage, the current
density responded quickly and remained stable for the next
200 s, demonstrating the superior dimensional stability, good
electrical conductivity, and quick mass and charge trans-
portation ability of the NFS-2@NF electrode during the OWS,
OUE, and OHzS reaction. As illustrated in Fig. 5f, the NFS-2@NF
catalyst exhibits excellent stability at higher current densities of
300 and 100 mA cm−2 for time intervals over 70 h in 1.0 M KOH
and 1.0 M KOH + 0.3 M HH solution, owing to the robustness of
Fig. 6 (a) The structure and working principle of the Mg/seawater batter
Mg/seawater battery with different cathodes, (c) stability test of theMg/se
open circuit voltage of the as-fabricated Mg/seawater battery pack with

This journal is © The Royal Society of Chemistry 2025
electrodes for water and hydrazine electrolysis and capability
for industrial-scale and sustainable hydrogen production.
However, a slight rise in the cell voltage is found for water and
hydrazine hydrolysis aer continuous electrolysis for 50 hours.
Furthermore, the morphology and structure of the NFS-2@NF
catalyst were analysed aer the stability test for water and
hydrazine electrolysis. The morphology remains almost
unchanged aer the stability test, showing the dimensional
stability of the electrode (inset of Fig. 5f). The powder XRD
(Fig. S9, ESI†) pattern shows that the crystal structure of the
NFS-2@NF catalyst is preserved even aer long-term electrol-
ysis, proving the robustness of the catalysts and suggesting
suitability for technical application for sustainable energy
production. The surface chemical composition of the NFS-2 was
also analysed by XPS (Fig. S10, ESI†), showing the almost
unaltered electronic structure around Ni and Fe due to the
exceptional robustness of the catalyst. Additionally, NFS-2
preserves the nanosheet-like morphology aer the stability
test (Fig. S11, ESI†).

Mg-seawater battery performance with the NixFe1−xS@NF
cathode

We further investigated the practical applicability of the Nix-
Fe1−x-hydroxide/sulphide heterostructure for the cathode of
Mg/seawater batteries. When Mg/seawater batteries operate in
hydrogen evolution mode, then they generated hydrogen at the
cathode as well as producing electricity, making them a perfect
power source for marine equipment. To execute this, we
y, (b) discharging curve and corresponding power density curve of the
awater battery with an NFS-2 cathode at 5mA cm−2 current density, (d)
NFS-2 heterostructure cathodes.

J. Mater. Chem. A, 2025, 13, 9865–9877 | 9873
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constructed an Mg/seawater battery using simulated seawater
(0.5 M NaCl) as the electrolyte, NixFe1−x-hydroxide/sulphide as
the cathode, and magnesium alloy (AZ31) as the anode (Fig. 6a).
Fig. 6b shows the discharging curves and corresponding power
density curves of the as-assembled Mg/seawater battery. It has
been observed that the open circuit voltages of Mg/seawater
batteries with various cathodes reach 0.54–0.7 V. The open
circuit voltage of the NFS-2@NF catalysts is highest among all
the prepared catalysts. In addition, the as-assembled
magnesium/seawater battery with NFS-2@NF as a cathode
demonstrates a maximum output power density of up to 4.02
mW cm−2 at the current density of 20 mA cm−2. Furthermore,
stability tests were also measured under galvanostatic discharge
of 5 mA cm−2. As shown in Fig. 6c, the performance of the Mg/
Seawater battery is almost entirely stable over 16 hours of dis-
charging at 5 mA cm−2 current density demonstrating that the
Mg/seawater battery with the NFS-2@NF cathode can operate
for a prolonged period of time. In order to demonstrate the
applicability for practical application, four Mg/seawater
batteries using NFS-2@NF heterostructure cathodes and AZ31
anodes were linked in series to form a Mg/seawater battery
pack. The as-assembled Mg/seawater battery pack with an
operating voltage of about 1.37 V is displayed in Fig. 6d.
Furthermore, the light-emitting diode (LED) display screen can
be powered by the assembled Mg/seawater battery pack, as
shown in Fig. S7a,† indicating potential practical applications.

Conclusions

In summary, the present research demonstrates the one-step
synthesis and multifunctional applications of the NixFe1−x-
hydroxide/sulde (NFS) heterostructure. Self-supported NFS
catalysts exhibit excellent catalytic activity for the hydrogen
evolution reaction (HER), oxygen evolution reaction (OER), urea
oxidation reaction (UOR), and hydrazine oxidation reaction
(HzOR). Specically, the NFS-2@NF electrode achieved over-
potentials of 150 mV at 10 mA cm−2, and required just 1.45 V,
1.35 V, and 0.256 V (vs. RHE) for the OER, UOR, and HzOR at
100 mA cm−2, respectively. The improved catalytic activity is
attributed to sulfur incorporation, the optimized Ni/Fe ratio,
and the optimized nanostructured morphology, which optimize
the intrinsic activity, facilitate gas product diffusion, and
enhance mass transfer. Besides, the NFS electrocatalyst
demonstrated exceptional potential in Mg/seawater batteries,
delivering exceptional discharge stability and a peak power
density of 4.02 mW cm−2. Present research advocates the
versatility and practicality of the NiFe hydroxide/sulde heter-
ostructure in addressing energy and environmental challenges.
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