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The pursuit of sustainable energy solutions has identified water oxidation as a crucial reaction, with the
oxygen evolution reaction (OER) serving as a decisive efficiency determinant in water technologies. This
study presents a novel van der Waals (vdW) heterostructure catalyst, synthesized through a spontaneous
self-restacking of nickel-iron-based phosphorus-sulfur compounds (NiPS3 and FePSs). Density
Functional Theory (DFT) calculations underpinned the thermodynamic spontaneity of the restacking
process, uncovering an electronic transition that significantly amplifies electrocatalytic functionality. The
catalyst demonstrates a remarkable OER performance, achieving a low overpotential of 257 mV at 20
mA cm~2 and a Tafel slope of 49 mV dec™ and demonstrates remarkable durability sustaining 500 mA
cm™2 for 140 hours. In addition to its high performance, the material's rapid reconstruction facilitated by
surface electron enrichment and the release of phosphate and sulfate during the OER underscores

a dual enhancement in both activity and stability. The universality of the synthesis method is further
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a generalized platform for developing high-performance OER catalysts. This work represents a significant
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Introduction

Exploring efficient energy conversion and storage technologies
is critical for achieving a sustainable future."* Electrocatalytic
water decomposition plays a vital role in energy conversion
applications, providing a clean and abundant source of
hydrogen.** The oxygen evolution reaction (OER), alongside the
hydrogen evolution reaction (HER), constitutes a critical semi-
reaction wherein water is oxidized to produce oxygen.>® Given
its nature as a four-electron transfer process, the OER requires
a significant amount of energy to overcome the kinetic barriers,
thereby restricting the development of industrial water splitting
technologies.” However, the development of highly active and
stable OER electrocatalysts can effectively reduce the reaction
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energy barrier and enhance the efficiency of water electrolysis.
Constructing heterostructure electrocatalysts is a powerful
approach that can improve catalytic activity and stability by
modifying the electronic structure of the active site.®®
Compared with ordinary heterostructures connected by chem-
ical bonds, van der Waals (vdW) heterostructures offer greater
potential for the development of new materials via stacking
monolayers with varying crystal symmetries, structures, and
lattice parameters.’” Meanwhile, with weak vdW bonding, the
additional generated heterogeneous interface can achieve effi-
cient electron-hole separation in vertically stacked adjacent
layers, resulting in a more pronounced synergy effect."

The synthesis of vdW heterostructures is not only antici-
pated to facilitate mass production by directly synthesizing
large quantities of target materials, but it can also result in
diverse properties via varying the type of monolayer nanosheet
unit.’” Specifically, depending on the specifics of the chemical
reaction, different monolayer building blocks can be selected
for stacking to create single-functional or multi-functional
catalysts, thereby enhancing reaction rates, efficiency, selec-
tivity, and stability.”® Therefore, selecting an appropriate
assembly strategy for integrating diverse structural units is of
critical importance. For the OER, nickel-iron materials, which
exhibit excellent activity, are among the most promising types of
catalysts and serve as optimal stacked monolayer nanosheet
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units.” It is widely accepted that monolayer MoS, is a high-
performance electrocatalyst for the HER and NiFe-layered
double hydroxide (NiFe-LDH) for the OER.'*'* Consequently,
various types of MoS, monolayer nanosheets (NSs) and NiFe-
LDH monolayer NSs with opposite charges were assembled
and restacked by solution-phase synthesis of the electrocatalytic
water-splitting reaction.” This assembly strategy ingeniously
harnesses the mutual attraction of opposite charges to fabricate
a high-efficiency bifunctional catalyst, while the introduction of
hetero-charges onto material surfaces significantly enhances
synthetic manoeuvrability during the loading process.

The non-metallic atoms in electrocatalysts play an important
role in site regulation and catalytic performance during the
OER.”™ In metal phosphorus chalcogenides, the presence of
sulfur and phosphorus has a synergistic effect on the surface
electronic structure of the center metal atoms.** Compared to
layered materials with covalent bonds, these materials exhibit
significantly stronger ionic bonds, significantly enhancing their
conductivity.”® During the OER process, phosphorus and sulfur
will be oxidized into phosphate and sulfate, respectively, which
has been proven to be beneficial for the electrocatalytic reac-
tion.**** Therefore, developing simple and efficient methods to
assemble specified elements in vdW heterostructure catalysts
with high OER activity and stability, while understanding the
electronic structure, remains significantly challenging.

Herein, we present a method for constructing vdW hetero-
structures using spontaneously self-restacked NiPS; (referred to
as NPS) and FePS; (referred to as FPS). Density functional theory
(DFT) calculations predicted the Gibbs free energy required for
the synthesis of these materials, demonstrating the feasibility of
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spontaneous restacking to create heterostructures. Meanwhile,
DFT calculations were also performed to simulate the electronic
structure of the restacked materials and evaluate their electro-
catalytic activity. We used a straightforward process of mixing
and filtering; the nanosheet units can be restacked into verti-
cally arranged heterostructures. This synthesis method exhibits
a degree of universality and can be extended to other MPS; with
similar structures. Furthermore, this special vdW hetero-
structure shows a completely different electronic distribution
from the doped materials of the same composition. The surface
of catalysts is rich in electrons, facilitating rapid reconstruction
of the material during the electrocatalytic process. Additionally,
cation segregation occurs during the reconstruction process.
These differences significantly enhance the activity and stability
of the material.

Results and discussion

Theoretical prediction and synthesis of self-restacked vdW
heterostructures

The DFT calculations were performed to study the change in
Gibbs free energy (AG) upon different restacked mole ratios of
NPS NSs and FPS NSs (Fig. S11). As the basic units of restacking,
the AG of NPS NS and FPS NS self-assembly and combination in
different proportions is negative. This indicates that their
restacking is spontaneous, but the combination proportions
have a tendency.*® As shown in Fig. 1a, the AG of self-assembly
of NPS NSs is —5.30 eV, and the Gibbs free energy of self-
assembly of FPS NSs is not much different, being —5.24 eV.
This more negative AG makes it more likely that when the
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Fig.1 Theoretical computing and schematic illustration of the synthesis. (a) Density functional theory (DFT) calculated Gibbs free energy change
upon different restacked mole ratios. (b) Computed DOS of NPS, FPS, RNFPS and DNFPS. (c) Schematic of the restacked layer structure.
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proportions of these two basic units are similar, the restacking
process prefers self-assembly rather than forming vdW hetero-
structures. However, when the input mole ratio of NPS to FPS is
4:1, the AG of restacking to form a vdW heterostructure is
—8.05 eV. This ratio is often the highest performance ratio in
many nickel-iron based catalysts, and at the same time, this
ratio is also the most likely to be obtained. This makes it
possible to spontaneously synthesize nickel-iron vdW hetero-
structures using the restacking chemical potential of the
material at this ratio. The density of states (DOS) reflects the
distribution of electrons in different energy states which is
crucial for understanding the electronic structure of materials.
Fig. 1b displays DOS of pristine NPS, pristine FPS, Fe-doped NPS
(Fe =20 mol%, named DNFPS), and restacked NPS with FPS (Fe
= 20 mol%, named RNFPS). NPS is a semiconductor with
a bandgap of 0.82 eV, implying that it has low electrical
conductivity and weak interaction with the adsorbent. The
situation is similar for FPS as well.>* However, there emerge
electronic states around the Fermi level (EF) in RNFPS, indi-
cating the presence of a smaller band gap compared to the
original semiconductor structure. In contrast, DNFPS remains
semiconducting, although it has a small bandgap of 0.49 eV. It
can be predicted through DOS calculations that the vertical
restacking of RNFPS changes its electronic structure, making it

beneficial for electrocatalytic reactions. Based on the
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predictions of the above theoretical calculations, we designed
and synthesized nickel-iron nanosheet restacking materials
(Fig. 1c). First, we obtained a large amount of bulk materials
through solid-phase synthesis. After ultrasonic exfoliation and
differential centrifugation of the bulk materials, nanosheet
units were obtained (Fig. S2). Then, the two kinds of nanosheet
units were uniformly redispersed by ultrasonic treatment in the
liquid phase with the proportion. The monolayers can be
reconfigured under mechanical force. Pressure was applied to
the basic structural units through vacuum filtration, which was
proven effective in inducing structural restacking.* In line with
the predicted results, the target material RNFPS could be ob-
tained through vacuum filtration. Inductively coupled plasma
optical emission spectrometry (ICP-OES) verified that the ratio
of nickel to iron elements in the obtained catalyst was consis-
tent with the feeding ratio (Table S17).

Structure and morphology characterization

The crystal structures of the RNFPS and DNFPS have obvious
differences in the arrangement mode (Fig. 2a). The van der
Waals heterostructures of RNFPS show horizontal homogeneity
and vertical differentiation. However, DNFPS randomly substi-
tutes nickel sites with iron atoms on the structure of NPS,
showing multi-dimensional disorder. In both the structures,
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Fig. 2 Structure and morphological characterization studies of catalysts. (a) Crystal structures of RNFPS and DNFPS. (b) XRD patterns of RNFPS,
DNFPS, NPS and FPS. (c) Raman spectrum of RNFPS, DNFPS, NPS and FPS. (d)-(f) HAADF-STEM image of the RNFPS with different resolutions. (g)

EDS elemental mappings of the RNFPS.
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they are composed of the basic three trigonally distorted octa-
hedral groups, [NiSe], [FeSs], and [P,S¢]. Among them, the ratio
of NiSs to FeSs is consistent with the mole ratio in synthesis,
while the ratio of the P,S¢ units is half of the total number of
metals.>® The powder X-ray diffraction (XRD) techniques were
selected to characterize the crystal structure of the materials
(Fig. 2b). All the diffraction peaks of both NPS and FPS obtained
are in good agreement with the standard XRD index cards of
NiPS; (PDF No. 00-033-0952) and FePS; (PDF No. 00-033-0672)
with the space group C2/m and no other peaks from impurities
were observed.” The DNFPS shows similar spectral signal
patterns to NPS, but the peak positions have certain displace-
ments, which is due to the doping of iron into the NPS unit cell.
Unlike the above three, RNFPS shows peaks corresponding to
(001), (002) and (004) planes, which is due to the large size of
(001) facets in the crystal structure. The partial enlarged view of
the XRD patterns further demonstrates their structural differ-
ences (Fig. 2b). For the (002) facets, the peak position of DNFPS
is between that of NiPS; and FePS;, which further indicates the
success of Fe doping,”® while RNFPS shows peak splitting,
which is caused by the NPS units and the FPS units respectively.
As shown in Fig. 2¢, Raman spectroscopy shows the differences
in the valence bond composition of different materials. Normal
Raman-active phonon modes have been experimentally
observed in NPS and FPS.>*?° In RNFPS, the excitation wave-
lengths are similar to those of NPS. This is because most of the
crystal structure is the same as that of NPS. It is worth noting
that a special excitation wavelength is different from that of the
other three materials, which is often observed in DNFPS (red
cycle).”®

Scanning electron microscopy (SEM) characterized the
morphology of these materials (Fig. S3-S61). NPS, FPS and
DNFPS are layered structures and have micron size with
a smooth surface. But for RNFPS, its surface is formed by the
arrangement of multiple small-diameter flakes as a whole
block. This is because RNFPS is formed by the restacking of
exfoliated NSs and does not have the long surface continuity of
chemically synthesized restacked materials. Meanwhile, this
also increases the specific surface area of the material, which is
more conducive to the exposure of active sites. Furthermore,
scanning electron microscope energy dispersive spectrum
(SEM-EDS) elemental mapping images prove the content and
distribution of elements in these materials. The transmission
electron microscopy (TEM) image shows the morphology of
RNFPS with irregular lamellar layers (Fig. S771), and the corre-
sponding EDS elemental mapping images also verified the
above conclusion. The differences in composition also bring
about differences in wettability.** The wettability measurements
were used to test the wettability of catalysts, which affects the
interaction between the catalysts and electrolytes relating to
their electrocatalysis performance.*> The contact angle of
RNFPS is 84.74° decreased compared with DNFPS, NPS and FPS,
which benefits from the van der Waals heterostructures (Fig.
S8t). To further explore the fine morphology, aberration-
corrected high angle annular dark-field scanning TEM
(HAADF-STEM) with different resolution images was directly
conducted to analyse the specific restacking arrangement
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situation (Fig. 2d-f). Obviously, the material is composed of
different sizes and is restacked interlacedly. In high resolution
HAADF-STEM images, the lattice fringes in different regions
show different lattice spacings, which are produced by NPS and
FPS. The corresponding EDS elemental mapping image further
proves that these two parts belong to NPS and FPS respectively
(Fig. 2g). These results indicate that the RNFPS material is
a vdW heterostructure composed of NPS and FPS restacked
along the vertical direction.

Electronic structure analysis

UV-vis diffuse reflectance absorption spectra are recorded to
measure the band gap of the catalysts. RNFPS exhibits the
smallest bandgap (1.71 eV) among the materials, demon-
strating its superior electrical conductivity, which aligns with
the trends predicted by prior DOS analysis (Fig. S9t). X-ray
photoelectron spectroscopy (XPS) is used to determine the
types of elements and the chemical environment on these
materials surfaces. The XPS wide survey scan spectra clearly
indicate the existence of Ni, Fe, P, and S elements in materials
(Fig. S10t), which are consistent with SEM-EDS elemental
mapping. Narrow scan spectra of Ni 2p;/, show one prominent
peak at about 855 eV with two satellite features as shown in
Fig. 3a, which is characteristic of Ni** species.® Slightly differ-
ently, compared with the main peak position of NPS at 855.2 eV,
the main peak positions of DNFPS and RNFPS both shift to
lower binding energies, being 855 eV and 854.6 eV. This indi-
cates that the valence state of Ni is reduced and is proved to be
caused by the introduction of Fe. Narrow scan spectra of Fe 2p
show changes in binding energy of materials (Fig. 3b). The
increase in the binding energy of Fe indicates the increase in
the valence state and the loss of electrons proving the electron
transfer between Ni and Fe.** Based on the above conclusions,
when the ratio of nickel to iron is the same, we believe that the
difference in electron transfer is caused by the different
synthesis methods. The charge density changes in RNFPS
between the NPS layer and FPS layer shows that significant
electron migration occurred in the material using a differential
charge density map (Fig. 3c).*® The electrons in the FPS layer
have undergone significant dispersion, increasing the electron
density of the NPS layer. This also causes the electron density of
the P and S elements around the metal sites to increase and the
binding energy to decrease (Fig. S111). To further verify the
charge transfer in RNFPS, ultraviolet photoelectron spectros-
copy (UPS) is carried out. The secondary electron cutoff edge
and Fermi edge were recorded by UPS (Fig. S12t). The experi-
mental results demonstrate that RNFPS has smaller work
functions than DNFPS, which is related to the charge transfer at
the NPS/FPS vdW interlayer. Notably, lower work functions
strongly correlate with accelerated interfacial electron migra-
tion, which optimizes the adsorption-activation energetics of
reactants and significantly improves OER performance.*®
Furthermore, the work function disparity between NPS and FPS
induces directional electron migration from FPS to NPS, thereby
establishing an interfacial built-in electric field within the vdW
heterojunction. This electronic redistribution effectively lowers

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spin states of different Ni sites and their combination with OH.

the Ni oxidation state while increasing its electron density,
aligning with our prior XPS and DFT analyses.?” Zeta potential
measurements were conducted to further characterize the
surface charge of the catalysts (Table S2t). NPS exhibits a posi-
tively charged surface, whereas FPS demonstrates negative
polarity. Such complementarity in electrostatic profiles drives
their spontaneous tendency to self-assemble into vdW hetero-
structures through coulombic attraction. In contrast, DNFPS
maintains a weakly positive surface potential (2.44 mV), indic-
ative of Fe doping-mediated charge redistribution within NPS.
Notably, RNFP displays pronounced negative surface charge
(—21.44 mvV). The directional electron transfer from Fe to Ni
elevates the Ni electron density, generating a surface electron-
enriched configuration. Importantly, this electron reservoir
facilitates dynamic surface reconstruction at operational
potentials, as evidenced by in situ Raman spectroscopic detec-
tion of a metastable NiOOH intermediate.*® It is precisely
because the vertically restacked heterostructure increases

© 2025 The Author(s). Published by the Royal Society of Chemistry

conductivity that the electron exchange of the material is
enhanced.

The electronic structure and coordination environment of Ni
in materials were further identified by X-ray absorption near
edge structure (XANES). A semi-quantitative assessment of
nickel oxidation states in the synthesized catalysts was per-
formed through half-height photon energy measurements of
the Ni K-edge (Fig. S131).° In the clear detection diagram, the
half-height absorption edge position of the obtained materials
showed negligible variations. This phenomenon is due to the
fact that X-ray absorption spectroscopy (XAS) is bulk analysis
technology for obtaining structural information of the entire
material volume, with limited surface information. The local
coordination environment of nickel species was probed via
extended X-ray absorption fine structure (EXAFS) spectroscopy,
revealing Ni configurations within distinct structural compo-
nents. (Fig. S141).*° The Fourier transform (FT) Ni K-edge EXAFS
spectrum was used to minutely investigate the coordination

Chem. Sci., 2025, 16, 10785-10795 | 10789
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situation of obtained materials as shown in Fig. 3d. The first
peak at around 2.0 A corresponds to Ni-S coordination, and the
second peak at around 3.1 A is attributed to Ni-Ni/Fe coordi-
nation.® The position of the first peak shows no obvious change,
but the peak intensity of the iron-containing materials
decreases. This indicates that the unsaturated coordination of
nickel sites occurs. By contrast, for the second peak, the peak
position of the iron-containing materials undergoes a positive
shift compared to NPS, indicating the expansion of the unit cell.
In RNFPS, the adjacent metal of the Ni site is Ni. Apparently,
this kind of unit cell expansion is triggered by the adjacent FPS
layer. In DNFPS, the adjacent sites of the Ni site are Ni/Fe. The
ionic radius of Fe is larger than that of Ni, causing the unit cell
expansion. Both kinds of unit cell distortions are beneficial for
the reconstruction of the material and the improvement of its
activity, but the enhancement of the activity of the material may
not be the same.*® The wavelet transform (WT) EXAFS contour
plots of RNFPS display two intensity maxima at 2.0 and 3.1 A™*
(Fig. 3e), which also identifies the existence and change of both
Ni-S and Ni-Ni/Fe bonds (Fig. 3d). To further analyze the charge
state of the active Ni sites and the interaction with oxygen
intermediates after Fe incorporation, we calculated the partial
density of states (PDOS) of Ni (Fig. 3f). The introduction of Fe
increased the unpaired electrons of Ni, which enhanced the
adsorption of oxygen intermediates (Fig. 3g). Furthermore,
compared with the doped material, the stacked material
exhibited not only a higher number of unpaired electrons at Ni
sites but also a spin-state transition from spin-up to spin-down.
This spin orientation opposes the single-electron spin state of
OH, potentially facilitating bonding between oxygen and metal
atoms. This is demonstrated in the following electrochemical
section.*"**

Electrochemical performance and surface reconstruction

To characterize the oxygen evolution reaction (OER) activity of
synthesized catalysts, linear scan voltammetry (LSV) measure-
ments were performed using a standard three electrode system
at room temperature.” As shown in Fig. 4a, RNFPS displays
brilliant OER performance with an overpotential of 257 mV at
a current density of 20 mA cm >, which is better than that of
other counterparts. The Tafel slope can measure the difficulty of
the electron transfer steps of the material and the kinetic
process in the chemical reaction.** The Tafel slope of RNFPS is
49 mV dec™', which is smaller than that of DNFPS (66 mV
dec™), physically mixed NPS and FPS (mole ratio = 4 : 1, named
MNFPS, 80 mV dec™ '), NiFe-LDH (86 mV dec™ '), NPS (81 mV
dec™ ") and FPS (105 mV dec '), indicating faster OER kinetics
on RNFPS (Fig. 4b and S157). In order to further evaluate elec-
trocatalysis activity by comparisons, we tested the electro-
chemical double-layer capacitance (Cq) to evaluate the
electrochemical surface area (ECSA) of these catalysts (Fig. 4b,
S16 and S171).*> The Cq of RNFPS is 1.46 mF cm ™2, while
calculated ECSA is 36.5 cm?, showing larger active surface area
than contrast materials. The normalized electrocatalytic activity
using the ECSA indicated that the observed differences
primarily originate from electronic structure driven variations
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in intrinsic catalytic activity (Fig. S18t). These results also prove
that RNFPS has excellent OER activity. Electrochemical stability
is also one of the indicators for evaluating the performance of
catalysts. Therefore, testing the electrochemical stability of the
catalysts is essential. Chronopotentiometry tests were used to
evaluate the long-term catalytic stability of RNFPS. The RNFPS
showed great stability at different current densities (100, 200
and 500 mA cm ™ ?) in 1 M KOH for 140 h, which is much better
than that of DNFPS and NPS (Fig. 4c and S19t). We searched for
and compared the representative catalysts reported with similar
elemental compositions, and the RNFPS presents as the state-
of-the-art alkaline OER catalyst (Fig. 4d and Table S37}).2%*>%3
To elucidate the structural evolution mechanisms under-
lying electrocatalytic oxygen evolution, comprehensive investi-
gation of dynamic surface transformations during operation
becomes imperative. Notably, valence transitions in nickel-
based oxides have been identified as pivotal activation path-
ways, wherein prior oxidation of Ni*" to Ni**/Ni**? facilitates the
formation of catalytically active oxyhydroxide phases through
structural reorganization.** This metastable coordination envi-
ronment has been extensively documented as essential for
optimizing intermediate adsorption energetics. Furthermore,
anionic constituent modifications exhibit synergistic enhance-
ment effects, with elemental phosphorus and sulfur demon-
strating progressive conversion into phosphate/sulfate species
at oxidative potentials, thereby modulating electronic configu-
rations and improving charge transfer kinetics.**** Such in situ
compositional adjustments provide thermodynamic driving
forces for maintaining structural integrity while enhancing
interfacial reaction efficiency. To study the pre-oxidation of Ni
in catalysts, cyclic voltammetry (CV) tests were performed (Fig.
S207t). The cyclic voltammetry analysis reveals distinct charge
storage characteristics between initial and subsequent cycles,
with the primary scan demonstrating significantly higher
capacitive behavior compared to subsequent
measurements.**” Notably, RNFPS is activated rapidly to reach
a stable state within the 5™ cycle. Meanwhile, DNFPS and NiFe
LDH show a continuous electrochemical corrosion phenom-
enon with a gradual increase in cycles. This electrochemical
stabilization phenomenon indicates the occurrence of
morphological evolution at the RNFPS electrode interface,
wherein the catalyst undergoes permanent structural reorgani-
zation into stable metastable oxyhydroxide species. Such
surface reconstruction processes ultimately yield a robust
catalytic architecture with optimized coordination environ-
ments for maintaining efficient oxygen evolution functionality.
To investigate the charge transfer characteristics across distinct
material phases, electrochemical impedance spectroscopy (EIS)
measurements were systematically performed. This technique
enables quantitative assessment of interfacial processes by
analyzing frequency-dependent impedance variations, thereby
elucidating the kinetic limitations associated with electron
transport mechanisms under varying structural conditions. The
RNFPS demonstrates superior interfacial kinetics revealing
a substantial reduction in charge-transfer resistance (R.) rela-
tive to DNFPS, NPS, and FPS (Fig. S217).”® Furthermore, in situ
EIS measurements were carried out to deeply detect charge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical performance and chemical structure characterization of catalysts. (a) IR-corrected LSV curves. (b) Tafel slopes (left axis)
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current densities in 1 M KOH. (d) Comparison of merit with kinetics and activity. (e) Bode phase plots of the in situ electrochemical impedance
spectra of RNFPS, DNFPS and NPS. (f) Potential-dependent in situ Raman spectra of RNFPS and (g) DNFPS with heat maps. (h) Intensity ratio in
part of in situ Raman spectra of RNFPS and DNFPS at different potentials.

transfer at electrode/electrolyte interfaces of catalysts (Fig. 4e
and S2271).5% In Bode plots, the high-frequency region (10'-10°
Hz) primarily corresponds to charge transfer processes within
the catalyst electrode and potential oxidation mechanisms.
Compared to DNFPS, RNFPS exhibits stronger adsorption
capacity of activity sites for -OH at the same potentials, and the
accumulation of ~-OH is more conducive to driving the overall
catalytic process. This also indicates that the valence state of the
active sites in the material increases. The low-frequency region
(107'-10" Hz) exhibits strong correlation with the OER. RNFPS
shows an earlier decrease in the phase angle at 1.43 V and
a lower phase angle at the same potential compared to other
materials in the low-frequency region, indicating that RNFPS is
more prone to polarization and undergoes the OER.

In addition, we utilized in situ Raman spectroscopy to
observe the changes in the catalysts during the electrochemical
process. For RNFPS, as the applied voltage increases from open-
circuit voltage to 1.48 V, no significant changes are observed in
the spectrum, which is consistent with the material under dry

© 2025 The Author(s). Published by the Royal Society of Chemistry

conditions, but the intensity slightly weakens, indicating that
certain electrochemical corrosion occurs in the material,
although to a minor extent. When the applied voltage is 1.53 V,
the spectral peak undergoes a significant mutation (Fig. 4f). The
Raman spectrum exhibits two prominent vibrational modes
characteristic of Ni**-O coordination, appearing at 483 and
560 cm ™ '. These spectral features are assigned to specific lattice
dynamics in the layered nickel oxyhydroxide structure, with the
lower-frequency peak corresponding to the E, symmetry
bending mode (6(Ni-O)) and the higher-frequency signal arising
from the A,, symmetry stretching vibration (¥(Ni-O)).** These
distinct fingerprint regions confirm the structural evolution
toward catalytically active NiIOOH phases under electrochemical
polarization conditions. The same phenomenon can be found
in DNFPS (1.63 V), but not in NPS (Fig. 4g and S237). This
indicates that the introduction of Fe is beneficial for the
reconstruction of the material. In general, NiOOH contains
B and vy phases, with the vibrational intensity of the »(Ni-O)
being notably weaker in y-NiOOH compared to the B phase.

Chem. Sci., 2025, 16, 10785-10795 | 10791
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This reduced intensity, reflected by a higher variation of 6(Ni-
O)-to-»(Ni-O) ratios (labelled as I;,), can be attributed to the
more disordered and loosely packed structural arrangement of
v-NiOOH.**** We compared the I;, of RNFPS at 1.53 V and
1.63 V, observing a decrease from 1.07 to 1.04, indicating
a reduction in the proportion of y-NiOOH and its trans-
formation into the more ordered, catalytically active, and stable
B-NiOOH phase (Fig. 4h and S247). In contrast, for DNFPS at
1.63 V, the I5, was 1.1, which is inferior to that of the restruc-
tured material of RNFPS. Therefore, we infer that the surface
electron enrichment brought by this stacked van der Waals
heterojunction structure can greatly increase the reducibility of
the material surface, enabling the material to be rapidly,
continuously and thoroughly reconstructed in a weak oxidation
environment to perform catalysis with both high activity and
long-term durability.

We also conducted spectroscopic and morphological studies
on the RNFPS and DNFPS after long-term stability tests to
investigate the differences among the materials after recon-
struction. The XRD patterns of tested RNFPS (named TRNFPS)
and tested DNFPS (named TDNFPS) show amorphous materials
while no peak can be clearly observed (Fig. S251). The Raman
spectra of TRNFPS and TDNFPS confirm that the materials are
nickel-iron-based oxyhydroxides (Fig. S267). Specifically, the I,
ratio of TRNFPS is significantly higher than that of TDNFPS,
indicating that TRNFPS exhibits a stronger tendency to form

NiPS,NSs

o ) /
=3 “ >

e’

View Article Online
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highly active and stable B-NiOOH, consistent with the results
from in situ Raman characterization. Moreover, a distinct new
Raman peak is observed at 677 cm ™', which we attribute to the
presence of FeOOH.* The XPS of TRNFPS shows the valence
state changes of each element after the oxidation of materials
(Fig. S277). Ni 2p3, and Fe 2p;;, are at 855.9 eV and 712.4 eV
respectively, which is consistent with their trivalent peak posi-
tions.** Compared to TDNFPS, TRNFPS has a higher metal
valence state, which is more conducive to the progress of the
OER. Meanwhile, P 2p and S 2p are completely oxidized to
phosphate and sulfate respectively.”® After the OER of the
material, each element has undergone oxidation, and after
reconstruction, each element has dissolved to varying degrees
due to the oxidation process. This phenomenon can also be
found in the same situation in other comparative materials. We
also utilized synchrotron radiation to observe the changes in
the coordination situation of the main active center Ni site.
TRNFPS has a higher valence state of Ni (Fig. S28at), which is
consistent with the XPS spectra. The peak observed at approx-
imately 5.8 A in the FT-EXAFS spectra of TRNFPS and TDNFPS
provides insight into the alignment of the three Ni atoms in
a linear configuration, suggesting a method for estimating the
material's particle size.” Notably, the particle size can be
inferred to be smaller when the intensity of this peak is reduced.
Based on the FT-EXAFS spectra, the peak intensity of TRNFPS at
approximately 5.8 A decreased compared to TDNFPS,
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suggesting a reduction in the particle size (Fig. S28b7t). HAADF-
STEM was used to further observe the morphology and element
distribution of the material after the test. Both materials have
amorphous parts and crystalline particles, while the particle
size of the crystalline particles in TRNFPS is smaller (Fig. S297).
The HAADF-STEM elemental mapping images of TRNFPS and
TDNFPS show differences in Fe, P and S contents (Fig. S30-
S327). This indicates that the excessive dissolution of the active
elements in TDNFPS reduces the activity of the material, and
this dissolution also reduces the catalytic stability. To sum up,
RNFPS is more prone to reconstruction, and the reconstructed
material is more conducive to the progress of the OER.

Universal expansion

Metal thiophosphates, with a general formula of MPS; (M = Mn,
Fe, Co, Ni and Zn), exist in multiple structures according to the
different component metal elements.* In addition to NPS and FPS
mentioned in this paper, when the metal elements are selected as
Mn, Co, and Zn, the formed MPS; is also of a monoclinic structure
and belongs to the C2/m space group. The same structure and
similar cell parameters imply the possibility of their mutual
stacking. So, we synthesized the other three powder materials,
MnPS; (named MPS), CoPS; (named CPS) and ZnPS; (named ZPS)
by using the same solid-phase synthesis method and exfoliated
them under the same conditions to obtain the basic nanosheet
units of different elements (Fig. S33 and S34f). NPS has inter-
mediate cell parameters among them, so we took the NPS struc-
tural unit as the main component. NPS NSs and other metal units
were restacked and assembled at a mole ratio of 4:1 to test the
scalability of this synthesis method (Fig. 5a). The RNMPS, RNCPS,
and RNZPS are short for restacked NPS NSs with MPS NSs,
restacked NPS NSs with CPS NSs, and restacked NPS NSs with ZPS
NSs. The XRD patterns of different samples indicated that nickel-
based restacked materials of different elements could also be
synthesized (Fig. 5b). To conduct the same comparison with
restacked materials, we also synthesized doped Ni,gMn,,PS;
(named DNMPS), doped Ni, gCo, ,PS; (named DNCPS) and doped
Niy gZny ,PS; (named DNZPS) by using the solid-phase synthesis
method. It could be found from the Raman spectra that they were
all based on the Raman shift of NPS, and this result was close to
that of previous materials (Fig. 5¢ and S35). Meanwhile, TEM also
proved the successful restacking of the materials from the
morphology (Fig. S361). Therefore, we tested the OER activities of
different nickel-based restacked materials and doped materials.
The van der Waals heterostructures composed of the restacking of
the same element have different degrees of improvement in
electrocatalytic activity compared to the corresponding doped
materials (Fig. 5d and S37t). This indicates that this synthetic
method of spontaneously restacked van der Waals hetero-
structures is universal, which also means that more catalysts with
different functions can be synthesized.

Conclusions

In this work, we predicted the material performance in advance
based on DFT calculations and fabricated a high-performance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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OER catalyst composed of vertically restacked nickel-iron-
based phosphorus-sulfur van der Waals heterostructures from
bottom to top. The DFT calculations indicate that the basic
units of NPS NSs and FPS NSs in a molar ratio of 4 : 1 exhibit the
lowest restacking Gibbs free energy. This characteristic allows
the basic units to spontaneously restack in a specific ratio,
forming a van der Waals heterostructure. The synthesis method
of this restacked heterostructure has been rarely reported in
published studies. Furthermore, by calculating the DOS of the
related comparison materials, it is found that this structure can
transform the material from semiconductive into metallic,
greatly changing the electronic structure of the material and
enhancing the electrocatalytic activity of the material. This
special vertically restacked van der Waals heterostructure can
effectively transfer the internal electrons to the surface,
endowing the surface with high reducibility, which is conducive
to the rapid reconstruction of the material. This process is
crucial in the OER. Meanwhile, the material releases phosphate
and sulfate during the reconstruction process, further
promoting the occurrence of the OER. However, the recon-
structed structure can prevent the dissolution of metal ions and
adjust the proportion of metal sites in the material, enhancing
the stability of the material. Specifically, RNFPS shows excellent
alkaline OER performance with a fast kinetic process, low n and
long-term stability, such as a Tafel slope of 49 mV dec ', 257 mV
atj =10 mA cm > and 140 h atj = 500 mA cm ™2, much better
than recently reported noble metal free catalysts. We have also
extended this synthesis method. We found that by taking NPS as
the basic component and combining different basic units
(MPS;, M = Mn, Fe, Co and Zn), multiple van der Waals het-
erostructures can also be obtained. This work provides
a promising way to prepare vital restacked van der Waals het-
erostructure catalysts with boosted OER activity and stability in
alkaline media.
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