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ABSTRACT: Developing highly active electrocatalysts for the oxygen evolution reaction (OER) at large current densities is of
paramount importance for water electrolysis. Herein, in situ growth of rose-like NiFe-LDH/MoS, heterostructures on nickel foam is
prepared through a one-step hydrothermal process, which exhibits outstanding electrocatalytic activity. NiFe-LDH/MoS, catalyst
drives an industrial-grade current density of 1000 mA cm ™ at a low overpotential of only 376 mV in 1.0 M KOH, with a small Tafel
slope of 37.34 mV dec™'. When assembled into an electrolyzer for overall water splitting, it reaches 100 mA cm™> at just 1.9 V.
Moreover, the catalyst maintains good activity and prolonged stability in alkaline seawater. Density Functional Theory (DFT)
calculations confirm that a strong electronic interaction and charge redistribution between NiFe-LDH and MoS, optimize the
electronic structure, boosting both electrical conductivity and catalytic performance. This work offers a viable new strategy for
designing efficient and durable OER catalysts for both freshwater and seawater electrolysis.

1. INTRODUCTION

With the escalating global energy crisis and environmental
pollution, the development of clean and renewable alternative
energy has become an urgent imperative. Hydrogen energy, by
virtue of its advantages including zero carbon emissions, high
energy density, and sustainability, is considered one of the most
promising candidates for future energy sources.' * Among the
numerous hydrogen production technologies, electrocatalytic
water splitting has garnered widespread attention due to its
environmental friendliness and its capability for the scalable
production of high-purity hydrogen.’™" This process primarily
consists of two half-reactions: the oxygen evolution reaction
(OER) and the hydrogen evolution reaction (HER). However,
the OER involves a complex four-electron transfer process,
which results in sluggish kinetics and requires a high
overpotential, thereby severely limiting the overall efficiency of
water splitting.”~'* Currently, precious metal-based catalysts,
such as IrO,, RuO,, and Pt/C, exhibit excellent performance in
OER and HER. Nevertheless, their high cost, scarcity, and
insufficient stability hinder their large-scale industrial applica-
tion."*™'° To address these issues, a variety of effective and low-
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cost electrocatalysts have been successfully developed, including
transition metal oxides, nitrides, sulfides, phosphides, selenides,
and (oxy)hydroxides.'"” ™' In recent years, among transition
metal-based materials, Layered Double Hydroxides (LDHs) in
particular have become a research hotspot for nonprecious metal
catalysts, widely applied in the oxygen evolution reaction (OER)
due to their abundant raw material sources, low cost, tunable
electronic structures, and good electrocatalytic activity.””~>*
Among them, NiFe-LDHs, owing to their unique layered
structure and adjustable metal ratios, exhibit excellent catalytic
performance and stability, and are considered one of the most
promising OER catalysts with potential for industrialization.””*°
However, LDH materials still face numerous challenges. For
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Figure 1. Process of NiFe-LDH/MoS,/NF preparation.

12h 120°

Secondary
— \_ Hydrothermal

_—

reactlon

D
/
Ni foam
C z

Ni(NO;), 6H,0 NH,F

Q O

, Fe(NO,), 6H,0 CH,N,0

Qo O

24h 200° 4 r\.‘:, Y

I ‘LT S ’,,.‘(

LY \?r N

Hydrothermal /:(‘ "41 '1 '..:, o
V

instance, their lamellar structures are prone to restacking, which
leads to a reduced specific surface area and insufficient exposure
of active sites, thereby limiting effective contact with the
electrolyte. Concurrently, their poor electrical conductivity
affects electron transport efficiency, hindering further improve-
ments in catalytic performance.”” Furthermore, their inferior
HER performance is also a major drawback for overall water
splitting. To address these challenges, researchers have
implemented several effective modifications. For example, Lu’s
team successfully tuned the electronic structure of the material
by introducing an appropriate amount of tetravalent manganese
(Mn*") into the LDH layers, significantly enhancing the
catalytic activity and stability of the ternary NiFeMn-LDH in
the OER.” Feng et al. proposed a bifunctional electrocatalyst
with markedly improved performance, constructed based on a
typical three-dimensional hierarchical NiFe LDH heterostruc-
ture.”® Meanwhile, MoS, is an effective HER catalyst and has
shown broad application prospects in the field of catalysis due to
its large specific surface area, abundant catalytically active sites,
excellent chemical stability, and tunable surface properties.*"**
However, its nonideal adsorption energy for hydroxyl (OH)
groups can lead to a decrease in overall water splitting efficiency.
Current research indicates that constructing heterostructure
interfaces can effectively modulate the energy barriers at the
edge sites of MoS,, thereby enhancing its water splitting
performance.*>** For instance, Yang et al. successfully prepared
MoS,—Ni;S, heterostructured composite nanorods on nickel
foam (NF) via a hydrothermal method. This material exhibited
significantly superior OER catalytic performance compared to
single-component MoS, and Ni;S,.>” Therefore, to overcome
the inherent drawbacks of single-component materials, such as
the poor electrical conductivity of NiFe-LDH and the
suboptimal oxygen evolution reaction (OER) performance of
MoS,, this study proposes a strategy to construct a NiFe-LDH/
MoS, heterostructure.

Currently, many studies fabricate MoS,/NiFe-LDH hetero-
structures by electrochemically depositing MoS, nanoparticles

onto exfoliated NiFe-LDH nanosheets or by constructing
hierarchical architectures on carbon fiber paper (CEFP) to
enhance catalytic performance. Additionally, some efforts have
focused on growing NiFe-LDH/MoS, composites on nickel
foam via multistep hydrothermal processes. Although this
enables direct growth on conductive substrates, it suffers from
long reaction durations and limited morphological control.
Moreover, most of these studies evaluate performance at low
current densities (e.g,, 10—100 mA cm™2), which poorly reflect
the catalyst’s behavior under practical operating condi-
tions.** ™ In contrast, this work reports the first in situ
construction of a rose-like NiFe-LDH/MoS, heterostructure on
nickel foam via a simple two-step hydrothermal approach. The
unique three-dimensional hierarchical morphology significantly
enhances active site exposure and facilitates electrolyte diffusion
and gas evolution, contributing to improved catalytic efficiency.
Furthermore, the as-prepared catalyst exhibits outstanding
bifunctional electrocatalytic activity, with exceptional OER
performance-requiring only a 376 mV overpotential to achieve a
current density of 1000 mA cm™ in 1.0 M KOH, a benchmark
for industrial-scale water splitting. In overall water splitting
applications, the voltage required to drive 10 mA cm ™ is as low
as 1.49 V in alkaline freshwater and only 1.53 V in alkaline
seawater. This work will systematically evaluate the performance
of this catalyst and, by combining experimental XPS character-
ization with theoretical DFT calculations, deeply investigate the
synergistic mechanism behind its excellent performance.

2. EXPERIMENTAL SECTION

1. Synthesis of MoS, Catalysts. The MoS, powder was
prepared through a facile hydrothermal route. For the synthesis, 1.8 g of
sodium molybdate dihydrate (Na,MoO,-2H,0), 2.6 g of thiourea
(CH,N,S), and 0.17 g of polyethylene glycol-4000 (PEG-4000) were
used as starting materials. These precursors were added to 50 mL of
deionized water (DW) and stirred for 40 min to ensure thorough
mixing. Subsequently, the mixture was sealed in a Teflon-lined stainless
steel autoclave and heated at 200 °C for 24 h. After cooling to room
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Figure 2. Structure Characterization of As-Fabricated Samples (a) XRD Patterns (b) XPS of Ni 2p (c) Fe 2p (d) O 1s (e) Mo 3d (f) S 2p.

temperature, washing with deionized water and ethanol several times.
The final MoS, product was obtained after drying at 60 °C.

2.2. Synthesis of NiFe-LDH/MoS,/NF. First, the nickel foam (NF,
5 X § cm?) substrate was pretreated by sequential sonication in 3.0 M
HCI, absolute ethanol, and deionized water to eliminate the surface
oxide layer. For the synthesis of the NiFe-LDH/MoS, heterostructures,
the pretreated NF was used as a substrate for in situ growth. The
reaction precursors, including 2.4 mmol of Ni(NO;),-6H,0, 0.8 mmol
of Fe(NO;);-9H,0, 12 mmol of urea, 9 mmol of NH,F, and a specific
mass (x) of presynthesized MoS, powder (where x =0.2,0.25,and 0.3),
were dissolved in 60 mL deionized water. The pretreated NF was then
fully immersed in the above solution, which was subsequently
transferred to a stainless steel autoclave and heated at 120 °C for 12
h. The product-loaded NF was rinsed with absolute ethanol and
deionized water more than three times and then dried. The final
samples were named NiFe-LDH, NiFe-LDH/MoS,-0.2, NiFe-LDH/
MoS,-0.25, and NiFe-LDH/MoS,-0.3, corresponding to the amount of
MoS, added (x = 0, 0.2, 0.25, and 0.3 g), respectively.

2.3. Physical Characterization. The phase composition and
crystal structure of the as-prepared samples were investigated by X-ray
diffraction (XRD) using a Shimadzu-7000 diffractometer with Cu Ka
radiation (4 = 0.1541 nm, 40 kV). X-ray photoelectron spectroscopy
(XPS) measurements were performed on an ESCALAB 250 instrument
with an Al Ka X-ray source to analyze the elemental composition and
surface chemical valence states of the materials. The surface
morphology and microstructure of the samples were systematically
characterized using a scanning electron microscope (SEM, Gemini 300-
71-31).

2.4. Electrochemical Testing. All electrochemical measurements
were conducted on a CHI760E electrochemical workstation. Electro-
chemical measurements were carried out in a standard three-electrode
configuration using either 1 M KOH (pH = 13.7) or 1 M KOH

prepared from natural seawater (pH = 13.51) as the electrolyte. In this
setup, the as-prepared sample served as the working electrode, an Hg/
HgO electrode was used as the reference electrode, while a platinum
(Pt) foil and a carbon rod were used as the counter electrodes for the
oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER), respectively. The electrochemical performance was evaluated
through cyclic voltammetry (CV), linear sweep voltammetry (LSV),
electrochemical impedance spectroscopy (EIS), and chronoampero-
metric (i—t) stability tests. All LSV curves were corrected with 90% iR
compensation. The LSV scans were performed at a rate of 2 mV s™" for
OER and 5§ mV s~ for HER. The electrochemically active surface area
(ECSA) was determined from the double-layer capacitance (Cyg),
which was derived from CV measurements conducted at various scan
rates (10—50 mV s™). All potentials were converted to the reversible
hydrogen electrode (RHE) scale using the following equation: E(y, pyi)
= E(ys1g/ng0) + 0.059 X pH + 0.098 V. Furthermore, the overall water
splitting performance was evaluated in a two-electrode system with a
corresponding scan rate of S mV s~

3. RESULTS AND DISCUSSION

Figure 1 presents a schematic diagram of the synthesis process of
NiFe-LDH/MoS,/NF, following the experimental steps de-
scribed above. The crystal structure and phase composition of
the materials were characterized by X-ray diffraction (XRD). To
eliminate the influence of the substrate, all samples were
collected as powders from the nickel foam substrate via
sonication prior to the XRD measurements. Figure 2a displays
the XRD patterns of the as-synthesized MoS,, NiFe-LDH, and
the NiFe-LDH/MoS,-0.25 composite, which are compared with
their corresponding standard JCPDS cards. The excellent match
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2.5 um

Figure 3. Morphology and structural characteristics of the prepared sample (a) SEM images of MoS, samples (b) SEM images of NiFe-LDH samples
(c) SEM images of NiFe-LDH/MoS,-0.2 samples (d) SEM images of NiFe-LDH/Mo0S,-0.25 samples (e) SEM images of NiFe-LDH/MoS,-0.3
samples (f) SEM image of the NiFe-LDH/MoS,-0.25 sample after OER cycling (g) Elemental mapping of NiFe LDH/MoS,-0.25 samples.

between the patterns of the individual components and their
standard cards indicates that the samples possess good
crystallinity. In the pattern of the NiFe-LDH/MoS,-0.25
composite, the characteristic diffraction peaks located at 11.4,
23.0, 33.5, 34.4, 39.0, 59.9, and 61.3° correspond to the (003),
(006), (101), (012), (015), (110), and (113) crystal planes of
the NiFe-LDH hydrotalcite structure (JCPDS NO. 40-0215),
respectively. Furthermore, the remaining characteristic peaks at
14.1, 32.9, 33.7, 39.5, and 58.9° are attributed to the (002),
(100), (101), (103), and (008) planes of MoS, (JCPDS NO. 75-
1539). These XRD results confirm the successful synthesis of the
NiFe-LDH/MoS,-0.25 composite material. Additionally, XRD
analysis was conducted on the NiFe-LDH/MoS, composites
with varying MoS, contents, with the results shown in Figure
Sla. As can be seen, MoS, was successfully incorporated into the
composites at all tested ratios. With an increasing amount of
added MoS,, the intensity of its characteristic diffraction peaks
becomes progressively stronger and more pronounced,
suggesting an enhancement in both the crystalline quality and
the relative content of the MoS, phase.

X-ray photoelectron spectroscopy (XPS) was employed to
characterize the elemental composition and surface electronic
structure of the samples, providing an in-depth analysis of the
existing forms and chemical valence states of each element. Prior
to data analysis, all spectra were calibrated using the C 1s peak at
284.8 eV as a reference. The survey spectra of NiFe-LDH, MoS,,
and NiFe-LDH/MoS, are presented in Figure S1b, revealing the
presence of Ni, Fe, Mo, S, and O elements. As depicted in the
high-resolution Ni 2p spectrum in Figure 2b, the peaks located
at 857.38 and 855.72 eV are assigned to the Ni 2p;, spin—orbit
peaks of Ni** and Ni** in the NiFe-LDH/Mo0S,-0.25 composite,
respectively. Meanwhile, the characteristic peaks at 874.68 and
873.06 eV correspond to the Ni 2p, ,, spin—orbit peaks of Ni**
and Ni**, respectively. The two peaks at 862.06 and 880.40 eV
are satellite peaks (labeled “sat.”). These results indicate the
coexistence of both Ni** and Ni** ions in the NiFe-LDH.

Notably, compared to pristine NiFe-LDH, the Ni 2p spectrum
of the NiFe-LDH/MoS,-0.25 composite exhibits a positive shift
in its binding energy peaks. This phenomenon suggests a strong
electronic interaction between MoS, and NiFe-LDH, which
likely originates from the coupling effect between them, further
conﬁrmin% the successful construction of the composite
structure.”” As shown in Figure 2c, the high-resolution Fe 2p
spectrum of NiFe-LDH/MoS,-0.25 can be deconvoluted into
several peaks. The characteristic peaks at 713.19 and 724.10 eV
correspond to the Fe 2p,/, and Fe 2p,,, orbitals of Fe’,
respectively. Concurrently, a satellite peak attributed to Fe’* is
observed at 717.22 eV. Furthermore, the peaks at 709.42 and
722.07 eV can be assigned to the Fe 2p; , and Fe 2p, /, orbitals of
Fe?", respectively.*’ The characteristic peak located at 706.04 eV
is associated with the Fe—S bond.*' As shown in Figure 2d, the
O Is spectrum exhibits three characteristic peaks at 530.62,
531.33, and 532.51 eV, which are assigned to metal—oxygen
(M—0) bonds, metal—hydroxyl (M—OH) groups in the layered
double hydroxide, and H—O—H structures in surface-adsorbed
water molecules, respectively.*”** The prominent M—OH peak
indicates a hydroxyl-rich surface, a key feature contributing to
the high OER activity of LDH-based materials. These M—OH
groups are widely regarded as the initial active sites for OER,
facilitating OH™ adsorption from the electrolyte and promoting
the first proton-coupled electron transfer (PCET) step (M—OH
+ OH™ - M-O + H,O + e7), thereby lowering the reaction
kinetic barrier. Moreover, the M—OH species participate in the
formation of critical oxygen-containing intermediates (e.g., *O
and *OOH), while their interconnected hydrogen-bonding
network enables rapid proton transport (proton hopping),
which accelerates the overall reaction kinetics. As illustrated in
Figure 2e, the Mo 3d spectrum of pristine MoS, exhibits three
characteristic peaks at 235.63, 231.88, and 228.61 eV. These
peaks correspond to the Mo 3d;, and Mo 3d; , orbitals of Mo**
and the presence of Mo®, respectively. The emergence of Mo®*
is attributed to the formation of Mo—O bonds from the
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Figure 4. OER performance in 1.0 M KOH (a) LSV curves at scan rate of 2 mV s™* (b) overpotential of the catalyst (c) Tafel plots (d) double-layer
capacitance (Cyg) CV curves at different scan rates (e) Nyquist plots (f) Chronopotentiometric stability curve (g) Bode plot of NiFe-LDH/MoS,-0.25
sample after cycling at multiple voltages (h) DRT plot of NiFe-LDH/MoS,-0.25 before OER cycling (i) DRT plot of NiFe-LDH/Mo0S,-0.25 after

OER cycling.

unavoidable surface oxidation of the material in air."* Addition-
ally, the peak at 226.10 eV is assigned to the Mo—S bond signal
near the S 2s orbital. For the NiFe-LDH/MoS,-0.25 composite,
the binding energies of the Mo 3d;,, and Mo 3d;, peaks show a
positive shift to higher binding energies. This indicates an
electron transfer from MoS, to NiFe-LDH at the heterointer-
face, further confirming the strong electronic interaction
between the two components. Figure 2f displays the S 2p
spectrum of NiFe-LDH/MoS,-0.25. The spin—orbit peak at
162.91 eV (S 2p, ) is attributed to metal—sulfur bonds such as
Fe—S and Ni—S. Meanwhile, the peak at 161.80 eV (S 2p;/,)
indicates the presence of low-coordination sulfur ions,
suggesting the existence of active sulfur sites within the
material.* Furthermore, the peak at 167.82 eV corresponds to
surface-oxidized sulfur species, which further reveals the strong
electronic effect within the catalyst.*®

Subsequently, the surface morphologies of the catalysts were
further characterized using scanning electron microscopy
(SEM). Figure 3a reveals the morphology of MoS,, indicating
that its structure is composed of both nanosheets and

nanoblocks. In the loose regions, the nanosheets are interlaced
with each other, fully exposing their highly active edges. In
contrast, the dense regions are formed by the fusion of highly
stacked nanosheets, creating thick, block-like structures. Figure
3b displays the morphology of NiFe-LDH. On the whole, the
material is composed of multiple, regularly arranged nano-
spheres. These nanospheres are not solid but are formed by a
large number of interconnected nanosheets. This unique
structure not only facilitates the exposure of more active sites
but also promotes the diffusion of electrolyte and charge
transfer, thereby effectively enhancing the catalytic performance
of the material. Figure 3c—e present the SEM images of the
NiFe-LDH/MoS, heterostructures formed with different MoS,
loading contents. It can be observed that they all form rose-like
heterostructures composed of numerous nanosheets. Each
"petal” appears to be made of thin, flake-like nanomaterials
that radiate outward from a central point, creating a flower-like
morphology. This structure not only increases the material’s
specific surface area but may also provide more active sites,
facilitating catalytic reactions. In the NiFe-LDH/MoS,-0.25
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heterostructure, a greater number and denser distribution of
nanosheets are observed. This implies that at this specific
loading concentration, the resulting nanosheets are not only
more abundant in quantity but are also more compactly
arranged, forming a higher-density structure. Figure 3f shows the
SEM image of the NiFe-LDH/MoS,-0.25 sample after OER
cycling in 1.0 M KOH. As can be seen, the structural features of
the sample remain largely unchanged, still preserving the rose-
like heterostructure composed of numerous nanosheets. This
indicates that the NiFe-LDH/MoS,-0.25 catalyst possesses
excellent structural stability. Figure 3g presents the elemental
mapping analysis results of the NiFe-LDH/MoS,-0.25 sample,
showing that the six elements—Ni, Fe, C, O, Mo, and S—are
uniformly distributed throughout the material. This further
confirms the successful synthesis and preparation of the NiFe-
LDH/MoS,-0.25 sample. Research has shown that nanomateri-
als with micro/nanoscale asymmetric heterojunctions can
exhibit many unique properties that are not present in
homogeneous materials or symmetric nanostructures.”” The
nitrogen adsorption—desorption isotherms of the samples are
shown in Figure S2a. All three samples exhibit typical type IV
isotherms with H3-type hysteresis loops, indicating the presence
of mesoporous structures formed by the stacking of nanosheets.
The BET specific surface area analysis reveals that the specific
surface areas of NiFe-LDH/MoS,-0.25, NiFe-LDH, and MoS,
are 7.97, 3.87, and 1.84 m* g/, respectively. The corresponding
pore size distribution curves (Figure S2b) indicate that both the
average pore volume (0.0005 cm® g™') and average pore size
(24.38 nm) of NiFe-LDH/Mo0S,-0.25 are larger than those of
NiFe-LDH (0.00048 cm® g™, 17.62 nm) and MoS, (0.0002 cm®
g™, 13.28 nm). These BET results are consistent with the SEM
analysis, confirming that the rose-like heterostructure composed
of numerous nanosheets possesses a rich porous architecture.
This structure not only increases the material’s specific surface
area but also likely provides a greater number of active sites,
thereby enhancing the material’s electrocatalytic performance.
To evaluate the electrocatalytic activity of the materials, their
Oxygen Evolution Reaction (OER) performance was first
investigated in an alkaline electrolyte (1.0 M KOH). As shown
in Figure 4a, the NiFe-LDH/MoS,-0.25 catalyst exhibits lower
overpotentials at current densities of 100, 500, and 1000 mA
cm™* compared to the other catalysts, demonstrating superior
OER performance. Specifically, as detailed in Figure 4b, the
NiFe-LDH/MoS,-0.25 catalyst requires an overpotential of only
284 mV to reach 100 mA cm 2. Even at industrial-grade current
densities of 500 and 1000 mA cm™, it only requires OER
overpotentials of 336 mV and 376 mV, respectively. These
values are significantly lower than those for the NiFe-LDH (301,
379, and 443 mV @ 100, 500, and 1000 mA cm™2), MoS, (316,
398, and 464 mV @ 100, 500, and 1000 mA cm ), NiFe-LDH/
MoS,-0.2 (314, 381, and 430 mV @ 100, 500, and 1000 mA
cm™?), and NiFe-LDH/MoS,-0.3 (308, 371, and 418 mV @
100, 500, and 1000 mA cm™2) catalysts. Evidently, compared to
the base catalysts and the heterostructures with different MoS,
loadings, the NiFe-LDH/MoS,-0.25 heterostructure not only
shows potential for industrial application but also displays
enhanced catalytic performance. This significantly enhanced
activity of NiFe-LDH/MoS,-0.25 highlights the crucial role
played by the formation of the heterostructure and the
synergistic effect between NiFe-LDH and MoS,. Figure 4c
further analyzes the Tafel slope, an indicator of reaction kinetics,
which was derived from the LSV curves. The NiFe-LDH/MoS,-
0.25 catalyst exhibits the smallest Tafel slope (37.34 mV dec™"),

a value lower than that of NiFe-LDH (57.53 mV dec™), MoS,
(58.34 mV dec™'), NiFe-LDH/MoS,-0.2 (49.08 mV dec™"),
and NiFe-LDH/Mo0S,-0.3 (40.05 mV dec™). This result
suggests a possible synergistic effect between NiFe-LDH and
MoS,, which endows the catalyst with rapid charge transport
capabilities and an efficient electron transfer process, signifi-
cantly boosting the OER catalytic performance. Furthermore, to
additionally evaluate the electrocatalytic activity, the electro-
chemically active surface area (ECSA) can be used as a standard
metric. Although direct comparison is limited by factors such as
different ECSA collection intervals and nonlinear current
distortions, the ECSA can be estimated from the double-layer
capacitance (Cy) values obtained from CV curves to assess the
intrinsic activity of the material. The double-layer capacitance
(Cq) is directly proportional to the ECSA (ECSA = Cy4/C,),
where a higher Cy value implies a larger ECSA and more
exposed active sites, thereby enhancing catalytic performance.**
Accordingly, the Cy values in Figure 4d were obtained from the
CV plots in Figure S3a—d. As seen in Figure 4d, the Cy value of
NiFe-LDH/MOoS,-0.25 (0.301 mF cm™) is higher than that of
NiFe-LDH (0.107 mF cm™2), NiFe-LDH/MoS,-0.2 (0.205 mF
cm™?), and NiFe-LDH/MoS,-0.3 (0.185 mF cm™2). This
further demonstrates the performance enhancement endowed
by the incorporation of MoS,. Electrochemical impedance
spectroscopy (EIS) was utilized to investigate the kinetic
behavior of the catalysts during the oxygen evolution reaction
(OER). By fitting the Nyquist plots with an equivalent circuit,
the charge transfer resistance (R) and solution resistance (R;)
can be obtained. The R, determined by the diameter of the
semicircle in the low-frequency region, reflects the charge
transfer efficiency between the catalyst and the electrolyte. A
smaller semicircle radius corresponds to a lower R, indicating
faster charge transfer, more favorable reaction kinetics, and
higher catalytic activity. As shown in Figure 4e and Table S1,
NiFe-LDH/MoS,-0.25 exhibits the smallest R, value (21.39 Q)
and R, value (1.682 Q), which suggests that this catalyst
possesses excellent electrical conductivity. It is noteworthy that
the NiFe-LDH/MoS,-0.25 catalyst displays both a low R, value
and a small Tafel slope, indicating that its OER kinetics are faster
than those of the single-component NiFe-LDH catalyst and
revealing a pronounced synergistic effect. This signifies an
enhanced charge transfer rate between the electrode and the
electrolyte, reflecting the beneficial impact of MoS, incorpo-
ration on both the conductivity and the overall electrochemical
performance. This synergistic effect is further supported by the
positive shift observed in the Ni 2p XPS spectrum of the NiFe-
LDH/MoS,-0.25 catalyst. After modification with MoS,, the
enrichment of empty d-orbitals on the Ni sites facilitates a
stronger binding with OH* intermediates, thereby boosting the
OER activity."” The loading of MoS, is a critical parameter that
governs the catalytic performance of the NiFe-LDH. This study
investigated the effect of different MoS, loadings on the
material’s properties, revealing that NiFe-LDH/MoS,-0.25
exhibits the best OER activity. As the MoS, amount was
increased from 0.2 to 0.25 g, the catalytic activity was
significantly enhanced. This improvement is attributed to the
formation of a denser and more uniform rose-like structure with
an increased specific surface area, evidenced by its double-layer
capacitance reaching a maximum value (0.301 mF cm™?) while
the charge transfer resistance decreased to 21.39 Q. These
results indicate a greater number of active sites and more
efficient electron transport. Upon further increasing the loading
to 0.3 g, a decline in catalytic performance was observed, with
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the overpotential at a current density of 1000 mA cm™
increasing from 376 to 418 mV. This performance degradation
correlates with the sharp decrease in the Cy value (to 0.185 mF
cm™?) and a rise in R, suggesting that an excess of MoS, may
lead to local agglomeration, which partially covers the active
sites on the NiFe-LDH surface and hinders both electrolyte
diffusion and charge transfer. Therefore, 0.25 g is the optimal
loading for MoS,. At this ratio, the material achieves a synergistic
optimization of its morphology, active site exposure, and charge
transfer efficiency, thereby constructing a highly efficient and
stable catalytic interface for the OER. In addition to excellent
catalytic activity, the cycling stability is another crucial criterion
for evaluating the performance of a catalyst. Figure 4f displays
the results of the chronopotentiometry test for the NiFe-LDH/
MoS,-0.25 catalyst. Following 24 h of prolonged electrolysis, the
potential remains nearly constant. Furthermore, the inset in the
figure shows the LSV curves before and after the OER cycling
test, which remain nearly identical. These results confirm that
the as-prepared electrocatalyst exhibits remarkable structural
stability and sustained catalytic activity under long-term
operating conditions, indicating its excellent cycling stability.
Figure S1c presents the Bode plots for NiFe-LDH/MoS,-0.25 at
various potentials, where the change in phase angle with
frequency reflects the dynamic response behavior of the catalyst
sample.’” The plots show that as the applied potential increases,
the phase angle in the low-frequency region exhibits a systematic
decrease. This trend indicates a continuous reduction in the
charge transfer resistance (R.,), further illustrating a progressive
acceleration of the charge transfer rate. A Bode plot analysis was
also performed on the NiFe-LDH/MoS,-0.25 sample after the
cycling stability test (see Figure 4g). The phase angles in this
plot still maintain their well-ordered sequence, which further
demonstrates that the material possesses excellent and stable
charge transport capabilities. The Distribution of Relaxation
Times (DRT) is an analytical method used to deconvolute
complex impedance signals into multiple individual electro-
chemical processes. By resolving impedance spectroscopy data,
it identifies peaks corresponding to different relaxation times,
which respectively reflect kinetic processes with varying rates,
such as interfacial charge transfer, ion migration, and double-
layer charging.”' ™ Figure 4h visually illustrates the dynamic
process of how the material’s electrocatalytic activity is activated
with increasing applied potential. The main “ridge” peak within
the relaxation time (7) interval of 0.1—1.0 s represents the rate-
determining step (RDS) of the OER. This step integrates key
kinetic processes including charge transfer (R.) and the
adsorption/conversion of oxygen-containing intermediates. As
the potential is increased from 0.616 to 0.632 V, the polarization
resistance (y value) of this RDS sharply decreases, directly
demonstrating that the increased overpotential effectively
lowers the reaction energy barrier, thereby significantly
accelerating the OER rate.”” Concurrently, the shift of this
main peak toward shorter relaxation times and its clear
separation from the stable double-layer capacitance process at
high frequencies further corroborate this kinetic acceleration.
After the NiFe-LDH/MoS,-0.25 catalyst underwent a long-
term OER stability test, Figure 4i clearly reveals the trend of its
performance evolution. Although the polarization resistance (y
value) of the core kinetic process significantly increases, the
characteristic relaxation time () shifts to longer durations, and
the peak shape becomes broader, the material nevertheless
maintains good catalytic activity. In addition, NiFe-LDH/MoS,-
0.25/NF exhibits excellent OER activity at high current densities

in 1.0 M KOH, outperforming many recently reported
electrocatalysts™ " (as shown in Table 1), indicating its
broad application prospects in alkaline freshwater electrolysis.

Table 1. OER Performance of the Samples

overpotential (mV)

441/1000 mA cm™>
583/1000 mA cm™>
351/400 mA cm™

609/1000 mA cm™>
499/1000 mA cm™
376/1000 mA cm ™2

materials

FeCoNiMnOOH/NF
NiFe-LDH/NF
CoP@NiFe-LDH/NF
MoS,/NF
NiCoFe-LDH/NF
NiFe-LDH/MoS,/NF

electrolyte refs
1L.OMKOH 55
1.0MKOH 56
1L.OMKOH 57
1.0MKOH 58
1.0OMKOH 59

1.0 M KOH this study

To evaluate the structural integrity and stability of the material
during long-term electrolysis, the NiFe-LDH/MoS,-0.25
catalyst was characterized by SEM, XRD, and XPS after the
chronopotentiometry stability test. As seen in Figure S2¢,d, the
catalyst retains its rose-like heterostructure composed of
numerous nanosheets, indicating that its micromorphology
possesses excellent structural stability. In the XRD analysis
(Figure S4a), the postreaction sample still clearly displays the
characteristic diffraction peaks of both NiFe-LDH and MoS,,
with no significant peak shifts or the formation of new impurity
phases, demonstrating that its crystal structure remained stable
during the prolonged electrolysis. Figure S4b shows the Ni 2p
XPS spectra of the NiFe-LDH/MoS,-0.25 composite before and
after OER cycling. The results reveal that after electrochemical
reconstruction, the binding energies of both Ni** and Ni** in the
Ni 2p spectrum shift to lower energies, a phenomenon closely
related to the formation of NiOOH species during the
reconstruction process. This change indicates an elevation in
the oxidation state of the surface nickel ions and an optimization
of the electronic structure, thus heralding an enhancement in the
material’s oxygen evolution reaction (OER) catalytic activ-
ity."”®" The Fe 2p spectrum in Figure S4c shows that after
reconstruction, both the Fe 2p;,, and Fe 2p, /, spin—orbit peaks
exhibit a slight positive shift. Specifically, the binding energies of
Fe*" and Fe*" in the Fe 2p;, orbital shifted to higher energies by
0.06 and 0.50 eV, respectively, while the corresponding Fe** and
Fe’* peak positions in the Fe 2p, ,, orbital shifted by 0.09 and
0.13 eV, respectively. From the O 1s spectrum (Figure S4d), the
decrease in M—O content and the increase in M—OH content
after electrochemical reconstruction indicate a dynamic trans-
formation from M—O to M—OH during the OER process. This
further confirms the formation of active oxyhydroxide species
(NiOOH), which is beneficial for enhancing OER performance.
Figure S4e,f show that after electrochemical reconstruction, the
characteristic Mo 3d,/, and Mo 3d;,, peaks attributed to Mo**
are still present, indicating that the basic structure of MoS, was
retained after the reaction. Additionally, while the signal for
Mo® is still visible, the intensity of the Mo—S bond
characteristic peak at 226.12 eV is diminished, and the S—O
bond signal at 167.10 eV is enhanced. This suggests that the
material’s surface underwent unavoidable oxidation during the
OER process, leading to the formation of sulfur-oxide species.

The electrocatalytic Hydrogen Evolution Reaction (HER)
performance of the catalysts was further investigated in 1.0 M
KOH. Figure Sa displays the iR-compensated LSV curves of the
catalysts for the HER. The NiFe-LDH/MoS,-0.25 catalyst
requires a potential of only 135.7 mV to achieve a current
density of —10 mA cm™?, which is lower than that required for
NiFe-LDH (161.7 mV @ —10 mA cm™2), NiFe-LDH/MoS,-0.2
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Figure 5. HER performance in 1.0 M KOH (a) LSV curves at scan rate of S mV s~ (b) Tafel plots (c) double-layer capacitance (Cy) CV curves at
different scan rates (d) Nyquist plots (e) HER and OER radar plot (f) Chronoamperometric stability curves.

(153.7 mV @ —10 mA cm™2), and NiFe-LDH/MoS,-0.3 (163.7
mV @ —10 mA cm™2). Figure Sb shows the corresponding Tafel
plots for the HER. The NiFe-LDH/MoS,-0.25 catalyst exhibits
a Tafel slope of 110.05 mV dec™!, which is smaller than those of
the NiFe-LDH (160.73 mV dec™'), NiFe-LDH/MoS,-0.2
(116.35 mV dec™), and NiFe-LDH/MoS,-0.3 (117.86 mV
dec™!) catalysts, indicating that NiFe-LDH/MoS,-0.25 pos-
sesses more favorable HER kinetics. In an alkaline electrolyte,
the Hydrogen Evolution Reaction (HER) is typically described
by the following reaction steps:®*

(Volmer step)H,O0 + e"+ M > M — H + OH~ (1)

(Heyrovsky step)M — H + H,0 + e~
S H,+OH +M @)
(Tafel step)M — H - H, + 2M (3)

Reported Tafel slopes for the above three steps are 120, 40,
and 30 mV dec”’, respectively, indicating that the HER on the
NiFe-LDH/MoS,-0.25 catalyst follows the Volmer—Heyrovsky
mechanism (H,0 + H,y4, + e~ — H, + OH™). Based on the Cy
values derived from Figure Sc, the following trend was observed:
NiFe-LDH/MoS,-0.3 (0.0027 mF cm™2) > NiFe-LDH/MoS,-
0.25 (0.0020 mF cm™2) > NiFe-LDH/MoS,-0.2 (0.0014 mF
cm™2) > NiFe-LDH (0.0010 mF cm™2). These C values were
obtained from the CV curves shown in Figure SSa—d. The
impedance spectroscopy (EIS) test, shown in Figure Sd, further
elucidates the electrocatalytic performance of the catalysts. In
the low-frequency region, NiFe-LDH/MoS,-0.25 exhibits the
steepest straight-line slope compared to the other catalysts,
indicating a lower ion diffusion resistance (Warburg impedance,
R,,) which facilitates the rapid diffusion of ions in the electrolyte
to the electrode surface. In the high-frequency region, NiFe-
LDH/MoS,-0.25 displays a smaller semicircle diameter,

signifying reduced electron and ion transport resistance at the
electrode—electrolyte interface and consequently, a lower
charge transfer resistance (R.). Furthermore, the Nyquist plot
for this material shows the smallest intercept with the x-axis,
further indicating that its hybrid structure possesses the lowest
intrinsic resistance (R;). From the radar plot in Figure Se, the
electrocatalytic performance can be visually assessed using the
parameters of overpotential, Cy value, and Tafel slope, based on
the enclosed area. It is evident that NiFe-LDH/MoS,-0.25
demonstrates the optimal catalytic activity for both OER and
HER, significantly outperforming the other samples. As shown
in Figure 5f, the NiFe-LDH/MoS,-0.25 material maintained
favorable stability throughout a 24-h hydrogen evolution
process, indicating its satisfactory structural stability. As shown
in Table S2, the HER performance of NiFe-LDH/MoS,-0.25/
NF in 1.0 M KOH is superior to that of various reported
electrocatalysts.”* ™’

Currently, most research on hydrogen production via water
electrolysis focuses on alkaline freshwater; however, the limited
availability of freshwater resources calls for the urgent
development of sustainable alternative water sources. Seawater,
with its vast reserves, is considered a highly promising solution
for direct hydrogen production through electrolysis. Therefore,
the OER activity of the synthesized samples was further
evaluated in alkaline seawater (1.0 M KOH + seawater, pH =
13.51). As shown in Figure 6ab, NiFe-LDH/MoS,-0.25
continues to exhibit excellent OER activity in alkaline seawater.
Under these conditions, the catalyst requires overpotentials of
only 354 mV, 439 mV, and 493 mV to drive current densities of
100, 500, and 1000 mA cm™ respectively. Although the
overpotential of NiFe-LDH is slightly lower than that of NiFe-
LDH/MoS,-0.25 at current densities of 100 and 500 mA cm™?,
NiFe-LDH/MoS,-0.25 demonstrates superior electrocatalytic
performance at the industrially relevant high current density of
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Figure 6. OER and HER performance of the catalyst in 1.0 M KOH with seawater. (a) LSV curves of OER (b) OER overpotential of the catalyst (c)
Tafel plots of OER (d) Cy plots of OER (e) Nyquist plots of OER (f) Chronopotentiometric stability curve. (g) LSV curves for HER (h) Tafel plots of
HER (i) Cy plots of HER (j) Nyquist plots of HER (k) HER and OER radar plot. (1) Chronoamperometric stability curves.

1000 mA cm™ Figure 6¢ indicates that the NiFe-LDH/MoS,- S6a—d), using the double-layer capacitance (Cy) as an
0.25 catalyst still maintains a low Tafel slope (53.39 mV dec™) evaluation metric. As shown in Figure 6d, NiFe-LDH/MoS,-
in alkaline seawater, which is lower than that of NiFe-LDH 0.25 exhibits the highest Cy value (0.2369 mF cm™2), indicating
(5442 mV dec™), NiFe-LDH/Mo0S,-0.2 (71.45 mV dec™), that it possesses a larger electrochemically active surface area,
and NiFe-LDH/MoS,-0.3 (60.15 mV dec™"). This confirms that thereby leading to superior catalytic performance. To assess the

NiFe-LDH/MoS,-0.25 preserves its superior reaction kinetics in ion diffusion capability within the materials, electrochemical
alkaline seawater. To further investigate the performance impedance spectroscopy (EIS) was subsequently performed
differences among the catalysts, the electrochemically active (Figure 6e). The results show that NiFe-LDH/MoS,-0.25 has
surface area (ECSA) of each catalyst was calculated based on the the steepest linear slope in the low-frequency region and the
cyclic voltammetry (CV) curves at different scan rates (Figure smallest intercept with the real axis in the high-frequency region.
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Figure 7. Overall water splitting performance of the electrocatalyst. (a) Schematic diagram of the overall water splitting device. (b) LSV curve. (c)
Chronopotentiometric stability curve in 1.0 M KOH (d) Chronopotentiometric stability curve in 1.0 M KOH+ seawater.

This indicates that the sample has a lower ion diffusion
resistance and a smaller intrinsic resistance, thus demonstrating
superior ion transport properties. Figure 6f showcases the
excellent cycling stability of the NiFe-LDH/MoS,-0.25 catalyst
in alkaline seawater. This characteristic signifies that the catalyst
can maintain high OER efficiency during long-term operation
under alkaline seawater conditions, displaying favorable
durability and stability. In summary, although the OER
performance of the NiFe-LDH/MoS,-0.25 catalyst in alkaline
seawater is not as high as its performance in alkaline freshwater a
decrease in activity primarily attributed to the partial blocking of
active sites and surface contamination by ions or particles from
the seawater.”*® it still demonstrates remarkably excellent
catalytic performance and stability. This suggests that the
catalyst holds great potential for practical seawater electrolysis
applications. Therefore, the development of efficient and stable
seawater electrolysis technology is of great significance for
alleviating the pressure on freshwater resources and promoting
the large-scale production of green hydrogen.

Next, the HER performance of the synthesized catalysts in
alkaline seawater was investigated. From the LSV curves in
Figure 6g, the overpotentials required to achieve a current
density of —10 mA cm™ follow the order: NiFe-LDH/MoS,-
0.25 (149.5 mV) < NiFe-LDH/MoS,-0.2 (155.5 mV) < NiFe-
LDH/MoS,-0.3 (168.5 mV) < NiFe-LDH (199.5 mV). As seen
in Figure 6h, the NiFe-LDH/MoS,-0.25 catalyst (93.61 mV
dec™) possesses a smaller Tafel slope than the NiFe-LDH
sample (145.46 mV dec™), indicating that the incorporation of

MoS, can accelerate reaction kinetics and promote high charge
transfer efficiency. This result is further corroborated by the
ECSA analysis in Figure 6i (calculated from Figure S7a—d). The
NiFe-LDH/MoS,-0.25 catalyst has a higher density of active
sites (Cy = 0.0028 mF cm™2), whereas NiFe-LDH has a Cy of
0.0019 mF c¢m™2. Furthermore, from the electrochemical
impedance spectroscopy (EIS) plots in Figure 6j, it is observed
that NiFe-LDH/MoS,-0.3 exhibits a lower ion diffusion
resistance, while NiFe-LDH shows a smaller intrinsic resistance.
Combining the above analyses with the intuitive representation
from the radar plot in Figure 6k, it is clear that the NiFe-LDH/
MoS,-0.25 catalyst is significantly superior to the other
comparative samples in terms of overall performance,
demonstrating more excellent electrocatalytic activity. This
indicates that an appropriate amount of MoS, incorporation can
significantly enhance its catalytic performance. The results from
the chronopotentiometry test (Figure 61) show that the as-
prepared catalyst possesses good stability. The inset displays the
LSV curves of the NiFe-LDH/MoS,-0.25 sample before and
after the cycling test. As can be seen, After 24 h of cycling, its
overpotential does not show any significant increase, confirming
the satisfactory structural stability of the prepared catalyst.

To evaluate the practical application potential of the catalyst
in water splitting, its overall water splitting performance was
tested in a two-electrode system. As schematically illustrated in
Figure 7a, the NiFe-LDH/MoS,-0.25 on nickel foam samples
were used as both the anode and the cathode. The
corresponding electrochemical measurements were conducted
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Figure 8. Theoretical simulation and calculation analysis of the catalyst (a) Unit cell models of MoS, (b) Unit cell models of NiFe-LDH () Unit cell
models of NiFe-LDH/MoS, (d) Band structure of MoS, (e) Band structure of NiFe-LDH (f) Band structure of NiFe-LDH/MoS, (g) Density of

States (DOS) of MoS, (h) Density of States (DOS) of NiFe-LDH (i) Density of States (DOS) of NiFe-LDH/MoS,.

in 1.0 M KOH and 1.0 M KOH + seawater electrolytes,
respectively. In this setup, the oxidation of OH™ to produce O,
occurs at the anode, while at the cathode, water molecules are
reduced to generate H,. Figure 7b displays the LSV curves of the
catalysts recorded at a scan rate of S mV s™". In the 1.0 M KOH
electrolyte, the NiFe-LDH/MoS,-0.25|INiFe-LDH/MoS,-0.25
electrolyzer requires a cell voltage of only 1.49 V to achieve a
current density of 10 mA cm™2, which is significantly lower than
the 1.64 V required by the NiFe-LDHIINiFe-LDH couple. In the
1.0 M KOH + seawater electrolyte, the cell voltage for NiFe-
LDH/MoS,-0.25 is 1.53 V at the same current density, which is
also superior to the 1.68 V for the NiFe-LDH couple. This
demonstrates its excellent overall water splitting performance in
different electrolytic environments. As shown in Figure 7¢,d, the
stability of the NiFe-LDH/MoS,-0.25 electrolyzer was
evaluated in both 1.0 and 1.0 M KOH + seawater electrolytes
via chronopotentiometry. After 50 h of cycling, the cell voltage in
both cases remained almost constant, demonstrating excellent
stability. Furthermore, the insets display the LSV curves
measured before and after the durability tests. The results
show that the LSV curves are nearly identical, further indicating
that the catalyst possesses outstanding structural and perform-
ance stability during long-term operation.

To gain in-depth insights into the electronic structure of the
electrode materials, Density Functional Theory (DFT)
calculations were conducted using the CASTEP module. The
Perdew—Burke—Ernzerhof (PBE) exchange-correlation func-
tional, under the Generalized Gradient Approximation (GGA),
was employed. The k-point mesh for sampling the Brillouin zone
was constructed using the Monkhorst—Pack scheme, and the
plane-wave cutoff energy (Ecut) was set to 400 eV. Following
geometry optimization for all structures, their band structures
and Density of States (DOS) were further calculated. As shown
in Figure 8a—c, three models were constructed: MoS,, NiFe-
LDH, and the NiFe-LDH/MoS, heterostructure. The energy
levels and band gaps of the electrode materials were further
investigated via simulations in CASTEP. In Figure 8d—f, the
calculated band gap for MoS, is 1.563 eV, and for NiFe-LDH, it
is 0.689 eV. However, no discernible band gap was observed in
the calculated electronic band structure of the NiFe-LDH/MoS,
heterostructure using the GGA-PBE functional. This is primarily
due to the inherent limitations of standard DFT methods for
such systems.”””" The PBE functional systematically under-
estimates band gaps due to self-interaction errors and a lack of
nonlocal exchange, a deficiency that is particularly pronounced
in the strongly correlated d-electron systems of Ni**/Fe** in the
LDH structure. This intrinsic underestimation of the band gap
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can artificially push the predicted electronic structure toward a
metallic or near-zero-gap state. Nevertheless, compared to the
individual NiFe-LDH and MoS, components, the NiFe-LDH/
MoS,-0.25 composite electrode exhibits a denser distribution of
energy bands, suggesting that electrons can migrate more easily
between these energy levels, thereby leading to the better
catalytic performance of NiFe-LDH/MoS,-0.25.”* Simultane-
ously, the Density of States (DOS) of NiFe-LDH containing
MoS, was calculated. As seen in Figure 8g, the conduction band
(CB) and valence band (VB) of MoS, are primarily contributed
by the Mo 3d, S 2p, and O 1s orbitals. The presence of lower Mo
valence states may be due to the existence of numerous oxygen
vacancies on the MoS, crystal surface. The valence band of MoS,
is formed through strong covalent hybridization between the
Mo d-orbitals and S p-orbitals, which theoretically explains the
nature of the Mo—S chemical bonds observed in the XPS
analysis. For NiFe-LDH (Figure 8h), the CB is composed of Fe
2p, Ni 2p, and O Is states, while the VB is dominated by Fe 2p
and Ni 2p states, consistent with the XPS results. As depicted in
Figure 8i, the CB of the composite NiFe-LDH/MoS, is mainly
formed by the hybridization of O 1s, Ni 2p, Fe 2p, and Mo 3d
orbitals, while the VB is composed primarily of Ni 2p, Fe 2p, and
S 2p orbitals. This indicates a significant reconstruction of the
composite’s electronic structure, mainly originating from the
strong hybridization among the s, p, and d orbitals. This
electronic structure modulation, driven by interfacial bonding
and charge transfer, fundamentally alters the material’s
electronic properties, such as its electrical conductivity. The
XPS spectra further corroborate the strong interfacial inter-
actions, not only revealing the formation of new chemical bonds
like Ni—S and Fe—S but also reflecting the distinct charge
redistribution caused by the interfacial coupling. It can also be
observed that the DOS value at the Fermi level for the NiFe-
LDH/MoS, catalyst is significantly higher than that of the NiFe-
LDH and MoS, electrode materials, suggesting that the NiFe-
LDH/MoS, catalyst can provide more electrons during the
catalytic process. Concurrently, the combination of the two
components enhances the density of states near the Fermi level,
indicating improved electrical conductivity, which aligns well
with the experimental results.

4. CONCLUSIONS

In summary, this study successfully synthesized a rose-like NiFe-
LDH/MoS, heterostructure catalyst on nickel foam via a simple,
one-step hydrothermal method. This unique morphology
increases the specific surface area and exposes more active
sites, thereby enhancing catalytic performance. In alkaline
freshwater, the optimized NiFe-LDH/MoS,-0.25 catalyst
demonstrates excellent bifunctional activity, requiring only
376 mV for the oxygen evolution reaction (OER) at an
industrial-grade current density of 1000 mA cm™2 and a low
overpotential of just 135.7 mV for the hydrogen evolution
reaction (HER) at —10 mA cm™2 This enables overall water
splitting at a low cell voltage of 1.49 V (at 10 mA cm™2).
Although its activity slightly decreases in alkaline seawater, the
catalyst nevertheless maintains remarkable performance, driving
an OER current density of 1000 mA cm™ at an overpotential of
493 mV, with a corresponding overall water splitting voltage of
1.53 V. Furthermore, a long-duration continuous electrolysis
test of 50 h confirmed the catalyst’s excellent operational
stability in both electrolytes, highlighting its great potential for
practical applications. Both experimental XPS analysis and
theoretical DFT calculations collectively reveal that the superior

performance of the catalyst originates from the strong electronic
interactions and synergistic effects at the NiFe-LDH/MoS,
heterointerface. The XPS spectra directly confirm the electron
transfer and the formation of new chemical bonds across the
interface, while DFT calculations indicate that this interaction
optimizes the electronic structure by enhancing the Density of
States (DOS) near the Fermi level. This synergy ultimately
boosts the material’s electrical conductivity and electron supply
capability, thus fundamentally enhancing its catalytic activity.
This work provides a promising strategy for designing efficient
and stable catalysts for industrial-scale hydrogen production
from both freshwater and seawater.
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