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Abstract
This study explores high-entropy sulfides (HESs) as potential electrocatalysts for the hydrogen
evolution reaction (HER). Novel Pa-3 and Pnma structured HESs containing Fe, Mn, Ni, Co
and Mo, were synthesized via a facile mechanochemical method. Structural and chemical
properties were extensively characterized using x-ray diffraction, transmission electron
microscopy, energy-dispersive x-ray spectroscopy, and x-ray photoelectron spectroscopy. The
electrocatalytic performance of four as-prepared HESs in alkaline electrolyte for HER reveals
the remarkable outperformance compared to medium-entropy and conventional sulfides.
Particularly, (Fe0.2Mn0.2Ni0.2Co0.2Mo0.2)S2 demonstrated outstanding activities, with minimal
overpotentials (187 mV at 10 mA cm–2) and outstanding durability under harsh alkaline
conditions (a mere polarization increase ∆E = 17 mV after 14 h via chronopotentiometry). The
remarkable catalytic activities can be attributed to synergistic effects resulting from the cocktail
effects within the high-entropy disulfide. The introduction of Mo contributes to the formation of
a layered structure, which leads to an increased surface area and thus to a superior HER
performance compared to other HES and conventional sulfides. This work demonstrates the
promising potential of HES and underscores that further development for catalytic applications
paves the way for innovative routes to new and more efficient active materials for HER catalysis.
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1. Introduction

Hydrogen, with its clean and renewable nature, offers an ideal
alternative to fossil fuels in various industries and applica-
tions, such as transportation, steelmaking, and power gener-
ation. It serves as a pivotal element in the transition towards
a sustainable energy future. In this context, electrochemical
water splitting is a clean and promising method for the produc-
tion of hydrogen gas, which has attracted widespread attention
[1]. Electrochemical water splitting involves two reactions: the
hydrogen evolution reaction (HER) at the cathode and the oxy-
gen evolution reaction (OER) at the anode [2]. The develop-
ment of efficient and cost-effective catalysts to reduce energy
consumption in water electrolysis is crucial for the commer-
cialization of this process.

The Pt-group elements have proven to be the most effective
HER electrocatalysts in the past, but their high cost and lim-
ited earth abundance hinder their widespread commercial use
[3]. Therefore, much attention has shifted to abundant, non-
precious metal electrocatalysts, such as Ni, Co, Fe and Mo,
as alternative materials [4]. One notable example, where the
morphology and structure especially supports catalytic activ-
ity, is MoS2, which, due to its layered crystal and distinct
electronic structure, has prompted extensive research for its
application in HER [5–8].

Recently, notable research has been devoted to high-
entropy sulfides (HESs) based on multiple transition metals,
exploring their potential as catalysts for water electrolysis.
However, most of these studies have primarily focused on
catalyzing OER [9–13]. In 2022, Lei et al reported the
good catalytic activity and stability of carbon-supported
CoZnCdCuMnS@CF (CF = carbon fiber) for overall water
splitting in alkaline medium [14], which was also the first
study related to the application of HESs in HER elec-
trocatalysis. In the study by Xiao et al excellent elec-
trocatalytic performance for the HER using HESs was
also demonstrated, highlighting the impact of the high-
entropy concept itself [15]. The seven-metal-containing HES
(AgCuZnMnCoInGa)S exhibited the best HER activity, which
was attributed to the high-entropy nature of the material.

The high-entropy concept allows the incorporation of mul-
tiple elements in a single-phase structure with an almost
infinite number of possible compositional combinations. This
approach leads to a unique surface of the catalyst and excep-
tional flexibility, allowing for tailoring of material proper-
ties, resulting in enhanced stability, improved conductivity,
and optimized catalytic performance. In addition, the cocktail
effects, which describe the interaction of multiple elements
within the high-entropy materials (HEMs), offer synergistic
advantages, leading to highly tailorable electrochemical prop-
erties and increasing interest in electrocatalytic applications.

Furthermore, transition metal sulfides in general have
shown great potential in environmental applications, such as
pollutant degradation [16, 17] and water purification [18], due
to their structural diversity and ability to accommodate vari-
ous active sites. This versatility makes HES not only valuable
for electrocatalysis but also for broader environmental applic-
ations, enhancing their sustainability impact.

In this study, various HESs with either Pa-3 or Pnma
structure were synthesized using high-energy ball-milling and
comprehensively characterized by x-ray diffraction (XRD),
inductively coupled plasma optical emission spectroscopy
(ICP-OES), transmission electron microscopy (TEM), energy
dispersive x-ray (EDX) spectroscopy, x-ray photoelectron
spectroscopy (XPS), and attenuated total reflection-infrared
(ATR-IR) spectroscopy. Additionally, the impact of Mo, as
an inexpensive and non-critical element in such high-entropy
structures, was investigated in detail. Medium-entropy sulf-
ides (MESs), conventional sulfides and state-of-the-art cata-
lysts (e.g. Pt/C) were used as reference materials for com-
parison using a standard three-electrode electrochemical setup
in an alkaline electrolyte. The results show that the cock-
tail effects have significantly influenced both the structure
and catalytic performance of HESs, demonstrating the over-
all advantage of the high-entropy approach. Furthermore, this
research work highlights not only the potential and capab-
ilities of HESs in electrocatalysis, but also the promising
application of the high-entropy approach for targeted tailor-
ing of material properties for electrochemical water splitting.
Overall, these findings underscore the critical role of molyb-
denum, the metal-to-sulfur ratio, and the high-entropy concept
in enhancing the structural and catalytic properties of HES
materials. The ability to tune the metal-to-sulfur ratio offers
a pathway to optimize both the structural configuration and
catalytic performance, particularly in HER applications. This
study highlights the importance of controlling composition
to harness the full potential of high-entropy systems in elec-
trocatalysis. To the best of our knowledge, this is the first time
this structural adaptation has been observed in HESs, further
highlighting the unique potential of HEMs in electrocatalysis.

2. Methods

2.1. Synthesis

All reagents were purchased from commercial sources (Sigma
Aldrich/Alfa Aesar, purity ⩾ 99%) and used without fur-
ther purification. MS, MS2 and 4MS2 were prepared by a
high-energy planetary ball-milling process, more details can
be found elsewhere [19]. MS2-Mo was obtained by ball
milling over 110 h using FeS2, MnS, Ni3S2, CoS2, MoS2 and
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sulfur powder in the respective metal to sulfur ratios. MS-
Mo was prepared by ball milling for 60 h by mixing FeS,
MnS, Ni3S2, CoS2, MoS2 and sulfur powder in the respect-
ive metal-to-sulfur ratios. All products were synthesized in a
high-energy planetary ball-milling machine (Retsch PM 100,
Retsch GmbH) at 500 rpm using 50 ml WC vials and 5 mm
diameter WC balls under argon atmosphere. The weight ratio
of balls to materials was 40:1.

2.2. Materials characterization

XRD patterns were collected from powder samples at
room temperature, using a STOE Stadi P diffractometer
with Ga-jet x-ray source (Ga-Kβ radiation, 1.2079 Å).
Refinement of the XRD patterns was performed using
TOPAS Academics V5 software. Si served as a calibration
sample to determine the instrumental resolution. Background
refinement was done using a linear interpolation function
comprising 36 parameters.

The samples for ICP-OES were dissolved in aqua regia
(HCl: HNO3, 3:1) and analysed by performing a double
determination using an ARCOS ICP-OES (Spectro Analytical
Instruments, Kleve, Germany) with axial plasma view.

TEM measurements, including selected area electron dif-
fraction (SAED), high-resolution TEM (HR-TEM) and scan-
ning TEM—energy-dispersive x-ray spectroscopy (STEM-
EDX), were performed on a Thermoscientific Themis 300
microscope, equipped with a high angle angular dark field-
STEM detector and Super-X EDX detector. The microscope
was operated at an accelerating voltage of 300 kV. The
powdered samples were spread onto a gold grid coated with
holey carbon and then placed onto an FEI double tilt holder.

XPS measurements were conducted using a Phoibos
150 spectrometer system (Specs) with monochromatized Al
Kα radiation (400W, 15 kV). The pass energies at the analyzer
were set to 90 and 30 eV for survey and detail measurements,
respectively. To calibrate the binding energy, the C 1 s peak
of adventitious carbon was used and set to 284.8 eV. Peak fit-
ting was performed with CasaXPS software, using Gaussian-
Lorentzian peak shapes and the expected values for intensity
ratios and spin-orbit-splittings of the S 2p and Mo 3 d peak
doublets [20]. To account for the contribution of S 2 s peaks
from different S species in the Mo 3d detail spectra, corres-
ponding peaks were entered. The positions of these S 2 s peaks
were fixed by assuming a constant distance of 64.4 eV between
the S 2p3/2 and S 2 s peak (known from previous work with
MoS2). The intensities were related to the S 2p peaks, tak-
ing into consideration the relative sensitivity factors of the S
2p and S 2 s peaks. ATR-IR spectroscopy measurements were
performed on an ALPHA FT-IR spectrometer (Bruker) in the
range from 600–4000 cm–1. All spectra were background cor-
rected using the OPUS software.

2.3. Electrochemistry

Electrochemical measurements were conducted using a three-
electrode setup on a modulated speed rotator (Equilabrium
SAS) with a rotating glassy carbon working electrode

(area = 0.196 cm2) at a rotation speed of 1600 rpm. A graph-
ite rod and Hg/HgO were used as counter and reference
electrodes, respectively. For the preparation of the working
electrodes, a solution of 8 mg of the active material and 2 mg
carbon black (Super P Conductive, 99+ %, Alfa Aesar) in a
mixture of 1800 µl of 2-propanol, 100 µl of H2O and 100 µl of
Nafion was prepared. An uniform ink was obtained by sonic-
ating in an ice water bath for 30 min in an ultrasonic finger/ho-
mogenizer. Subsequently, 16.5 µl of the solution was dropped
onto the surface of the glassy carbon working electrode and
dried, resulting in a catalyst loading of 0.33mg cm–2. Platinum
on graphitized carbon (Pt/C, 20 wt. % Pt loading, Sigma
Aldrich) was used as commercial HER catalyst reference. All
measurements were performed in an N2-saturated 1 M KOH
electrolyte at room temperature by a potentiostat (BioLogic
GmbH). Linear sweep voltammetry (LSV) was conducted at a
sweep rate of 5 mV s–1 in a potential range from 0.1 to−0.6 V
vs. reversible hydrogen electrode (RHE). Themeasured poten-
tials are referred to the RHE, ERHE = EHg/HgO + 0.059 × pH
V + 0.098 V. The pH of the electrolyte was determined by a
pH meter to be 13.3. All LSV results were 85% IR-corrected.
The overpotential η = 0 −ERHE. Electrochemical impedance
spectroscopy (EIS) measurements were carried out at an over-
potential of 317 mV in a frequency range from 1 to 100 kHz
with an alternating current amplitude of 10 mV. The double-
layer capacitance (Cdl) was evaluated via cyclic voltammetry
(CV) measured at five different scan rates (5, 10, 20, 40 and
60 mV s−1) in the non-Faradaic potential range from 0.282 V
to 0.182 V vs. RHE. The electrical chemical surface area
(ECSA) was calculated assuming that the capacitance of a flat
surface (Cs) is∼40µF for 1 cm2 on a real surface area, then the
ECSA is estimated as ECSA=Cdl/Cs. The stability of samples
was compared by chronopotentiometry at the constant current
density of−10 mA cm−2. The long-term stability of MS2-Mo
was also assessed by performing 100, 1000, 2000, 5000, and
8000CV continuous scans between 0.10 and−0.42V vs. RHE
at the scan rate of 100 mV s−1.

3. Results and discussion

Novel catalyst materials were synthesized using a straightfor-
ward high-energy ball-milling method in an inert atmosphere,
resulting in the successful preparation of HESs with distinct
crystallographic structures. The HESs consist of five transition
metals Fe, Mn, Ni, and Co as a base, combined with either Cr
or Mo, each in equimolar ratios.

The stoichiometric composition of the synthesized
materials was determined using ICP-OES, and the res-
ults, along with the abbreviations used later in the study,
are provided in table 1.

For crystal structure evaluation, XRD measurements were
performed. Figure 1 shows the comparison of the XRD pat-
terns for all prepared materials. In addition to MS, MS-Mo,
MS2 and MS2-Mo, a MES containing only four transition
metals, referred to as 4MS2 (FeMnNiCo)S2, is also included
[19]. The phase of the high-entropy monosulfides (MS-Mo
and MS) and the high-entropy disulfides (MS2-Mo and MS2)
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Table 1. ICP-OES results and abbreviations of the synthesized
HESs materials.

Structure formula Material

(Fe0.21Mn0.21Ni0.21Co0.20Cr0.21)S1 MS
(Fe0.17Mn0.16Ni0.17Co0.18Mo0.17)S1 MS-Mo
(Fe0.22Mn0.20Ni0.20Co0.20Cr0.20)S2 MS2
(Fe0.20Mn0.20Ni0.20Co0.20Mo0.20)S2 MS2-Mo

Figure 1. Comparison of XRD patterns of all as-synthesized
sulfides used as HER catalysts. The data are background corrected.

show a pure orthorhombic (space group = Pnma) or cubic
(space group = Pa-3) crystal structure, respectively, which
is related to the ratio of metal and sulfur near to 1:1 or 1:2.
The 4MS2 also primarily exhibits a cubic Pa-3 structure,
although a few impurity peaks from secondary phases are
detected (figure 1).

The Rietveld refinement of MS-Mo and MS2-Mo is shown
in figure S1. The result of MS-Mo confirms the Pnma phase,
with a unit cell volume of 108.8(3) Å3 and lattice paramet-
ers of a = 5.462(2) Å, b = 3.388(5) Å, and c = 5.876(1) Å.
The refinement of MS2-Mo indicates a pure Pa-3 phase with
V = 181.8(4) Å3 and a = 5.666(4) Å. A comparison between
the structures can be found in table S1 [19].

The Mo source for the synthesis process was commer-
cial MoS2, showing a P63/mmc structure in the XRD pat-
tern (figure S2). MoS2 is known to appear in three differ-
ent structures, one belonging to a hexagonal crystal system
(2H-MoS2) and the other to a trigonal crystal system (3R-
MoS2) [21]. The third reported structure is a crystal system
(1T-MoS2), but it appears to be metastable and it is diffi-
cult to be prepared on a large scale by conventional methods.
Nevertheless, due to a high electrical conductivity, 1T-MoS2
is an attractive electrocatalyst for HER [22–26]. Despite these
structural discrepancies towards the Pnma and Pa-3 structure
of the prepared HESs, Mo could be incorporated into the

respective orthorhombic and cubic crystal systems without
forming additional phases (figures 1 and S1). This is note-
worthy, as such structures have not been previously reported
for molybdenum sulfides.

The HER performance of the various HESs was tested
using a standard three-electrode setup in N2-saturated 1 M
KOH electrolyte solution. To enhance the electronic con-
ductivity, all materials were mixed with carbon black in a
weight ratio of 4:1 and directly used as active materials
(for more details please refer to the experimental section).
Polarization curves of all HESs and commercial 20 wt.%
Pt/C were performed by LSV and are shown in figure 2(a).
To compare the HER reaction kinetics, Tafel slopes were
derived from the corresponding LSV curves which are plotted
in figure 2(b). The reference catalyst Pt/C required an overpo-
tential of 47 mV at a current density of −10 mA cm–2 and a
Tafel slope of 33 mV dec–1, which are comparable to values
reported in literature [27, 28].

Interestingly, the results show that the addition of Mo leads
to a remarkable improvement in catalytic activity, particu-
larly for MS2-Mo. At a current density of −10 mA cm–2,
the overpotential increased in the following order: MS2-Mo
(187 mV) < MS2 (309 mV) < MS-Mo (335 mV) < MS
(360 mV). A comparison of the HER activities for the HES
materials is presented in table S2. At higher current densit-
ies (50 and 100 mA cm–2), this order remained largely the
same; only the overpotential of MS2 slightly surpassed that
of MS-Mo from approximately 80 mA cm–2 on. Nevertheless,
the overpotential for any given current density is higher for
all HESs materials compared to Pt/C. In summary, the com-
bination of certain specific HES structures (Pa-3 structure
instead of Pnma) and Mo has a significant influence on the
catalytic activity.

In particular, the positive influence of Mo was also evid-
ent in the Tafel slope. For both monosulfides and disulfides,
the incorporation of Mo resulted in a significant decrease in
the Tafel slopes (figure 2(b)). MS2-Mo and MS-Mo (96 and
100 mV dec–1, respectively) have significantly lower slopes
compared to the Mo-free HES counterparts, MS and MS2
(109 and 164 mV dec–1, respectively). In general, a lower
Tafel slope corresponds to faster kinetics. In other words,
the lower the Tafel slope, the easier the electron transfer and
electron migration during the catalysis process. In order to
investigate the observed HER activities in more detail, EIS
measurements were performed (figure 2(c)). In the Nyquist
plot, the semicircles at lower frequencies correspond to the
charge transfer resistance, with MS2-Mo having the smal-
lest semicircle, indicating the lowest impedance and fastest
charge transfer among all HESs, thus correlating with its
superior HER performance.

Considering that the HER performance strongly depends
on the surface area of the catalyst, the ECSA was determined
using Cdl estimated by CV measurements with different scan
rates in the non-faradaic region (figures 2(d) and S3). The Cdl

values of MS, MS-Mo, MS2 and MS2-Mo are 4.4, 5.5, 7.6
and 24.5 mF cm–2, respectively, resulting in corresponding
ECSA values of 110, 137.5, 190 and 612.5 cm2, respectively.
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Figure 2. (a) Polarization curves of all HESs and commercial Pt/C as reference in a three-electrode cell with N2-saturated 1M KOH
electrolyte. The pink dashed lines mark the current density of −10 mA cm–2. (b) Tafel slopes derived from corresponding polarization
curves. (c) Electrochemical impedance spectroscopy (EIS) results of all HESs. (d) Current density differences (∆j) of all HESs from CV
curves (figure S3) plotted against the scan rate. Double-layer capacitance Cdl is equivalent to linear slope.

The LSV curves were normalized to the ECSA, showing that
MS2-Mo has also the best intrinsic catalytic activity (figure
S4). The significantly larger ECSA of MS2-Mo compared to
the other HESs could probably be one of the main reasons for
its enhanced catalytic performance. This is because the ECSA
is the area of the electrode material that is accessible to the
electrolyte and is used for charge transfer. This would also
explain why MS2-Mo also outperforms MS-Mo (same metal
composition). The influence of ECSA could also be illustrated
using other material classes [29, 30]. In the study by Einert
et al it was shown that, taking the ECSA into account, the
improved catalytic activity of the mesoporous high-entropy
spinel oxide (Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 can be attributed
primarily to the significantly increased number of catalytically
active sites.

The question arises why MS2-Mo shows such improved
performance compared to all other tested materials. Important
material parameters that could potentially improve cata-
lytic activity are surface, morphology and oxidation states.

Therefore, the Mo containing materials with a special focus
on MS2-Mo, were further investigated.

As catalytic performances predominantly rely on surface
reactions, the structural and electronic/chemical properties of
the catalyst surface play a defining role. In this context, XPS
was used to determine the chemical and oxidation states of
elements on the surface of MS-Mo and MS2-Mo. XPS ana-
lysis provides crucial information about the valence states of
various elements on the sample surface. These valence states
play an important role in determining catalytic properties. In
systems with multiple elements, these states can reveal syn-
ergistic effects, where the presence of one element in a spe-
cific oxidation state enhances the catalytic performance of
another element.

The survey spectra (figure 3(a)) show the presence of vari-
ous species on the surface of both samples, including man-
ganese (Mn 2p), iron (Fe 2p), cobalt (Co 2p), nickel (Ni 2p),
molybdenum (Mo 3d), sulfur (S 2p), and oxygen (O 1s), in
addition to carbon (C 1s). The high-resolution spectra for the
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Figure 3. (a) XPS survey and high-resolution spectra in the (b) S2p, (c) O 1 s and (d) Mo3d regions of MS-Mo and MS2-Mo.

S 2p, Mo 3d and O 1s regions are shown in figures 3(b)–(d),
while the detail scans for Fe 2p, Co 2p, Mn 2p and Ni 2p can
be found in figure S5.

The S 2p spectra (figure 3(b)) show three peak doublets for
both samples. As expected, the peak doublet of sulfide spe-
cies (S2-, S2p3/2 at 161.6 eV) dominates the spectrum of MS-
Mo. Additionally, smaller contributions are observed at higher
binding energy, which can be assigned to disulfide (S22–, S
2p3/2 at 162.6 eV) and oxidized sulfur species (SOx, S 2p3/2 at
167.7 eV), respectively. Conversely, the disulfide peak doublet
is the major contribution in the spectrum of MS2-Mo. These
results are in good agreement with findings for other metal
sulfides [31, 32]. The presence of oxidized sulfur species at
the surface of MS-Mo and MS2-Mo particles is thus demon-
strated. All samples display one peak at a high binding energy
(≈533.5 eV) attributed to a C–O environment (figure 3(c)).
Furthermore, the detection of a peak at 530.4 eV in the O 1s
spectra for both samples indicates the presence of metal oxide
(M–O) species in the surface region. These species are most
probably related to an interaction of the samples with oxygen
traces during preparation, storage or the process of transferring
to the XPS analysis. The main peak at around 532 eV can be
attributed to a mixture of oxygen from SOx compounds, C=O,
and M–OH (metal hydroxides).

The Mo 3d high-resolution spectra (figure 3(d)) show peak
doublets representing two Mo species, apart from the three
S 2 s peaks related to S2–, S22– and SOx. The first doublet
(Mo 3 d5/2 at 228.7 eV) could be assigned to Mo4+ species
present as sulfide and/or oxide. Furthermore, the presence of
Mo5+ species could be confirmed by the second doublet (Mo
3 d5/2 at 231.5 eV) [33, 34]. The analysis of the other trans-
ition metals (Mn 2p, Fe 2p, Co 2p and Ni 2p; figures S5(a)–
(d)) is complicated by multiplet splitting effects and overlap
with Auger features [35]; we therefore refrained from a peak
fit and will only briefly discuss the shape and position of the
spectra. The spectra in the Mn 2p region contain a Ni Auger
feature, which overlaps with the Mn 2p3/2 peak. As a con-
sequence, the Mn 2p1/2 peak was used for comparison instead,
which was detected for both samples at ∼653.5 eV. Taking
into account the spin-orbit splitting of the Mn 2p peak doublet
(□ = 11.7 eV), this translates to a Mn 2p3/2 peak position

of 641.8 eV indicating an intermediate oxidation state, prob-
ably Mn3+ [20]. For Co and Ni, the position of the main 2p3/2
peaks is similar for both samples (Co 2p3/2 at ∼779 eV, Ni
2p3/2 at ∼853.5 eV). The observed peak positions as well as
the detection of the satellite feature at ∼787 eV in the case
of Co, point to a preferred oxidation state of +2 for these two
metals. Finally, the low intensity of the Fe 2p peak doublet and
the presence of Co and Ni Auger features overlapping with
the Fe 2p3/2 peak render an accurate analysis of the results
in this region difficult. The enhanced catalytic effect of Mo-
containing catalyst materials can be attributed to the introduc-
tion of Mo4+ as an adsorption site for reactants, which over-
comes the insufficient affinity of Ni2+ in sulfide to water and
thus facilitates the onset of HER. Thus, the Mo4+ sites con-
trol the adsorption of the reactant and subsequently cooper-
ate with the nearby Ni sites to promote the dissociation of
reactants, the formation of intermediates and the desorption of
products during the reaction process. This behavior has been
corroborated by in-situ characterization and theoretical stud-
ies of Mo4+ doped NiS [36]. Given that the Mo-containing
HEM studied here also exhibited significantly improved cata-
lytic performance, it is reasonable to infer that a similar mech-
anism is likely operating in this case as well.

Furthermore, the higher stability ofMoSx units can be com-
bined with the higher activity of building blocks such as CoSx
to develop a robust and efficient HES system. The study by
Staszak-Jirkovský et al suggests that Co2+ is about five times
more stable in CoMoSx than in CoSx, while Mo4+ is almost
equally stable in CoMoSx and MoSx. This indicates that the
Co-based building blocks can be stabilized in the CoMoSx
structure. In CoMoSx materials, the HER occurs simultan-
eously at the active Co2+ and Mo4+ centers. However, due
to the higher instability of the Co2+ cations, the density of
the active Co2+ centers is higher, so that they contribute more
to the measured current density. It can therefore be assumed
that the introduction of Mo into the HEM also improves the
catalytic efficiency by stabilizing the structure and provid-
ing additional active sites for the reaction [37]. To gain fur-
ther insights into possible functional groups in the case of
HESs, the materials were analyzed using ATR-IR (figure S6).
All HESs exhibited a comparable IR pattern. The absorption
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Figure 4. SAED pattern of (a) MS-Mo and (b) MS2-Mo. The diffraction rings observed for MS-Mo and MS2-Mo are consistent with the
space group Pnma and Pa-3, respectively.

Figure 5. STEM-EDX mapping of (a) MS-Mo and (b) MS2-Mo.

bands observed in the range of 600–750 cm−1 can be attrib-
uted to metal-S stretching vibrations [38–42]. In contrast, the
bands in the range of approximately 750–1600 cm−1 can be
associated with sulfate and carboxyl groups, while the peak
at 3400 cm−1 corresponds to O-H stretching [43−45]. The
presence of carboxyl and O-H stretching is likely due to reac-
tions with atmospheric air. To further investigate the sur-
face structure, morphology and elemental distribution, TEM
measurements were carried out. The high resolution TEM
(HR-TEM) micrographs show irregularly shaped agglomer-
ated particles with sizes ranging in the hundreds of nanometers
(figure S7). Furthermore, the diffraction rings observed using
SAED measurements (figure 4) for MS-Mo and MS2-Mo are
consistent with the Pnma and Pa-3 space groups, respectively,
which aligns with the XRD data (table S3).

Figure 5 shows the STEM-EDX mapping results, which
were acquired to examine the nanoscale distribution of
elements in MS-Mo and MS2-Mo. The data indicate a

homogenous distribution of all elements, without observable
segregation or aggregation.

HR-TEM micrographs and the corresponding fast Fourier
transform (FFT) images of MS-Mo and MS2-Mo (figure 6)
demonstrate a high crystallinity of the particles. In the higher
magnification of the regions defined by the white squares,
the red circled area in figure 6(a) corresponds to (111) lat-
tice planes in Pnma-structured MS-Mo with lattice spacing
of 0.26 nm, while the blue circled area in figure 6(b) refers
to (002) lattice planes in Pa-3-structured MS2-Mo with spa-
cing of 0.27 nm. Additionally, compared to the HR-TEM
images of MS-Mo (figure 6(a)) or MS andMS2 (figure S8, see
also [19]), sample MS2-Mo displays another feature, namely
a layered structure of the material (certain layers are high-
lighted by yellow arrows in figure 6(b). As can be seen, the
yellow lines denote stacked MS2-Mo, revealing an interlayer
distance of 0.62 nm, which is similar to the HR-TEM results
of MoS2 nanosheets reported in literature [46–49]. This result
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Figure 6. HR-TEM images with crystal lattices and corresponding FFT patterns of (a) MS-Mo and (b) MS2-Mo. The layered structure of
MS2-Mo is indicated by the yellow lines and arrows.

emphasizes the unique features inHEMs that can appear due to
cocktail effects. With the introduction of only approximately
20 mol. % of Mo (in relation to the other transition metals),
the Pa-3 structure was maintained, but a feature of MoS2, the
layered structure (highlighted by the yellow lines and arrows,
figure 6(b), was adapted, rendering MS2-Mo as a unique
material in our study of HESs.

The layered structure can thus be considered as one of
the key factors contributing to the enhanced catalytic activ-
ity of Mo-containing HES-materials. HR-TEM images reveal
that this structure is segmented into multiple sections, sug-
gesting increased exposure of edge sites (figure 6(b)). These
‘breaks’ likely lead to a greater number of active sites, improv-
ing hydrogen adsorption and accelerating the HER.

The enhanced HER performance of the Mo-containing
high-entropy disulfide (MS2-Mo), compared to non-Mo
HEMs, can probably be attributed to two primary factors: the
formation of a layered structure and enhanced defect genera-
tion. Molybdenum plays a crucial role in facilitating the form-
ation of the S-Mo-S layered structure, which is more prone
to exfoliation and fracture. This, in turn, exposes more act-
ive edge sites that are critical for the HER process. In con-
trast, non-Mo disulfides, lacking this layered configuration,
limit the availability of such active sites, leading to lower
catalytic efficiency.

The superior performance of MS2-Mo compared to high-
entropy Mo-containing sulfide (MS-Mo) can be further
explained by the presence of microfissured layers in MS2-
Mo, which are absent in MS-Mo. It can be inferred that the
metal-to-sulfur ratio is the responsible factor in driving the

formation of these layered structures. In MS2-Mo, the appro-
priate metal-to-sulfur ratio results in weaker van der Waals
forces between the layers, facilitating interlayer separation
and promoting the development of a layered structure [50].
Conversely, in MS-Mo, an improper metal-to-sulfur ratio may
strengthen the chemical bonds between the layers, tighten-
ing interlayer interactions and thus preventing the formation
of a layered configuration. The incorporation of molybdenum
introduces advantageous structural features into HEMs, result-
ing from cocktail effects. This is particularly notable in cases
where Mo enables the formation of a layered structure that
would not typically occur in such compositions. To the best of
our knowledge, this is the first time this structural adaptation
has been observed in HESs. Overall, these findings underscore
the critical role of molybdenum, the metal-to-sulfur ratio, and
high-entropy concept in enhancing the structural and catalytic
properties of HES materials. The ability to tune the metal-
to-sulfur ratio offers a pathway to optimize both the struc-
tural configuration and catalytic performance, particularly in
HER applications. This study highlights the importance of
controlling composition to harness the full potential of high-
entropy systems in electrocatalysis.

The layered structure, which emerges only due to the intro-
duction ofMo into the HEM, leads to an increased surface area
and consequently enhances catalytic performance. This phe-
nomenon can be linked to the cocktail effects, where modi-
fying just one element in the overall composition (as in the
case of MS2 compared to MS2-Mo) has a significant positive
impact on the material’s properties. This underlines the prom-
ising role of the HEMs in catalytic applications, since using
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Figure 7. (a) Polarization curves of MS2-Mo, 4MS2, a mixture of 4MS2 and MoS2, MoS2, and carbon black in a three-electrode cell with
N2-saturated 1M KOH electrolyte. The pink dashed lines mark the current density of −10 mA cm–2. (b) Chronopotentiometry curves of
MS2-Mo, MS2, MS-Mo and 4MS2 for 14 h at constant current density of −10 mA cm–2. (c) Polarization curves of MS2-Mo before and
after 60 h chronopotentiometry at constant current density of −10 mA cm–2. Inset is the corresponding chronopotentiometry curve of
MS2-Mo for 60 h. (d) Polarization curves of MS2-Mo before and after 100, 1000, 2000, 5000, and 8000 CV cycles.

this approach, formerly unknown materials with elements in
unconventional structural and electronic environments can be
prepared, tailored, and utilized.

At this point, we would like to emphasize once again that
the HESs (MS, MS2, MS-Mo and MS2-Mo) do not form
layered structures per se due to their orthorhombic and cubic
crystal structure. However, evidence of a layered structure can
be found in the case of MS2-Mo and is probably primarily due
to the incorporation ofMo. Small areas with layered structures
have formed, similar to the layered MoS2 material.

To verify this assumption, MS2-Mo (best performing HER
material) is compared with the MES 4MS2, commercial
MoS2, and a mixture of 4MS2 with MoS2. Figure 7 shows the
comparison of HER catalyst performance of these materials.
More precisely, the LSV curves of high-entropy MS2-Mo,
medium-entropy 4MS2, commercial MoS2, a grounded mix-
ture of MoS2 and 4MS2 to simulate the same elemental com-
position as MS2-Mo but without introducing the elements
into a single-phase compound, and carbon black are shown in
figure 7(a).

Although the MES 4MS2 shares the same crystal struc-
ture (space group = Pa–3) and similar composition (Fe, Co,
Ni, Mn, S except for Mo) as MS2-Mo, it exhibits signific-
antly higher overpotential of 309 mV at a current density of
−10 mA cm–2 compared to the HEM MS2-Mo (187 mV at
−10 mA cm–2). Similarly, commercial MoS2 features a much
higher overpotential (443 mV at −10 mA cm–2). Even when
4MS2 is thoroughly ground with commercial MoS2, resulting
in a mixture (4MS2 + MoS2) with the same elemental com-
position and ratio as MS2-Mo, it shows an overpotential of
322 mV at −10 mA cm–2. While this value is close to that of
4MS2, it remains much higher than that of MS2-Mo.

Since catalytic stability under harsh conditions is a fur-
ther critical factor for HER application, the stability of the
HESs (MS2-Mo, MS-Mo, and MS2) and the MES (4MS2)
was investigated using chronopotentiometry measurements,
the results are shown in figure 7(b). Compared to the HESs,
the potential of the MES 4MS2 changes significantly in
the first two hours (∆E = 130 mV). In addition, MS2-Mo
(∆E = 17 mV in 14 h) shows a much more stable behavior
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than MS2 (∆E = 80 mV in 14 h) with the same Pa-3 struc-
ture due to the incorporation of Mo. Interestingly, the Pnma-
structured MS-Mo (∆E = 38 mV in 14 h), which also con-
tains Mo, shows better stability than MS2, suggesting that the
introduction of Mo significantly improves the stability of HES
catalysts in an alkaline environment. In addition, the potential
of MS2-Mo increases less than that of MS-Mo with the same
metal composition, implying that here the crystal structure of
Pa-3 has higher catalytic stability than Pnma.

As MS2-Mo exhibited superior HER performance in terms
of overpotential, impedance, and stability, the stability tests
were extended. In figure 7(c), the results of a 60 h chrono-
potentiometry measurement at a constant current density of
−10 mA cm–2, along with the LSV curves before and after the
60 h long-term stability test, are shown.

MS2-Mo demonstrates outstanding long-term stability
with a minimal increase in overpotential (∆E at −10 mA
cm–2 = 30 mV and ∆E at −50 mA cm–2 = 13 mV) after 60 h.
At this point, we would like to emphasize that the stability
tests were performed for 14 h and 60 h at a current density
of −10 mA cm–2, conditions relevant for solar water splitting
using semiconductor photoelectrodes. To evaluate the poten-
tial of HESs from a more industrial applications perspective,
the long-term stability of the best-performing material, MS2-
Mo, was further assessed via chronopotentiometry at a cur-
rent density of−100 mA cm–2. A comparatively rapid drop in
potential of around 70 mV was observed within the first 2 h,
followed by a continuous drop of around 20 mV between 2
and 6 h. Subsequently, the potential showed a less pronounced
decrease of around 10 mV between 6 and 14 h. Overall, the
change in potential observed over the 14-hour period was
∆E = 100 mV (figure S9). Furthermore, figure 7(d) shows
the corresponding polarization curves ofMS2-Mo after 1, 100,
1000, 2000, 5000, and 8000 CV cycles (CV cycles were per-
formed between 0.1 V and −0.42 V vs. RHE at a scan rate
of 100 mV s−1). Compared to the initial data, the overpoten-
tials change by 11, 12, 18, 27, 35 mV at −10 mA cm–2 and
2, 3, 9, 22, 34 mV at −50 mA cm–2 after 100, 1000, 2000,
5000, and 8000 CV cycles, respectively. Hence, the overpo-
tential of MS2-Mo exhibits virtually no loss before 1000 CV
cycles at high current density and shows a gradual increase
before 8000 cycles, highlighting the exceptional stability of
the materials in an alkaline environment. In summary, it can
be stated that MS2-Mo demonstrates compared to the other
HESs studied herein exceptionally high catalytic activity in
terms of overpotential, impedance, kinetic, and long-term sta-
bility, underscoring the significance and benefit of the cocktail
effects, which are only observed when all elements are mixed
in a single-phase structure. Or in other words, with the high
entropy approach we can therefore tailor future catalysts to a
layermorphology and thus improve catalystmaterials towhich
the approach can be applied.

4. Conclusion

In conclusion, we have successfully designed and synthes-
ized two novel HESs incorporating Mo alongside four other

transition metals, utilizing a one-step facile mechanochemical
synthesis under inert atmosphere. The detailed characteriza-
tion of MS2-Mo with a Pa-3 structure and MS-Mo with a
Pnma structure was performed using XRD, ICP-OES, TEM,
EDX, ATR-IR, and XPS. Remarkably, the HR-TEM ana-
lysis revealed a layered structure in MS2-Mo, a distinctive
feature attributed to the incorporation of Mo. These find-
ings exemplify the significant influence of cocktail effects
in high entropy materials. The unique layered structure of
MS2-Mo contributes to its significantly enhanced HER cata-
lytic performance compared to other HESs or metal sulf-
ide mixtures and MES. This observation underscores the
advantageous transfer of a layered structure to materials
that typically lack this characteristic, highlighting the ver-
satility of the high-entropy concept. This study contributes
valuable insights into the design and application of high
entropy materials, paving the way for advancements in vari-
ous catalytic systems. The demonstrated catalytic superiority,
stability, and versatility of HESs, particularly MS2-Mo,
make them promising candidates for future developments in
heterogeneous catalysis.

5. Future perspectives

Building on the remarkable findings of this study, the
future of HESs in electrocatalysis appears exception-
ally promising. The demonstrated high performance of
(Fe0.2Mn0.2Ni0.2Co0.2Mo0.2)S2 for the HER provides a solid
foundation for further exploration of HESs in various catalytic
applications. Future research should focus on expanding the
compositional space of HESs to fine-tune their electronic and
structural properties for enhanced catalytic activity and stabil-
ity. In this context, high-throughput screening methods could
be a promising approach to explore the broad compositional
space for potential HES candidates.

The inclusion of computational modeling and machine
learning could also accelerate the discovery of new HES com-
positions with optimal properties for HER and other catalytic
processes. Additionally, investigating the integration of HESs
with other functional materials, such as conductive polymers
or carbon-based supports, could lead to the development of
hybrid catalysts with synergistic effects, further improving
their efficiency and durability.

In summary, future research in the field of HESs should aim
at a comprehensive understanding and optimization of their
catalytic properties, scalable synthesis methods, and integra-
tion with other advanced materials. This approach will pave
the way for the next generation of efficient and durable cata-
lysts for sustainable energy solutions.
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