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Replacing the anodic oxygen evolution reaction (OER) with the sulfur oxidation reaction (SOR) presents
a promising strategy for energy-saving hydrogen production and simultaneous treatment of sulfur-rich
wastewater. However, the adsorption and accumulation of sulfur intermediates on catalyst surfaces
often lead to active-site poisoning and structural corrosion, severely hindering practical implementation.
Herein, we report a novel amorphous/crystalline high-entropy sulfide (FeCoNiMnMg-S) heterostructure
synthesized via a facile room-temperature corrosion method. This amorphous/crystalline structure not
only enhances charge transfer at the heterointerface but also triggers electronic rearrangement of the
M-site d-orbitals. This facilitates electron transitions from the t,4 orbitals to the e4 orbitals, achieving
a half-filled electronic configuration that optimizes the adsorption of sulfur intermediates at the M-site.
Benefiting from this electronic structure modulation, the catalyst exhibits exceptional bifunctional activity
for both the hydrogen evolution reaction (HER) and SOR, achieving an ultra-low cell voltage of only
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current density. This work provides a new paradigm for designing highly efficient and robust
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Introduction

Hydrogen energy has emerged as a pivotal clean energy carrier
due to its high energy density and zero carbon emission.'”
Electrochemical water splitting represents a sustainable
pathway for hydrogen production, yet its efficiency is severely
hampered by the anodic oxygen evolution reaction (OER),
a kinetically sluggish four-electron process that demands high
overpotential and considerably elevates energy consumption.*®
To circumvent this limitation, replacing the OER with thermo-
dynamically favorable small-molecule oxidation reactions such
as the urea oxidation reaction (UOR), methanol oxidation
reaction (MOR), or sulfur oxidation reaction (SOR) has attracted
growing interest (Fig. S1).°> Among these, the SOR (S>~ — S +
2e”, —0.48 V vs. the Reversible Hydrogen Electrode (RHE)) is
particularly appealing, as it not only reduces the energy input
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for hydrogen generation but also enables concurrent detoxifi-
cation and valorization of sulfur-containing wastewater,
achieving a “one-stone-two-birds” outcome.

Nevertheless, the practical deployment of the SOR faces
critical challenges rooted in catalyst deactivation. Sulfur species
and intermediates tend to adsorb and accumulate on catalyst
surfaces, leading to rapid active-site poisoning, severe corro-
sion, and irreversible deactivation.”*** These issues result in
dramatic activity decay and poor operational stability, especially
at the high sulfur concentrations necessary for practical appli-
cations. Therefore, the development of robust electrocatalysts
that combine high intrinsic activity for the SOR with exceptional
resistance to sulfur poisoning and corrosion is urgently
required but remains a significant hurdle.

High-entropy materials (HEMs), incorporating multiple
principal elements in near-equimolar ratios, offer unique
advantages for electrocatalysis, including enhanced structural
stability, tunable electronic properties, and entropic stabiliza-
tion effects.””™ In particular, high-entropy sulfides (HESs)
combine these merits with high electrical conductivity and
inherent compatibility with sulfur electrolytes.?*** Meanwhile,
constructing amorphous/crystalline (a-c) hetero-interfaces has
been demonstrated to combine the advantages of both phases,
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not only ensuring excellent conductivity and structural stability
but also generating abundant active sites, which optimize
intermediate adsorption and accelerate reaction kinetics.>**
Additionally, the sulfur oxidation intermediates existing in
molecular form have a strong interaction with the d orbitals of
the catalyst. Typically, the t,, orbitals (d,, dy,, and d,,) and the
e, orbitals (d and d,=_,2) play a key role in controlling inter-
mediate binding.*** Nevertheless, how the complex chemical
environment in high-entropy systems, especially at the a-c
interface, orchestrates orbital-level electron rearrangement to
simultaneously enhance catalytic activity and alleviate sulfur
poisoning remains poorly understood. This poses a significant
challenge for the rational design of durable and highly active
SOR-assisted hydrogen production catalysts.

In this work, we overcome the aforementioned challenges
through the rational design and synthesis of a self-supported
amorphous/crystalline high-entropy sulfide (FeCoNiMnMg-S)
electrode via a scalable room-temperature corrosion strategy.
This unique high-entropy heterogeneous structure not only
exposes a high density of active sites but also facilitates efficient
electron transport and exhibits outstanding corrosion resis-
tance. Density functional theory (DFT) calculations demon-
strate that interfacial charge transfer drives electron migration
from the t,; to the e, orbitals, creating a favorable half-filled
electronic configuration. This orbital engineering effectively
optimizes the adsorption strength of sulfur intermediates,
thereby accelerating SOR kinetics while alleviating catalyst
poisoning. The synergistic combination of high-entropy stabi-
lization and the a-c heterostructure endows the catalyst with
exceptional activity and durability. As a result, the obtained
catalyst demonstrates superior HER and SOR activity, requiring
an ultra-low cell voltage of 1.04 V to achieve 1000 mA cm 2,
along with remarkable durability over 200 hours of continuous
operation. This work offers a feasible and efficient materials
design strategy towards high-performance electrocatalysts for
sustainable hydrogen production and environmental
remediation.

Results and discussion

Fig. 1 shows the process of in situ growth of FeCoNiMnMg-S
nanosheet arrays on nickel foam (NF) substrates via corrosion
engineering. Specifically, metal salts and sodium thiosulphate
are first added to deionized water to form a clear solution. Then,
NF is placed in the uniformly dispersed solution and etched at
room temperature for 2 hours. After etching, NF visibly turns

Corrosion 2h 25°C

Fig. 1 Schematic diagram for the synthesis of FeCoNiMnMg-S.
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brownish-green, indicating the successful synthesis of high-
entropy sulfides on NF (Fig. S2). Since the room-temperature
corrosion synthesis route is easily scalable, we conducted cor-
responding scale-up experiments. Fig. S3a shows a digital
photograph of the scaled-up NF (10 x 10 cm?) after the corro-
sion process. By observing the scaled-up NF at four arbitrary
locations using a scanning electron microscope (SEM), we
found that the morphology of the prepared material was rela-
tively uniform (Fig. S3b-e). Unlike the smooth bare NF surface
(Fig. S4), the synthesized high-entropy sulfide nanosheets grow
vertically and densely on the NF surface, with a thickness of
approximately 5.84 nm and have a large number of cavities
(Fig. 2a—c and S5), which is conducive to mass transfer and gas
release.’” This nanoscale layered structure effectively promotes
interaction between the catalyst and the support and exhibits
good electrical conductivity.*® To investigate the role of metal
elements in the synthesis of nanosheets, we additionally
synthesized ternary and quaternary catalysts (FeCoNi-S and
FeCoNiMg-S). The results obtained by SEM showed that the
presence of Mg elements was beneficial for the growth of cavity-
rich nanosheets (Fig. S6).

The crystalline phases of the prepared samples were char-
acterized by X-ray diffraction (XRD). Fig. 2d and S7 show the
XRD patterns of FeCoNiMnMg-S and the corresponding ternary
and quaternary metal sulfides. The main diffraction peaks of all
metal sulfide catalysts are broadly consistent with those of NiS,
(PDF #11-0099). However, compared with pure NiS,, the
diffraction peaks of FeCoNiMnMg-S exhibit a systematic, slight
shift towards lower angles, with a slight increase in half-width.
This phenomenon is entirely consistent with the lattice expan-
sion and microstrain caused by multi-element doping. As
observed from the transmission electron microscopy (TEM)
image (Fig. 2e), the surface of FeCoNiMnMg-S nanosheets
exhibits numerous wrinkles, which is consistent with the SEM
images. The wrinkled nanosheets can further provide more
electrochemical active sites, thereby enhancing catalytic
activity.* The crystal structure of FeCoNiMnMg-S was analyzed
in detail using high-resolution transmission electron micros-
copy (HRTEM). As shown in Fig. 2f, FeCoNiMnMg-S exhibits
a disordered structure with both crystalline and amorphous
regions. Upon magnification, it can be observed that the crys-
talline region exhibits distorted lattice striations with a spacing
of 0.2840 nm due to elemental doping. This is also consistent
with the weaker intensity and broader diffraction peaks
observed in the XRD results. Further ICP and TEM mapping
analysis was conducted to investigate the distribution of each
element and content in FeCoNiMnMg-S (Fig. 2g and Table S1).
The results show that the element distribution is uniform and
consistent with the SEM mapping (Fig. S8 and S9). Furthermore,
through SEM observation, it was found that the ternary FeCoNi-
S catalyst began to exhibit wrinkled morphology, while the
quaternary FeCoNiMg-S catalyst began to show nanosheets
(Fig. S10 and S11). When other high-entropy combinations
(FeCoNiMnAI-S, FeCoNiMnCu-S, and FeCoNiMnCr-S) were
used, no nanosheet morphology appeared (Fig. S12). This
indicates that the Mg element plays an important role in the
formation of the nanosheet morphology.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a—c) SEM images, (d) XRD pattern, and (e) TEM and (f) HRTEM images of FeCoNiMnMg-S (the yellow wire frame is the amorphous area;

inset: the selected crystalline area in (g) is magnified), and (g) HADDF-STEM image of FeCoNiMnMg-S and corresponding EDS elemental

mapping (Fe, Co, Ni, Mn, Mg, and S).

The composition and valence states of the prepared catalysts
(FeCoNiMnMg-S, FeCoNiMg-S, and FeCoNi-S) were analyzed
using X-ray photoelectron spectroscopy (XPS) (Fig. S13-S15).
The XPS spectrum of FeCoNiMnMg-S is shown in Fig. S15,
where the Fe 2p spectrum is divided into Fe 2p;,, and Fe 2p3s;
the peaks near 711.0 eV (Fe 2ps,) and 724.0 eV (Fe 2py))
correspond to Fe*", while the peaks at 713.5 eV (Fe 2p;,,) and
726.6 eV (Fe 2py,) are attributed to the presence of Fe®*35%
Fig. S15b shows the XPS spectrum of Co 2p, where the Co 2p;,
(Co**/Co®") peak is deconvoluted into two peaks at 782.8 and
780.8 eV, the Co 2py,, (Co**/Co®") peak is located at 798.3 and
796.3 eV, and the two peaks at 786.6 and 803.4 eV are satellite
peaks.***® Similarly, Fig. S15¢ shows the XPS spectrum of Ni 2p,
where the peaks at 855.5 eV (Ni 2p;/,) and 873.3 €V (Ni 2py,)
confirm the presence of Ni**, while the peaks near 856.7 eV (Ni
2psj) and 874.5 eV (Ni 2p;,,) indicate the presence of Ni*'.
Additionally, the two small peaks at 870.0 eV and 852.5 eV
belong to Ni’, while the peaks near 861.6 and 880.3 €V corre-
spond to the two satellite peaks of Ni.***** The Mn 2p;,, peak can
be deconvoluted into three peaks, standing for Mn*>* (639.4 eV),
Mn®" (642.2 eV) and Mn*" (645.1 eV), respectively, which reveals
that the Mn ions in FeCoNiMnMg-S are predominantly in the
oxidation states of +3.***° In the Mg 1s spectrum, only a broad
peak at 1304.1 eV is present.*”**

Compared to FeCoNi-S, the addition of Mn and Mg elements
causes Fe, Co, and Ni to shift toward lower binding energies.
This is because the electronegativity differences between Mn

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

(1.55), Mg (1.31), and Fe (1.83), Co (1.88), and Ni (1.91) are
significant. Electrons transfer from the lower electronegativity
Mn and Mg to the higher electronegativity Ni, Fe, and Co,
resulting in strong local electron interactions. Under these
conditions, the electron density around the electron acceptor
increases, reducing the adsorption energy of the product and
reaction intermediates, thereby enhancing the catalytic activity
of high-entropy sulfides.*>** In addition, in the S 2p spectrum
(Fig. S15f), the peak appears at binding energies of 162.0, 162.9,
and 163.7 eV, corresponding to S 2pss, S°° 2pis, and S,
substances respectively, whereas the peak at 168.7 eV is desig-
nated as an S-O bond originating from atmospheric oxidation
of the S, surface to SO,>” species.®>* We further distinguished
whether the amorphous regions were ‘intrinsic amorphous
sulphide phases’ or ‘surface oxide layers’ by means of Ar'
etching XPS depth profiling. After the Ar' etching, the oxide
layer was gradually stripped away, exposing the underlying
unoxidised crystalline sulphide. As can be seen in Fig. S16, the
signals for S-O species (such as $0,>7) rapidly decayed; this
indicates that S-O species are present only in the very shallow
surface layer, further ruling out the possibility that the amor-
phous regions are equivalent to the surface oxide layer.

To determine the performance advantages of high-entropy
FeCoNiMnMg-S, the performance was first tested in NaOH
solution. FeCoNiMnMg-S exhibited outstanding OER catalytic
activity in 1.0 M NaOH, achieving an overpotential of only

275 mV at 100 mA cm™~ > with a Tafel slope of 30.97 mV dec™,
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significantly outperforming FeCoNiMg-S, FeCoNi-S, RuO,, and
NF (Fig. 3a, b and S17). To explore the origin of this high
activity, we investigated its double-layer capacitance and charge
transfer characteristics. The double-layer capacitance (Cyq;) was
derived from Cyclic Voltammetry (CV) curves (Fig. S18), and the
electrochemical surface area (ECSA) was subsequently esti-
mated (Fig. S19a). The Cg4 of FeCoNiMnMg-S (4.07 mF cm ™ ?)
was markedly higher than that of all comparison samples,
indicating that the enhanced OER performance is primarily
attributable to an increased number of active sites. To assess
whether the activity enhancement depends solely on this
increase, we further analyzed ECSA-normalized polarization
curves (Fig. S19b and c). FeCoNiMnMg-S still displayed a lower
overpotential after normalization, confirming that the intro-
duction of Mn and Mg not only generates new active sites but
also enhances their intrinsic activity.***” To further validate this
intrinsic activity, we quantified the active sites electrochemi-
cally and estimated the turnover frequency (TOF), revealing the
intrinsic catalytic performance on a per-site basis.***® Since the
TOF value is calculated based on the estimated number of active

View Article Online
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sites derived from the electrochemical double-layer capacitance
and given the inherent assumptions in ECSA measurements
(such as the uniform distribution of surface active sites), this
value should be regarded as a semi-quantitative indicator. It is
primarily used for relative comparisons of the intrinsic activity
of catalysts, rather than as a precise measure of absolute
activity. As shown in Fig. S20, when the overpotential was
350 mV, the TOF of FeCoNiMnMg-S was 0.224 s~ ', higher than
that of the other catalysts, indicating that FeCoNiMnMg-S
possesses higher intrinsic OER activity. Additionally, the charge
transport behavior of FeCoNiMnMg-S was investigated using
electrochemical impedance spectroscopy (EIS). As shown in
Fig. S21, the interfacial charge transfer resistance (R.) of
FeCoNiMnMg-S is reduced compared to low-entropy/medium-
entropy catalysts, indicating an enhanced charge transfer rate.

Stability is also one of the most important criteria for OER
performance. Long-term durability was evaluated by chro-
noamperometry at 100 mA cm™>; after 100 h of continuous
electrolysis. FeCoNiMnMg-S exhibited only 7.16% current
attenuation (Fig. S22), and its Linear Sweep Voltammetry (LSV)
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Fig. 3

and Tafel slope at 100 mA cm ™2

(a) LSV curves of the prepared catalyst, (b) comparison of OER performance among different catalysts, (c) comparison of overpotential
with those of previously reported electrocatalysts, (d) SOR polarization curves of FeCoNiMnMg-Sin 1.0 M NaOH

solutions containing different Na,S concentrations (0—-3.0 M), (e) current density of FeCoNiMnMg-S, FeCoNiMg-S, FeFCoNi-S, RuO, and NF in

the SOR, (f) the potential comparison of the prepared catalysts in the SOR at current densities of 100, 300 and 500 mA cm

calculated from SOR polarization curves, (h) Nyquist plots of FeCoNiMn
FeCoNiMnMg-S in 1.0 M NaOH + 3.0 M Na,S for 100 h.
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~2, (g) Tafel curves

Mg-S, FeCoNiMg-S, FeCoNi-OH, RuO, and NF, and (i) stability test of

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02936a

Open Access Article. Published on 28 May 2026. Downloaded on 6/19/2026 5:16:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

curve remained virtually unchanged from that of the pre-test
state (Fig. S23), confirming excellent operational stability. In
summary, FeCoNiMnMg-S possesses advantages such as low
overpotential, small Tafel slope, numerous active sites, and fast
charge transfer rate, exhibiting the best OER catalytic perfor-
mance among the prepared HES samples. Furthermore, the
OER activity of the FeCoNiMnMg-S catalyst surpasses that of
most precious metal catalysts and non-precious metal catalysts
(Fig. 3c and Table S2).

Although the OER performance of the catalyst is relatively
good, the complex four-electron transfer process involved in the
OER still requires a large overpotential to drive it. Therefore, we
replaced the OER with the SOR and investigated the electro-
catalytic performance of the prepared catalyst for anodic SOR in
a 1.0 M NaOH solution containing Na,S in the same three-
electrode system mentioned above. As shown in Fig. 3d, the
SOR performance of FeCoNiMnMg-S was tested in solutions of
varying concentrations of Na,S. The results revealed that as the
concentration of sodium sulfide increased, the performance
improved. When the concentration reached 3.0 M Na,S, the
SOR efficiency of the FeCoNiMnMg-S sample was nearly iden-
tical to that of the 2.5 M Na,S sample. However, the SOR effi-
ciency increased significantly at high current densities. Upon
further increasing the concentration to 3.5 M, the test results
indicated that the catalyst's SOR performance at 3.5 M was
slightly lower than that at 3.0 M. Furthermore, during the
testing process, white crystals were observed to precipitate in
the electrochemical cell, which can be attributed to S~ (S*~ +
H,0 < HS™ + OH ; HS™ + H,0 ¢ H,S + OH") (Fig. 524).2%%
These precipitated crystals coated the electrode surface,
significantly affecting the catalytic reaction process and leading
to a decline in SOR performance. Therefore, we set the test
concentration at 1.0 M NaOH + 3.0 M Na,S. To compare with the
other catalysts, we tested the catalytic activity of the control
catalysts (FeCoNiMg-S, FeCoNi-S, RuO,, and NF) in an elec-
trolyte solution of 1.0 M NaOH + 3.0 M Na,S. As shown in Fig. 3e
and f, compared to the other catalysts, FeCoNiMnMg-S
exhibited higher SOR catalytic activity, achieving current
densities of 100 and 500 mA cm ™2 at low potentials of 0.30 and
0.42 V vs. RHE, respectively. In addition, the current density
struggles to increase further at higher potentials due to mass
transfer limitations of the reactants (S*/HS™), diffusion
hindrance caused by polysulphide accumulation, the sulphide
passivation layer on the electrode surface, and the coverage of
active sites by elemental sulphur; consequently, a plateau
region appears in the polarisation curve.**>®* The Tafel slope
was plotted and analyzed based on the LSV curve to investigate
the catalytic kinetics of the SOR. As shown in Fig. 3g, the Tafel
slope of FeCoNiMnMg-S is 22.02 mV dec™ ', which is lower than
that of FeCoNiMg-S (27.07 mV dec '), FeCoNi-S (43.61 mV
dec™), RuO, (66.1 mV dec™ '), and NF (67.24 mV dec™ '), indi-
cating its excellent SOR kinetic performance. In addition, EIS
revealed that FeCoNiMnMg-S had the lowest R . and the fastest
charge transfer rate (Fig. 3h). To gain a deeper understanding of
the intrinsic activity of the sample, the TOF was calculated by
integrating the cyclic charge capacity obtained from the cyclic
voltammetry curves to quantify the number of active sites. In

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. S25, the calculated TOF is plotted against the potential for
the SOR.

FeCoNiMnMg-S exhibits the highest TOF values at the same
SOR potentials, indicating that this catalyst possesses higher
catalytic activity than FeCoNiMg-S and FeCoNi-S. More
importantly, the high-entropy sulfide nanosheet structure
exhibits excellent SOR durability, as demonstrated by the
chronoamperometric method. During continuous electrolysis
at a current density of 100 mA cm > for 100 hours, the over-
potential undergoes only minor changes (Fig. 3i). Moreover, the
performance of the FeCoNiMnMg-S catalyst is not only superior
to that of the recently reported catalysts (Fig. S26 and Table S3),
but also the best when compared with other catalysts prepared
from high-entropy compositions (Fig. S27). SEM, XRD, and XPS
spectra confirm that the phase structure, morphology, and
composition of the high-entropy sulfide catalyst remain virtu-
ally unchanged after SOR testing (Fig. S28-S30). This further
validates the catalytic stability of the high-entropy sulfide
nanosheet structure during the SOR process. The penetration of
the electrolyte into the FeCoNiMnMg-S electrode was also
assessed using contact angle measurements. The bare NF
exhibited hydrophobic properties, with a contact angle of 128°.
In contrast, the FeCoNiMnMg-S electrode exhibits super-
hydrophilic behavior, with a contact angle approaching 0°
(Fig. S31). Therefore, it can closely come into contact with the
electrolyte, which is beneficial for mass transfer.®* These results
demonstrate that FeCoNiMnMg-S electrodes exhibit
outstanding SOR activity and stability, possessing the potential
to reduce hydrogen production energy consumption by replac-
ing the anodic OER.

To gain deeper insight into the influence of the FeCo-
NiMnMg-S a-c interface on the electronic structure and the
underlying mechanism for its superior SOR performance,
density functional theory (DFT) calculations were performed.
Fig. 4a shows the theoretical calculation model of FeCo-
NiMnMg-S. To explain the mechanism of enhanced interfacial
activity between crystalline and amorphous phases, the differ-
ential charge density distribution was studied, with depletion
and accumulation regions shown in blue and yellow, respec-
tively (Fig. 4b). It was found that there was a large amount of
charge accumulation and depletion at the FeCoNiMnMg-S
heterojunction, while NiS, exhibited relatively lower charge
accumulation and depletion. The substantial electron accu-
mulation at the heterojunction may lead to the formation of
a built-in electric field, which could significantly enhance
charge transfer and accelerate the reaction kinetics. To further
understand the synergistic effects of multiple sites on the
electronic structure of FeCoNiMnMg-S catalysts, the density of
states (DOS) for each element was calculated (Fig. 4c). The
results reveal a significant increase in the electron density of the
metal orbitals near the Fermi level. In the SOR, a higher electron
density near the Fermi level facilitates electron transfer and can
strengthen the adsorption of reaction intermediates at the
active site.®*** While pure NiS, exhibits symmetric spin-up and
spin-down electron densities (Fig. S32), FeCoNiMnMg-S
displays clear asymmetry, indicating the presence of numerous
unpaired electrons. As shown in Fig. 4d, e and S33, the d-
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(a) Theoretical model of FeCoNiMnMg-S and (b) the corresponding differential charge density distribution map at the interface. Cyan: Co,

orange: Mg, brown: Fe, purple: Mn, silver: Ni, and yellow: S, (c) the density of states of FeCoNiMnMg-S, (d and e) PDOS and schematic diagrams
of electron arrangement of t,4 and e4 orbitals of Niin NiS, and FeCoNiMnMg-§, (f) free energy for the SOR pathways on NiS, and FeCoNiMnMg—
SatU =0V, and (g) Bader charge analysis on FeCoNiMnMg-S and NiS,.

electron occupation and the degenerate states of molecular
orbitals reveal that the peak area of the e, orbitals in FeCo-
NiMnMg-S is significantly larger than that in NiS,. This is
attributed to the a-c interface triggering the rearrangement of
3d orbital electrons at the M site, promoting the electron tran-
sition from the t,, orbitals to the e, orbitals to achieve a semi-
filled state. Such rearrangement may optimize the adsorption
of sulfur intermediates at the M site.>* In summary, the Ni 3d
orbital electron rearrangement induced by the a-c interface
structure leads to a transition of t,, orbitals electrons, forming
an electron-filled gap (eg) orbital with an electron occupancy of
one. This partially filled e, orbital is conducive to enhancing the
adsorption of sulphur intermediates on the FeCoNiMnMg-S
surface, which fundamentally explains its high sulphur oxida-
tion activity.

The catalytic performance is closely related to the adsorption
energy of reaction intermediates.* For the SOR, adsorbed $>~
ions undergo gradual oxidation to form short-chain polysulfide
intermediates, including S*, S,*, S;*, S,*, and Sg* and are
ultimately desorbed to produce S8 molecules. Based on the
above analysis, Fig. S34 illustrates the stepwise oxidation

Chem. Sci.

mechanism of the SOR on the surface of FeCoNiMnMg-S
nanosheet structures. The FeCoNiMnMg-S and NiS, catalyst
models were optimized, and the Gibbs free energies of each step
of the SOR (i.e., * + 8>~ — S* — S,* — S;* — S,* — Sg*) were
calculated. The specific adsorption configurations of the reac-
tion intermediates are shown in Fig. S35 and S36. As illustrated
in Fig. 4f, the adsorption of S>~ proceeds spontaneously, which
may cause rapid accumulation of high concentrations of S* near
the electrode surface. The conversions of S* to S,* and S,* to Sg*
are endothermic and require overcoming substantial energy
barriers. These steps constitute the rate-determining steps
(RDSs) for FeCoNiMnMg-S and NiS,, respectively. Compared
with NiS, (1.93 eV), FeCoNiMnMg-S exhibits a lower energy
barrier (1.69 eV) in the SOR, indicating higher SOR activity,
consistent with the experimental electrocatalytic results.
Furthermore, Bader charge analysis of Sg molecules adsorbed
on NiS, and FeCoNiMnMg-S reveals that the Ni atom in NiS,
transfers 0.287¢, considerably more than the 0.167¢ transferred
in FeCoNiMnMg-S (Fig. 4g). This indicates that the doping of
other elements weakened the interaction between the nickel
sites and the Sg molecules. This may be attributed to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electron buffering effect of the accessible multivalent elements
nearby, which alleviated the sulfur poisoning at the active nickel
sites and thereby improved the SOR performance.

The HER performance of FeCoNiMnMg-S was also evaluated
in a three-electrode cell using 1.0 M NaOH. As shown in
Fig. S37a, FeCoNiMnMg-S exhibited an overpotential of 355 mV
at a current density of 500 mA cm ™2, outperforming the other
catalysts (FeCoNiMg-S: 375 mV, FeCoNi-S: 387 mV, Pt/C:
404 mV and NF: 473 mV). The Tafel slope shown in Fig. S37b
indicates that the Tafel slope value of FeCoNiMnMg-S is
significantly lower than that of the control sample, suggesting
that the reaction kinetics of FeCoNiMnMg-S is faster. And
further, using the LSV curves obtained for FeCoNiMnMg-S in
1.0 M NaOH solution as a reference, it can be observed that in
the presence of 3.0 M Na,S, current densities of 100 and 500 mA
cm 2 are achieved at low potentials of 0.30 V and 0.42 V vs. RHE,
respectively, which are 1.20 V and 1.15 V lower than those of the
conventional OER (Fig. 5a). This indicates that the SOR has
a thermodynamic advantage over the OER due to its lower
oxidation potential and faster kinetics.
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To achieve an energy-efficient dual-electrode hydrogen
production system, a dual-electrode electrocatalytic coupling
system was constructed by coupling the SOR with the HER,
using FeCoNiMnMg-S as the anode and cathode catalysts, to
replace the traditional OER (Fig. 5b and S38). As shown in
Fig. 5c and d, when the OER is replaced by the SOR to pair with
the HER, the required battery voltage can be significantly
reduced from 1.61 and 1.87 V to 0.74 and 1.04 V, respectively,
providing 100 and 1000 mA cm ™2 Compared with traditional
alkaline water electrolysis, the HER + SOR system saves 0.87 V
and 0.83 V of voltage, confirming its strong competitiveness in
practical applications. In addition, stability tests conducted on
the system at industrial-level current densities of 200 mA cm ™2
for 200 hours of electrolysis showed no significant attenuation
(Fig. 5e). FeCoNiMnMg-S||[FeCoNiMnMg-S batteries exhibit
superior activity and durability compared to recently reported
coupled systems (Fig. 5f and Table S4). The cathode and anode
materials after long-term electrolysis were characterized by
SEM, and the morphology and elements showed no significant
changes (Fig. S39). This further indicates that our catalytic
system has good stability.
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Fig. 5

(a) LSV curves of the HER, OER, and SOR tested using a three-electrode system, (b) schematic illustration of the electrolytic system using

bifunctional FeCoNiMnMg-S electrodesina 1.0 M NaOH with 3.0 M Na,S solution (right) and H, evolution (left), (c) LSV curves of FeCoNiMnMg-—
S couple in 1.0 M NaOH with and without Na,S in a two-electrode system, (d) histogram of cell voltages at 20, 50, 100, 200, 500 and 1000 mA

cm™2

, (e) long-term stability testing of the HER + SOR system at a current density of 200 mA cm™

2 (the anode and cathode electrolytes were

replaced every 50 hours respectively), and (f) comparison of the cell voltage, current density, and durability with those of previously reported

state-of-the-art electrocatalysts.
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As the electrolysis time increased, the initial electrolyte
gradually transformed from its original transparent and clear
state to a deep yellow color. After 50 hours of electrolysis, the
yellow anode powder was collected by acidifying the yellow
electrolyte and was confirmed by XRD to be elemental sulfur
(JCPDS no. 01-089-2600, Fig. S40a). The total yield was deter-
mined by weighing to be 1470 mg, with a yield of 117.6 mg h™*
cm 2, and the average faradaic efficiency of the SOR was 98.5%.
This also demonstrates the potential of FeCoNiMnMg-S cata-
lytic hybrid electric systems to synergistically achieve hydrogen
production at the cathode and sulfur production at the anode.
To determine the mechanism of the SOR process, ultraviolet-
visible (UV-vis) spectrophotometry was used to analyze the
products in the electrolyte. As shown in Fig. S40b, distinct
absorption peaks were observed at 300 and 370 nm, and the
signal intensity of these peaks increased significantly with
prolonged electrolysis time, confirming the presence of short-
chain polysulfides (S,*-S,*) in the electrolyte.**

Conclusions

Amorphous/crystalline high-entropy heterostructured FeCo-
NiMnMg-S nanosheets were grown in situ on NF substrates via
a one-step room-temperature vulcanization method. The ob-
tained catalyst exhibits excellent electrocatalytic performance in
the SOR. At a voltage of 0.30 V, the current density reaches 100
mA cm 2, which is 1.21 V lower than that of the OER, and its
stability exceeds 100 hours. When employed as both the
cathode and anode in an alkaline water electrolyzer, the FeCo-
NiMnMg-S-based cell requires only 0.74 V to reach 100 mA
cm™>. This outstanding performance stems from the corrosion
resistance and structural stability conferred by the high-entropy
effect, coupled with a rapid charge transfer mechanism that
triggers electronic rearrangement within the a-c hetero-
structure. Strong interfacial interactions enable enhanced
redistribution of electrons within the 3d orbitals of metallic
sites, thereby facilitating electron transfer at the a-c interface.
Concurrently, this ensures rapid adsorption of reactants,
transfer of intermediates, and swift release of products. This not
only provides profound insights into the application mecha-
nism of the a—c interface in the sulfur oxidation reaction, but
also enables efficient and energy-saving hydrogen production as
well as environmentally friendly sulfur ion recovery.
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