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Metal oxides, sulphides, selenides and tellurides have routinely been investigated and utilised for a wide
range of applications, in particular in the areas of energy (photovoltaic, thermoelectric) and catalysis
(thermocatalysis, electrocatalysis and photoelectrocatalysis). A recent development in this chemical
space is high entropy and entropy-stabilised inorganic materials, which took inspiration from preceding
work on high entropy metal alloys (multicomponent alloys). High entropy inorganic materials typically
have many (often >6) different cations or anions to yield a high configurational entropy, which can give
unexpected structures and properties that are conducive to a broad range of applications in energy and
catalysis. More recently still, high entropy metal chalcogenides have been developed and have been
investigated for thermoelectric energy generation, batteries for energy storage and electrocatalysis. This
review sets out to define entropic stabilisation in high entropy materials, along with a discussion of
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synthetic techniques to produce these compounds, focusing on high entropy metal chalcogenides
including extant routes to high entropy sulfides, selenides and tellurides. The resulting advantageous
properties of these materials due to their multi-element nature and the currently proposed and
investigated applications of these materials are reviewed. We end the perspective with an opinion on
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Introduction to high entropy (HE)
materials

High entropy (HE) materials were first reported in 2004 for
metal alloys."* The principle behind these materials is that the
formation of a single material with high proportions (either
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equimolar or non-equimolar) of many principle elements will
yield a high configurational entropy of formation as in eqn (1):

1
AScont = —kplnw = —Rln; = Rlnn )]

where AS.on¢ is the configurational entropy, kg is the Boltzmann
constant, @ is the number of ways of mixing, R is the gas
constant and 7 is the number of elements within the material.*
It is important to note that this equation only applied to
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equimolar materials and cannot be used for non-equimolar
materials. HE alloys have been reported to have some advanta-
geous effects over traditional alloys such as sluggish diffusion,
severe lattice distortion and the so-called cocktail effect,®*
which all lead to superior properties such as high hardness,
resistance to corrosion, radiation and severe wear when com-
pared to traditional alloys.

The high entropy stabilisation effect describes the ability to
produce a single, entropy-stabilised phase over forming a multi-
phase material, which can lead to materials with unexpected/rare
phases formed.”” This effect has also led to the ability to stabilise
single-atom sites for catalysis in both high entropy alloys® and
oxides.” The sluggish diffusion effect describes the diffusion
kinetics in HE alloys to be anomalously slow, which is reported
to originate from fluctuations in the potential energies of lattice
sites.'®'! However, this has been the subject of more recent
debate, with other studies suggesting that diffusion is not
unusually sluggish as demonstrated by observations of preci-
pitation in many as-cast HE alloy samples, including those
subjected to very rapid cooling, as well as in those quenched
from high temperature heat treatments.”'>"® For a more
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in-depth discussion of this debate, the reader is directed to a
review by Pickering et al.'® The severe lattice distortion effect is
caused by the randomly distributed nature of mismatched
sized elements or ions within HE materials, which affects
the thermodynamic stability, microstructure and deformation
mechanisms of the synthesised HE alloys."* The so-called
cocktail effect is in essence a blanket term used to describe
any emergent properties which cannot be described by any of
the individual components in the HE material, and is poten-
tially the most exciting aspect of exploring these materials and
has led to a number of unexpected discoveries.* It is important
to note that these effects are not limited to HE metal alloys and
have also been observed in other HE materials such as HE
metal chalcogenides, borides,">'® carbides,'® > nitrides,**°
silicides,”””*® phosphides/phosphates,*®! and fluorides.
Which have been extensively discussed in a recent review.>”

32-34

Defining high entropy materials

In metal alloys, the state of high entropy is reported to be
reached once the material is composed of at least five alloying

Yi Li completed his under-
graduate degree at Nanjing Uni-
versity of Science and Technology
(China) and achieved his MSc
(distinction) degree in nano-
materials from the University of
Manchester in 2019. He s
currently undertaking a PhD in
materials science with Dr Lewis
focusing on high entropy metal
sulfide nanoparticles.

Yi Li

David J. Lewis is Deputy Head of
the Department of Materials at
The University of Manchester.
He obtained both his MSc
(2002) and PhD (2006) degrees
in chemistry from The University
of Birmingham. He was appointed
as Lecturer in 2016 at The
University of Manchester and was
promoted directly to Reader in
Materials Chemistry in 2020. His
research revolves around the
synthesis of semiconductors and
nanomaterials by chemical routes,
and he has published over 100
papers in the area.

David J. Lewis

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cc01796b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 23 2565. Downloaded on 13/2/2569 22:12:35.

(cc)

ChemComm

3 25 m
= 0© =
£ 000°°" [0 g &
=~ 21 OO 3 =h
g2 02 1° = €
58 | @® i <
S £ pEoEOT i, x 3
E5" o ypEBgsssssss| s
o o) gg? ls 3 2
o UU 3 2

o+ T T T 0 -

0 5 10 15

Number of elements

in disordered lattice
Fig. 1 Calculated configurational entropy (in both R and J KX mol™) for
species with a single disordered sub-lattice (M) for (pink circles) alloys with
a single lattice, and a range of common metal chalcogenide materials with
a single chalcogenide sub-lattice (i.e. X is all O, S, Se or Te) for (orange
squares) MX, (blue diamonds) M,X3 and (purple hexagons) MX,.

elements in a ratio between 5-35 mol%." High entropy has also
been reported to be achieved more quantitatively, when a
material has reached a configurational entropy of > 1.5R,
where R is the universal gas constant (8.314 J K * mol %).?
Hence, using eqn (1) and calculating for a structure that
contains a single lattice with equimolar ratios of multiple
elements (such as an alloy), this condition is satisfied once
the material contains five elements (Fig. 1). However, if two or
more distinct sub-lattices are considered (such as in HE metal
chalcogenides) eqn (1) is no longer valid and the following
expression is required which accounts for the proportion of the
sub-lattice contributing to the overall configurational entropy
in the material:*®

ASconf =-R Z aS Z)ﬁs In }’1S (2)
N i

where a® represents the fraction of each sublattice (S) to the
overall composition, and y;* is the mol fraction of each con-
stituent element (i) to the sublattice (S) it is contained within.>®
Using this equation and calculating for the three common
metal chalcogenide composition types (MX, MX, and M,X;,
where M is the metals and X is chalcogenides), a value of 1.5R
cannot be achieved using a single chalcogenide (also shown in
Fig. 1). Therefore, we propose that future HE metal chalcogen-
ides should be classified by the number of elements present,
which is often reported to have occurred at 6 (i.e. hexarnary
materials or higher, where each element is prevalent with
5 mol% abundance or higher).’” This definition can also
describe the significant difference between low and medium
entropy binary, ternary, quarternary and quinternary materials
and high entropy hexarnary or higher materials. It should be
noted that 5 element systems can be high entropy, if there is
disorder in both sub-lattices (i.e. 2 or more metals and chalco-
genides). These systems with disorder in both sub-lattices can
reach configurational entropy values > 1.5R, such as in a
recent report using a combination of Pb, Sn and Sb metals
and S, Se and Te chalcogens.®”

This journal is © The Royal Society of Chemistry 2022

View Article Online

Feature Article

A universal configurational entropy metric (EM) has been
proposed by Vecchio.*® This method is proposed to account for
systems with more than one sub-lattice (L) by including a lattice
factor into the equation:

Sconf
L 3
o )

EM =

using this equation, systems with EM > 1.5 can be classed as
high entropy. Whilst this represents a noble attempt to quantify
all high entropy species, this equation essentially treats high
entropy materials with only one disordered sub-lattice (such as
multi-metal oxides and chalcogenides) as a single disordered
structure equivalent to alloys. Due to the significant chemical
differences in these species, we do not feel this is an appropriate
comparison to make and we therefore use a non-quantitative
metric (hexernary or higher with a single disordered sub-lattice) to
classify high entropy species.

High entropy metal chalcogenides

The first high entropy (HE) metal chalcogenide (for the pur-
poses of introducing HEMCs, we have elected to include oxides,
however these will not be discussed throughout the rest of
the review) to be developed was the hexarnary metal oxide:
(MgNiCoCuZn)0.*® This material was prepared by ball milling
the constituent metal oxides which were pressed into pellets
and subsequently annealed in air from 700 °C up to 1100 °C.*°
The authors found that at 700 °C two distinct phases (rocksalt
and tenorite) were observed by powder XRD (pXRD), but once
they reached 850-900 °C, a single rock salt phase was formed.
With a single oxide phase and the various metals arranged
randomly throughout the crystal structure on the cation site
(as in Fig. 2).*° It was also found that this process (forming a
single HE phase) was reversible by a low-temperature equili-
bration, as entropy-driven transitions are expected to be
reversible.”® The authors also demonstrate that this material
is truly entropically stabilized, due to the configurational
entropic contribution overcoming the enthalpic penalty of
phase transitions between the component metal oxides.*
As discussed above, HE metal chalcogenides represent two or
more distinct sub-lattices (such as a cationic and an anionic),
despite this difference between HE metal chalcogenides and
HE alloys, eqn (1) was erroneously initially used to calculate the
configurational entropy.®® To calculate the true configurational
entropy, all sub-lattices need to be taken into account to
represent the contribution of each atom to the configurational
entropy of the constituent sub lattice and the sub-lattice to the
overall material, as in eqn (2).

Since the advent of inorganic HE materials, there have been
numerous reports of HE metal oxides comprising of combina-
tions of alkali, alkali-earth, transition, main group and even
lanthanide metals.>**°™*® These materials have been investi-
gated in a wide range of applications, mainly in the energy**
and catalysis*®*? fields. Due to this, far more work on HE metal
oxides has been reported than for the sulphides, selenides and

Chem. Commun., 2022, 58, 8025-8037 | 8027
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Fig. 2 Figure showing (a) a typical binary metal chalcogenide rock salt structure with a single cation (yellow sphere) and anion (red sphere) compared to
(b) a High Entropy metal chalcogenide with a rock salt structure where the various cation metals (multicolour sphere) are randomly distributed with an

ordered single anionic sub-lattice (red sphere).

tellurides. This large body of work has already been extensively
and comprehensively reviewed.?>107131

HE metal chalcogenides with sulphide, selenide and tell-
uride ions (S, Se, Te or a combination of the three) as the
anionic sub-lattice are a more recent development.*® HE metal
sulphide or disulphide materials are the most common of these
more recently synthesised HE metal chalcogenides,” >
although HE metal telluride,’® and mixed chalcogenide®”*¢>7>
materials have also been reported. Like HE metal oxides, these
materials have also demonstrated emergent properties for
energy conversion,”””*® storage® and catalytic*®**”" applica-
tions. Recent work on these non-oxide HE metal chalcogenide
systems has reported a range of synthetic routes, on both micro
and nano length scales, towards a number of different crystal
phases for a variety of different applications. These non-oxide HE
metal chalcogenides will be the exclusive focus of this review.

Synthesis of high entropy metal
chalcogenides

HE metal chalcogenides have been synthesised through a variety
of routes (Fig. 3), the most common of which is elemental
annealing in the presence of the relevant chalcogen (or chalcogen
source) in an inert gas or vacuum (Table 1).*°*7° This is both a
high temperature (typically between 750 °C and 1000 °C)***® and a
time consuming (anywhere between 20 h and 8 days)*®*° process.
This process is also typically undertaken with a pre-annealing step
consisting of either ball-milling,*” or pulverising by mortar and
pestle® to produce fine elemental powders for annealing.
A drawback of these approaches is that particle size in the lower
bound is around 100 nm, which precludes elemental mixing at
the atomic scale prior to reaction and explains the longer times
and high temperatures necessary to substantially mix the elemen-
tals by cationic diffusion through the anionic lattice. As such, the
risk of phase separation may be high with these reaction types.
However, this is still an effective method of producing HE metal

8028 | Chem. Commun., 2022, 58, 8025-8037

chalcogenides, particularly those with mixed anions (i.e. a combi-
nation of S, Se, Te).

Other synthetic strategies have been reported for HE metal
chalcogenides. Another technique is based on a solvothermal
process where the solvated metal salts are heated with a
sulphur source (thioacetamide) present in the solution at a
significantly lower temperature (150-160 °C) than elemental
annealing, but still over an extended timeframe (18 h).*®
A further method of synthesising HE metal chalcogenides is
through high energy ball milling of the constituent metal
sulphides, often known as mechanical alloying. In this method,
pre-synthesised metal sulphide materials are ball milled for
between 60 h and 110 h. This method has the significant
advantage of not requiring any external heating steps, and
can rely on the energy generated by asperity contacts in the
ball milling alone.>” However, the disadvantages of this method
is the pre-synthetic step required for the respective metal
sulphides, along with the extended time required for the
ball-milling process.

One method that significantly reduces the time required to
produce HE metal chalcogenide materials is through a single
source precursor approach. This approach has been used to
produce bulk lanthanide oxysulphide materials.*® This method
utilises annealing of lanthanide dithiocarbamate precursors
at a temperature of 900 °C, over relatively short timescales
(5 hours) compared to elemental annealing. However, due to
the unique chemistry of the lanthanides, oxysulphides are
produced over sulphides, even in argon atmospheres unless
extensive measures are taken to remove oxygen.’® Utilising
single source precursors is a scalable approach which exploits
a simple and clean (often used without further purification)
synthetic step to produce single source precursors with
pre-fabricated M-S bonds, which can be decomposed at
significantly lower temperatures than the lanthanides
described above (typically 200-500 °C).°>°" This advantage,
coupled with the extensive library of metal single source
precursors available®® makes this approach a highly appealing

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Figure showing a schematic representation of extant synthetic pro-
cedures toward high entropy metal chalcogenides. (a) elemental annealing (b)
thermolysis of single source precursor cocktails (c) high energy ball-milling of
individual metal sulphides (d) nanoparticle cation exchange.

synthetic route towards both bulk and nanomaterial HE metal
chalcogenides.

There have been other synthetic routes towards the synthesis
of nanomaterial (both 2D and nanoparticles) HE metal sulphides.
However, these methods represent some of the harshest and least
scalable conditions reported to date. 2D HE metal sulphides
based on group 5 and 6 metals have been synthesised through
an elemental annealing process which requires a pre-synthetic
step that involves highly toxic®® HF etching of the synthetic vessel,
followed by a 24 h annealing step at 1000 °C. The synthesis of
the sample (elemental annealing step) is then introduced into the
prepared vessel and ramp annealed for 120 h.*

A pulsed thermal annealing synthetic route towards HE
metal chalcogenides has also been developed. This method
relies on utilising extremely high temperatures (1650 K) but

This journal is © The Royal Society of Chemistry 2022
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only over short timescales (55 ms).>' However, the authors haven’t
reported the number of pulses utilised in this synthetic strategy. The
final step of this method is a 6 h oven dry of the produced
materials,” significantly extending the synthetic timeframe.

Another interesting synthetic route towards HE metal chal-
cogenide nanoparticles is through a cation exchange method.*®
This method initially requires the synthesis of Cu,gS nano-
particles, these are dispersed in a solution which contains salts
of the desired metals to be exchanged with Cu to form the HE
material. This solution was then heated initially under vacuum
at 110 °C, then under Ar at 180 °C and again at 140 °C, with
each heating step taking 30 mins.’® This method represents an
interesting route towards producing HE materials through a
cation-exchange reaction. Previous studies have determined
the diffusion coefficients of metal ions in solids to be ca. 1 x
107° em? s~ for Zn in Al at ca. 400 °C,** or for Fe*' ions in
single crystal MgO at ca. 1650 °C.%** Using this value as a model
for a 1D diffusion of ions in solids. These ions will travel 15 nm
in 25 minutes, consistent with the observations of Schaak
et al.”® However it should be noted that at this rate of diffusion,
it would take ca. 115 days for these ions to travel 100 pm, which
is potentially unfeasible for a scalable synthetic procedure
towards bulk HE material. Therefore, to date a simple, fast,
direct, and low temperature synthesis route toward bulk HE
metal sulphides still evades researchers.

Properties of HE metal chalcogenides

The range of metals, chalcogenides, and synthetic procedures
utilised in the preparation of both bulk and nanoscale HE
metal chalcogenides has led to a wide range of materials with
various crystallographic phases produced, which exhibit inter-
esting and advantageous properties for a variety of different
applications (summarised in Table 1). There are four interesting
properties for high entropy alloys proposed by Yeh,? three of these
are also important for HE metal chalcogenides; the high entropy
effect, the distorted lattice effect, and the cocktail effect.

The high entropy effect in HE metal chalcogenides affects
the ability of these materials to stabilise a single crystalline
lattice phase. Therefore, the various reported crystal structures
to date are discussed initially. The most commonly synthesised
phase in HE metal chalcogenides is the rock salt®”>%°%°¢
structure (Fig. 2). Other reported phases observed in synthesised
HEMCs are shandite,” pyrite,*® wurtzite,”® and pentlandite.**

The distorted lattice effect is caused by the differing sizes of
metal ions within a HEMC lattice. It is also noteworthy that if
several chalcogenides are also present this distortion can also
be achieved in the anionic sub-lattice as well as the cationic
sub-lattice. This has been visually demonstrated by a previous
HE metal chalcogenide which contained 3 metals (Pb, Sb, Sn)
and 3 chalcogenides (S, Se, Te), shown here in Fig. 4. This
unique property of HE materials has been demonstrated to
yield significantly frustrated thermal conductivity,”” which is a signi-
ficant advantage for thermoelectric materials.”® The mechanism for
this thermal frustration is the scattering of phonons in the distorted

Chem. Commun., 2022, 58, 8025-8037 | 8029
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Table1l Table showing currently reported high entropy non-oxide metal chalcogenides, the reported material, synthetic route, and conditions, reported
phase and point group and the proposed or demonstrated application

Reported
HE Material Synthetic Route Preparation Conditions phase Application Ref
(CusSnMgGeZn)Sy, (Cu;SnMgInZn)S, Ball-milling and 60 h Ball-milling followed by 750 °C Tetragonal Thermoelectric 47
Elemental sintering at 50 MPa.
Annealing
142d
No exact
phase
reported
(FeNiCoCrMn)S,, (FeNiCoCrCu)S,, Solvothermal Solution annealing of metal salts at Pyrite Electrocatalysis 48
(FeNiCoCrZn)S,, (FeNiCoCrAl)S, Annealing 150 °C for 10 h. Followed by introduction
of sulphur source and a further annealing
at 160 °C for 8 h.
Pa3 OER
(MoWVNDbTa)S, (Nano) Elemental Vessel preparation: Quartz tubes etched 3R - TMDC Electrocatalysis 49
annealing with HF followed by 1000 °C annealing for CO, reduction
24 h. Sample preparation: Elemental
powders introduced into the vessel and
ramp annealed for 120 h.
R3m
No exact
phase
reported
(ZnCoCulnGa)S (Nano) Element Exchange Cu, gS nanoparticles dispersed in a Waurtzite Synthetic proof of 50
solution of metal salts. 30 min annealing concept
under vacuum at 110 °C followed by
30 min annealing under Ar at 180 °C.
Further annealing at 140 °C for 30 min.
P6zmc
(CrMnFeCoNi)S, (Nano) Pulsed Thermal Solvothermal mixing of metal salts Cubic Electrocatalysis 51
Decomposition followed by pulsed thermal annealing OER
at 1650 K for 0.055 s, then dried for 6 h
in an oven.
Fm3m
No exact
phase
reported
(FeMnNiCoCr);S,, (FeMnNiTiCr)S, High-Energy Ball ~ Ball-milling metal sulphide powders for ~Orthorhombic Li-ion batteries 52
(FeMnNiCoCr)S, (FeMnNiCoCr);S,, Milling of MS either (MS,) 110 h, or (MS, M,S;, M;S,,
(FeMnNiCoCr),S3, (FeMnNiCoCr)S,, Powders M3;S,) 60 h.
(FeMnNiCoCu)S,, (FeMnNiTiCr)S,
Pnma
No exact
phase
reported
Pyrite
Pa3
(CuAg)(SSeTe) Elemental Heated to 1100 °C and slowly cooled to ~ Rock Salt Thermoelectric 46
Annealing 650 °C and held for between 5-8 days,
followed by the produced ingot being
crushed into a powder and plasma
sintered at 600 °C under 60-65 MPa.
Fm3m
Hexagonal
P63/mmc
No exact
phase
reported
(GeSnPb)(SSeTe) Elemental Annealing of elements at 1000 °C for 20 h. Rock Salt Thermoelectric 53
Annealing
Fm3m
(CoFeNi)(SSe) Elemental Elements annealed at 1273 K for 24 h. Pentlandite Thermoelectric 54
Annealing Then the temperature was cooled to 773 K
and annealed for a further 72 h.
Fm3m
(PbSbSn)(SSeTe) Elemental Elements annealed at 723 K in 7 h, then Rock Salt Thermoelectric 37
Annealing further heated to 1423 K in 7 h, then held
for 6 h. The produced ingot was crushed
and plasma sintered at 853 K at 50 MPa
for 10 min.
Fm3m

8030 | Chem. Commun., 2022, 58, 8025-8037
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Reported
HE Material Synthetic Route Preparation Conditions phase Application Ref
(AgPbBI)(SSeTe) Elemental Initial annealing at 400 for 5 h, followed Rock salt Thermoelectric 66
annealing by 800 for 20 h. To obtain high-density
samples, hot pressing was performed at
400 °C for 30 min at 70 MPa.
Fm3m
(AgInPbBIi)Te, 755€.25, High-pressure Elemental powders were initially melted Rock Salt Superconductivity 55
(AgInPbBi)Te, 5Sep 5 elemental at 800 °C. Followed by high-pressure
annealing annealing at 500 °C under 3 GPa for
30 minutes.
Fm3m
(AgCdSnSbPb)Tes, (AgInSnSbPb)Tes, High-pressure High-pressure annealing at 500 °C Rock Salt Superconductivity 67
(AgCdInSnSb)Tes, (AgCdSnPbBi)Tes, elemental under 3 GPa for 30 minutes.
(AgCdInPbBi)Tes, (AgCdInSnBi)Tes annealing
Fm3m
(TiVCrNbTa)S,, Elemental 1050 °C for 24 h. P3m1 Not tested 68
(Tip.10V0.2Cro.14NDg 24T 26)S2 Annealing and
chemical vapor
transport (CVT)
method
1050 °C for 30 d.
(TiVCrNbTa)Se,, 1000 °C for 24 h. Not tested
Tig.2V0.21Cr.21NDbg 19T 2S€,
1000 °C for 14 d.
(Ti,V,Cr,Nb), g(Fe,Mn), »Se,, 1000 °C for 48 h. Not tested
Tip.21V0.22Cr0.23Nbg 22F€0.0sMNg g9Se
(Ti,V,Cr,Nb,Ta)SSe, 1000 °C for 24 h. Not tested
Ti.16V0.15CT0.15Nb0.24T0.1751.025€0.08
No exact
phase
reported
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Fig. 4 Figure visually showing the distortion in the lattice structure of a (PbSbSn)(SSeTe) HEMC where the pink, red, green, blue, and purple spheres
represent Pb, Sn, Se, Te, and S atoms, respectively. Copyright permission from Science, used from ref. 37.

lattice.*” This phonon scattering can be quantified in a 1D single

atom harmonic chain by the equation:

—2£in nk
=N ok,

This journal is © The Royal Society of Chemistry 2022

where o is the dependent angular frequency (known as phonon

dispersion), F is the force constant, M is the atomic mass, k is
the wave vector and k, is the cut-off wave vector.”® The lattice
@) strain therefore is proposed to have a direct relationship to
thermal conductivity in these HE metal chalcogenide materials.
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This relationship has been investigated and the atomic and
lattice strain of a (PbSbSn)(SSeTe) HE metal chalcogenide was
investigated by XRD, electron diffraction (ED) and geometric
phase analysis (GPA) based on scanning transmission electron
microscopy-high angle annular dark field (STEM-HAADF)
imaging.®” It was reported that an ca. 3-fold increase in lattice
strain (for the high entropy materials) equated to an ca. 2-fold
decrease in thermal conductivity at the same measured tem-
perature, which was lower than the predicted thermal conduc-
tivity based on a widely accepted alloy model.*”

The cocktail effect in HE materials typically describe any
anomalous and unexpected properties which cannot be described
by any of the individual components in the HE material. This
particular property has been of significant interest in catalysis.
A HE metal chalcogenide based on top-row transition metals
(FeNiCoCrMnS,) has been thoroughly investigated to probe the
cocktail effect in electrocatalysis.*® The presence of five transition
metals initially found that stabilisation and modulation of the
oxidation states of the metals was possible, with the Fe, Ni, Co and
Mn all being found in both the 2+ and 3+ oxidation states, which was
stabilised by the presence of other metals.*® The multi-metal, multi-
valent nature of this material allows a range of potential catalytic
active sites. For example, with the FeNiCoCrMnS, HEMC the Fe**
species was found to be crucial for the oxygen evolution reaction
(OER), due to the high affinity of iron to oxygen and the fast electron
transfer between the Fe and the absorbed oxygen species.*®

Further analysis of the HE material after OER found that the
valence of the metal species was driven towards the 3+ oxidation
state. Other significant alterations were also observed such as an
initial reduction in crystallinity (over 30 minute period of OER
activity), followed by gaining in crystallinity (by 9 hours of OER
activity), this ‘self-reconstruction’ of the HE metal chalcogenide
material is also accompanied by a change in morphology from a
‘yolk-shell’ structure to a significantly more porous sponge-like
morphology, with a catalytic oxyhydroxide layer formed on the
surface.*® Therefore, HE metal chalcogenides clearly demonstrate
unique properties which are of significant benefit towards appli-
cations such as thermoelectrics and electrocatalysis.

Applications of high entropy metal
chalcogenides

High Entropy metal sulphides have the widest range of applica-
tions reported to date for the non-oxide HE metal chalcogenides,
having been demonstrated as thermoelectric materials,””” cata-
lytic electrodes for both the oxygen evolution*®*" and CO,
reduction®® reactions, and as electrodes in Li-ion batteries.>*
Thermoelectric energy generation is the most common applica-
tion of these non-oxide HE metal chalcogenides and will be
discussed together with the telluride and mixed chalcogenide
systems in the next section.

Electrodes: electrocatalysis

With respect to use of these materials as electrodes, we dis-
cussed above how the cocktail effect of having several metal
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ions present results in valence stabilisation of multi-redox
states of several ions within these materials, leading to high
catalytic performance of these materials. The significant advan-
tage of the multi-cation approach has been previously demon-
strated by comparing low entropy binary, ternary, quaternary
and quinternary with high entropy hexernary metal sulphides
(Fig. 5(a) and (b)).*® It is important to note here that the main
catalytic site (Fe*") was found to be stabilised by the high
entropy cocktail effect of the presence of multiple cations.
Increasing the number of metals in these materials was found
to decrease the overpotential required to reach 100 mA cm™>.
The resulting Tafel slopes of the catalysis also show the con-
siderable advantage of the multi-cation, high entropy materials
with a decrease in the Tafel slope from 57.7 mV dec™* for FeS,
to 39.1 mV dec ' for (FeNiCoCrMn)S. This performance could
not be improved with substitution of the Mn for Cu, Al or Zn
(Fig. 5(c) and (d)),*® and only resulted in slightly higher over-
potentials and slightly smaller Tafel slopes compared with
(FeNiCoCrMn)S,. In all cases these Tafel slopes are substan-
tially lower than the non-HE materials investigated such as
57.7 mV dec™ " for FeS,, 52 mV dec " for (FeNi)S,, 50.6 mV dec ™’
for (FeNiCo)S, and 42.5 mV dec ' for (FeNiCoCr)S,.** These
results (lower overpotential and smaller Tafel slopes) have also
been observed in (CrMnFeCoNi)S,, which again contains the
proposed catalytic Fe sites stabilised by the cocktail effect.>

Electrocatalysis using a 2D HE metal disulphide has been
reported for the CO, reduction reaction (CO,RR).*® This study
compared the (MoWNbTaV)S, HE material to Ag for the
CO,RR, where Ag is known to be highly efficient at the CO,
to CO conversion.”"””> The (MoWNbTaV)S, has been reported
as having a higher current density than Ag."® However, this is
compared using the geometric surface area. As (MoWNb-
TaV)S, is a 2D nanomaterial it is expected to have a signifi-
cantly higher electrochemically active surface area, which
could account for the higher current density achieved using
the 2D HE electrode.” The (MoWNbTaV)S, material is also
possibly analogous to one of the component binary metal
disulphides (MoS,, WS, etc.), a potentially more direct com-
parison would be the parent metal disulphide material,
however the authors haven’t attempted to synthesise a mono-
or dual-metal disulphide through their synthetic method as a
direct comparison.*’

Electrodes: energy storage

Recently, HE metal sulphides have been reported as battery
anodes.®> This work compared several 5-metal disulphide
materials ((FeMnNiCoCr)S,, (FeMnNiCoCu)S, and (FeMnNi-
TiCr)S,) to a 5-metal monosulphide ((FeMnNiCoCr)S) and a
comparable 4-metal disulphide ((FeMnNiCo)S,). Fig. 6 shows
that the three HE 5-metal disulphide materials demonstrated
superior discharge specific capacity to the 4-metal disulphide
and HE 5-metal monosulphide, where the latter two also
demonstrated poorer discharge specific capacity than the com-
parable CoS,.>> This significant difference has been proposed
to be due to the unique ability of layered disulphide materials
to facilitate the proposed two-step first discharge reaction that

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Polarization curves of FeNiCoCrMnS,, FeNiCoCrS,, FeNiCoS,, FeNiS,, and FeS,. (b) Comparison of current densities at overpotential of 270 mV

among FeNiCoCrMnS, and reported transition metal sulphides, metal sulphides derivatives, and other HEMs catalysts. (c) Tafel slopes of FeNiCoCrMnS,,
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Copyright permission from Wiley, used from ref. 48.

occurs in pyrite structured metal disulphides such as FeS, and
CoS,:7373
2t

MS, + xLi* + xe~ — Li,MS, (5)

Li,MS, + (4 — x)Li" + (4 — x)e” — 2Li,S+M  (6)

The cocktail effect and the high entropy nature of the
5-metal materials has been proposed for the increased dis-
charge specific capacity over the 4-metal material. Although
there have been no proposed key metal active sites, substituting
Cr for Cu or Co for Ti didn’t have a large effect on the observed
discharge specific capacity. Further work should be undertaken
on these layered HE metal disulphide materials to understand
the nature of this high entropy effect and which sites are active
for the lithiation/delithiation processes and if these can be
further optimised for improved energy storage capacities.>”

Thermoelectric energy generation

Thermoelectric energy generation is by far the most common appli-
cation reported for HE metal sulphides, selenides and tellurides.

This journal is © The Royal Society of Chemistry 2022

The ability to introduce distortion in both the cationic position
(by introducing several metals of different sizes) and the anionic
position (by introducing several chalcogenides of different sizes) in
the lattice can lead to significant lattice distortion, which directly
results in high phonon scattering ability and low thermal con-
ductivities and resultant high unitless figure of merit values (z7),%”
where 2Tt

S2a

K

ZT =

)

where S, is the Seebeck coefficient (in V K, the typical
convention in thermoelectrics is to use S to represent Seebeck
coefficient, however as S in this review represents entropy, we
have chosen to use the thermogalvanic’®”” convention, S.),
o is the electrical conductivity (in S cm™") and « is the thermal
conductivity (in W m™" K1)

HE metal chalcogenides for thermoelectrics were initially
investigated by Reece et al. through a two-step combination
where initially a computational property analysis was used to
predict a good candidate material, which was then subse-
quently synthesised and tested.*’” For this, 47 (49 initially but
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(a) Galvanostatic rate performance test of all HESs, CoS,, 4MS2, and MWCNTSs 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 MS; half-cell

and Coulombic efficiency as a function of cycle number at 1 C and 25 °C
from ref. 52.

two were excluded*”) Cu-S containing materials were analysed,
18 with a wurtzite structure and 29 with a zinc blende structure.
This comparison determined a large variation in Cu, Si, Ge and
Sn, these metals were therefore incorporated into the high
entropy sulphide design to reduce local strain energy. Other
criteria such as the sustainability and the absence of magnetic
properties of cations was also favourable. Magnetic properties
contain spin which introduces additional complexity into
high-entropy compounds, this was therefore determined to be
unfavourable. From this analysis, two predicted HE mater-
ials were designed and synthesised, (CusSnMgGeZn)S, and
(CuzSnMgInzZn)S,.*” (CuzSnMgInZn)S, was found to be a semi-
conductor with very low electrical conductivity and was there-
fore not explored for its thermoelectric properties. The
thermoelectric properties of (CusSnMgGeZn)S, were assessed
and the electrical conductivity showed metallic behaviour, with
an electrical conductivity (¢) of ca. 1000 S cm™* at 623 K, which
is >200 S cm " higher than tetrahedrite ((Cu,Fe);,Sb;S;5).”®
However, this high electrical conductivity of (CusSnMgGeZn)S,
was found to reduce the Seebeck coefficient (S.), therefore
additional (20%) Sn was included to reduce electrical conduc-
tivity and increase the S. forming the (CusSn;,MgGeZn)So
species.”” Although ideally both of these parameters should

8034 | Chem. Commun., 2022, 58, 8025-8037

in the range between 0.01 and 3 V. Copyright permission from Wiley, used

be improved, the S. has a squared relationship to zT, so
increases in S, are favourable over ¢. The (CusSn; ,MgGeZn)So
material reached a power factor (S.>s) of 8 yW cm ™' K 2 at
773 K. From eqn (7), (S.’0) is the power factor and « is the
thermal conductivity. Therefore, for a high zT value, high S.
and ¢ and low « are favourable. The thermal conductivity of the
(CusSn; ,MgGeZn)S, material was found to be low, and reduced
with increasing temperature with a value of ca. 0.4 Wm ' K *
at 773 K. A zT value of 0.58 at 723 K was obtained for n-type
(CusSn, ,MgGeZn)S,,*” which is significantly lower than the zT
of the benchmark Bi,Te; of 1.1 at a lower temperature of
340 K.”® Copper-based thermoelectric materials have been the
subject of recent attention.®® Several of these materials have
reported high 2T values such as Cu,;¢ZnSnS, doped with
0.1 mol% Na which has reported a z7T value of 1.6 at 800 K.*'
A Cu,_,S has reported a zT of 1.9 at 970 K which are signifi-
cantly higher than the Cu-based HE metal chalcogenide.®?
However, the HE metal chalcogenides are comparable to other
Cu-based thermoelectric materials such as the borite CusFeS,,**
and tetrahedrite Cu;,Sb,S;3,”® which have reported zT values of
0.55 and 0.56 at 543 K and 673 K, respectively.

HE metal sulphides are not the only HE metal chalcogenides
investigated for thermoelectrics, HE metal tellurides have also

This journal is © The Royal Society of Chemistry 2022
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been investigated.’®>® In these reports, the p-type AgMn-
GeSbTe, has been reported with a peak power factor of ca.
12 UW ecm ™' K2 (again exact values are not reported) and a
peak zT value of 1.05 at 773 K. Incorporating small quantities of
(1-5 mol%) of AgsGeTe¢ into the material was found to present
extra scatting centres for holes with low energy and phonons
with medium wavelength, where the optimal 1 mol% AgsGeTe,
incorporation resulted in maximum power factor and zT of
ca. 14 pW cm ™' K2 and 1.27, respectively.’® Another p-type HE
metal telluride material has been reported with a maximum zT
value of 1.6 for Cu, sAgo.Ing sGay sTe,, however this is at the
high temperature of 900 K.*® Whilst these are not high entropy
materials by our definition, these works still demonstrate the
improved performance of thermoelectric materials by increas-
ing the entropy of the material. Having a Te, rather than a S
anionic lattice in the HE material results in increased lattice
strain, which is reported to decrease thermal conductivity due
to increases phonon scattering.”®

Having metals of various sizes results in significant lattice
distortion in the cationic position of the HE lattice. However,
this is also possible in the anionic position too by using more
than one chalcogenide, which has also been investigated for
thermoelectrics.?”>*>* This combination of cationic and anionic
lattice strain has been best demonstrated by (PbSbSn)(SSeTe)
with various ratios of metal cations and chalcogenide anions to
create severe lattice distortion in both cationic and anionic
positions.”” In this report the n-type PbggoSbg 012N 15€0.5-
Tey 255025 HE material is reported to have a maximum power
factor of ca. 16 yW ecm™ ' K2 at 600 K, with an incredibly low
thermal conductivity of < 0.5 W m™' K ? at temperatures
>600 K and a maximum 27 of 1.8 at 900 K.*” Another example
of induced disorder in the anionic lattice producing excel-
lent thermoelectric performance is of Pbgg35Nag 025Cdo04-
Seo.580.25T€025.5*  This p-type material has been reported
with a high zT of 2.0 at 900 K and a high power factor of
16 pW cm ' K %! However, it should be noted that as the
concentration of both Na (1.25 mol%) and Cd (2 mol%) are both
below the 5 mol% threshold we have defined as required for high
entropy materials, this is a dual-doped medium entropy material
rather than a true high entropy metal chalcogenide.

Despite the clear advantages of utilising a combination of
metals and chalcogenides, it should be noted that using any
combination of metals and chalcogenides does not always
result in good thermoelectric properties. A recent investigation
into the n-type (Co,Fe,Ni)o(S,Se)s only resulted in zT values <
0.03 at ca. 325 K, which decreased with further increases in
temperature.®® The compiled power factor and zT values of
HEMCs are shown in Fig. 7.

Superconductors

HEMCs have also been found to exhibit superconductivity.
Mizuguchi et al. were able to show that a range of high entropy
tellurides (e.g. (AgInSnSbPb)Te) exhibit superconductivity at
low temperatures.®” For the HE tellurides, the temperature
below which 0 resistance was measured was between 0.9-
1.3 K for different metal compositions. In further work, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Figure showing the reported zT and power factor (PF) values for
non-oxide HE metal chalcogenides. Where [1] Cu5Sn1.2MgGeZnS9, [2],

(CoFeNi)(SSe), [3] (PbSbSn)(SSeTe), [4] (AgPbBi)(SSeTe) correspond to
ref. 37, 47, 54 and 66.

same research group also observed a superconducting transi-
tion in their HE selenide/telluride alloys - (Ag,In,Pb,Bi)-
Te,_,Se,, where x = 0, 0.25 and 0,5.>> They observed an
increasing critical temperature, T, with increasing amounts
of selenium present in the material at 2.7, 2.5 and 2.0 K for the
x = 0, 0.25 and 0.5 samples respectively. They observed bulk
superconductivity by direct measurement of the electrical resis-
tance over a range of temperatures as well as observing the
sudden drop in the magnetisation as the material became
diamagnetic below T.. They also observed that T, increased
with increasing applied magnetic field for both the x = 0 and
0.25 samples.

Summary and future outlook

The exceptional properties exhibited by the unique environ-
ment of HE metal chalcogenides clearly represent a significant
advancement in the development of advanced, high-performance
materials. These remarkable properties are most impactful for
energy and catalysis research.

Despite the significant advancement that HE metal chalco-
genides represent, the scalability of these materials can only be
considered if they can be synthesised as both bulk and nano
(both particles and thin film) materials. A further hugely
important factor towards the scalability of HE metal chalco-
genides is the synthetic method, which should ideally be facile,
fast, and at a low temperature. The synthetic method should
also take into account the principles of green chemistry,® to
eliminate any hazardous solvents or preparatory steps.

It is also true that despite the significant promise shown for
both catalysis and energy research in both conversion (as
thermoelectrics) and storage (as batteries) we may have only
touched upon the potential advancement of these materials,
particularly the non-oxide materials. Further research needs to
be undertaken to explore further catalytic reactions and oper-
ando spectroscopic techniques to determine the active metal
centres and active surfaces of the materials in order to enhance
this further particularly in the nano-scale for enhanced activity
using less material. This area of research could also benefit
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significantly from further computational input, on analysis of
developed materials, prediction of energy band gaps and pre-
diction and development of materials for enhanced activity.
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