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Abstract: The oxygen evolution reaction (OER) stands out as a key electrochemical process for the
conversion of clean energy. However, the practical implementation of OER is frequently impeded
by its slow kinetics and the necessity for scarce and expensive noble metal catalysts. High-entropy
transition metal sulfides (HETMS) stand at the forefront of OER catalysts, renowned for their ex-
ceptional catalytic performance and diversity. Herein, we have synthesized a HETMS catalyst,
(FeCoNiCuMn50)S2, encapsulated within carbon nanofibers through a one-step process involving the
synergistic application of electrospinning and chemical vapor deposition. By precisely controlling the
doping levels of sulfur, we have demonstrated that sulfur incorporation significantly increases the
exposed surface area of alloy particles on carbon nanofibers and optimizes the electronic configuration
of the alloy elements. These findings reveal that sulfur doping is instrumental in the substantial
improvement of the catalyst’s OER performance. Notably, the catalyst showed optimal activity at
a sulfur-to-metal atom ratio of 2:1, delivering an overpotential of 254 mV at a current density of
10 mA cm−2 in 1.0 M KOH solution. Furthermore, the (FeCoNiCuMn50)S2 catalyst exhibited remark-
able electrochemical stability, underscoring its potential as an efficient and robust OER electrocatalyst
for sustainable energy applications.

Keywords: high-entropy transition metal sulfides; oxygen evolution reaction; electrospinning;
carbon nanofibers

1. Introduction

In recent years, the pursuit of clean and sustainable energy through water electrolysis has
gained considerable momentum as a key research focus [1–5]. A crucial element of this process
is the Oxygen Evolution Reaction (OER), which drives the anodic generation of oxygen from
water—a step that significantly influences the overall efficiency of electrolytic systems [6–10].
Historically, the effectiveness of the OER has been attributed to noble metal-based catalysts, par-
ticularly RuO2 and IrO2, which are well regarded for their superior catalytic performance [11,12].
However, the limited availability, high cost, and challenging extraction processes associated with
these metals have severely restricted their widespread industrial adoption [13–15]. Consequently,
the imperative to develop oxygen evolution reaction (OER) catalysts that are economically feasi-
ble, yet maintain high catalytic efficiency and chemical stability, is more critical than ever. As
the field of electrocatalysis advances, ongoing research is not only deepening our fundamental
comprehension of these processes but also laying a robust groundwork for the next generation
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of energy conversion technologies. This pursuit of efficient, durable, and economically accessible
OER catalysts is a driving force in material science and electrochemistry, holding the promise of
a more sustainable and eco-friendly energy future [16–20]. Strenuous efforts have been devoted
to develop nonprecious metal-based catalysts. Among the potential alternatives, transition metal
sulfides (TMSs), along with phosphides, nitrides, and carbides, have emerged as promising
candidates for electrocatalysts due to their cost-effectiveness and outstanding catalytic prop-
erties, with the potential to surpass traditional noble metal oxide catalysts [21–23]. Among
these, TMSs have attracted considerable attention owing to their unique structural advantages,
abundant active sites, and tunable electronic properties [24–26]. Combining TMSs with carbon
substrate is a traditional method to obtain high catalytic activity. The carbon matrix not only
serves as a support material to prevent the aggregation or dissolution of metal nanoparticles
(NPs) under harsh operating conditions but also serves as an active site to enhance catalytic
performance [26]. However, monometallic sulfides are limited by their single-metal composition,
which often results in suboptimal catalytic activity and stability. Enhancing the performance
of these materials remains a challenging and important area of research. HETMS represent
an innovative class of materials derived from the strategic combination of high-entropy alloys
(HEAs) with metal sulfides. The complex electronic and lattice structures of high-entropy
alloys may endow them with unique catalytic properties [27–29]. This integration exploits the
synergistic effects of multiple metal elements with sulfur, leading to enhanced electron transfer
kinetics and an expanded array of active sites [30–32]. These intrinsic properties are crucial for
significantly improving the catalytic performance of materials, particularly in the context of the
OER [33,34]. For example, Zhao et al. [35] successfully synthesized an FeCoNiCuAlV sulfide
that demonstrated an overpotential of 362 mV at 20 mA cm−2 for the OER in 1 M KOH solution,
with a Tafel slope of 120 mV dec−1, highlighting its promising catalytic properties. Despite
the progress in HETMS research, the synthesis methodologies typically require sophisticated
equipment and intricate processes. Additionally, phase separation into microdomains rather
than the formation of a homogeneous solid solution is often observed, posing a significant
challenge in the development of straightforward synthesis approaches that can achieve uniform
elemental distribution and superior catalytic performance.

Herein, we successfully fabricated carbon nanofiber-coated high-entropy transition
metal sulfides, designated as (FeCoNiCuMn50)Sx, with precisely controlled sulfur doping
levels. This was achieved through a synergistic combination of electrospinning and chemi-
cal vapor deposition techniques. A systematic evaluation of these materials for the OER
demonstrated that (FeCoNiCuMn50)S2 outperformed the other variants, achieving an over-
potential of 254 mV at a current density of 10 mA cm−2 in N2-saturated 1.0 M KOH solution.
The catalyst’s performance reached its peak at an optimal sulfur-to-metal atomic ratio of
2:1, beyond which a decline was observed, indicating a bell-shaped dependency on sulfur
content. The superior OER activity of (FeCoNiCuMn50)S2 is attributed to the formation of
nanoparticles on the carbon nanofibers during the sulfidation process, which enhanced the
active surface area, as well as the electronic restructuring within the alloy. Additionally,
the catalyst exhibited remarkable electrochemical stability over extended periods. These
characteristics position (FeCoNiCuMn50)S2 as a highly promising OER electrocatalyst, with
significant potential to advance energy conversion and storage technologies.

2. Result and Discussion
2.1. Characterizations of Samples

For the synthesis of high-entropy metal transition sulfide nanoparticles, referred to as
HETMS2, a series of FeCoNiCuMnx@CNFs (where x represents Mn content at 10, 30, 50, 80,
and 100%) were fabricated via electrospinning followed by high-temperature carbonization,
as illustrated in Figure 1a. Among these, the high-entropy alloy nanocrystals with an
optimal Mn content of 50, denoted as FeCoNiCuMn50@CNFs (Figure S1), exhibited the
most promising OER performance and were subsequently selected for further sulfidation,
resulting in a range of HETMSx materials with varying sulfur contents. Using Scan-
ning Electron Microscopy (SEM), a preliminary investigation of the microstructure of the
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(FeCoNiCuMn50)S2 catalyst was conducted, revealing that after sulfidation, the nanofibers
have a diameter of 120 nm (Figure 1b), with metallic sulfide particles uniformly dispersed
along the carbon nanofibers, with particle sizes of approximately 14 nm (Figure 1b). SEM
images before and after sulfidation (Figure S2) show that the alloy particles protrude from
the surface of the nanofibers after sulfidation, indicating an increase in active surface area.
Further characterization with Transmission Electron Microscopy (TEM) provided detailed
insights into the lattice parameters, with the interplanar spacing measured at 0.305 nm,
representing a slight expansion relative to the standard 0.302 nm spacing for the (111) plane
of a cubic crystal (Figure 1b). This expansion is attributed to the formation of a multi-
component alloy, a signature characteristic of high-entropy materials, which is believed to
enhance the catalytic performance in the oxygen evolution reaction [31]. X-ray Diffraction
(XRD) analysis of the (FeCoNiCuMn50)Sx nanoparticles confirmed the presence of an FCC
phase, indexed as PDF#06-0518. Distinct diffraction peaks corresponding to the (111), (200),
(220), (311), (222), (400), and (420) planes were observed at 2θ values of 29.6◦, 34.3◦, 49.3◦,
58.6◦, 61.4◦, 72.3◦, and 82.5◦, respectively [36]. An additional peak at 25◦ was attributed
to the (002) plane of graphite carbon [37], as shown in Figure 1f. Energy-Dispersive X-ray
Spectroscopy (EDS) analysis, detailed in Table S1, confirmed that the sulfur-to-metal ele-
mental ratio closely matched the targeted stoichiometry of MSx, where x equals 0.5, 1, 2, or
4. These results collectively validate the successful synthesis of HETMS materials with the
desired (FeCoNiCuMn50)Sx chemical composition.
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Figure 1. Characterization of high-entropy metal sulfide (FeCoNiCuMn50)S2 nanoparticles.
(a) Schematic of the synthesis process; (b) SEM image; (c) TEM image and particle size distribu-
tion (inset); (d) HRTEM image and SAED image (inset); (e) STEM and corresponding mapping
images; and (f) XRD of (FeCoNiCuMn50)Sx.

X-ray Photoelectron Spectroscopy (XPS) was utilized to examine the chemical states
of elements in high-entropy metal sulfide (FeCoNiCuMn50)S2 before and after sulfidation.
As shown in Figure S3, prior to sulfidation, an increase in Mn content resulted in a shift of
photoelectron peak positions for Fe, Co, Ni, and Cu to higher binding energies, indicative
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of reduced electron density around these metals. Conversely, the Mn 2p3/2 peak shifted to
a lower binding energy at 642.1 eV, suggesting an electron-rich state, which may facilitate a
synergistic effect among the metal atoms, beneficial for the OER [38]. Post-sulfidation, the
XPS spectra revealed peaks corresponding to higher oxidation states for all metal elements
in (FeCoNiCuMn50)S2 (Figure 2). The initial peaks for the metallic states were replaced by
those for Fe3+ at 711.0 eV and 724.6 eV (Figure 2a), Co3+ at 777.9 eV and 794.3 eV (Figure 2b),
Ni3+ at 855.9 eV and 878.6 eV (Figure 2c), and Cu+ at 932.4 eV and 946.0 eV (Figure 2d),
respectively. As shown in Figure 2e, the Mn 2p peak was deconvoluted into components at
641.2 eV (Mn2+ 2p3/2), 642.7 eV (Mn3+ 2p3/2), 644.7 eV, and 648.2 eV (Mn4+ 2p3/2) [39–43].
The S 2p XPS results (Figure 2f) confirmed the formation of chemical bonds between sulfur
and both metal elements and carbon, indicating successful sulfur incorporation into the
carbon nanofibers and its interaction with carbon [44]. These findings collectively suggest
that the material undergoes a transformation from a metallic alloy to a sulfide compound,
a change that is likely to enhance its OER performance.
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2.2. Electrocatalytic Performance on OER for Different Samples

The OER electrocatalytic performance of the synthesized high-entropy metal sul-
fides was evaluated using a conventional three-electrode system in an N2-saturated 1.0 M
KOH solution. Linear sweep voltammetry (LSV) was employed to assess the catalytic
activity, with the working electrode (WE) composed of catalyst-loaded carbon paper. A
mercury/mercury oxide (Hg/HgO) electrode served as the reference, while graphite rods
were utilized as the counter electrodes. The LSV polarization curves, shown in Figure 3a,
reveal that the (FeCoNiCuMn50)S2 catalyst exhibits an overpotential of 254 mV at a current
density of 10 mA cm−2, surpassing its counterparts with varying sulfur content, specifically
(FeCoNiCuMn50)S0.5 at 315 mV, (FeCoNiCuMn50)S1 at 302 mV, and (FeCoNiCuMn50)S4
at 285 mV. This result indicates that the optimal sulfur-to-metal atomic ratio for the
(FeCoNiCuMn50)S2 catalyst is 2:1. As the sulfur content increases, the overpotential at a
current density of 10 mA cm−2 follows a trend of initial reduction, reaching a minimum
at the optimal ratio, followed by an increase at higher sulfur levels. This behavior can
be attributed to the increased sulfur content, which introduces a higher number of lat-
tice defects and enhances synergistic effects. These modifications effectively lower the
energy barrier between intermediate species O* and OOH*, optimizing their adsorption
and desorption energies on the catalyst surface, thereby improving OER performance [45].
However, an excessively high sulfur content can lead to the fracture of carbon nanofibers,
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resulting in a decline in the catalytic performance of the alloy, as illustrated in Figure S4.
Moreover, the (FeCoNiCuMn50)S2 catalyst demonstrated superior activity compared with
the industrial benchmark catalyst RuO2, which exhibited an overpotential of 277 mV under
the same conditions. The superior performance of (FeCoNiCuMn50)S2 was further corrob-
orated by its Tafel slope, derived from the LSV data. With a Tafel slope of 74 mV dec−¹,
as shown in Figure 3b, the catalyst demonstrates faster reaction kinetics than the other
samples, consistent with its excellent LSV performance. Additionally, the activity of the
(FeCoNiCuMn50)S2 catalyst surpasses that of several recently reported OER catalysts, as
depicted in Figure 3c, highlighting its remarkable catalytic potential.
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To elucidate the disparities in catalytic performance among the catalysts, a comprehen-
sive analysis of the electrochemical active surface area (ECSA) and charge transfer resistance
was conducted for the various samples. The findings, as presented in Figure 3d, reveal that
(FeCoNiCuMn50)S2 exhibits the highest double-layer capacitance at 47.4 mF cm−2, surpass-
ing that of (FeCoNiCuMn50)S4, (FeCoNiCuMn50)S1, and (FeCoNiCuMn50)S0.5, which have
values of 39.7 mF cm−2, 38.7 mF cm−2, and 18.9 mF cm−2, respectively. This enhanced
capacitance indicates an increased number of active sites [46]. Based on these results, the
calculated ECSA values were utilized to replace the geometric surface area, thereby deriv-
ing the relationship curve between the current density and potential of the electrocatalyst.
As shown in Figure S7, compared with other samples, (FeCoNiCuMn50)S2 demonstrated
superior performance in terms of maximum current density, suggesting that its intrinsic
activity has been enhanced and its catalytic performance improved. Figure 3e further illus-
trates that (FeCoNiCuMn50)S2 also exhibits the lowest charge transfer resistance, consistent
with its superior OER activity.

The exceptional catalytic performance of the high-entropy metal sulfide (FeCoNiCuMn50)S2
can be attributed to two key factors. Firstly, the gradual outward growth of nanoparticles on the
carbon nanofibers during the sulfidation process effectively increases the active surface area,
which is critical in enhancing catalytic activity. Notably, normalization of the ECSA reveals that
(FeCoNiCuMn50)S2 still exhibits the highest intrinsic activity. This observation indicates that
the enhancement in the sample’s catalytic performance is not solely attributed to the increase
in specific surface area. Secondly, the synergistic interactions among the alloy components,
coupled with the electronic structural modifications subsequent to sulfidation, play a vital role in
the material’s performance. The XPS results, as previously discussed, reveal that Mn2+ acts as an



Catalysts 2024, 14, 626 6 of 10

electron acceptor, while Fe, Co, Ni, and Cu serve as electron donors [47,48]. This electron transfer
dynamic facilitates the attainment of a high-valence state for the metal ions after sulfidation,
promoting the accelerated desorption of reaction intermediates. These synergistic effects are
pivotal in significantly enhancing the OER performance [24].

The long-term stability of a catalyst, akin to its catalytic rate, is a critical parameter for
industrial viability. The durability of the (FeCoNiCuMn50)S2 catalyst was assessed through the
application of a constant potential of 0.6 V (1.484 V vs. RHE) over a period of 12 h in 1.0 M KOH.
Figure 3f displays the results, which demonstrate that the material’s current density is sustained
at 10 mA cm−2 for the entire duration, with only a minor decrease and subsequent stabilization,
indicative of its commendable electrochemical stability. Furthermore, the sample’s morpho-
logical evolution throughout the OER process was scrutinized via TEM (Figure S8). The TEM
imagery distinctly demonstrates that, post the stability testing, the (FeCoNiCuMn50)S2 particles
avoided aggregation, retained dimensions of about 14 nm, exhibited an unaltered lattice spacing,
and displayed a uniform distribution of metallic elements, all of which corroborate the absence
of phase separation throughout the catalytic reaction. This remarkable stability is attributed to
the material’s high-entropy structure [49] and the protective carbon encapsulation [50], which
together underpin its potential for industrial-scale applications.

3. Materials and Methods
3.1. Materials

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt nitrate hexahydrate (Co(NO3)2·6H2O),
iron nitrate nonahydrate (Fe(NO3)3·9H2O), copper nitrate trihydrate (Cu(NO3)3·3H2O),
chromium nitrate nonahydrate (Cr(NO3)3·9H2O), manganese nitrate tetrahydrate
(Mn(NO3)2·4H2O), polyvinyl pyrrolidone (PVP, (C6H9NO)n), Sulfur (S) and
N,N-Dimethylformamide (C3H7NO) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Shanghai, China. Potassium chloride (KCl) and potassium hydroxide (KOH) were pur-
chased from Yongda Chemical Reagent Co., Ltd., Tianjin, China. The Nafion solution was
purchased from Minnesota Minerals and Manufacturing Company, Saint Paul, MN, USA. All
chemical reagents are of analytical grade (≥99.7%) and no further purification is required.

3.2. Materials Synthesis

Initially, the fabrication process commenced with the synthesis of a spinning solu-
tion, wherein a metal precursor was homogeneously mixed with polyvinylpyrrolidone
(PVP K-10, 5.5 g) in dimethylformamide (DMF, 10 mL) at ambient temperature under
constant stirring for a duration of 12 h. This solution was subsequently electrospun to
yield nanofibers, which were subjected to carbonization within an H2/Ar atmosphere,
facilitating the formation of high-entropy alloy nanoparticles encapsulated within a carbon
matrix along the nanofibers. To generate samples with diverse compositions, the ratio of
manganese salts in the spinning solution was meticulously adjusted.

Proceeding to the sulfurization stage, a mixture of FeCoNiCuMn50@CNFs and sub-
limed sulfur was loaded into a tube furnace under an argon atmosphere. The temperature
was incrementally elevated from room temperature to 60 °C at a controlled rate of 5 °C
per minute, where it was maintained for a period of 2 h prior to natural cooling. At this
elevated temperature, the sublimed sulfur powder transformed into gaseous sulfur (S),
which interacted comprehensively with the high-entropy alloy nanocrystals to yield high-
entropy metal sulfides (HETMSx) during the annealing process. The sulfur content within
the resulting HETMSx was meticulously regulated by varying the mass ratio of sublimed
sulfur to FeCoNiCuMn50@CNFs, with ratios of 0.5, 1, 2, and 4 employed to produce a series
of HETMSx with distinct sulfur concentrations.

3.3. Material Characterization

Powder X-ray diffraction (XRD) measurements were performed on a Rigaku Smart-
Lab X-ray diffractometer (using Cu Kα radiation). The SmartLab X-ray diffractometer
is produced by Rigaku Corporation, based in Tokyo, Japan. Microscopic morphology
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testing was conducted using a JEM-2100F transmission electron microscope (TEM) and a
JSM-7001F scanning electron microscope (SEM) equipped with an energy-dispersive X-ray
(EDX) spectrometer, both operated at 15 kV, JEM-2100F and JSM-7001F, are manufactured
by JEOL Ltd., which is based in Tokyo, Japan. Additionally, surface chemical analysis
was performed using X-ray photoelectron spectroscopy (XPS) on an Escalab 250Xi system,
manufactured by Thermo Fisher Scientific, which is based in Waltham, Massachusetts,
United States.

3.4. Electrochemical Measurements

All electrochemical measurements were carried out using a three-electrode system
equipped with a CHI1960 electrochemical workstation. Hg/HgO electrode was used
as the reference electrode, and a graphite rod served as the counter electrode. For each
measurement, 5 mg of sample and 10 µL of a 5 wt% Nafion solution were added to a
0.8 mL water/ethanol mixture in a 3:1 volume ratio and sonicated for 30 min to form a
homogeneous ink. Then, 30 µL of this ink was carefully dropped onto a carbon paper
with an area of 1 × 1.5 cm2 for 5 times and dried in air. Linear sweep voltammetry (LSV)
polarization curves were recorded in a 1 M KOH solution with a scan rate of 5 mV s−1 and
a scan range of 0.1–1.1 V. The Tafel slope was calculated from the LSV polarization curve
according to the equation as follow:

η = a + b log j

where j was the current density, b was the Tafel slope, η was the overpotential.
Cyclic voltammograms (CVs) at various scan rates (10, 20, 30, 40, 50 mV/s) were

collected in the 0.15–0.2 V vs. RHE range. Double-layer capacitance (Cdl) can be estimated
by CV measures. The electrochemical surface area (ECSA) was assessed from the electro-
chemical double-layer capacitance (Cdl). The electrochemical impedance spectroscopy (EIS)
measurements were carried out at a potential of 1.555 V vs. RHE with frequencies of 0.1 Hz
to 100,000 Hz and an amplitude of 5 mV. An equivalent Randles circuit model was fit to the
data to determine the system resistance and capacitance.

4. Conclusions

The synthesis of (FeCoNiCuMn50)S2 high-entropy metal sulfide as an OER catalyst
has been successfully achieved through a combination of electrospinning and chemical
deposition techniques. Our research underscores the profound influence of sulfur con-
tent on catalytic activity, identifying an optimal sulfur-to-metal atomic ratio of 2:1. The
gradual outward growth of nanoparticles on the carbon nanofibers during the sulfidation
process, coupled with the synergistic interactions among the alloy components, endows the
(FeCoNiCuMn50)S2 electrode with exceptional OER catalytic activity. Notably, this material
facilitates a current density of 10 mA cm−2 at a remarkably low overpotential of 254 mV.
Moreover, the (FeCoNiCuMn50)S2 electrode has demonstrated sustained stability over a
12 h period at a current density of 10 mA cm−2. Collectively, these findings highlight the
potential of (FeCoNiCuMn50)S2 as an efficient, stable, and promising OER electrocatalyst.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal14090626/s1, Figure S1. LSV curves of FeCoNiCuMnx with varying Mn content. Figure S2.
SEM images of FeCoNiCuMnx@CNFs. (a) X = 10; (b) X = 30; (c) X = 50; (d) X = 70; (e) X = 100. Figure
S3. XPS spectra of FeCoNiCuMn10@CNFs and FeCoNiCuMn50@CNFs. (a) Survey; (b) Fe 2p; (c) Co 2p;
(d) Ni 2p; (e) Cu 2p; (f) Mn 3d. Figure S4. SEM images of (FeCoNiCuMn50)Sx with sulfur content S =
0.5, 1, 4. Figure S5. Equivalent circuit model of (FeCoNiCuMn50)Sx. Figure S6. CV of (FeCoNiCuMn50)Sx
with sulfur content S = 0.5, 1, 4, 2. Figure S7. Specific current density driven from calculated ECSA versus
potential. Figure S8. Stability tests of catalysts: (a) TEM, (b) HRTEM, and (c) elemental maps. Table S1.
EDS results of (FeCoNiCuMn50)Sx.
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