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Rudiger-A. Eichel™®d

The potential use of high-entropy materials in batteries has
recently attracted considerable interest. Compared to traditional
materials, high-entropy materials exhibit a high defect density
and degree of internal entropy, resulting in enhanced ion
storage capabilities, ionic conductivity, and electrochemical
stability. High-entropy oxides represent a more extensively
investigated material for various electrochemical applications,
particularly for potential use as a cathode or electrolyte in
battery applications. These multicomponent systems are distin-

Introduction

High-entropy materials (HEMs) comprise a singular crystal
lattice in which multiple elements (typically transition metals)
occupy the same sites on the crystal lattice. In light of these
characteristics, these phases can be regarded as highly intricate
solid solutions. The concept was initially introduced in 2004”2,
and has since been employed extensively in metallurgy, where
such high-entropy alloys achieve exceptional resistance against
corrosion and an overall increased wear resistance.”’ Since
2015, the high-entropy concept has been applied to oxides for
ceramic applications,” and subsequently to oxyhalide™ and
fluoride perovskites® electrode materials in batteries.*™ The
high-entropy concept was initially applied to ceramic oxides,
resulting in [CoCuMgNiZn]O™ and it was concluded that
configurational entropy is maximized if an equimolar stoichiom-
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guished by their structural complexity and exhibit enhanced
cycling stability, exceeding the performance of traditional oxide
materials. The exploration of high-entropy halides as electrode
materials is less extensive than that of their traditional counter-
parts, despite the latter being the subject of considerable
research. This work offers a concise overview of how high-
entropy materials can be applied to halide phases, focusing on
the transition from high-entropy oxides to high-entropy halides.

etry is used, promoting the formation of single-phase high-
entropy oxides (HEOs).

For high-entropy ceramics, there is a broad array of possible
materials, such as oxides, borides, nitrides, hydrides, carbides,
oxynitrides and silicides.”” These materials have a multitude of
highly desirable properties like overall lower thermal conductiv-
ity when compared to traditional ceramics, increased thermal
stability, and various electrical properties to be used as, for
example, exceptional piezoelectric materials or their optoelec-
tronic properties, allowing them to be implemented in a
multitude of fields of application such as photovoltaic, micro-
electronics or thermoelectrics.”

Subsequently, the high-entropy concept was extended to
other chemical systems and fields of applications, including
developing materials for electrochemical applications such as a
high-entropy oxide perovskite with a composition of [((Bi,
Na)y,(La, Li)y, (Ce, K)g,Cag, Sry,lTiO;, which was used as an
anode material for lithium-ion batteries (LIBs).”’ A series of solid
solutions combining perovskite oxides with perovskite fluorides
resulting in (BagsSrysCoqsFeq,0;_s)s.[KIMgMnFeCoNi)F],,, with
enhanced catalytic performance in oxygen evolution reaction®
at the initial operation. The obtained solid solutions have
attractive features, such as highly mixed oxide-fluoride BXg
octahedrons with different elements and valences, uniform
element distributions, and single-phase crystalline structures,
contributing to an ultrahigh S.,.g.”"

High-entropy rocksalt oxyfluorides, such as Li;sMng,Mn,,
Tiy,Nby,0, ,Fo5™ are used as cation-disordered rocksalt cathodes
in which the Li* travels through a percolating network of 0-TM
(transition metal) clusters. Various high-entropy chloride per-
ovskites like KIMgMnCoNiZn]Cl,® or KIMgMnFeCoNi]lCl,** can
be synthesized with a liquid synthesis approach. The resulting
fluoride perovskites show increased electrocatalytic activity as
electrode materials for the oxygen evolution reaction at initial
operation compared to commercially available IrO,. While there
are currently no high-entropy chlorides with application for

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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cathode materials for batteries, two promising candidates as
cathode materials would be based on Li,MnCl,"® and Li,FeCl,.""
These two materials show good cycling stability against lithium
while having low production costs. Both potential cathode
materials crystallize in Fd3m cubic anti-spinel structure and can
be considered the basis for high-entropy halide (HEHs) spinel-
type materials. Additionally, halide spinel halide structures such
as Li,FeCl, were found to have good ionic conductivities."”
Additionally, HEOs and possibly, to an extent, HEHs could be
applied as potential electrode materials for sodium-ion batteries
(SIBs), as medium-entropy materials are already being applied
as electrode materials for SIBs. The advantage of SIBs over LIBs
would be a considerably lower production. The wide selection
of possible stoichiometries and composition of HEMs allows to
deeply investigate and tailor various desirable properties for
any current field of application.

In this work, we elaborate on high-entropy halides based on
oxides and a few existing fluorides, which may be applicable as
electrode materials. Specifically, after introducing the funda-
mentals of HEMs, synthetic and handling approaches, analytical
methods, and potential applications as electrodes of HEHs are
discussed.
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Fundamentals of High-Entropy Materials

As shown in Figure 1, HEMs are defined by four significant
properties: A high configurational entropy, severe crystal lattice
distortion, diffusion effects, and so-termed cocktail or compo-
site effects." The configurational entropy can be expressed by
Equation 11"

n m
s = | (o) (S]]
=1 cation site i=1 anion site

where R is the ideal gas constant and x; is the molar ratio of a
component. A material belongs to high-entropy phases if a
configurational entropy S, is 1.61R or higher is achieved.
Phase separation is preferred for a positive enthalpy of mixing
in Equation 2. The formation of intermetallic phases is preferred
for a large negative enthalpy of mixing. For the formation of
single-phase HEMs, the configurational entropy must be
positive, while the enthalpy of mixing must be slightly negative
in Equation 2."¢

AGmix = AHmix - TAsconﬁg (2)

Dr. Hermann Tempel received his PhD in
chemistry from TU Darmstadt in 2013. Follow-
ing a three-year postdoctoral period, he was
promoted to the role of group leader, over-
seeing teams engaged in CO, electrolysis and
battery development at the Institute of Energy
Technologies (IET-1), Forschungszentrum Ji-
lich. In 2022, he was appointed Head of the
Functional Materials and Components Depart-
ment, responsible for gas separation, material
development, and system testing for batteries
and electrolyzers.

Prof. Eichel studied Physics at the University of
Cologne, received his doctorate from the
Swiss Federal Institute of Technology (ETH) in
Zurich and obtained his habilitation thesis in
physical chemistry from the Technical Univer-
sity of Darmstadt. In 2012, he was appointed
full professor at RWTH Aachen University and
simultaneously acts as scientific director of the
Institute of Energy Technologies (IET-1) at
Forschungszentrum Jilich.

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85UB017 SUOWWOD SAIERID 3(dedl|dde ay) Aq peusenob ke sappie YO ‘9s Jose|n. Joj Akl aul|uQ A8|IA UO (SUOIPUOD-PUB-SWBI 00" AB 1M AleIq 1 uljuo//:Schiy) SUOTIPUOD PUe SWiB | 8U188S *[5202/20/52] Uo ARiqIT8UluO A8]IA ‘JeIUsD YoIeessy HAW yolne wniuszsBunyasiod Aq 65900202 2B9/Z00T 0T/I0p/wod As|im Akeidjpuljuo'ado.ne-Ans iwsyo//sdny wo.y pepeojumod ‘6 ‘G0z ‘91209612



Chemistry

Concept Europe
doi.org/10.1002/celc.202400659

European Chemical
Societies Publishing

ChemElectroChem

(b) Sluggish diffusion (c) Severe latticedistortion

(a) High configurational Sconiig 2 1.61R

entropy

)

el

(d) Cocktail effect

Figure 1. The four fundamental effects found within high-entropy materials:
(a) high configurational entropy, (b) sluggish diffusion effects due to size
mismatches of components, (c) severe lattice distortion due to size
mismatches of elements, (d) cocktail effects which are unexpected synergies
of different elements. Different transition metals are represented with
different colors.

Different structure types can be used for the design of HEM
phases. HEOs and fluorides have been reported to be synthe-
sized in rocksalt,” fluorite,"” perovskite™ and spinel™ struc-
ture types, as shown in Figure 2. Depending on cation size,
oxidation states and synthetic parameters, a variety of HEM
phases can be obtained within these classical structure
types_[m,zo—zz]

The structural types in question exhibited significant lattice
distortion and diffusion effects, which resulted from cation or
anion size mismatches, preferred coordination, and spin states
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Figure 2. Crystal Structure types of common oxides, fluorides, and chlorides
are potential target structures for high-entropy materials oriented along the
c-axis. 1) CdCl,-type high-entropy chloride:"” Green =Cl, multicolored = Co,
Fe, Mn, Ni, V. 2) Spinel-type Li,FeCl,:*® Green =Cl, white =Li, brown =Fe. 3)
Rocksalt-type CaMnO:*" Red =0, blue = Ca, purple = Mn. 4) Rutile-type:*®
Red =0, blue =Ti. 5) Ca-doped PbTiO,(perovskite-type):** Red = O, blue =Ti,
orange =Ca, black =Pb. 6) CaF, (fluorite):*” dark green =F, orange =Ca.
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within a multi-component system. This can result in an increase
or shortening of bond lengths between transition metals and
anions, a variation in the dimensions of the unit cell, or a
change in the symmetry expressed by a shift in the space
group. The impact of significant lattice distortion can be
observed in numerous essential material properties, including
magnetism, electrochemical activity, electrochemical stability,
and catalytic activity.®'®'® Furthermore, crystallographically
distinct sites occupied by a range of elements (e.g., d-metals)
can be partially substituted by alkali metal cations, resulting in
enhanced ion mobility. This phenomenon has been observed in
perovskite®™ and garnet structures®?®. Lastly, cocktail or
composite effects describe a multitude of synergistic effects
resulting from the mixing of certain cations in specific molar
ratios within a single crystal lattice, which leads to an
enhancement of material properties.™

A challenge inherent to HEMs comprising multiple compo-
nents is the formation of secondary phases alongside the
primary product, resulting from the multitude of potential
reaction pathways in such a complex system. Even minor
discrepancies in the stoichiometry and composition of a
heterogeneous ensemble of materials (HEM) can result in
markedly disparate material properties.””'83'=3

To mitigate the formation of multiple phases, the ion size of
the cations occupying the same sublattice in a HEM is ideally
similar to one another, which is a standard requirement for the
formation of solid solutions.”" Due to a small Shannon ionic
radius of oxygen, higher oxidation state and broader possible
coordination numbers,®¥ oxides usually have greater structural
diversity than halides. Except for fluorides, halides exhibit
considerably larger Shannon ionic radius and demonstrate
reduced flexibility concerning their preferred coordination
number. The predominant coordination numbers observed for
these compounds, while potentially more variable for high-
entropy phases due to lattice distortion and cocktail effects, are
IV or VI for the metal centers and VI for the halide anions. This
results in an increased unit cell size in metal halides when
compared to oxides, which are prone to the formation of
structural defects. The latter phenomenon is frequently
observed in halide-type spinels, for instance, Li,FeCl,.*® Addi-
tionally, the shift in the oxidation state of the anion from -Il in
oxides to -l in halides influences the stoichiometry and
oxidation states of metal cations. Table 1 summarizes the
differences between various anions regarding the oxidation
state, Shannon ionic radius, and possible coordination numbers.

The shift to more regular (octahedral VI) coordination
numbers and increased Shannon ionic radius for non-fluoride
halide elements is especially notable for stabilizing perovskite
and spinel-type structures. These two structural types are well
known to accept different transition metals in octahedral sites,
allowing complex composition and partial doping. The limits for
the occupation of octahedral sites can be described by the so-
called structure tolerance factors v found within Equation 3"
and 4.5

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Table 1. The evolution of oxides towards halides is based on the oxidation
state, Shannon radius [24], and possible coordination for these elements.
Anion Oxidation Shannon lonic Possible coordination
state Radiu (A) numbers®
Oxide -2 1.40 I, 101, 1V, VI, VI
Sulfide -2 1.84 vi
Selenide -2 1.98 vi
Fluoride -1 1.33 1L, IV, VI
Chloride -1 1.81 vi
Bromide -1 1.96 vi
lodide -1 2.2 vi
[a] the preferred coordination number for chalcogenide and halide
elements is highlighted in bold italics.

_ Ru+Ry
Therovskite — 7=, = o~ (3)

V2(Rg + Ry)

V3R R @
P4 = 2Ry + Ry)

Equation 3% describes the Goldschmidt tolerance factor for
perovskite-type structures, while Equation 45¢ describes the
tolerance factor for spinel-type structures. Ideally, the respective
tolerance factors for perovskite and spinel structures should be
0.9 to 1.1. The exchange of oxygen for chlorine would alter the
oxidation state of the transition metal from IV to Il, while the
alkaline earth metal cation would have to be replaced with an
alkali metal cation, changing the oxidation state on the A site
from Il to I. Furthermore, the ionic radii of each cation would
increase as well. This structure can be described as ABX;, where
B is a divalent (transition) metal and A is an alkali metal. These
phases exhibit structural similarities but display disparate
material properties, rendering them suitable for applications
such as electrocatalysis or battery materials. The nature of the
alkali- and d-metal cations plays a pivotal role in determining
the suitability of these phases for such applications.®”

Although structural similarities between halide and oxide
structures are evident, the physicochemical properties of
halides can diverge significantly from those of oxides. Further-
more, the methodologies employed for their synthesis and the
techniques utilized in materials handling are markedly dispa-
rate, particularly due to the pronounced hygroscopic nature of
halides. This results in the necessity of selecting distinct
precursors for HEHs, as using the oxide analogs as starting
materials is not feasible.

Synthetic and Handling Approaches of
High-Entropy Halides

HEHs have some considerable differences in synthesis methods

and handling compared to HEO. HEOs can usually be synthe-
sized by traditional solid-state methods in which a mixture of

ChemElectroChem 2025, 12, 202400659 (4 of 8)

precursor powders is treated by high-energy ball milling
followed by subsequent calcination at appropriate temperature
and time parameters*¥, The temperature needed for forming
HEOs depends highly on the target phase but is commonly
found in ranges of 400-1100°C while using ceramic crucibles.®®
Like temperature, time parameters are often adjusted to the
target phase and commonly found within 48-72 hours for
calcination processes.

The rate of cooling can have a significant impact on the
resulting material. Rapid cooling can result in the formation of
glass phases, while slow cooling rates can result in phase
separation."® The choice of precursors for HEOs is broad; oxides
themselves, carbonates, carboxylates, acetates, and acetylaceto-
nates are suitable for HEO synthesis as they either are stable
oxides or decompose into stable oxide phases. HEOs are
commonly found to be air-stable and can be safely stored
normally iin ambient atmosphere, which greatly increases the
convenience of use and eases potential application and
analysis. HEHs, as most halide precursors, are highly sensitive to
air moisture,*® therefore, it is necessary to use moisture-
protected conditions (e.g., glovebox or cleanroom). Similarly,
any analytical preparation would have to be conducted under
an inert atmosphere, which can result in more difficulties in
characterizing and studying the resulting HEH materials.

For HEHs, traditional solid-state synthesis approaches are
also applicable, but with some notable modifications to the
calcination process. One such modification is that the calcina-
tion temperatures must be adjusted to a lower temperature
range from 300°C to 700°C. The lower temperature range is
chosen because the halide precursors can undergo partial
decomposition processes at higher temperatures, such as
CuClL.™ An argument can be made that a HEH requires a
narrow temperature range to achieve single-phase solid
solutions. To achieve a fully crystallized product, longer dwell-
ing times may be considered as a higher temperature may lead
to partial decomposition, and any adjustment to cooling rates
may result in either vitrification in high cooling rates or phase
separation in case of low cooling rates similar to HEO materials.
An advantage of halide precursors is that they frequently have
low melting points, the most notable of which are ZnCl,
(300°C) and PbCl, (499°C)."*"*? The low melting points of halide
precursors can be advantageous because they can act as a flux
material that effectively dissolves other solid-state precursors.
This results in a more thorough and homogenous distribution
of metal cations in the resulting HEHs. Low melting points
could also allow for the growth of larger HEHs single crystals
suitable for neutron diffraction, which would be helpful for
structural analysis, especially if small cations such as Li* were
incorporated into the structure.

Calcination times for HEHs can be considerably shorter
when compared to HEOs, ranging from 24 to 48 hours, as many
precursors melt at the target temperature ranges of 400°C to
600°C, acting as a flux. Another consideration due to the low
melting points of halide precursors is the high reactivity of their
melts. It leads to a strongly limited crucible material choice
where a standard ceramic crucible (made of Al,O; or ZrO,) may
react with the molten halide salts, forming oxyhalides or

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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secondary metal oxides™ leading to impurities in the resulting
HEHs. Chemically inert crucibles, such as glassy carbon or
platinum, prevent reactions with salt melts and may have to be
used for HEH syntheses. All calcination processes must be
conducted in an inert atmosphere because an ambient
atmosphere can form oxides, and a reductive atmosphere can
form hydrogen halides such as HCl or HBr. Halide precursors,
e.g., CoBr,, CoCl,, FeBr,, FeCl,, or MnCl,, and resulting HEHs are
hygroscopic and must be handled in inert conditions for
preparation, synthesis, and analysis. In addition, preheating is
required to remove possible hydrates for some of the starting
materials like MnCl, and FeCl,.

The solubility of halides in protic polar solvents like water or
aprotic polar solvents such as NMP is high. Halide groups form
solvate complexes with a multitude of common organic
solvents, thereby introducing further challenges concerning the
storage and application of these materials. This is particularly
relevant in using HEH as an electrode in incorporation with
standard liquid electrolytes or fabricating electrode sheets with
conventional dispersion solvents. Handling analytical prepara-
tions of HEHs can be considered exceptionally challenging as,
with any HEM, the material possesses a complex composition
while HEHs additionally have considerable moisture sensitivity.
Any commonly employed analytical methods such as scanning
electron microscopy (SEM), energy-dispersive X-ray spectro-
scopy (EDX), electron paramagnetic resonance (EPR), powder X-
ray diffraction (PXRD) and single crystal X-ray diffraction
(SCXRD) may require various precautions to be made to ensure
a HEH does not decompose due to moisture exposure i.e. the
usage of capillaries for PXRD or the usage of an inert transfer
vessel for SEM and EDX.

Structural Characterization of High-Entropy
Halides

Characterizing HEMs, such as HEOs and HEHs, can be very
challenging. Established methods for structural analysis of
traditional oxides and halides, such as single crystal X-ray
diffraction (SCXRD) and powder X-ray diffraction (PXRD), are
insufficient due to the chemical and structural complexity of
HEM phases. SCXRD only provides information on an average
structure therefore, any information on which transition metals
are occupying which sites in a crystal lattice is not retained, as
the electron density provided by SCXRD is the average for a
crystallographic site.*” Complimentary powder diffraction anal-
ysis may yield information on the structure type and if a HEM is
single-phase or multi-phase, but no information on the exact
composition can be obtained. It is, however, possible to
determine qualitatively if a specific element (ionic radii depend-
ent) is introduced in excess into an existing structure.*” To fully
understand the structures of HEMs, various advanced methods,
such as X-ray absorption near edge (XANES)“**” and extended
X-ray absorption fine structure (EXAFS)#6*49 experiments,
neutron diffraction, in-situ PXRD, and in-situ X-ray absorption
spectroscopy (XAS)““? can be used. XAS allows to determine
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the oxidation state of elements within a HEM, and if conducted
in-situ, tracking of oxidation state evolution in dependence on
operating conditions (temperature, pressure, atmosphere, cy-
cling parameters for electrochemical experiments) is possible.*

EXAFS experiments can be conducted to acquire informa-
tion on the local structure and ordering of HEMs. EXAFS allows
investigation into the post-edge absorption spectrum of a
material, while XANES investigates the x-ray absorption before
the absorption edge (pre-edge). If a structural model of a HEM
is obtained utilizing SCXRD, the spectra acquired employing
EXAFS and XANES allow the acquisition of information on the
local structure of a HEM, i.e. distribution of transition metals at
various sites in the crystal lattice.”” EXAFS allows additional
information on the coordination shells of transition metals
depending on the position of peaks. Peaks at lower distances
from 1-2 A correspond, for instance, to the scattering of the
absorber (i.e. Fe) and first nearest neighbor (i.e. oxygen), while
2-3 A correspond to the scattering of the absorber to the
second nearest neighbor.”* To fully understand the structure of
a HEM, a combinatory approach of advanced methods such as
EXAFS/XANES and traditional SCXRD and PXRD is necessary.
SCXRD and PXRD will provide a structural model to fit EXAFS/
XANES data to refine the structural model and attain site
occupation probabilities and coordination.*? Moreover, it is
important to point out that when transitioning from HEOs to
HEHs, halides are significantly less stable against moisture.
Therefore, most sample preparation and tests must be con-
ducted under inert conditions.

Electrode Applications of High-Entropy Oxides
and Halides

Traditional electrode materials such as NMC (LifCoMnNi]O,)®"*?
Li,MnO,® or Li,FeCl,""* often act as intercalation or insertion
cathode while graphite® or metallic lithium acts as an anode.
Structurally, these cathode materials are commonly found to be
one of two options: hexagonal or trigonal layered structures or
spinel structures.®" The diffusion mechanism for Li* of the
layered structures and spinel structures can be described as a
hopping mechanism, as shown in Figure 3 for traditional
materials and elaborated for high-entropy materials in Figure 4.

Lithium diffusion in layered- and spinel structures occurs via
the vacancy hopping mechanism (Figure 3)."" For layered
hexagonal or trigonal layered structures, Li* migrates from an
octahedral site through a tetrahedral site to a neighboring
unoccupied octahedral site. The adjacent tetrahedral site can
either be occupied or unoccupied, wherein an unoccupied
tetrahedral site is beneficial to promote Li* migration. The Li*
migration is described as an isolated vacancy hop if all but one
adjacent octahedral sites neighboring the tetrahedral site are
occupied. Isolated vacancy hops are less favorable and less
common for Li* diffusion due to strong Li—Li interactions acting
as a repulsion, resulting in a narrow migration pathway. The
lack of a repulsion in divacancy hops, i.e. where a second
adjacent octahedral site is unoccupied, results in a more
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Figure 3. lonic diffusion mechanisms through Li-lon hopping in layered (a, c)
and spinel structures (b, d) as described by Van Der Ven et al.”" Reprinted
with permission of the American Chemical Society. Copyright © 2013
American Chemical Society.
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Figure 4. High-entropy effect on a spinel-type structure: Severe lattice
distortion due to size mismatches leads to wider migration pathways, partial
substitution of Li and (partial) vacancy on tetrahedral sites lead to weaker
Li—Li interaction, higher likelihood of vacancies and partial substitution with
Li at octahedral sites results in an increased probability for divacancy and
triple vacancy hops.

favorable diffusion and, thus, a more probable diffusion process
cumulating in achieving higher charge/discharge rates.”" The
Li*-diffusion mechanism for spinel structures is similar to that
of hexagonal/trigonal layered structures. However, a triple
vacancy hop is possible within spinel structures, which have
even lower energy requirements for migration to occur.”"

HEOs have been extensively investigated as potential
materials for electrode and electrolyte applications. Due to the
intrinsically high defect density and structural disorder, mostly
because of the multi-cationic content and interactions between
different (transition) metal cations, improvements in electro-
chemical stability as well as significant enhancements of lithium
storage capacity and capacity retention, were observed in HEOs
materials.*¥ The ionic conductivity of HEOs is also enhanced
due to the high defect density, which results in a shift towards
lower activation energies. The defect hopping mechanism,
shown in Figure 3®" and 4, is greatly enhanced due to the
displacement of Li cations onto transition metal positions
within a crystal structure.?? In a traditional system, low-energy
and high-energy sites exist. lon transport can only occur on
sites with similar energy levels wherein an overlap of site
energy distributions exists. The introduction of cation disorder,
i.e,, in a HEM, will disrupt high-energy sites and thus lower the
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energy barrier in low-energy sites. This would result in forming
a percolating network of “similar-energy-nearest-neighbor-
sites”,®? which would help increase ionic conductivity and
diffusion processes in HEMs. Additionally, the energy require-
ment to perform an isolated vacancy hop in both spinel- and
hexagonal/trigonal layered structures highly depends on
whether tetrahedral sites are fully occupied, partially occupied,
or a vacancy and, if occupied, on the introduced lattice
distortion, i.e, on which transition metal resides in the
tetrahedral side. Furthermore, in addition to fully vacant sites,
partial substitution on both tetrahedral and octahedral sites,
which, in a traditional material, would be either fully occupied
by transition metals or lithium, lead to overall weaker Li—Li
interactions, which may promote the probability of isolated
vacancy hops described in Figure 3. For spinel structures, a high
degree of lattice distortion and partial vacancy of tetrahedral
sites can be induced by the introduction of various lanthanides
such as Tb®' to the crystal structure. The introduction of
Lanthanides such as Tb additionally suppresses the formation
of a tetragonal phase during cycling while the cubic spinel
phase is stabilized, resulting in an overall improvement of
cycling stability and rate capability.”™ The enhancement to the
diffusion mechanism in spinel-type structures for high-entropy
materials can be summarized by multiple effects stemming
from a high configurational entropy as shown Figure 4: Lithium
displacement onto transition metal positions in a crystal lattice
leading to similar-energy sites, lessened Li—Li interaction
leading to higher probabilities for isolated vacancy hops and
broader migration pathways due to severe lattice distortion
leading to an overall increased likelihood of Li* diffusion
processes in a high-entropy (halide) spinel structure.

For high-entropy fluorophosphate cathodes, commonly
used for SIBs such as NasV,4(Ca,Mg,AlCrCa),,(PO,),F; (HE-
NVPF),5? the discharge plateau at low voltage is promoted,
resulting in higher average working voltages of 3.8V and an
increased energy density of 445Whkg™' while possessing
exceptional capacity retention of 80.4% after 2000 cycles at
20°C. The exceptional enhancements found within high-
entropy fluorophosphates can be explained by a lowered
migration barrier for sodium ion diffusion in HE-NVPF when
compared to traditional p-NVPF, which is a consequence of a
high degree of lattice distortion found in high-entropy
materials.*® A recent study on high-entropy metal-organic
frameworks (HE-MOFs) for sodium storage®™ revealed that
high-entropy effects can affect the electronic structure of a
material. Differences in charge density due to the presence of
multiple transition metal centers result in an increase of
electronegativity for O that enhances electronic conductivity.
Increasing entropy in MOF results in a gradual overlap of the
valence band and conduction band. Therefore, no forbidden
bandwidths exist. This effect facilitates lower insertion energies
for Na* and allows for high-efficiency charge/discharge
cycling.®” Assuming that Li* and Na™ show great similarities in
migration mechanisms, an improvement in capacity retention,
cycling stability, and higher average working voltage may be
found in both HEOs and HEHs for electrode materials for LIBs.

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Table 2. Various traditional and high-entropy materials are used as electrode materials in either lithium-ion batteries (LIBs) or all-solid-state lithium-ion

batteries (ASSLIBs) with their specific capacity after a given number of cycles. *=cathode material ** =anode material.

Material Specific Capacity (mAh/qg) Battery Type Material class

[CoCuMgNiZn]O"* 770 after 100 cycles LIB HEO**

Li[Cog 33MnNg 33Nig 3310, 339 after 50 cycles LIB Oxide*

Li,MnO,** 107.5 after 50 cycles LIB Oxide*

[FeCoNiCrMnCulLil;0,® 500 after 100 cycles LIB HEO**

LiCo0,"” 100 after 10 cycles ASSLIB Oxide*

[CoCuMgNiZn]F,“® 151 after 30 cycles ASSLIB HEF*

[CoCuNiZn]F,!*¢ 106 after 30 cycles ASSLIB MEF*

[CoCuFeNiZn]F,"“s 177 after 30 cycles ASSLIB HEF*

Li,FeCl,™ 110 after 720 cycles ASSLIB Chloride*

Furthermore, entropy stabilization effects found in HEOs
used as electrode materials such as [FeCoNiCrMnCulLi];0,®
results in further improvements in cycling stability in that the
increase of configurational entropy allows for compensation of
enthalpy gain associated with phase separation.”® HEHs such as
[CoCuFeNizZn]F,“® and [CoCuMgNiZn]F,*" show increased dis-
charge capacity due to the multi-cationic nature of the HEHs
and cycling stability over 30 cycles when compared to both
traditional fluorides and medium-entropy fluorides such as
[CoCuNizn]F,.*® A comparison of various traditional materials,
HEOs, HEHs and medium-entropy halides can be found in
Table 2.

In accordance with Table 2, HEOs perform significantly
better as electrode materials for both LIBs and ASSLIBs when
compared to their traditional material counterparts regarding
specific capacity. All HEOs and halides in Table 2 also show
increased cycling stability over their traditional material
counterparts due to the entropy stabilization effect and lattice
distortion. Fluorides such as [CoCuMgNiZn]F,*® show overall
high specific capacities with good cycling stability when used
as a cathode material in an ASSLIB. Currently, no high-entropy
chlorides or bromides have been investigated and used in
ASSLIBs. Li,FeCl,""" is, however, a promising traditional chloride
spinel structure with promising cycling stability and specific
capacity. If the high-entropy concept, which has been so far
applied to oxide and a few fluoride electrode materials, is
applied to chloride cathodes, it potentially opens a new class of
cathode materials for ASSLIBs. As demonstrated above, halides
show promising chemical stability paired with good specific
capacities and common simple-in-use precursor materials.
Halide spinel-type materials could provide a solid foundation
for the design of HEHs, which could be used as electrode
materials in ASSLIBs due to the availability of precursors,
simplicity of doping, and sufficient thermal stability.

Summary and Outlook
This concept illustrates the direction towards a novel electrode

material class achieved by implementing a high-entropy
approach. Considering the findings from previous studies on

ChemElectroChem 2025, 12, 202400659 (7 of 8)

HEOs, we propose a comprehensive investigation into the
potential of novel high-entropy halide materials, particularly
those in the chloride class. We assume that high-entropy halide
materials will have increased cycling stability and a broader
electrochemical window compared to traditional halide materi-
als, which, for example, may allow faster cycling. This
assumption is based on successfully applying the high-entropy
concept to HEOs and high-entropy fluorides, yielding increased
cycling stability and a broadened electrochemical window. The
electrochemically active and stable single-component counter-
parts, for example, Li,FeCl,, provide a solid basis for designing
new families of high-entropy halides for electrochemical
applications. It is our contention that research in this area will
considerably expand the range of suitable electrode materials
for batteries, especially solid-state ones.
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