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A B S T R A C T

Novel simple and efficient method for synthesis of 2D high entropy sulfides of iron group metals is described. The 
method utilizes inorganic salts as precursors and CS2 as a sulfurizing agent, which makes it possible to achieve 
high entropy composition through combination of freezing of the precursor solution, subsequent freeze-drying 
step, sulfurization, and exfoliation in liquid nitrogen. The created material was investigated as a catalyst for 
electrochemical water splitting at different pH. Measured overpotentials at 10 and 100 mA*cm− 2 current den
sities for hydrogen evolution reaction (HER) were found to be 49 and 315 mV respectively, while for oxygen 
evolution reaction (OER) the overpotentials required for reaching 10 and 100 mA*cm− 2 current densities were 
370 and 591 mV respectively, both in 1 M KOH solution. The Tafel slopes for HER were found to be 235, 105, and 
111 mV/dec in basic, neutral, and acidic conditions, respectively, while only 63 mV/dec for OER in basic 
conditions. The calculated values of the turnover frequency were 0.62 s− 1 for HER and 0.10 s− 1 for OER. We also 
confirmed the key role of high entropy in the catalytic activity of the material by excluding individual elements 
from the composition of the HES.

1. Introduction

High entropy materials started with ambitious alloy obtained by 
Brian Cantor at the beginning of the 21st century [1]. Since then, sig
nificant interest of such materials was stimulated by theoretical and 
experimental observations of their unique properties, including high 
(electro)catalytic activity [2–5]. Following research extends these ideas 
to other types of materials such as oxides, nitrides, carbides, borides, and 
sulfides [6–10]. Combined with other achievements of materials science 
(e.g. 2D structures), synergy of all these concepts can provide results 
with possible applications in broad fields [11]. In particular, high en
tropy materials demonstrate huge potential in the process of water 
splitting [12]. After the development of the descriptors for the electro
chemical processes, significant progress in the catalyst design was ach
ieved, with binding energies of the reactants/products being the most 
reliable factor to tune the catalytic activity [13–23]. Since the adsorp
tion energy of an active site is a result of the site identity including short- 
and long-range interactions of the neighbouring atoms immense 

flexibility of the binding energy can be obtained from the material with 
highly entropic elemental distribution [2,4,5,24]. Therefore, the high 
entropy materials are considered as ideal catalysts for electrochemical 
water splitting. They can replace, or even outperform, both hydrogen 
and oxygen evolution reactions traditional rare metal-based catalysts 
without the loss of overall process efficiency and materials durability 
[25].

However, achieving high entropy is generally difficult because of the 
diverse physical properties of mixed materials caused by clusterization. 
Other complications arise with nonmetallic materials, the synthesis of 
which is another challenge itself due to scalability, time, and equipment 
requirements, as well as poor phase control [26–28]. In particular, few 
synthesis routes were suggested to achieve high entropy in such mate
rials; however, entropy-driven reversibility by low temperature equili
bration might be another complication to obtain such materials [29]. 
For high entropy sulfides, these limitations are further extended, since 
they require long-term (order of days) synthesis in a quartz ampoule or 
the usage of hazardous substances such as HF, including high 
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temperatures (>1200 ◦C) [6,30,31]. Only recently, alternative synthesis 
routes have been proposed for the preparation of high entropy sulfides, 
which still require precursor synthesis to prevent metal cations to 
clusterize by utilising organic molecules [32].

In order to tackle this problem of synthesis routes for high entropy 
sulfides, we modify our method of sulfurization which can be based on a 
simple method by using CS2 as a strong sulfurizing agent that requires 
only quartz flow-through reactor, furnace, and argon as a carrier gas 
[33,34]. In this work, we show a fast (only 2 h) and low-temperature 
sulfurization method, which uses metal salts as precursors. For en
tropy stabilization, an aqueous solution of the precursor salts is frozen in 
liquid nitrogen, freeze-dried, and sulfurized in the reactor. The appli
cability of this new route was demonstrated in the synthesis of Cr-Fe-Ni- 
Co-Zn-S. Furthermore, we show that a 2D structure can be achieved for 
the synthesized high entropy sulfide by exfoliation in liquid nitrogen. 
The 2D (CrFeNiCoZn)S system was shown to be a promising catalyst for 
the overall water splitting in alkaline media.

2. Experimental

Detailed description of the used materials, samples preparation and 
characterization is given in Supporting Information (SI). Briefly, equi
molar amounts of Cr, Fe, Co, Ni, and Zn salts were dissolved in water and 
frozen using liquid nitrogen, resulting in the immediate solidification 
into ice, containing a highly entropic salt. The resulting “ice” was sub
sequently subjected to freeze-drying, yielding the dry high entropy salt 
containing the corresponding metal salts. In the subsequent step, the 
resulting powder was rapidly transferred into a hot zone of quartz 
reactor continuously filled with CS2 [33,34]. The synthesis procedure 
produced a black powder that underwent further investigation. The 
created powder was then exfoliated and subjected to X-ray diffraction, 
atomic force microscopy (AFM), scanning electron and high-resolution 
transmission electron microscopies (SEM and HR-TEM, respectively) 
coupled with energy dispersive X-ray spectroscopy, and Raman analysis. 
In addition, reference-free grazing incidence X-ray fluorescence [35]
based quantification was carried out at the four-crystal monochromator 
beamline [36] at the BESSY II electron storage ring. Here, physically 
calibrated instrumentation [37] is used to perform a quantitative anal
ysis of recorded X-ray fluorescence spectra without the need for any 
reference material. For these experiments, the powders were drop casted 
on pieces of silicon wafers.

Electrochemical measurements were carried out using Palm Sens 4 
potentiostat (Palm Instruments, Netherlands) controlled by the PSTrace 
5.9 program using a three-electrode, two-compartment electrochemical 
cell (H-type). Measurements were performed in acidic (0.5 M H2SO4), 
alkaline (1 M KOH), and neutral (1 M PBS) electrolytes at HER and OER 
potentials.

3. Results and discussion

Main experimental concept of high entropy sulfides preparation is 
schematically presented in Fig. 1. In the first step the high-entropy 
mixture of Cr, Fe, Co, Ni and Zn salts was created using rapid freezing 
of corresponding solution and freeze-drying, which allows to conserve 
the entropic configuration of precursors. In the subsequent step, sulfu
rization was carried out. At this stage, it was important to prevent metals 
the clusterization and to subsequently ensure the high entropy structure 
of the product. Thus, sulfurization was performed by rapid heating of 
metals salt powder in CS2 vapours, using blistering moving of initial 
powder from cold to hot reactor zone [33,34]. According to our initial 
assumption under these experimental conditions, the high entropy sul
fide should be created and elemental clusterization prevented (see 
Fig. S1). In the next step, exfoliation in liquid nitrogen was performed to 
convert the created sulfide into a 2D structure with high surface and 
high catalytically active surface area [38,39]. The material was finally 
tested as HER and OER catalysts at various pH.

To evaluate and confirm the high-entropy nature and overall quality 
of the obtained material, a range of analytical methods was employed. 
The well-resolved peaks on the measured XRD pattern (Fig. 2A) suggests 
a high degree of material crystallinity. Owing to the presence of five 
metals, with relatively similar atomic sizes, the observed crystal struc
ture shows a wide variety of materials characterized by the common 
formula AB2S4, where A and B represent metals with different oxidation 
states, 2 + or 3+, respectively and/or the possibility of A = B. The major 
phase (89 %) corresponds well to linnaeite group structure, which can 
be described by the formula AB2S4 with A, B = Co, Cu, Fe, Ni[40]. The 
presence of the minor phase (11 %) corresponds well to the structure of 
greigite, a cubic form of AB2S4, composed of one or a mixture of the iron 
group metal sulfides and suggested to be one of the crucial catalysts in 
the nature[41]. Similar structural arrangement aligns well with a variety 
of minerals found in nature with the aforementioned stoichiometry, 
including Mn, Cr, Fe, Zn, Co, Ni, Fe, Cu, Cd and exhibiting similar crystal 

Fig. 1. Synthesis workflow for High Entropy Sulfides (HES) of iron group metals. In the first step, the mixture of the metal salts in aqueous solution underwent 
express freezing and solidification in liquid N2 followed by freeze-drying. In the next step the rapid sulfurization of the obtained powder (salts mixture) was per
formed in a tube furnace by rapid transfer of the powder into the hot zone of the reactor purged with Ar/CS2. Post-treatment consisted of exfoliation in liquid N2 to 
achieve a 2D material structure. Finally, water splitting electrocatalytic activity of prepared sulfides at different pH were tested.
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structures [42].
The Raman spectroscopy (Fig. 2B) unveils sharp peaks at 141, 254, 

290, and 375 cm-1, which correspond well with the formed sulfides [43]. 
The last three peaks can be attributed to E1, E2, and A1 vibrational 
modes, while the peak at 141 may be due to the intercalation of an 
additional metal (A) into the structure, resulting in AB2S4 where B 
stands for the same or another metal identity [44], which is in good 
agreement with the XRD results. Finally, the homogeneous entropic 
distribution of elements after the sulfurization and absence of clustering 
was subsequently confirmed by scanning electron microscopy combined 
with energy dispersive X-ray spectroscopy (SEM-EDX – see Fig. S2).

In the final preparation step, the materials were exfoliated into 2D 
structure using liquid nitrogen (Fig. 1). To assess the 2D structure of the 
exfoliated material, atomic force microscopy (AFM) analysis was con
ducted (Fig. 2C). In turn, several AFM images measured on indepen
dently prepared samples are presented in Fig. S3, definitively confirming 
the 2D structure of created material. The typical flake lateral dimension 
was around 200 nm and the thickness of about 4 nm, thereby confirming 
the 2D structure of the obtained sulfide.

TEM combined with EDX was employed to analyse the morphology 
of the obtained flakes and the corresponding distribution of the elements 
(Fig. 2D, E) as well as for confirming the correct HES structure. The 
images show that the obtained flakes are composed of Ni, Fe, Cr, Co, Zn, 
and S, which are well and homogeneously dispersed throughout the 
material. Importantly, no signs of clustering were observed, confirming 
that the material preserved a high-entropy elemental distribution. The 
lattice fringe spacing (Fig. 2E) was found to be 0.36 nm, which corre
sponds to the (220) plane and is in good agreement with the literature 
[6]. The slightly expanded structure in comparison with linnaeite (0.33 
nm) and greigite (0.35 nm) can be explained by the presence of larger 
atoms, such as Ni and Zn, which was also reported for HES.

In the final step, the 2D high entropy sulfides (HESs) were analysed 
using X-ray photoelectron and X-ray fluorescence (XPS and XRF) spec
troscopies. From the XRF spectrum (Fig. 3A) and a corresponding 
reference-free analysis, the composition of HESs was quantified as 
Cr0.27Fe0.29Ni0.26Co0.28Zn0.04S. Therefore, the equimolar amounts of Cr, 

Fe, Ni, and Co were conserved while a part of Zn was lost, probably as a 
result of its sublimation due to the low melting point of ZnCl2 (290 ◦C) 
and its evaporation in the reaction chamber. In turn, survey XPS spec
trum also reveals the coexistence of Ni, Co, Fe, Cr, Zn and S in the 
composition of HESs (Fig. S4). More informative high-resolution XPS 
spectra of particular elements were recorded and presented in Fig. 3 B-G. 
Detailed analysis of XPS spectra given in SI, indicating that Ni, Fe, and 
Co co-exists in two oxidation states (2 + and 3 + ), while for Zn a single 
oxidation state is observed. For Cr, two oxidation states are also present, 
presumably also 2 + and 3 + . In the case of sulfur, two peaks corre
sponding to S 2p3/2 and S 2p1/2 are recorded at the positions of 161.1 
and 162.3 eV, respectively and assigned to metal-sulfur bonds (162.3 
eV) and low coordinated sulfur at the surface (161.1 eV) [45,46].

Generally, the performed measurements confirmed the ability of the 
HES preparation in the form of 2D flakes. The proposed route is rela
tively simple and quick. To further highlight this issue, we compared our 
approach with those previously published [6,32,47–53]. The results of 
the comparison are summarized in Table 1. As is evident, the proposed 
approach is favored by a relatively short preparation time. Moreover, in 
comparison to most of published works, a lower temperature can be 
used. In addition, our method does not require unique equipment, since 
the main steps can be realized with the utilization of lyophilizer and 
blow-off furnace.

4. Electrochemical investigation

The catalytic activity of the obtained Cr0.27Fe0.29Ni0.26Co0.28Zn0.04S 
(HES) was further investigated in water splitting, both OER and HER. 
Since the electrocatalytic performance significantly depends on the 
acidity, measurements were conducted in three different media – acidic 
(0.5 M H2SO4, pH = 0.1), neutral (1 M phosphate buffer saline (PBS), pH 
= 7.4) and basic (1 M KOH, pH = 13), see Fig. 4 and Fig. S5.

Firstly, linear sweep voltammetry (LSV) curves indicate a moderate 
HER catalytic performance of the created material in all the media used 
(Fig. S5). With acidic electrolyte in particular, the onset potential of 
− 0.25 V vs RHE and 373 mV overpotential required to achieve current 

Fig. 2. Morphological and structural characterization of HES. (A) – XRD, (B) – Raman spectroscopy, (C) – AFM, (D) – TEM-EDX and (E) – HRTEM and corre
sponding FFT.
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density of 10 mA*cm− 2 were observed. Activity in basic pH and neutral 
conditions was even lower – overpotentials of 435 mV and 464 mV were 
required for 10 mA*cm-2 in basic and neutral conditions (corresponding 
Tafel slopes were calculated to be 102, 115 and 148 mV*dec-1 in acidic, 

neutral and basic conditions – Fig. S5B). Such catalytic performance 
cannot be considered as satisfactory, taking into account the latest re
sults obtained in the field of rare metal-free HER catalysts 
[33,45,54,55]. However, during the stability tests the apparent decrease 

Fig. 3. (A) − High energy XRF analysis of elemental composition of HES. High resolution XPS for Ni (B), Fe (C), Cr (D), Co (E), Zn (F), and S (G).

Table 1 
Comparison of various synthetic approaches used for HES preparation with the method proposed in this work.

High entropy sulfide þ E4: 
J14

Synthetic route Synthesis 
time

Precursor Comments Reference

(CuSnMgGeZn)S9, Ball milling + annealing 60 h metal sulfides 60 h. ball milling and sintering at 750 ◦C and 50 MPa [47]
(FeNiCoCrCuAlMn)Sxx, Solvothermal 18 h metal salts Annealing of metal salts followed by introduction of 

sulphur source
[48]

(CrxMnyFezCoqTimCrnNiq)Sx Pulsed thermal decomposition 6 h metal salts Decomposition of metal salts with thiourea at 1650 K. [6]
​ High energy ball milling of metal 

sulfides
110 h / 60 h metal sulfides Ball milling for various time in dependence of 

composition
[49]

(ZnCoCuInGa)S Element exchange 2 h metal sulfide Multication exchange starting from the Cu1.8S [50]
(CuAgZnCoMnInGa)S Synthesys of metal 

diethyldithiocarbamate +
annealing

13 h metal salts Synthesis of metal diethyldithiocarbamate and 
annealing in Ar at 500 ◦C

[32]

(TixFeyCozNiqMonMnm)S5- 

12,
ball milling under Ar 14 h metal sulfides Ball milling of metal sulfide powders [51]

(FeCoNiCuRu)S2 High pressure and high temerature 
+ ball milling

12 h elemental metals and 
sulfur

Synthesis was performed at 1400 ◦C and high 
pressure (5 GPa cubic press), followed by ball milling 
for 10 h.

[52]

(FeCoNiMoAl)S Thermal injection < 2h metal acetylacetonate 
and sulfur

Dissolving metal acetylacetonates in oleylamine and 
oleic acid and addition of dissolved sulfur at 330 ◦C

[53]

(CrFeNiCoZn)S Thermal solid–gas sulfurization 2 h inorganic metal salts Sulfurization of metal salts by CS2 in tube furnace at 
500 ◦C

this work
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of potential required to maintain a constant current density was 
observed in acidic conditions. Such phenomenon can be associated with 
the material’s electrochemical self-activation and improvement of its 
HER performance [33,56]. Thus, in the next step the HES flakes were 
subjected to electrochemical self-activation (performed in acidic con
dition in an H-type cell with Nafion membrane). Electrocatalytic per
formance of the activated HES was subsequently tested in neutral and 
alkaline conditions (taking into account the OER results, as described 
below).

HER performance of the activated HES are presented in Fig. 4 A-C. 
Overpotentials required for reaching 10 and 100 mA*cm− 2 were 15 and 
180 mV, 49 and 260 mV, 49 and 316 mV in acidic, neutral and alkaline 
electrolytes, respectively. Calculated Tafel slopes were 105, 111 
and 235 mV*dec–1. Such catalytic performance can be considered 
satisfactory and comparable with recent results reached in the field of 
rare metal-free HER catalysts [33,45,54,55]. This is especially true for 
alkaline conditions where technology is much better established from 
the industrial perspective [57–59]. The evaluated stability curve, 
measured in alkaline conditions as presented in Fig. 4C, indicates cat
alytic activity remains at the same level, i.e. without its subsequent in
crease or worsening. Finally, it should also be noted that previous flakes’ 
activation resulted in a complete loss of catalytic OER activity (Fig. S6
and results below).

To evaluate the OER performance, similar electrochemical tests were 
performed with utilization of as-prepared HES flakes (Fig. 4, D-F). First, 
in acidic and neutral conditions, small oxidative peak was observed at 
approximately 1.5 V vs. RHE, suggesting oxidation of the material is 
taking place. Similar findings were already reported for the sulfides of 
the iron group metals [60,61]. Further increases in the overpotential in 
acidic and basic media do not result in the current increase up to po
tential of 1.9 V vs RHE, suggesting a surface blockage due to oxidation 
occurred, hindering the OER.

However, LSV analysis reveals that HES performance requires 370 
mV to reach the current density of 10 mA*cm− 2 and 591 mV to reach 
100 mA*cm− 2 in 1 M KOH electrolyte. Besides, Tafel slope (Fig. 4E) of 
HES in basic electrolyte is only 63 mV*dec–1, which is a superior value to 
most of the previously reported non-precious metal OER [61]. 

Furthermore, HES exhibits excellent durability in basic conditions since 
the potential was stable and slightly below 1.6 V vs. RHE to deliver 10  
mA*cm− 2 (Fig. 4F).

Taking into account the present HER (reached with activated 2D HES 
flakes) and OER results (reached with as prepared 2D HES flakes) and 
comparing HES performance with those reported in literature [6,62–65]
we can conclude than our material exhibits remarkable activity in the 
basic conditions and can be considered a promising catalyst for the 
overall water splitting reaction. The observed catalytic activity can be 
explained by the so-called cocktail effect, commonly observed in high 
entropy materials. In other words, the enhancement of redox activity 
can be attributed to the wide variety of electronic constructions on the 
HES surface, which according to the d-band adsorption theory allows a 
near-continuous distribution of adsorbed energy and creation of various 
highly active sites[6,12,66]. It should also be noted that the redox 
properties of a HES are a strong function of synergistic interactions 
between neighboring atoms, mixed in a random way [67]. As a result, 
the great variability of active sites stabilize HER or OER intermediates 
that are commonly unstable on a „single“ metal surface.

Moreover, the calculated values of mass activity (see Supporting 
Information) were estimated to be 5.4 A/mg for OER, performed in 
alkaline conditions, which value can be considered as a good results. In 
turn, for HER the mass activity varied with pH changes. In particular, 
10.3, 5.8, and 6.2 A/mg were reached for acidic, alkaline, and neutral 
pH, respectively. We also calculated the turnover frequency as an 
important electrochemical parameter, revealing the material catalytic 
activity. In this case, it should be noted that the direct estimation of the 
number of active surface sites, where HER or OER can proceed is 
complicated by the fact that we deal with high entropy materials [67] in 
which the reaction can proceed on various active sites determined by a 
close proximicity of different atoms. Thus, in this case we used the 
experimental routes proposed in [68,69], based on the measurements of 
the number of active sites and the subsequent TOF calculation. The re
sults obtained were TOF(S-1) = 0.62 s− 1 (@0.05 V vs. RHE) for HER and 
TOF(S-1) = 0.1 s− 1 (@1.6 V vs. RHE) for OER. Such values can also be 
considered as good ones, compared to data from the literature[6,51].

Regarding the particular HES composition, we can suggest that the 

Fig. 4. Catalytic performance of HES in water splitting: HER (A-C) and OER (D-F) in different pH conditions. LSV curves – (A) and (D); Tafel slopes – (B) and (E); 
stability test, performed at 10 mA*cm− 2 for 12 h – (C) and (F). The results are valid for as-prepared flakes in OER potentials and for activate flakes in HER potentials.
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good redox activity of high-entropy iron group metal sulfides in alkaline 
pH environments may be due to their elemental composition (Fe, Ni, Co 
and their combinations provide the greatest catalytic activity, while Cr 
and Zn improve stability) [48,70,71] and electronic structure, which 
possesses enhanced configurational entropy [6,50] and various syner
gistic bonds between metallic elements favouring surface (oxy)hydrox
ide formation [48], improved conductivity and corrosion resistance 
[51]. Together, all these factors make them highly efficient and stable 
catalysts in alkaline environments for reactions such as OER and HER.

To check the impact of particular elements on the HES catalytic ac
tivity, a range of materials with one element missing was prepared (in 
particular – sulfides of ternary metal compounds Cr-Fe-Ni-Co, Cr-Fe-Ni- 
Zn, Cr-Fe-Co-Zn, Cr-Ni-Co-Zn, and Fe-Ni-Co-Zn). Their composition and 
structure were checked usingSEM-EDX and XRD measurements, both 
performed before flakes exfoliation (Fig. SX1 and Fig. SX2). Subse
quently, the created sulfides were exfoliated and used for HER and OER 
measurements, both performed in alkaline conditions (Fig. SX3). For 
better clarity in the results interpretation, we also plotted the over
potentials at 10 mA/cm2 for the both water-splitting half-reactions 
(Fig. SX4). The results indicate that a more noticeable decrease in HER 
activity was observed for missing Zn or Co elements. Removal of Fe and 
Ni elements led to a moderate decrease in HER activity, while the 
absence of Cr resulted in even less pronounced suppression of HER ac
tivity. It should be noted that in case of exclusion of any of the elements, 
we did not reach such great activity as in the HES case, which highlights 
the key role of all elements (in other words, so-called cocktail effects).

Similar experiments were performed with the utilization of Cr-Fe-Ni- 
Co, Cr-Fe-Ni-Zn, Cr-Fe-Co-Zn, Cr-Ni-Co-Zn, and Fe-Ni-Co-Zn sulfides in 
OER conditions (Fig. SX3 and Fig. SX4). In this case, the highest decrease 
in redox activity was observed in the absence of Ni in the material 
composition. In all other cases, the redox activity of the four-component 
materials was lower compared to HES, indicating that the cocktail effect 
plays a key role in the reaction proceeding on the surface of high
–entropy material.

5. Conclusions

In this study, a novel method for synthesizing high entropy sulfides 
(HES) of iron group metals, exemplified by Cr, Fe, Ni, Co and Zn, is 
proposed. The benefit of the method lies in utilizing abundant inorganic 
salts as precursors and CS2 as a sulfurizing agent. To achieve a highly 
entropic composition, our method involves freezing of the precursor 
solution containing salts of corresponding metals, followed by a subse
quent freeze-drying step. Sulfurization is efficiently carried out in a flow 
reactor by the rapid insertion of metals powder in the hot reactor zone. 
In the final stage, exfoliation in liquid nitrogen is employed to obtain a 
2D morphology in the resulted HES. The structure and morphology of 
HES flakes was subsequently examined and confirmed using TEM, 
HRTEM, AFM, XPS, XRF, SEM-EDX and Raman techniques. Created 
material was tested as an electrocatalyst for water splitting at different 
pH. As prepared HES showed moderate catalytic activity towards HER. 
However, electrochemical self-activation, performed in acidic condi
tions results in a significant increase of 2D HES catalytic activity in water 
reduction, especially in alkaline conditions. The as-prepared HES flakes 
show good catalytic activity towards OER under alkaline conditions, 
even without pre-activation. Therefore, the created material can be 
considered as a good catalyst for overall (bifunctional) water splitting 
under alkaline conditions. To summarise, a ground-breaking route is 
presented for the synthesis of high entropy sulfides of non-precious 
metals with good catalytic properties, which could find practical ap
plications in energy conversion and storage.
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