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1. Introduction

In recent years, a novel material class, the 
high-entropy materials (HEMs), has devel-
oped very rapidly and is gaining popularity. 
Specifically, the high-entropy concept aims 
to introduce a large number of different 
elements into a single-phase lattice, which 
does not only leads to high configurational 
entropy, but also creates a unique combi-
nation of interactions based on the stoichi-
ometry and type of incorporated elements. 
The high-entropy concept was first applied 
to alloy systems[1–3] and later deployed at 
ceramics including oxides,[4,5] oxyfluo-
rides,[6,7] silicides,[8] borides,[9] nitrides,[10] 
carbides,[11,12] chalcogenides,[13–16] fluo-
rides,[17–19] phosphides,[20,21] etc. Yeh sum-
marized four core factors affecting the 
microstructure and properties of high-
entropy alloys:[22] configurational entropy, 
sluggish diffusion, lattice distortion, and 
cocktail effects, all of which can be trans-

ferred to high-entropy ceramics (HECs) as well. The strongest 
impact on the material properties arises from the elemental 
composition of the HEMs and can be described with the so-
called cocktail effect, which outlines the materials’ properties 
in terms of the elemental interactions. By changing the stoichi-
ometry or the type of the incorporated elements, the material 
can be tailored regarding certain desired properties. Addition-
ally, lattice distortions due to differently sized ions are apparent, 
which can also alter the mechanical and physical properties of 
a material. All of the above enable HEMs to show exciting and 
unexpected properties with a broad range of applications, for 
example in catalysis,[23,24] as thermoelectric material,[15,25] and 
for electrochemical energy storage.[4,6]

The configurational entropy is an important value for judging 
if the material is a high-entropy compound (Sconfig  >  1.5R), 
which can be calculated by following a formula (Equation  (1)) 
derived from the Boltzmann and Gibbs interpretation of 
entropy.[5,26]
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In this equation, Sconfig describes the configurational entropy, 
R is the ideal gas constant, and sl1 and sl2 stand for different 
sub-lattices in the structure. xi and xj represent the molar frac-
tion of the ith and jth component of the respective sublattice, 
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N and M are corresponding to the number of elements in the 
sub-lattices, respectively.

HESs constitute a HEM class that was only discovered very 
recently. In 2018,[15] Zhang et al. synthesized tetragonally struc-
tured (I-42m), multi-component sulfides Cu5SnMgGeZnS9 and 
Cu3SnMgInZnS7 by mechanical alloying and spark plasma 
sintering for thermoelectric applications (1R  < Sconfig  <  1.5R, 
a medium-entropy material). In 2020,[14] Cui  et  al. reported 
on a high-entropy cubic (Fm-3m) (CrMnFeCoNi)9S8 as catalyst 
for oxygen evolution reaction, synthesized by a pulse thermal 
decomposition method and later, in 2021,[13] McCormick  et  al. 
introduced a simultaneous multication exchange pathway to 
get the wurtzite-type HES Zn0.25Co0.22Cu0.28In0.16Ga0.11S. The 
field of HESs is still in its infancy, but already the few publi-
cations demonstrate that the structure and properties of these 
materials are rather unique.

Conventional transition metal sulfides (TMSs), as an impor-
tant class of inorganics, possess electrical, mechanical, mag-
netic, and optical properties and have been widely studied in 
the field of catalysis,[27] photonics,[28] electrochemistry,[29] tri-
bology,[30] and magnetism.[31] For electrochemical energy storage 
in Li-ion batteries, Na-ion batteries, and supercapacitors, TMSs 
have attracted great attention as outstanding electrode candi-
dates due to their high theoretical specific capacities and low-
cost.[29,32] For example, cobalt sulfides (CoSx) are promising 
conversion type electrode materials due to their large theoret-
ical specific capacities (Co9S8: 545 mAh g−1, CoS: 589 mAh g−1,  
Co3S4: 702 mAh g−1, CoS2: 870 mAh g−1).[32]

In this report, we present the synthesis and characterization 
of novel HESs, including pyrite (Pa-3) MS2 (M being Fe, Co, Ni, 
Mn, Cu, Cr, and Ti) and orthorhombic (Pnma) MS (M being 
Fe, Co, Ni, Mn, and Cr), and for the first time apply HESs as 
electrode materials for battery applications. Through a facile 
one-step mechanochemical reaction, using metal sulfides and 
even elemental precursors (sulfur and metal), homogenous 
solid solution HESs with different metal to sulfur ratios can 
be easily obtained, which avoids complex procedures and high-
temperature processes as necessary for many other preparation 
techniques.[13–15] The new HESs were characterized compre-
hensively using X-ray diffraction (XRD), transmission electron 
microscopy (TEM), electron energy loss spectroscopy (EELS), 
energy-dispersive X-ray spectroscopy (EDX), X-ray photoelec-
tron spectroscopy (XPS), inductively coupled plasma optical 
emission spectroscopy (ICP-OES) and Mössbauer spectroscopy. 
In Li-ion battery, it was found that HESs exhibit improved 
capacities compared to binary sulfides.[32] The remarkable spe-
cific capacities and excellent rate capabilities demonstrate their 
applicability as conversion electrode materials for batteries, 
meanwhile our mechanochemical method provides a simple 
and general approach to multi-metal sulfides with tailored M:S 
ratios for various applications.

2. Results and Discussion

Herein, we report on the successful synthesis of HESs with dif-
ferent M:S ratios by a facile one-step high-energy ball-milling 
method at room temperature in inert argon atmosphere. As 
precursors, the respective concentrations of metal sulfides, 

metal and sulfur, based on the stoichiometry of the desired com-
pound, were used. The different compositions, structures, and 
abbreviations can be found in Table 1. The high-entropy mono-
sulfides (FeMnNiCoCr)S and (FeMnNiTiCr)S are marked as MS 
and MS-Ti, the prepared high-entropy disulfides (FeMnNiCoCr)
S2, (FeMnNiTiCr)S2, and (FeMnNiCoCu)S2 are referred to 
MS2, MS2-Ti, and MS2-Cu, respectively. For comparison, 
other M:S ratios, that is, (FeMnNiCoCr)2S3, (FeMnNiCoCr)3S4, 
(FeMnNiCoCr)3S2 (named as M2S3, M3S4, and M3S2, respec-
tively) were also synthesized. Since all 5 cations are always intro-
duced in equimolar proportions, the configurational entropy 
(Sconfig) of all these HESs amounts to 1.61R. These stoichio-
metries were chosen to find out about the possibility to prepare 
the high-entropy versions of the respective structures, exam-
ples for the individual stoichiometries are FeS (Pnma),[33] FeS2 
(Pa-3),[34] Cr2S3 (R-3),[35] Ni3S4 (Fd-3m),[36] and Ni3S2 (R32).[37]

X-ray diffraction measurements were performed to deter-
mine the crystal structure and whether a single phase was pre-
sent after synthesis. Figure 1a shows the comparison of the dif-
ferent XRD patterns, with two different structures formed for 
MS and MS2, as expected. Depending on the elemental compo-
sition, shifts of the reflection positions appear, originating from 
the different sizes of the incorporated elements (Figure 1b).

As can be noticed, two typical structures appear for all 
HESs, but some of the components contain multiple phases. 
The MS and MS2 compounds appear to be predominantly 
single-phase, while M3S2 and M3S4 clearly show a mixture 
of different structures. For binary materials, M3S2 only exists 
with Ni as transition metal cation: Ni3S2–R32 (ICDD PDF No. 
00-044-1418), while for M3S4 the respective elements adopt 
many different structures: for example, Fe3S4–Fd-3m (ICDD 
PDF No. 00-016-0713) and R-3m (ICDD PDF No. 01-089-2000), 
Ni3S4–Fd-3m (ICDD PDF No. 00-047-1739), Cr3S4–I2/m (ICDD 
PDF No. 00-011-0008). Therefore, the mixing enthalpy might 
be too high to obtain stable single-phase compounds at room 
temperature for the high-entropy versions of M3S2 and M3S4. 
The typically observed structures for the MS and MS2 materials 
are Pnma and Pa-3, respectively, as in the corresponding binary 
components.

The crystal structures of the different HES can be com-
pared based on their M:S ratios. The material with the lowest 
sulfur content, and therefore with the highest M:S ratio, is 
the multiphase M3S2 material. With a decreasing M:S ratio, 
multiphase M3S2 transforms into a single-phase MS type 
structure with Pnma space group. As the relative sulfur content 

Table 1.  Overview about the different prepared samples.

Composition Structure Abbreviation

(FeMnNiCoCr)3S2 Multiphase: Pnma, Fd-3m, P63mc M3S2

(FeMnNiTiCr)S Multiphase: Pnma, Fd-3m, P63mc MS-Ti

(FeMnNiCoCr)S Pnma MS

(FeMnNiCoCr)3S4 Multiphase: Pa-3, Pnma M3S4

(FeMnNiCoCr)2S3 Multiphase: Pa-3, Pnma M2S3

(FeMnNiCoCr)S2 Pa-3 MS2

(FeMnNiCoCu)S2 Pa-3 MS2-Cu

(FeMnNiTiCr)S2 Pa-3 MS2-Ti
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continues to rise, a pyrite phase (Pa-3) starts to appear and a 
material containing both phases is formed (M3S4). When the 
M:S ratio is further decreased, a pure pyrite structure appears. 
Note that the XRD pattern of M2S3 also shows an almost 
single-phase MS2 structure. This discrepancy between struc-
ture and stoichiometry can be explained by the formation of an 
inconspicuous MS phase, detectable in SAED measurements 
as explained later, which changes the M:S ratio towards an MS2 
stoichiometry (M2S3–MS → MS2).

Substitution of certain transition metals was made to evaluate 
the stability of the compounds when smaller or larger ions are 
incorporated and precursors with different oxidation states were 
used. Previous studies have revealed that high-entropy systems 
are able to compensate charges by reducing or oxidizing other 
elements in the same lattice, therefore keeping the average 
charge of the original parent structure.[38–40] MS-Ti is obtained 
by replacing Co of MS with Ti and therefore replacing Co2+ 
(0.745 Å) by Ti4+ (0.605 Å).[41] However, the compound doesn’t 
form a single phase, a phase mixture of Pnma, Fm-3m, and 
P63mc (Figure S1, Supporting Information) was found. Com-
pared to the MS compounds, the MS2 structure is less affected 
by the Co → Ti replacement. Generally, MS2 compounds 
show different oxidation states of the sulfur anions compared 
to MS compounds. For example, in FeS2, Fe appears in a 2+ 
state and S as S2

2− anion with S being −1, in analogy to the per-
oxide anion.[34] The appearance of the disulfide anion (S2

2−) also 
explains the different properties of disulfides, for example, in 
battery, as shown later. The divalent state of the metal ion in 
binary MS2 materials is also adopted by the other incorporated 
elements (except Ti4+ in TiS2), therefore it is expected to find 
disulfide ions as well. Nevertheless, as shown later by XPS and 
EELS measurements, the anions in the high-entropy MS2 com-
pounds are mixed, with some S2− observed as anion, therefore 
we expect that M2+ and M4+ cations can be incorporated into the 
structure. Due to this circumstance, the replacement of Co2+ 

with Ti4+ in MS2-Ti could be successfully executed without the 
formation of secondary phases. To further test the charge com-
pensation mechanisms in the material, Cr, which can appear as 
3+ and 6+ (0.62 and 0.44 Å) and was reported to be a strong 
mediating element in charge compensation mechanisms, was 
replaced by the much larger Cu2+ (0.73 Å) that cannot take 
higher oxidation states in MS2-Cu. Even though no charge 
compensation is possible and despite the large ionic size devia-
tion, MS2-Cu could also be prepared as single-phase material. A 
strong indication that Ti4+ and Cu2+ are really incorporated into 
the lattice is obtained by the shift of the reflections in Figure 1b 
to larger or smaller angles, respectively. This shows the high 
flexibility and resilience of MS2 compounds for incorporation 
of different sized and charged ions. We assume that the syn-
thesis process, using elemental sulfur among other species 
as precursor, allows the formation of S2− and S2

2− anions and 
therefore can adapt to the oxidation state of the metals. This 
was also demonstrated by the characterization of the newly pre-
pared materials in the following.

The single-phase structures MS, MS2, MS2-Ti, and MS2-Cu 
were further investigated in more detail to find out about the 
lattice parameters and the impact of Ti4+ and Cu2+ substitu-
tion (Table 2). Refinement of the pattern (Figure 2a) indicates 
that MS shows a unit cell volume of 110.4(1) Å3 and the lattice 
parameters a = 5.443(3) Å, b = 3.428(3) Å, and c = 5.913(5) Å. 
Refinement of M3S4 confirms the presence of a Pnma and a 
Pa-3 structure, which is a mixture of MS and MS2, as shown 
in Figure S2a, Supporting Information. Figure S2b, Supporting 
Information, shows that M2S3 is mainly a Pa-3 structure. Com-
pared to MS2 (a  = 5.618(1) Å, V  = 177.3(1) Å3, Figure  2b), the 
incorporation of Cu in MS2-Cu expands the lattice and the 
length of the a-axis (a = 5.666(4) Å, V = 181.8(4) Å3, Figure S2c,  
Supporting Information), the replacement of Co by Ti in 
MS2-Ti reduces the unit cell (a  = 5.611(3) Å, V  = 176.7(3) Å3, 
Figure S2d, Supporting Information).

Figure 1.  a) Comparison of XRD patterns of as-synthesized HESs with different M:S ratios and element composition. b) Transition of HESs structure 
from Pnma to Pa-3 space group occurs with increasing sulfur content. Comparison of the (002) reflection position of pyrite sulfides. The shifts can be 
related to the different incorporated ions. The data is background corrected.
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The elemental composition of HESs was determined by ICP-
OES (Table 3). The theoretical ratio of metal to sulfur (assuming 
MS, MS2) was almost achieved. All transition metals are nearly 
in an equimolar ratio, which validates the calculated configu-
rational entropy of Sconfig > 1.5R according to Equation (1). The 
EDX values are given in Table S3, Supporting Information. 
Compared to the ICP measurements, a slight stoichiometry 
change appears, which is in the range of accuracy.

TEM analysis was conducted to further investigate the struc-
tural details of the materials using MS and MS2 as examples. 
The morphology of HESs can be described as polycrystalline 
particles with sizes of ≈tens to hundreds of nanometers, as 
shown in Figure S3, Supporting Information. Figure 3a,b shows 
high-resolution TEM (HR-TEM) micrographs of MS and MS2. 
The yellow circled area corresponds to (011) diffraction plane in 
MS with lattice spacing of 0.30 nm, and red circled area refers 
to (002) lattice planes of the pyrite structure for MS2.

SAED was measured for MS, MS2, and M2S3 (Figure  3c,d 
and Figure S3, Supporting Information). For MS and MS2, 
the diffraction rings are consistent with the XRD measure-
ments and are in agreement with Pnma and Pa-3 space group, 
respectively (Table S1, Supporting Information). Figure S4, 

Supporting Information, shows the SAED taken from M2S3. 
Beside the (022) diffraction ring of the main pyrite phase, some 
diffraction spots corresponding to 0.19  nm d-spacing appear, 
most probably corresponding to some multi cation MS crys-
tallites or unreacted precursors (the most intense reflection of 
CoS, NiS, CrS, and FeS appears at a d-spacing of 0.19–0.20 nm) 
and would explain the formation of the pyrite phase for M2S3. 
The crystallites seem to be too small to be detected by XRD, 
therefore these diffraction signals only appear in SAED.
Figure 4 shows the elemental distribution of MS and MS2 

as revealed by STEM-EDX elemental mapping. All elements 
are homogeneously distributed at the nanometer scale, without 
significant accumulation or segregation of individual elements. 
The uniform elemental distribution indicates the highest pos-
sible configurational entropy. High-resolution EDX mapping, 
confirming the homogenous distribution of the elements, 
is shown for MS and MS2 in Figures S5 and S6, Supporting 
Information, respectively.

In order to gather further information about the oxidation 
states of HESs with different M:S ratios, EELS and XPS were 
conducted to study the bulk and surface chemical state of MS 
and MS2 samples (Figures S7 and S8, Supporting Information). 

Figure 2.  Rietveld refinement of a) MS: (FeMnNiCoCr)S and b) MS2: (FeMnNiCoCr)S2.

Table 2.  Refined lattice parameters and unit cell volume of MS and different MS2 compounds.

Materials Space group a [Å] b [Å] c [Å] V [Å3] χ2 Phase density [g cm−3]

MS Pnma 5.443(3) 3.428(3) 5.913(5) 110.4(1) 2.9 5.168(3)

MS2 Pa-3 5.618(1) / / 177.3(1) 1.4 4.535(2)

MS2-Cu Pa-3 5.666(4) / / 181.8(4) 1.3 4.735(9)

MS2-Ti Pa-3 5.611(3) / / 176.7(3) 1.2 4.439(7)
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The samples seem to be slightly oxidized, forming SOx com-
pounds on the surface, which are detected by XPS. The oxidation 
state of the transition metal compounds is difficult to determine 
with high precision, therefore they should be seen as an indica-
tion for the average oxidation state. Additionally, in a compound 
with a random homogeneous distribution of transition metals, 
the characteristic energy can shift slightly due to different ionic 
environments. Without an exact reference, which does not exist 
due to the novelty of the compound, an exact determination of 
the oxidation state is nearly impossible. From XPS and EELS, 
the most probable oxidation state for the metals in MS and MS2 
appears to be 2+, with an exception of Fe and Cr, which show dif-
ferent oxidation states (see Figure S7, Supporting Information, 
and corresponding EELS description in the Supporting Informa-
tion).[42–46] Since the majority of the cations are in a 2+ oxidation 
state, but there is some indication for 3+ as well, disulfides have 
to be present in the high-entropy MS2 besides the S2− species.

Survey XPS spectra (Figure 5a) reveal the presence of eight 
main elements such as sulfur (S2p), carbon (C1s), oxygen (O1s), 
chromium (Cr2p), iron (Fe2p), manganese (Mn2p), cobalt 
(Co2p), and nickel (Ni2p). With the information depth of XPS 
analysis of about 5–10  nm, very surface-sensitive information 
of HESs (MS, M2S3, and MS2) polycrystalline particles are 
obtained. Figure  5b,c shows O1s and S2p of HESs with dif-
ferent M:S ratios (noted as MS, M2S3, and MS2).

The HESs seem to slightly react with oxygen under ambient 
conditions. The O1s spectra (Figure  5b) show signals from 
all oxygenated species present at the surface. The main peak 
at 531.8  eV can be attributed to a mixture of OC, MOH 
(metal hydroxides), and oxygen from SOx compounds. Another 
peak detected at a low binding energy (≈530.3 eV) indicates the 
presence of metal oxides (noted MO), which suggests an inter-
action of HESs with oxygen traces already present in glove box 
or the process of transferring to XPS analysis. All samples dis-
play one peak at a high binding energy (≈533.5 eV) attributed 
to a CO environment. The S2p spectra have been fitted with 
2p3/2-2p1/2 doublets separated by 1.2 eV with 2/1 intensity ratio 
due to spin-orbit coupling. The S2p spectra show four compo-
nents: I) the main doublet with 2p3/2 component at 161.7 eV (S1) 
is the signal of S2− sulfur ion from MS structure. II) M2S3 and 
MS2 samples show the main doublet with 2p3/2 component at 
162.9  eV (S2), corresponding to a S2

2− (disulfide ion) environ-
ment, that can be always observed for M2S3 and MS2.[47,48] 
(III+IV) in all HESs, two additional doublets with 2p3/2 at 167.4 
(S4) and 164.2 eV (S3), corresponding to SOx and SS environ-
ments, respectively, could be found.

According to the literature, the spectra of the transition 
metals (Ni2p, Co2p, and Mn3s) reveal a 2+ oxidation state 
(Figure S8a–S8c, Supporting Information), which could cor-
respond to a mixture of metal oxides and sulfides.[49–51] The 
chromium spectra (Figure S8d, Supporting Information) show 
a chromium metal signal (at ≈574  eV) that is most likely due 
to chromium metal precursor. The presence of the two peaks 
at high binding energies (at ≈576 and ≈577  eV) suggests the 
partial oxidation of chromium, confirming the presence of a 
mixture of chromium sulfides and oxides, respectively, on the 
surface of the HESs samples.[49]

Further, Mössbauer spectroscopy was performed to identify 
the chemical environments and electronic states of Fe in MS, 

Table 3.  Stoichiometry of HESs from ICP-OES analysis.

Materials Normalized to sulfur (exact) Metal to sulfur ratio (exact)

MS (Fe0.21Mn0.21Ni0.21Co0.20Cr0.21)S1 1.04:1 (≈M1S1, Pnma)

MS2 (Fe0.11Mn0.10Ni0.10Co0.10Cr0.10)S1 0.51:1 (≈M1S2, Pa-3)

MS2-Cu (Fe0.11Mn0.10Ni0.11Co0.10Cu0.11)S1 0.53:1 (≈M1S2, Pa-3)

MS2-Ti (Fe0.10Mn0.10Ni0.09Cr0.10Ti0.09)S1 0.48:1 (≈M1S2, Pa-3)

Figure 3.  HR-TEM image with crystal lattices of a) MS and b) MS2. SAED patterns of c) MS and d) MS2.
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MS2, and M2S3. This technique can distinguish extremely 
small changes in the chemical environment and oxidation state 
of Fe, resulting in splitting or shift of the peaks in the Möss-
bauer spectrum. Since the Mössbauer data could be fitted 
without any additional approximations, we assume that all Fe 
ions in the high-entropy structure have a very similar chemical 
environment, which means a statistical distribution without 
agglomerations or segregation of elements. Since a short-
range order or changed chemical environments would change 
the response of the Fe ion, changes of the peak would appear, 
resulting in the necessity of additional subspectra in order to fit 
the whole spectrum.
Figure  6a shows the Mössbauer spectrum of MS, fitted by 

only one doublet, which corresponds to Fe2+. The isomer 
shift (IS) of 0.598(4) mm s−1 and the quadrupole split (QS) of  

0.691(7) mm s−1, indicate a very uniform chemical environment 
of Fe in MS. Mössbauer data of MS2 (Figure 6b) are fitted by two 
quadrupole doublets sub-spectra, displaying two Fe3+ environ-
ments (doublet I and II) with different IS (I = 0.350(7) mm s−1, 
II  =  0.454(4) mm s−1) and QS (I = 0.527(9) mm s−1,  
II = 0.408(3) mm s−1). Based on the quantification from the 
relative area fraction, Fe3+ (doublet I) accounts for the majority 
(90%) and Fe3+ (doublet II) accounts for 10% of the detected 
Fe3+ species. This can be an effect of the slightly oxidized sur-
face, as also found in XPS measurements. Figure S9, Sup-
porting Information, demonstrates that M2S3 also shows 
two different Fe environments, but not identical to MS2. Two 
quadrupole doublets sub-spectra from Fe in two oxidation 
states could be fitted to the MS2 spectra. 92% Fe show valence 
of +3, which is homogeneously distributed in pyrite HES. 

Figure 5.  a) Survey, b) O1s, and c) S2p XPS spectra of HESs samples with different M:S ratios (MS, M2S3, and MS2 respectively).

Figure 4.  STEM-EDX mapping of a) MS and b) MS2. All elements are distributed uniformly.
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It displays a QS of 0.456(4)  mm  s−1 and a nearly identical IS  
(0.365(0) mm s−1) compared to the Fe3+ (doublet I) in pure MS2. 
The remaining 8% is Fe2+ with doublet sub-spectrum of IS  
(1.468(4) mm s−1) and QS (0.465(6) mm s−1), corresponding to 
minor impure phase of mixed metal mono-sulfides which is 
also detected by SAED. This finding supports the assumption 
of an MS secondary phase, as already explained.

Finally, the HESs were investigated regarding their electro-
chemical properties. For this purpose, the HESs were mixed 
with multi-walled carbon nanotubes (MWCNTs) in a weight 
ratio of 9:1 (HES:MWCNTs) to increase the electronic con-
ductivity. The HESs mixed with MWCNTs were used as active 
materials in half-cells with a lithium metal anode. The exact 
production of the slurry/tapes can be found in the experimental 
section. CoS2 mixed with the same ratio of MWCNTs and pure 
MWCNTs were used as reference. Note, that some sulfides 
are sensitive against humidity and can degrade.[52,53] Since the 
electrodes were prepared using aqueous binder, XRD meas-
urements of the dried electrode were conducted to find out 
about potential decomposition of the material (Figure S10, Sup-
porting Information). No decomposition products or changes 
in the structure could be observed, therefore it is expected that 
the HESs do not change during electrode preparation. XRD 

pattern of the electrodes prepared of the other compounds, can 
be found in Figure S11, Supporting Information.

Cyclic voltammetry (CV) was performed to investigate the 
electrochemical redox reaction potentials, as shown in Figure 7 

Figure 6.  Mössbauer spectra of a) MS and b) MS2.

Figure 7.  CV profiles of a) MS, b) MS2, and c) CoS2 measured in the 
voltage range of 0.01–3 V versus Li+/Li with a scan speed of 0.1 mV s−1.
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and Figure S12, Supporting Information. In the initial lithia-
tion process of MS2, MS2-Cu, and MS2-Ti, the cathodic peaks 
between 0.8 to 1.7 V can be ascribed to the reduction of HESs 
to metal and Li2S.[54] Referring to the reaction of pyrite metal 
sulfides (such as FeS2 and CoS2), the first discharge reac-
tion can be explained in two steps:[32,55,56] 1) MS2+xLi++xe−  → 
LixMS2 (peak at about 1.6  V), 2) LixMS2+(4-x)Li++(4-x)e−  → 
2Li2S+M. For the subsequent delithiation process, two distinct 
anodic peaks occur around 2.0 and 2.4 V, which can be assigned 
to two-step re-sulfidation process. The split of the anodic peak 
might be subject to the different sulfidation potentials of the 
incorporated transition metals.[54,57] For the following cycles, in 
addition to the upshift of the reduction peaks to around 1.9 and 
1.3–1.4 V, the CV curves almost overlap, indicating reversibility 
during the first cycles. While a significant shift of the reduction 
peaks can be observed between the CVs of MS2 and CoS2, the 

oxidation peak does not change much (2.05 V vs 2.01 V vs Li+/Li).  
The reason for this behavior could not be detected at this stage 
of research and needs more detailed investigation on the reac-
tion mechanism.

The redox performances in CV of pyrite-structure HESs are 
close to CoS2 (Figure  7c), but show broader peaks and shifted 
reaction potentials, which could be due to the cocktail effect of 
multiple elements in HESs. In the first cycle of high-entropy 
mono-sulfides MS, there is one strong oxidation peak at about 
2.0 V and no peak at 2.4 V, indicating single-step oxidation.

The peaks below 0.7  V of all HESs may be attributed to the 
Li-ion intercalation/insertion into the carbon materials (including 
MWCNTs and conductive additive), which is consistent with 
MWCNTs electrode in Figure S12c, Supporting Information.

The galvanostatic rate capability performance of the different 
HESs, CoS2, and pure MWCNTs at different currents is given in 

Figure 8.  a) Galvanostatic rate performance test of all HESs, CoS2, 4MS2, and MWCNTs half-cell at different current densities and 25 °C in the voltage 
range between 0.01 and 3 V versus Li+/Li. b) Voltage profiles of MS2 half-cell at different currents. c) Specific charge/discharge capacity of MS2 half-cell 
and Coulombic efficiency as a function of cycle number at 1 C and 25 °C in the range between 0.01 and 3 V.
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Figure 8a. The capacity shown for MWCNTs shown in Figure 8a, 
refers to the maximum capacity contribution of MWCNTs when 
mixed with HESs in a 1:9 ratio as executed for the electrodes. 
During the rate performance test, the MS2 materials show 
improved discharge capacities after 100 cycles (994, 909, and  
986 mAh g−1 for MS2, MS2-Ti, and MS2-Cu, respectively) com-
pared to CoS2 (795 mAh g−1) and MS (642 mAh g−1).

The theoretical capacities of the different compounds, calcu-
lated on the measured stoichiometry (ICP), are given in Table 4.

It can be seen that at low C-rates the received capacity 
seems to be larger than the theoretical capacity. The addi-
tional capacity, stems from the reaction of MWCNTs with Li 
at lower potentials and varies also with the respective C-rates 
(40–50 mAh g−1). Note that this value has to be subtracted from 
the shown sulfide capacities in order to achieve the capacity 
solely derived from these compounds. In addition, conversion 
reactions often show slightly larger capacities than expected 
due to SEI formation, cracking of particles, irreversible reac-
tions, etc. These reactions are often characterized by low Cou-
lomb efficiencies, indicating irreversible capacity reactions (see 
Figure S13, Supporting Information). The increasing capacity 
in Figure 8a), starting from cycle 35, can be a result of the slow 
C-rate, which often leads to a combination of large volume 
expansions and SEI re/formation. This phenomenon cannot 
be observed anymore at higher C-rates (Figure 8c), since some 
slow reactions appearing during the conversion process are 
suppressed, reducing the reversible and irreversible capacity.

MS2-Cu initially exhibited the highest specific discharge 
capacities, however, with increasing current density (1 and 
2.5  A  g−1), MS2 outperforms MS2-Cu. After returning to 0.5 
and 0.1 A g−1, MS2 and MS2-Cu again showed comparable 
values. In general, the HESs show good rate stability and long-
term stability over the first 100 cycles (Figure 8a). Additionally, it 
is noticeable that the specific capacities also increase by approx. 
200–300 mAh g−1 as the absolute S fraction increases. This is 
due to the fact that metal disulfides can exchange more elec-
trons and lithium ions in the conversion reaction than mono-
sulfide materials, since it proceeds via a two-step reaction as 
explained earlier. Since MS2 showed the best performance (rate 
test), it will be discussed in more detail below. Figure 8b shows 
the voltage profiles of MS2 half-cells at different currents. From 
the voltage profiles at different currents, MS2 shows an excel-
lent performance with reversible discharge capacities of 868, 
860, 837, 812, 779, and 716 mAh g−1 at current rate of 0.05, 0.1, 
0.25, 0.5, 1, and 2.5 A g−1, respectively. The plateaus at about 
1.9 and 2.4 V seen in Figure 8b could also be an indication of 
the two-stage conversion process already mentioned above. 
Fong  et  al. observed a similar behavior for FeS2.[55] Moreover, 
the MS2 electrode shows good long-term stability. Even after 
200 cycles at 1 A g−1 and 25  °C, the MS2 half-cell provides a 

specific capacity of 600 mAh g−1 as well as high Coulombic effi-
ciency of ≈98% (Figure 8c).

To demonstrate the positive influence of the high-entropy 
concept, the results were compared with a 4-component system 
(FeMnNiCo)S2. Using only 4 different elements, a medium-
entropy material is formed as the configurational entropy is 
decreased to <1.5R. The synthesis was done in the same way as 
for the high-entropy materials. From the electrochemical per-
formance tests, the high-entropy materials show larger specific 
capacities than 4MS2 and the binary CoS2.

Analysis of cycled electrodes confirmed several different lith-
iated sulfide species, depending on the state of charge of the 
analyzed electrode. A degradation of the material, eventually 
resulting in deposited S, could not be detected with XRD and 
EDX (Figures S14–S17, Supporting Information).

In general, this study shows the synthesis, characterization, 
and application of a new type of high-entropy materials, the 
high-entropy sulfides (HESs). Following up on the history of 
TMSs, which were investigated already in the late 70-s as active 
material for lithium batteries, the question can be brought up, 
if HESs might address the issues that lead to the fact that many 
ideas in this direction were dismissed.[58] (The fundamental 
problems were the low cell potential and the lithium dendrite 
formation at the lithium anode. Since then, many years have 
passed and although the high-entropy concept at the cathode 
side will not influence the lithium dendrite formation at the 
anode, several protecting measures of the anode could be found 
and applied.[59] The low potential of sulfide anodes on the other 
side might be an interesting field for follow-up investigations. 
With the introduction of the high-entropy concept, the intro-
duction of metals into a certain structure is possible, which 
would not form this type of structure as binary sulfides (e.g., Cr 
in MS2, CrS2 cannot be prepared easily). Additionally, the high-
entropy concept allows tailoring the materials composition in 
a way that elements can be replaced or added as shown in the 
previous work. Therefore, HESs with elements in unusual oxi-
dation states or chemical environments are imaginable, which 
might show improved electrochemical performance. In sum-
mary, it might be worth revisiting the field of TMS cathodes for 
lithium-ion batteries, taking into account that anode protecting 
measures and tailorable materials that increase the number 
of possible materials into uncountable combinations, are now 
available.

3. Conclusion

In summary, this paper presents the preparation, characteriza-
tion, and application of transition-metal-based HESs. The low-
cost mechanochemical synthesis route avoids high-temperature 
preparation or solution processes and leads to (FeMnNiCoCr)
S, (FeMnNiCoCr)S2, (FeMnNiTiCr)S2, and (FeMnNiCoCu)S2 
with expected M:S ratios. Novel single-phase HESs are formed 
in Pnma and Pa-3 structures with uniformly distributed metals 
(Fe, Mn, Ni, Co, Cu, Cr, and Ti). Sulfur was found to appear as 
disulfide (S2

2−) and sulfide (S2−) anion. The HESs were tested 
as conversion active materials for Li-ion batteries in compar-
ison with binary sulfides like CoS2. It was found that the high-
entropy MS2 compounds outperform the binary CoS2, which 

Table 4.  Theoretical capacities of the high-entropy compounds.

Composition Theoretical gravimetric capacity

MS 595 mAh g−1

MS2 885 mAh g−1

MS2-Cu 850 mAh g−1

MS2-Ti 927 mAh g−1
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is an indication of the beneficial impact of the cocktail effects. 
This paper offers a pathway toward the design and synthesis 
of novel classes of high-entropy materials and countless further 
compositions for various applications.

4. Experimental Section
Synthesis: All chemicals were purchased from commercial sources 

(Sigma Aldrich/Alfa Aesar, Purity ≥ 99%) and used without further 
purification. For the synthesis of all MS2s, metal sulfides powders 
(FeS2, CuS, MnS, Ni3S2, CoS2, and TiS2), Cr metal powder, and sulfur 
powder were ball-milled over 110 h in the respective metal to sulfur 
ratios. For the synthesis of MS, MS-Ti, M2S3, and M3S4, corresponding 
metal sulfides (FeS, MnS, Ni3S2, CoS2, and TiS2), Cr powder, and sulfur 
powder were ball-milled for 60 h in the respective metal to sulfur ratios. 
For the synthesis of M3S2, metal sulfides (FeS, MnS, and Ni3S2), Cr, Co, 
and sulfur powder were ball-milled for 60 h in the respective metal to 
sulfur ratios. All HESs were ball-milled at 500 rpm in high-purity argon 
atmosphere using a high-energy planetary ball-mill (Retsch PM 100, 
Retsch GmbH). 50  mL WC vials and 5  mm diameter WC balls were 
used. The weight ratio of balls to materials was 40:1.

Characterization: The elemental concentration of the as-prepared 
samples was determined by ICP-OES. The samples were dissolved 
in aqua regia (HCl: HNO3, 3:1) and analyzed by performing a double 
determination using a ARCOS ICP-OES (Spectro Analytical Instruments, 
Kleve, Germany) with axial plasma view. Thermo Scientific K-alpha+ 
spectrometer was used to acquire the XPS spectra. The monochromatic 
AlKα line was used as X-ray excitation (1486.6  eV) with a pass energy 
of 50 eV to obtain high-resolution spectra. The samples were analyzed 
using a microfocused, monochromated Al Kα X-ray source (400  µm 
spot size). XPS spectra were fit with one or more Voigt profiles (binding 
energy uncertainty: ±0.2  eV)  and Scofield sensitivity factors were 
applied for quantification.[60] All spectra were referenced to the C1s peak 
(CC, CH) at 285.0  eV binding energy controlled by means of the 
photoelectron peaks of metallic Cu, Ag, and Au, respectively. PXRD was 
operated on powder samples at room temperature, using an STOE Stadi 
P diffractometer, equipped with a Ga-jet X-ray source (Ga-Kβ radiation, 
1.2079 Å). Refinement of the XRD pattern 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. TEM 
measurements (SAED, HRTEM, STEM-EDX, and EELS) were performed 
on powder samples dispersed on a holey carbon-coated gold grid and 
loaded onto a Gatan 648 vacuum transfer holder. The STEM-EDX was 
acquired using a beam current of 200 pA. The step size in Figure 5a,b 
are 2.4 and 1.6  nm. TEM imaging data were collected using a double 
corrected Thermo Fisher Themis Z, equipped with HAADF-STEM 
detector, Super-X EDX detector, and Gatan Continuum 970 HighRes 
image filter. The microscope was operated at an accelerating voltage 
of 300  kV. 57Fe Mössbauer spectroscopy data was gathered by using a 
spectrometer in transmission geometry with a moving source of 57Co 
in an Rh matrix and a triangular velocity variation. The isomer shift was 
given relative to bcc-Fe measured at room temperature.

Electrochemistry: The active materials were obtained by ball-milling 
(6  h) with 10  wt.% MWCNTs and 90  wt.% HESs powder. The MWCNTs 
were purchased from commercial sources. (Sigma Aldrich, >7.5% MWCNT 
basis, outer diameter 7 to 15  nm, length 0.5 to 10  µm). For electrode 
preparation, 70  wt.% active material, 10  wt.% Super C65 carbon black 
(Timcal), and 10  wt.% polyvinylidene fluoride (PVDF, Solef 5130, Solvay) 
in N-methyly-2-pyrrolidone were uniformly mixed to form a slurry and 
coated onto Cu foil. After dried in a vacuum oven at 80  °C overnight, 
circular electrodes (13 mm in diameter) were cut from the electrode tape 
with areal loading of active material around 0.5–1 mg cm−2. All materials 
were tested in CR2032 type coin cells and assembled inside an Ar-filled 
glovebox. LP57 (1 m LiPF6 in a 3:7 weight mixture of ethylene carbonate 
(EC)/ethyl methyl carbonate (EMC), BASF SE), GF/D glass microfiber filter 

paper of diameter 17 mm (GE Healthcare Life Science, Whatman), and Li 
metal foil of diameter 13 mm (China Energy Lithium Co., Ltd) were used 
as the electrolyte, separator, and counter electrode, respectively. CV was 
performed on a Bio-logic VSP-300 potentiostat device at room temperature. 
The galvanostatic rate capability measurements were performed on an 
Arbin BT 2000 battery test system (Arbin Instruments) and LAND CT3001A 
battery test system (Wuhan LAND Electronic Co. Ltd) at 25 °C.
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