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Electrocatalytic nitrate-to-ammonia conversion (NOsRR) offers a sustainable alternative to the energy-
intensive Haber—Bosch process. High-entropy materials (HEMs), which exploit compositional diversity,
lattice distortion, and d-band modulation, demonstrate remarkable electrocatalytic potential. However,
they encounter significant synthesis challenges in achieving structural control and elemental
homogeneity. Herein, a hollow spherical-flower NiCoFeV-S high-entropy sulfide is prepared via a mild
hydrothermal method. After optimizing the metal compositions and their respective proportions, the
hollow spherical-flower NiCoFeV-S exhibits exceptional bifunctional performance. It requires only
267 mV of overpotential for the oxygen evolution reaction (OER) at 100 mA cm~2 while simultaneously
achieving remarkable performance in the NOzRR, with an ammonia yield of 16.6 mg h=t mgcatfl and
a faradaic efficiency of 93.2%. Theoretical investigations identify three enhancement mechanisms: (1)
hierarchical nanoarchitecture enabling maximized active site accessibility, (2) multi-metal synergy fine-
tuning charge transfer dynamics, and (3) an upshifted d-band center synergistically accelerating water
dissociation and hydrogenation kinetics. This work develops a simple synthesis strategy for HEMs,
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Introduction

Ammonia (NH;) serves as a critical chemical raw material in
industrial applications.”” Globally, the predominant method
for ammonia production is the energy-intensive Haber-Bosch
process, which consumes approximately 2% of the world's
annual energy and accounts for roughly 1% of global green-
house gas emissions.** Therefore, it is imperative to explore
clean and renewable ammonia synthesis technologies that align
with sustainable development goals.® Currently, there has been
a growing emphasis on the utilization of electrochemical tech-
niques for the conversion of nitrogen-containing small mole-
cules into ammonia under ambient conditions. However, due to
the low solubility of N, and the difficulty in breaking the strong
N=N bonds, the electrocatalytic N, reduction reaction exhibits
relatively low production activity.*” By contrast, the electro-
catalytic nitrate reduction reaction (NO;RR) holds greater
promise due to the higher water solubility of nitrates and the
lower bond energy of N=0.*° Moreover, the excessive use of
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nitrogen-based fertilizers and inadequate treatment of indus-
trial wastewater have resulted in severe nitrate pollution, posing
significant risks to human health.'>"* Consequently, the NO;RR
has been attracting significant research interest in recent
years,”™ as employing nitrate pollutants from wastewater as
a nitrogen source for synthesizing high-value-added NH;
represents not only a green process consistent with sustainable
development principles but also an effective strategy to mitigate
nitrate-induced environmental pollution.*”*®

The NO;RR proceeds through a complex, multi-step elec-
tron-proton transfer mechanism, requiring the sequential
involvement of eight electrons and nine protons, as well as the
formation of multiple reactive intermediates.’ This intricate
pathway encounters two major challenges: first, the competing
hydrogen evolution reaction becomes a dominant side process,
especially under low overpotential conditions;** second, the
inherent limitations in nitrate adsorption capacity and slow
electron transfer kinetics collectively impair the selectivity of
NH; production and Faraday efficiency, fundamentally con-
straining the NO;RR performance.” Transition metal phthalo-
cyanines (TMPcs) have emerged as highly promising
electrocatalysts for the NO;RR due to the transition metal center
serving as the primary active site.”»*® The catalytic performance
is heavily influenced by the central metal ion in its M-N,

coordination  environment.>*?®  However, the M-N,
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coordination provides single metal sites with limited electron
transfer efficiency. Consequently, the development of multi-site
catalytic systems is of paramount importance for the NO;RR.
Notably, practical implementation of the NO;RR requires inte-
gration with the anodic oxygen evolution reaction (OER) in
a dual-electrode configuration. However, the intrinsic thermo-
dynamics and kinetic barriers of the OER significantly limit the
overall system efficiency.”””® Consequently, it is imperative to
develop efficient catalysts to simultaneously optimize both the
cathodic NO;RR and anodic OER processes.

High-entropy materials (HEMs) represent an innovative class
of multi-component alloy systems, distinguished by their
composition of five or more metallic elements in near-equal
molar ratios (5-35%).>>*° This unique structural disorder
imparts significant lattice distortion effects, d-band ligand
modulation phenomena, and elevated configurational
entropy.**> In HEMs, the presence of various adjacent atoms
facilitates the emergence of a series of active sites that yield
nearly continuous distributions of associated adsorption
energies.**** By optimizing the free energy associated with
intermediate adsorption and regulating the reaction barriers, it
is possible to achieve precise control over electrocatalytic reac-
tion pathways.** Consequently, the application of composi-
tional engineering strategies to establish electronic synergistic
mechanisms among multiple active sites has emerged as
a pivotal approach for enhancing the intrinsic catalytic activity
of HEMs." Notably, the interplay between compositional regu-
lation in HEMs and the morphological effects from nanosheet
structures holds significant potential for substantially
improving the electrocatalytic performance. This enhancement
can be achieved through electronic structure optimization
coupled with increased exposure of active sites.’”*®* The HEMs
synthesized under thermodynamically non-equilibrium condi-
tions exhibit marked differences in heterogeneous nucleation
and growth kinetics due to their multi-component nature.***°
The synthesis of these HEMs typically necessitates stringent
conditions, including elevated temperatures and pressures. In
particular, with regard to nanoscale control, achieving the
precise fabrication of nanosheet-like high-entropy materials
under mild reaction conditions while ensuring a uniform
distribution of elements remains a significant technical chal-
lenge currently encountered in this field.*~*

Herein, we constructed a high-entropy sulfide (NiCoFeV-S)
with a hollow spherical-flower structure via a mild hydro-
thermal method. NiCoFeV-S exhibits exceptional bi-functional
electrocatalytic performance in the OER and NOz;RR. The opti-
mized NiCoFeV-S catalyst achieved an impressively low OER
overpotential of 267 mV at 100 mA cm™>, concurrently deliv-
ering remarkable NO;RR performance characterized by a high
ammonia production rate of 16.6 mg h™' mg.,. ' and a faradaic
efficiency of 93.2%. Mechanistic investigations that integrate
experimental and computational analyses have identified three
critical factors contributing to catalytic enhancement: (1) the
unique hierarchical architecture providing abundant exposed
active sites, (2) optimized electronic configurations through
multi-metallic synergistic interactions, and (3) an elevated d-
band center that facilitates water dissociation kinetics and
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promotes hydrogenation pathways for NH; synthesis. This work
establishes a facile synthesis strategy for HEMs while providing
fundamental insights into their electronic structure modula-
tion, paving the way for their broader application in sustainable
energy conversion and  environmental remediation
technologies.

Results and discussion

The NiCoFeV-OH precursor was synthesized via a hydrothermal
reaction in a mixed solution containing Ni, Co, Fe, V, urea, and
NH,F at 120 °C for 8 hours. Multi-metal coprecipitation is
achieved relying on the pH slow-release effect of urea, and
ammonium fluoride assists in regulating the crystallinity, ulti-
mately forming a uniform hydroxide solid solution. The NiC-
oFeV-S was subsequently produced through anion exchange
between the $*>~ at 120 °C for an additional 8 hours (Fig. 1a). Ion
exchange occurs between S*>~ provided by sodium sulfide and
hydroxides, and lattice reconstruction is completed under high
temperature and high pressure, resulting in the formation of
a multi-metal sulfide solid solution. Similarly, the NiCoFe-S,
NiCo-S, and Ni-S compounds were fabricated by varying the
metal elements used during the hydrothermal step to synthe-
size their respective M-OH precursors. The morphology of
NiCoFeV-S was investigated through scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
analyses. Fig. 1b-d and S1 illustrate well-defined hollow
spherical-flower structures self-assembled from nanosheets for
the NiCoFeV-S material. The notable presence of voids among
the nanosheet units enhances active site exposure and facili-
tates mass-charge transport. Notably, the nanosheet units at the
edges are visible in Fig. S2a, while a distinct lattice spacing of
0.288 nm is observed in Fig. S2b, which corresponds to the (311)
planes of CoNi,S, (PDF #24-0334).* Elemental mapping images
presented in Fig. S3, S4 and Table S1 demonstrate a uniform
distribution and coexistence of Ni, Co, Fe, V, and S elements
within the structure. These TEM results preliminarily indicate
a homogeneous high-entropy phase for NiCoFeV-S. The
morphological evolution of NiCoFe-S, NiCo-S, and Ni-S cata-
lysts with varying metal compositions was systematically
investigated through comprehensive SEM and TEM analyses
(Fig. S5-S13) with quantitative elemental distributions detailed
in Tables S2-S4. Notably, this structural reorganization appears
to stem from fundamental differences in the distinct ionic radii
and charge densities of the constituent metal ions. These crit-
ical physicochemical parameters directly influence their
hydrolysis kinetics and coordination modes with hydroxide
ions during catalyst formation.

The structural and compositional characteristics were
analyzed using X-ray diffraction (XRD). As illustrated in Fig. S14,
the XRD pattern of the NiCoFeV-OH precursor confirmed the
formation of a single-phase high-entropy hydroxide precursor.
Furthermore, both NiCoFe-OH and NiCo-OH exhibit diffrac-
tion peaks that are characteristic of typical hydroxides and
consistent with those of NiCoFeV-OH (Fig. S15), thereby con-
firming the reliability of the synthesis method for producing
a single-phase high-entropy hydroxide precursor. After the
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Fig. 1

(a) A schematic illustration depicting the formation process of the hollow spherical-flower-like NiCoFeV-S. (b and c) SEM and (d) TEM

images of NiCoFeV-S. (e) XRD patterns, (f) Raman spectra, and (g) S 2p XPS spectra of NiCoFeV-S, NiCoFe-S, and NiCo-S.

sulfidation process, the characteristic peaks observed in the
XRD spectra of NiCo-S, NiCoFe-S, and NiCoFeV-S exhibited
strong alignment with the standard CoNi,S, (PDF #24-0334)
(Fig. 1e).*”*® Specifically, peaks at 31.5°, 38.2°, 41.7°, 50.3°, and
55.3° were attributed to the (311), (400), (331), (511), and (440)
planes, respectively, indicating that NiCoFeV-S is a single phase
without any detectable impurities. This sulfide structure
enables the disorderly and uniform distribution of each metal
element. Moreover, the crystalline structure and chemical
component of NiCoFeV-S were further studied by Raman
spectra with NiCoFe-S and NiCo-S as a comparison. The
spectra of NiCoFeV-S, NiCoFe-S, and NiCo-S displayed similar
peaks, suggesting the synthesized catalysts were composed of
identical single-phase sulfide structures (Fig. 1f). In particular,
the peaks at ~280-340 and ~380 cm™ " were attributed to Egand
A,¢ modes, respectively, while the band around 620 cm™' was
associated with the F,; mode of M-S.** The observation that the
peak at 619.8 cm ™' of NiCoFeV-S exhibited a left shift compared
to those of NiCoFe-S (622.2 cm™ ') and NiCo-S (624.7 cm™ %),
consistent with the hypothesis that interstitial atoms are
present after metal doping, as evidenced by the phenomenon of

18300 | Chem. Sci, 2025, 16, 18298-18308

lattice expansion and in line with the TEM results.*** The
Raman analysis further validated the single-phase structure of
NiCoFeV-S, showing consistency with the TEM and XRD
results.

Furthermore, the porous structure and specific surface area
of hollow spherical-flower NiCoFeV-S were determined by the
N, adsorption-desorption test. The results are illustrated in
Fig. S16; the NiCoFeV-OH precursor and NiCoFeV-S were found
to deliver typical type IV isotherms with pronounced hysteresis
loops, underscoring that the hollow-spherical-flower features
a mesoporous structure.”® The specific surface areas of NiC-
oFeV-OH and NiCoFeV-S were determined to be 186.8 and 31.8
m? g, respectively, using the Brunauer-Emmett-Teller (BET)
method. The corresponding average pore diameter distribution
curves revealed a mesoporous distribution for NiCoFeV-OH and
NiCoFeV-S. The pore sizes were determined to be 3.8 nm and
12.3 nm, respectively, using the Barrett-Joyner-Halenda (BJH)
method, with corresponding pore volumes of 0.815 and 0.309
ecm?® g7, respectively (Table S5). The decrease in the specific
surface area and pore volume, coupled with an increase in the
pore size of NiCoFeV-S, can principally be ascribed to defective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structures resulting from sulfur replacement during sulfida-
tion.>” The hollow spherical-flower-like morphology and meso-
porous structure of NiCoFeV-S are expected to facilitate
electrolyte diffusion, reduce the diffusion distance of reactants
and electrons, and consequently enhance the electrocatalytic
activity.

X-ray photoelectron spectroscopy (XPS) was employed to
elucidate the chemical states of the elements present in NiC-
oFeV-S. First, as shown in Fig. S17, the survey spectra corrob-
orated the co-existence of the Ni, Co, Fe, V, and S elements in
NiCoFeV-S. The Ni 2p XPS spectra exhibited four peaks located
at binding energies of 852.08, 855.08, 871.88, and 872.96 eV,
which correspond to Ni® and Ni** for Ni 2ps;, and 2p;,
(Fig. S18a), respectively.”*** As shown in Fig. S18b, the Co 2p
spectrum displayed Co 2p3/, peaks at 777.49 and 780.02 eV and
Co 2py/, peaks at 792.56 and 796.19 eV. Among them, the peaks
at 777.49 and 792.56 eV were attributed to Co®", and the peaks at
780.02 and 796.19 eV belonged to Co>".>* The valence state of Fe
was further demonstrated by the Fe 2p spectrum (Fig. S18c), the
peaks at 710.50 and 712.90 eV were attributed to Fe*" and Fe*" of
Fe 2p;/,, while the peaks at 723.60 and 726.30 eV were assigned
to Fe*" and Fe** of Fe 2p,,.°® The V 2p spectra were fitted to two
peaks of 515.74 and 522.82 eV assigned to V 2psz,, and V 2p;,,
respectively, which are the characteristic peaks of V**
(Fig. S18d).°”"® For the comparison samples Ni-S, NiCo-S, and
NiCoFe-S (Fig. S19-S21), the valence characteristics were
similar to those of NiCoFeV-S. Therefore, according to the Fe
and V 2p spectra analysis, the Fe and V elements may be mixed
in the tetrahedral/octahedral site and the octahedral site,
respectively. It is noteworthy that the intensity of S-O differs for
S 2p, as a consequence of different elemental compositions
(Fig. 1g). Specifically, compared with Ni-S and NiCo-S, the
increased peak intensity assigned to S-O bonds in NiCoFe-S
and NiCoFeV-S suggests a robust interaction between the O 2p
and S 2p orbitals, which will resist intense self-oxidation of
catalysts in the subsequent OER process.** When considered in
conjunction with the XRD results, it can be concluded that the
oxygen atom in the S-O bond partially replaces the lattice sulfur
atoms, and the phase structure remains unaltered. The sulfur-
oxygen bond is a “dual-functional regulatory factor” that takes
into account both the OER and NOzRR. It demonstrates
considerable potential to enhance the catalytic performance
through inducing charge rearrangement and optimizing the
adsorption energy of the active site for the OER/NO3;RR inter-
mediate; introducing O-related sites and high-valent metal ions
to increase the number of effective active centers; the high bond
energy S-O bond inhibits sulfur loss, enhance the stability, and
adapts to different environments of the two reactions
(oxidation/reduction). The XPS results demonstrated that
incorporating different elements altered the electronic struc-
ture, thereby exerting an influence on the catalytic properties of
the catalysts.

The catalytic activity towards the OER was investigated in
a typical three-electrode system on a CHI660E in 1.0 M KOH.
NiCoFe-S, NiCo-S, Ni-S, NiCoFeV-OH, and commercial RuO,
were also tested under the same experimental conditions for
comparison. As illustrated in Fig. 2a, the linear sweep

© 2025 The Author(s). Published by the Royal Society of Chemistry
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voltammetry (LSV) of NiCoFeV-S exhibited a lower overpotential
of 267 mV at 100 mA cm™ >, demonstrating the most favorable
OER performance than NiCoFe-S (291 mV), NiCo-S (348 mV),
and Ni-S (299 mV), as well as NiCoFeV-OH (297 mV) and
commercial RuO, (289 mV) (Fig. S22). It was demonstrated that
the presence of both the sulfide phase and a high-entropy
structure is essential for enhancing the OER activity. More-
over, the OER performance of NiCoFeV-S was better than that of
some reported catalysts in 1.0 KOH at 100 mA cm ™2 (Table S7),
confirming the significant advantages of the high-entropy
sulfide NiCoFeV-S. The enhanced OER activity is associated
with the favorable reaction kinetics, and the OER Kkinetics were
evaluated by the Tafel plots originating from LSV. As revealed in
the Tafel plots in Fig. 2b, the Tafel value of 72.5 mV dec™" for
NiCoFeV-S was lower than those of NiCoFe-S (78.9 mV dec™ ),
NiCo-S$ (92.7 mV dec '), Ni-S (86.0 mV dec '), and commercial
RuO, (82.6 mV dec ). The smaller Tafel slope observed for
NiCoFeV-S reflects accelerated kinetics and enhanced catalytic
activity.®® The enhanced performance of NiCoFeV-S could be
attributed to the synergistic interactions between the constit-
uent elements and sulfidation, in comparison to NiCoFe-S,
NiCo-S, Ni-S, and the NiCoFeV-OH precursor. Furthermore,
the electrochemical active surface area (ECSA) was evaluated
through the electrochemical double-layer capacitance (Cg),
which provided a measurement of the number of available
active sites over electrocatalysts (Fig. S23). As illustrated in
Fig. S24a, the NiCoFeV-S showed a notable enhancement in Cy,
reaching 6.87 mF cm ™2, in comparison to NiCoFe-S (5.88 mF
em™?), NiCo-S (1.36 mF cm™?), and Ni-S (2.46 mF cm™?). The
results emphasize that NiCoFeV-S exposes more effective active
sites due to the hollow spherical-flower porous structure and
multi-metallic components. Apart from this, the electro-
chemical impedance (EIS) curves were obtained to investigate
the charge transfer of the catalysts, which is pertinent to the
accelerated reaction rate. The EIS measurement presented that
NiCoFeV-S possessed a smaller Nyquist semicircle diameter
than the control sample, ensuring favorable kinetics and a rapid
charge-transfer rate during the OER process (Fig. S24b and
S25).°* The OER durability of NiCoFeV-S was evidenced by
a stable 88 hour CP curve (Fig. 2c). Moreover, the morphology
and composition were preserved without alteration after the
durability test (Fig. S26 and S27), which indicates the excep-
tional structural stability of NiCoFeV-S.

In situ attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) was conducted to investigate the
reaction pathways for the OER. In Fig. 2d and e, the character-
istic peak at ~1200 cm ™" was attributed to *OOH produced by
the adsorbate evolution mechanism (AEM) pathway for Ni-S
and NiCo-S.*” Noteworthily, NiCo-S exhibited a weak peak
located at ~1094 cm ™" belonging to the ~-O-O- formed during
the lattice oxygen mechanism (LOM) pathway,*>** suggesting
the involvement of a weak LOM induced by the incorporation of
Co. Moreover, NiCoFe-S exhibited a significantly enhanced
intensity of the peaks corresponding to M~0O (~1015 cm ™)
and *OOH (~1221 cm ') in Fig. 2£.°>* This demonstrates that
the incorporation of Fe substantially enhances the AEM
pathway and is conducive to the formation of the active phase,

Chem. Sci., 2025, 16, 18298-18308 | 18301
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Fig. 2
electrochemical ATR-FTIR spectra of (d) Ni
Schematic illustration of the OER pathway over NiCoFeV-S.

(a) OER polarization curves and (b) Tafel slopes of samples. (c)

thereby improving the catalytic activity of the material. As
shown in Fig. 2g, the characteristic peak of -O-O- (~1093 cm ™)
was markedly enhanced upon the incorporation of vanadium
into NiCoFeV-S, thereby indicating that V facilitates the LOM
pathway. Additionally, the presence of M-OO (~1015 cm™") and
*OOH (~1218 cm™ ') further corroborates that the synergistic
coupling of the AEM and LOM contributes to the improved
activity and stability of NiCoFeV-S.®> Furthermore, the
pronounced enhancement of the peak at 1635 cm ™" (H-O-H) is
attributed to water,” indicating the enhanced water adsorption
and dissociation capabilities of NiCoFeV-S. In light of the
aforementioned results, the in situ ATR-FTIR analysis further
substantiated that the OER process was synergistically opti-
mized through the compatibility of AEM and LOM, which was
attributed to the synergistic effect within NiCoFeV-S (Fig. 2h).
The high entropy sulfide NiCoFeV-S is employed as an
electrocatalyst for the OER. Undoubtedly, the metal sites func-
tion as the primary active centers, facilitating the adsorption of
OH" ions and optimizing the binding of key reaction interme-
diates (including O*, HO*, HOO*, and OO*) while simulta-
neously inducing lattice oxygen activation to synergistically
enhance the OER performance.
Tetramethylammonium hydroxide (TMAOH)
a chemical probe that is commonly employed to detect the

serves as

18302 | Chem. Sci,, 2025, 16, 18298-18308

Chronopotentiometric response at 10 mA cm™2 of NiCoFeV-S. In situ

-S, (e) NiCo-S, (f) NiCoFe-S, and (g) NiCoFeV-S under different potential infrared signals. (h)

formation of active oxygen species (0,>”) during the deproto-
nation process in the LOM pathway. This phenomenon can be
ascribed to the strong electrostatic interaction between TMA"
and O,>", which adversely affects the activity of LOM-based
electrocatalysts. A comparison of the data obtained in 1.0 M
KOH and TMAOH electrolytes demonstrated that NiCoFeV-S
exhibited larger current density differences compared to NiC-
oFe-S, NiCo-S, and Ni-S (Fig. S28). These results indicate that
the OER activity of NiCoFeV-S was substantially suppressed in
TMAOH, likely due to significant interference by TMA® with the
deprotonation step in the LOM pathway. It can be deduced that
the rate-determining step (RDS) of the LOM pathway on NiC-
oFeV-S has been optimized, thereby enhancing the contribu-
tion of LOM to the OER process.®® As discussed earlier, the RDS
of LOM exclusively involves proton transfer, which accounts for
its significant pH dependence.®® Consequently, to further
explore the underlying reasons for the enhanced lattice oxygen
activity in NiCoFeV-S, LSV measurements were conducted in
electrolytes with different pH values. As shown in Fig. S29a-d,
the OER activity of NiCoFeV-S significantly improved with
increasing pH, while NiCoFe-S, NiCo-S, and Ni-S demon-
strated only a relatively slight pH dependency. Simultaneously,
the order of the proton reaction was calculated on the reversible
hydrogen electrode (RHE) scale (p*"'F) to assess the dependency

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of reaction kinetics on proton activity, providing deeper insight
into the effect of pH on activity.”” A parameter closer to 1.0
indicates a higher sensitivity of the catalyst to pH changes.®® The
p~HE values of Ni-S, NiCo-S, and NiCoFe-S were 0.76, 0.65, and
0.97, respectively, significantly lower than that of NiCoFeV-S of
1.04 (Fig. S29e). This result suggests that the LOM pathway of
NiCoFeV-S was achieved by increasing the proton transfer
kinetics at the catalyst surface. Consequently, NiCoFeV-S
demonstrated faster OER kinetics in comparison to NiCoFe-S,
NiCo-S, and Ni-S.

The catalytic performance of the catalysts was investigated in
a three-electrode H-type cell toward NO; ™~ electroreduction at 25
°C. The LSV curves were sequentially compared with and
without KNO; with a scan rate of 5 mV s~ to preliminarily study
the NO;RR catalytic activity. NiCoFeV-S with NO;~ exhibits
significantly enhanced cathodic current compared to that in the
absence of NO; ™, indicating the high NO;RR activity of NiC-
oFeV-S. Moreover, the current increases with the incorporation
of metal (Fig. 3a and S30), which demonstrates that the syner-
gistic effect in NiCoFeV-S effectively contributes to the
improved NO3;RR performance. The electrolysis test was carried
out at constant potentials from —0.4 to —1.0 V versus RHE for 2
hours in 1.0 M KOH solution containing 0.1 M KNOj;. Following
measurements, colorimetric techniques were used to determine
the concentrations of products in the electrolyte. All the
possible liquid products, including NO; ™, NH;, and NO, ", were
quantified by various colorimetric methods after plotting their
standard calibration curves (Fig. S31-S33). The supplementary
UV-vis spectra of NH," and NO, " after electrolysis at various
potentials for the NiCoFeV-S, NiCoFe-S, NiCo-S, and Ni-S
catalysts are provided in Fig. S34 and S35. Remarkably,
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NiCoFeV-S delivered an excellent NH; yield of 16.6 mg h™*
mg.,. " at —0.8 V vs. RHE, compared to NiCoFe-S (9.2 mg h™*
mge.. '), NiCo-S (11.2 mg h™" mg.,. '), and Ni-S (5.9 mg h™*
mg... ') (Fig. 3b). A correspondingly high NH; FE of 93.2% was
achieved by NiCoFeV-S at —0.8 V vs. RHE (Fig. 3c), which is
higher than those of NiCoFe-S (82.7%), NiCo-S (67.4%), and
Ni-S (34.6%). Moreover, the NH; FE of NiCoFeV-S was the
highest across various applied potentials among the prepared
catalysts, indicating that NiCoFeV-S exhibits superior NH;
selectivity (Fig. 3d and $36). The H, quantitative experimental
results via gas chromatography revealed a positive correlation
between the applied potential and both the hydrogen evolution
yield and faradaic efficiency across all catalysts, except for
NiCoFeV-S. Notably, NiCo-S and Ni-S demonstrated superior
hydrogen evolution rates (Fig. S37a) and faradaic efficiency
(Fig. S37b), while NiCoFe-S exhibited intermediate perfor-
mance at elevated applied potentials. In contrast, NiCoFeV-S
displayed comparatively lower H, rates and faradaic efficien-
cies, particularly at an applied potential of —0.8 V. These find-
ings provide further evidence for the enhanced selectivity of
NiCoFeV-S toward the nitrate-to-ammonia electroreduction
reaction under the investigated potential conditions.

The ammonia generation performance of NiCoFeV-S was
comparable to that of other noble metal catalysts and markedly
superior to several transition metal sulfide catalysts (Table S8).
Isotopic labeling using "H NMR confirmed that ammonia was
produced from nitrate electroreduction on NiCoFeV-S, thereby
excluding the possibility of contamination (Fig. 3e). The pres-
ence of double peaks at 7.01 and 6.88 ppm has been observed
when utilizing ">’NO;~ as the reactant. The triple peaks emerge
at 7.03, 6.95, and 6.86 ppm when employing "*NO;~ as the
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reactant.”* In contrast, no analogous signals indicative of
double or triple distributions were observed in the electrolyte
prior to the reaction. These observations provided compelling
evidence that the detected generated NH; originates from an
electrocatalytic NO;RR process catalyzed by NiCoFeV-S.

The durability of NiCoFeV-S was evaluated by 10 consecutive
electrolysis in an H-cell reactor under —0.8 V (Fig. 3f). It is
clearly evident that both the yield and FE demonstrate a high
level of stability, thereby providing compelling evidence for the
exceptional stability of NiCoFeV-S. The multi-valence syner-
gistic effect of nickel, cobalt, iron, and vanadium plays a pivotal
role in enhancing structural stability and promoting the
NOzRR. This multi-valence synergistic effect represents
a distinctive property that is rarely observed in conventional
single-metal or bimetallic sulfide systems. Furthermore, neither
the morphology nor the composition undergoes any significant
alterations after the durability test (Fig. S38 and S39), which
reveals the superior structural stability of NiCoFeV-S when
utilized as NOzRR catalysts. The XPS analysis revealed minor
oxidation phenomena, whereas the predominant valence states
of the constituent elements in the NiCoFeV-S catalyst remained
largely unchanged, thereby providing further evidence for the
structural stability of the high-entropy sulfide (Fig. $S40). More-
over, the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image and the corre-
sponding elemental mapping analysis of NiCoFeV-S following
the NO3;RR test reveal a homogeneous distribution of all
constituent elements throughout the entire spherical nano-
flower architecture (Fig. S41), providing further compelling
evidence for the structural robustness of NiCoFeV-S. Quanti-
tative elemental analysis demonstrated minimal variation in
compositional ratios before and after the electrochemical
process (Table S6), with negligible deviations in elemental
content. These findings collectively substantiate the exceptional
structural stability of NiCoFeV-S under electrochemical reduc-
tion reaction conditions.

To gain more insight into the intrinsic reaction pathway of
the NO;RR over catalysts, in situ ATR-FTIR spectroscopy was
conducted. As shown in Fig. S42 and 4a, Ni-S and NiCo-S
exhibited low peak intensity of both *NH,0H and NH,',>7
suggesting that these samples exhibited slow reaction rates for
the NO;RR. In contrast, NiCoFe-S demonstrated significantly
enhanced *NH,OH peak intensities (Fig. 4b), indicating the
incorporation of Fe promoted the production of *NH,OH,
which is an important intermediate for ammonia generation.
Obviously, NiCoFeV-S has been demonstrated to significantly
enhance the peak intensity of NH," (Fig. 4c), indicating that the
addition of V is conducive to the subsequent hydrogenation to
generate NH;. Furthermore, the significantly increased H-O-H
at 1636 cm™ ' of NiCoFeV-S indicated that the water adsorption
and dissociation were capable of supplying *H to hydrogenate
NH;. A sharp comparison is provided by the vibrational bands
of all reaction intermediates (*NH,OH, NH,", and H-O-H) over
NiCoFeV-S, which exhibit a significant enhancement in signal
intensity with increasing potential. This indicates a significant
enhancement in H,O absorption and hydrogenation, which can
be ascribed to the synergistic effect of multiple elements. In situ
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infrared spectroscopy analysis of all samples demonstrated that
the introduction of Fe and V catalyzed the enhanced formation
of *NH,OH and the subsequent hydrogenation to generate NH3.

The in situ Raman spectroscopy of NiCoFeV-S was also per-
formed to further understand the NO3;RR process. The Raman
spectra collected at different potentials from open-circuit
voltage (OCV) to —0.5 V are shown in Fig. 4d. A characteristic
Raman peak corresponding to the symmetric stretching mode
of NO; ™ is observed at 1047 cm™',° indicating strong adsorption
of nitrate ions. Upon application of a negative potential, the
intensity of the NO;~ peak diminishes concurrently with the
emergence of a new peak at 1337 cm ! attributed to NO, ™,
signifying rapid reduction of nitrate to nitrite. At potentials of
—0.3 V and more negative values, a pronounced Raman band
emerges at 1580 cm ™ ',° assigned to the -N-H stretching vibra-
tion of NH;. Further reduction of the applied potential leads to
a gradual attenuation of both NO;~ and NO,  peaks, accom-
panied by significant enhancement of the -N-H stretching
band. This spectral evolution suggests continuous and accel-
erated hydrogenation of intermediate, correlating with an
increased rate of ammonia generation.” Consequently, the
formation of the critical intermediate *NH,OH was detected,
thereby substantiating that NiCoFeV-S predominantly
promotes the NO3;RR process through the NHO pathway
(Fig. 4e).7>7¢

To highlight the practical significance of a bifunctional
NiCoFeV-S catalyst with low overpotentials for both the OER
and NO;RR, the NiCoFeV-S catalyst was incorporated into an
electrolyzer as both cathode and anode materials. As depicted in
Fig. S43, the LSV curves of the electrocatalytic cathodic NO;RR
coupled with the anodic OER over NiCoFeV-S were measured
(Fig. 5a). The LSV presented in Fig. 5b showed the actual
performance comparison of the HER/OER and NO3;RR/OER
electrolyzer. As expected, the NO;RR/OER required a lower cell
voltage of 1.97 V to reach 10 mA cm ™2, dropping approximately
to 0.29 V to HER/OER and reflecting the accelerated kinetic
reaction rates for the NO;RR/OER. Furthermore, the electrolyzer
exhibited no discernible degradation during the 25 hours of
observation (Fig. 5c), thereby suggesting that the electro-
chemical activity remained stable. Consequently, NiCoFeV-S
enabled a high-performing electrolyzer towards the cathodic
NO;RR and the anodic OER with excellent bifunctional
electrocatalytic activity and durability. To alleviate the slow
mass transfer process and further evaluate the potential of
NiCoFeV-S in practical applications, a two-electrode flow cell
coupling the NO;RR||OER system with a NO;~ reduction
cathode (0.1 M KNO; and 1.0 M KOH) and an OER anode (1.0 M
KOH) was further assembled (Fig. S44). The LSV curves depicted
in Fig. S45a indicated that the addition of 0.1 M KNO; reduced
the voltage required to achieve a high current density of 400 mA
cm™? at 2.42 V, which is substantially superior to the HER||OER.
Stability tests of the NiCoFeV-S||NiCoFeV-S system were carried
out at a current density of 100 mA cm 2. The system exhibited
excellent long-term durability (Fig. S45b), maintaining stable
performance over a 25 hour test at a constant current of 100 mA
em > Thus, the aforementioned results suggested that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Two-electrode configuration schematic illustrating simul-
taneous OER (anode) and nitrate reduction (NOszRR, cathode)
processes. (b) LSV curves of the electrolyzer under varied conditions:
anolyte (1.0 M KOH) and catholyte (1.0 M KOH + 0.1 M KNO3). (c)
Chronopotentiometric test of the electrolyzer at 10 mA cm™2. (d) The
statistics of d-band centers for NiCoFeV-S, NiCoFe-S, and NiCo-S.

NiCoFeV-S exhibited excellent electrochemical stability and
potential for practical applications in the NO;RR||OER system.

The potential benefits of NiCoFeV-S on catalytic reactions
can be elucidated through density functional theory (DFT)
calculations. The predicted models of NiCoFeV-S, NiCoFe-S,
and NiCo-S are displayed in Fig. S46-S48. As illustrated by the
density of states (DOS) in Fig. S49a, NiCoFeV-S exhibited a more
continuous electronic structure in comparison to both NiCoFe-
S (Fig. S49b) and NiCo-S (Fig. S49c¢). It facilitated the formation

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

of highly active sites and broadened the range of adsorption
energies.”””® In addition, the significant overlap observed
among the orbitals of all elements is indicative of robust
bonding, which not only facilitates electron transfer between
various metal sites but also provides multiple active sites for
catalytic reactions.” In accordance with the d-band theory, the
adsorption energy of reaction intermediates can be optimized
by modifying the d-band center with other metal dopants.*® As
illustrated in Fig. 5d, NiCoFeV-S featured an upshifted d-band
center at —1.474 eV, in contrast to NiCoFe-S (—1.608 eV) and
NiCo-S (—1.728 eV). This observation indicates an enhance-
ment in the adsorption strength of reactants (H,O and NO;™) on
the catalyst surface, which consequently promotes the OER and
NO;RR kinetic processes.®* In the complex multi-step NO3;RR
process, an upward shift of the d-band center can modulate the
adsorption strength of intermediates (e.g., *NO, *NH,, etc.),
thereby preventing the active site from being blocked by overly
strong adsorption or failing to desorb due to excessively weak
adsorption.®* An upward shift of the d-band center can also
preferentially facilitate specific reaction pathways. As reported,
the HER can be effectively suppressed and the NH; Faraday
efficiency enhanced through d-band center modulation during
the NO;RR.** In light of the aforementioned results, it can be
concluded that the exceptional performance exhibited by NiC-
oFeV-S is primarily attributable to the synergistic effect of
multimetallic sites, wherein the up-shifted d-band centers
modulate the adsorption energies of reactants and
intermediates.

Furthermore, we performed systematic elemental doping
and removal studies through the synthesis of NiCoV-S and
CoFeV-S samples to elucidate the specific contributions of
individual elements. The microstructural morphology of
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NiCoV-S and CoFeV-S is depicted in Fig. S50. The NiCoV-S
sample exhibits well-defined spherical nanostructures, whereas
the CoFeV-S material demonstrates an irregular morphological
configuration. Furthermore, the phase composition from XRD
of NiCoV-S and CoFeV-S is illustrated in Fig. S51. NiCoV-S
displays identical diffraction peaks to CoNi,S, (PDF #24-0334),
confirming that NiCoV-S adopts the characteristic spinel
sulfide crystal structure. However, CoFeV-S did not display the
characteristic diffraction peaks expected for a crystalline phase,
suggesting an amorphous structural tendency. The electro-
catalytic OER performance of NiCoV-S and CoFeV-S was
systematically investigated. As illustrated in Fig. S52a, LSV
reveals that NiCoV-S exhibits a significantly reduced over-
potential of 283 mV at a current density of 100 mA cm 2,
demonstrating superior OER performance compared to NiC-
oFe-S (291 mV), NiCo-S (348 mV), and CoFeV-S (304 mV). This
finding further underscores the pivotal role of Fe/V incorpora-
tion and the synergistic interactions among these elements in
enhancing the OER. Moreover, the catalytic performance of
NiCoV-S and CoFeV-S for nitrate electroreduction was also
systematically evaluated. As displayed in Fig. S52b, NiCoV-S
delivered the NH; yield of 7.5 mg h™' mg.,. ' at —0.6 V vs. RHE,
higher than that of NiCo-S (5.7 mg h™' mg.. ‘). CoFeV-S
delivered the highest NH; yield of 6.6 mg h™' mg.,. " at —0.8 V
vs. RHE. A correspondingly high NH; FE of 75.6% was achieved
by NiCoV-S at —0.8 V vs. RHE, which is higher than those of
CoFeV-S (49.3%) and NiCo-S (67.4%) at —0.8 V vs. RHE.
Moreover, among the prepared catalysts, NiCoFeV-S demon-
strated the highest NH; yield and faradaic efficiency (FE) across
various applied potentials, underscoring its exceptional NH;
selectivity. This superior performance originates from the
synergistic interactions among the constituent elements, with
the Fe and V components playing particularly pivotal roles. The
comprehensive analysis presented herein unequivocally
demonstrates the pivotal role of Fe/V dopants and elucidates
the pronounced synergistic enhancement effect exhibited by
multi-metallic components in high-entropy sulfide systems.

Conclusions

In conclusion, we developed a mild hydrothermal synthesis
method for fabricating hollow spherical-flower NiCoFeV-S
high-entropy sulfide electrocatalysts. It was found that NiC-
oFeV-S exhibits exceptional performance in both the OER and
NO;RR. Notably, the NiCoFeV-S catalyst achieved a low over-
potential of 267 mV at a current density of 100 mA cm ™ for the
OER, as well as a high ammonia FE of 93.2% and a yield rate of
16.6 mg h™' mg,,. " for the NOsRR. The superior bifunctional
activity was attributed to three key enhancement mechanisms:
(1) the hierarchical nanoarchitecture facilitating maximized
accessibility of active sites, (2) multi-metal synergy optimizing
charge transfer dynamics, and (3) an upshifted d-band center
synergistically enhancing water dissociation and hydrogenation
kinetics. This work highlights the substantial potential of
adopting a mild strategy for the development of advanced HEM
electrocatalysts and offers profound insights into the
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modulation of their electronic structures, thereby holding great
promise for practical energy applications.
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