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Introduction

As technology continues to advance and applications become more
specialized, thereis anincreasing demand for materials with new func-
tionalities and properties that satisfy specific requirements. Increas-
ing the chemical complexity of materials beyond the current state of
the art is one strategy that has been proposed to address this need
and that has led to a new class of materials. These materials, called
high-entropy materials (HEMs), are composed of many different ele-
ments in a single-phase crystal structure, opening up a vast chemical
parameter space with virtually aninfinite number of element combina-
tions. This versatility allows compounds to be designed to meet specific
needs and tailored to desired properties and applications, improving
the quality and functionality of materials in asustainable manner — for
example by minimizing the concentration, or completely replacing
scarce or toxic elements with more abundant and non-toxic ones.

Initial reports on multielement materials, specifically high-entropy
alloys (HEAs), were published in 2004 (refs. 1,2). The approach was
extended to high-entropy ceramics (HECs), with the firstinstances in
powder form being high-entropy oxides (HEOs), introduced in 2015
(ref. 3). Since then, many other materials have been identified, and
the term HEMs hasbeenintroduced to describe more broadly this new
classof inorganic solids*”.

In HEMs, the variation in Gibbs free energy from the intro-
duction of individual elements (AG,,,) arises from alterations in
enthalpy (AH,,, denoting the energy required to mix elements in a
single-phase structure) and entropy (AS,,,), following the equation
AGix = AH i — TAS,i. TAS,ix can at times counterbalance AH,;,
leading to a more negative AG. The delicate interplay between AH,;,
(typically positive) and -TAS,; (typically negative) canresultin what
is known as ‘entropy stabilization’, wherein a single-phase structure
becomes predominant at higher temperatures, whereas amultiphase
material prevails at lower temperatures®. Entropy stabilization arises
only whenentropy becomes the key factor in the thermodynamicland-
scape and modulates structure and phase behaviour. Other entropy
contributions canalso play decisive rolesinstabilizing certain phases
(Supplementary Information). It should be noted that overcompen-
sation does not necessarily lead to the formation of a single-phase
material, as local energy landscape minima can impede the incorpo-
ration of elements (multicomponent phases are sometimes formed
thatinclude somebut not all elements), and thatitis also possible for
certainthermodynamically unstable non-HEMs (for example Bi,Ti,0,,
which is thermodynamically unstable in the Bi,O;-TiO, phase dia-
gram) to undergo transformation into a stable version by means of
increased entropy’. A thorough description and/or analysis of the
impact of entropy on thermodynamics and phase stability can be
found elsewhere®™,

Several studies have recommended adopting the term ‘high-
entropy’ for materials that show a configurational entropy (Scousig)
above a specific threshold (1.5 R, with R representing the ideal gas
constant), evenifthey do not necessarily demonstrate entropy stabili-
zation. We suggest adhering to this terminology, as it helps to prevent
avoidable confusionand providesaclear distinctionbetween HEMs and
conventional alloys or multicomponent materials that may not exhibit
ahigh configurational entropy. The rationale behind this is explained
inthe Supplementary Information, along with abrief overview of exist-
ingnaming approaches and an elaboration of theimpacts of different
types of entropy.

For calculating the total entropy of a solid, in addition to S s,
other contributions, such as vibrational, electronic or magnetic

entropy, must be considered. Using finite-temperature ab initio meth-
ods, it was shown that although vibrational entropy (S,;,) can have a
substantial effect, its absolute value alone does not always determine
relative phase stabilities™. Instead, it is the variation in S,;,, among dif-
ferent phases that is relevant. At temperatures near 25 °C, for certain
HEAs, this variation ranges within 1k;, underscoring its significance
in determining their stability. Further investigations have also shown
instances, where S,;; decreases with anincreasing number or diversity of
elements, makingits contribution to phase stabilities hard to predict™
(Supplementary Fig.1). We note that these calculations focused exclu-
sively onHEAs. Given the substantial differences in chemical bonding,
associated physicaland mechanical properties, and general structures
between alloys and ceramics, transferring the calculated results from
metallic toionic compoundsis challenging. Nevertheless, considering
the findings from these studies, it remains justifiable to regard S g5,
asthe primary component when additional elements are added while
acknowledging the significance of other entropy types. Therefore, S,;;,
should not be disregarded in ceramic systems.

The properties of HEMs can be modulated through elemental
selection and composition (Box 1). The most important features
that arise from a high configurational entropy are cocktail effects,
(local) lattice distortions, high defect density, and improved stabil-
ity of the crystal structure. Amore detailed description can be found
in Box 1. In addition, when seeking materials for a specific applica-
tion, we advise considering not only single-phase structures, but
also taking into account multiphase structures that may potentially
meet the requirements. This approach offers endless opportunities
to tailor properties to specific applications, making HEMs highly
desirable for fields including energy and electronics. Nowadays,
application-oriented research on HEMs as functional materials is
focused on studying the properties that arise from the unique fea-
tures of the high-entropy design concept, as entropy stabilization,
as explained above, occurs only under certain energetic conditions
and is often difficult to prove®.

The high-entropy concept canbe applied to any material that dem-
onstrates a strong correlation between crystal structure and proper-
ties, whichis true for most compounds used inelectrochemical energy
storage and conversion, electronics and optics, as wellasmany inother
fields. The ability to substitute individual elements and adjust the
stoichiometry of the material offers the opportunity to reduce the con-
centration of toxic or scarce elements while preserving the properties.
Another factor thatincreases the variability and complexity of HEMsiis
theability toincorporate elementsin structuralenvironments that they
would not typically adopt (Fig.1). However, altering the composition of
materials may not always lead to the same or improved characteristics,
and thus the advantages and challenges of high-entropy structures
must be carefully considered (Box1).

Typically, functionality can be enhanced through a systematic
approachinvolving the modification of stoichiometry or composition.
This enhanced functionality has been demonstrated in the tailoring
of properties such as hardness of coatings”, thermal conductivity™,
energy-storage density"” orionic conductivity'®, toname a few. Alhough
this requires a large number of experiments owing to the vast num-
ber of possible element combinations, theoretical modelling and
high-throughput screening techniques can help to limit the number of
materials to be tested and speed up the research and development
of HEMs. The introduction of the high-entropy concept in materials
design hasled toinnovative approachesin developing advanced inor-
ganic and hybrid organic-inorganic compounds” that have enabled



Box 1

Advantages and distinctive features of high-entropy materials

High-entropy materials (HEMs) are a class of materials characterized
by the incorporation of a minimum of five distinct elements within a
single-phase lattice structure. This elevates configurational entropy,
a measure of entropy arising from the mixing of dissimilar elements,
producing unique material properties. HEMs encompass various
subtypes, with high-entropy alloys and high-entropy ceramics being
the most prominent; the latter have a more complex arrangement,
often comprising multiple sublattices including cationic and
anionic sublattices. When evaluating configurational entropy, one
must scrutinize these sublattices independently. The combination
of dissimilar elements or ions, characterized by disparities in size,
electronegativity and other factors, induces lattice distortions and
intricate interelement interactions. This interplay initiates a cascade
of electronic, physical, chemical and structural effects within the
material (see the table).

The capacity to incorporate a diverse array of elements and
to manipulate stoichiometries within HEMs offers an expansive
chemical parameter space and an incalculable number of elemental
permutations and resulting materials. Given that each composition
can theoretically yield distinct properties, the potential applications of
HEMs are, in principle, boundless. The ability to replace, introduce
or remove elements offers virtually limitless opportunities for
optimizing properties. Coupled with the controllable manipulation
of high defect densities, this makes HEMs a valuable category of
multifunctional materials for future applications.

However, the vast array of potential compositions makes it a
formidable challenge to identify the best possible material for
a given application. High-throughput synthesis and characterization
technigues, along with theoretical calculations, become necessary
to streamline the selection process and reduce the pool of promising
materials to a manageable subset.

One of the key aspects of HEMs is the ability to tailor their
properties and functionalities to suit specific applications, because
of the high degree of control over composition, stoichiometry
and defect structure. The resulting ‘cocktail effects’ can lead to
altered states, depending on the degree of disorder present. In
addition, lattice distortions may be induced by the introduction of
ions of differing sizes, and structural stabilization can also occur.
The interplay between cocktail effects and lattice distortions can
engender distinctive conditions for the incorporation of ions within
materials. These effects compel elements to adopt exotic structural
environments that deviate from their typical configurations. The
inclusion of CuO in a high-entropy rocksalt structure is a noteworthy
case’. These alterations in both structural and electronic attributes
modify the mechanical, electronic and electrochemical properties
of materials. The extent of these changes is intricately intertwined
with variations in the composition. Furthermore, the substitution of
scarce and toxic elements with more sustainable counterparts is
a focus of investigation in this domain, as it presents an avenue to
improve the environmental and resource sustainability of materials.
HEMs also exhibit an increased defect density, further contributing
to their complexity and multifaceted nature.

Reason for
improvements

General attribute Advantages of high-entropy
or properties approach

Minimization of the Cocktail effects
concentration of scarce and/or

toxic elements, replacing them

with more abundant and

sustainable elements

Sustainability

Tailoring Alteration of the material Cocktail effects
properties by changing the
composition, stoichiometry, etc.

Composition Increasing the number of High-entropy
possible compositions, wide composition (at least
chemical parameter space five elements of

different stoichiometries
in a single-phase
structure)

Mechanical Distortions through different Lattice distortion

properties ion sizes, electronegativities,

defects, etc. leading to altered
mechanical properties

Electrochemical Inhibited phase transitions Cocktail effects, lattice

properties during charging and distortion, structure
discharging, complex stabilization
redox reactions of involved
elements, changes in oxidation
states, etc.
Electronic Elements forced into exotic Cocktail effects, lattice
properties environments, band-structure distortion, structure
changes, changes in oxidation stabilization
states, etc.
Phase Stabilization of phases Structure stabilization,
stabilization otherwise inaccessible, cocktail effects
overcoming solubility limits
Vacancy and Alteration of material High defect density

defect formation  properties through, for

example, oxygen vacancies

Surface Uniform dispersion of High-entropy
modification elements leading to unique composition (at least
surface constitution five elements of
different stoichiometry
in a single-phase
structure)
Cocktail effects

The best-known effect is the ‘cocktail effect’, in which a mixture of
elements or materials shows properties that cannot be attributed
solely to any of its individual components. It arises from the complex
interactions of the small units that make up the mixture, leading to
unpredictable properties of the total system. If the composition or
stoichiometry of an HEM is altered, the properties may vary strongly,
owing to resulting changes in interactions. These changes can lead
to modifications of the oxidation states or chemical environments
of the incorporated elements'®. Consequently, material properties
may be tailored by selecting specific elements and modifying the
stoichiometry. Although local interactions between the elements



(continued from previous page)
cannot be determined individually, the combined result is typically
reflected in new global properties.

Lattice distortions

Lattice distortions have an important role in shaping the properties
of materials. Geometric lattice distortions arise when atoms or

ions of different size, valence and/or electronegativity coexist

within the same sublattice. Such distortions are proportional to the
difference in atomic and/or ionic radii, with greater discrepancies
yielding greater distortions. The distortion of the lattice directly
affects the lattice energy and AH, with the Madelung constant,

a quantity determining the electrostatic potential of a crystal,
changing on lowering the unit-cell symmetry via local atom and/or
ion displacements. The distances between nearest and next-nearest
neighbours no longer have fixed values but rather follow a
distribution. Investigations into the effect of lattice distortion on
interatomic forces in alloys have demonstrated that a 1% change

in interatomic spacing can result in a force alteration of about 12%,

a highly pronounced effect'®®. In comparison, a 10% change in
interatomic spacing may lead to complete decomposition of the
crystal structure. In the case of high-entroy alloys, such as the Cantor
alloy FeCoNiCrMn, calculated lattice distortions resulting from the
involvement of distinct elements were relatively small on average.

the customization of materials structure and functionality, leading to
unprecedented properties.

Inthis Perspective, we argue that HEMs have tremendous potential
in fields such as energy storage, energy conversion and electronics
(Table 1). We focus on promising ionic materials, including oxides,
sulfides, carbides, nitrides, fluorides and metal-organic frameworks
(MOFs). For several case studies, we relate the property changes associ-
ated with the high-entropy conceptto device performance and material
attributes. We also provide an overview of promising applications for
HEMs in the fields of electronics and energy.

Energy storage and conversion applications
Cathode and anode materials for electrochemical energy storage
Improving electrochemical energy storage is crucial to the global
transition to agreener and more sustainable future. In particular, the
growing demand for next-generation batteries with superior energy
and power densities and alternative mobile charge carriers (such as
Na*) has stimulated research into substitute materials.

The energy stored in batteries depends strongly on the active
materials usedin the cathode and anode. The cathode material is often
abottleneck forimprovingbattery performance, as redox reactions at
high potentials tend to trigger undesirable side reactions. To overcome
this limitation, layered multicomponent materials, although not yet
venturing into the high-entropy domain, offer desirable properties.
Amongthemarelayered oxides, suchasLi(Ni,.,.,Co,Mn,)O,,commonly
referred to as NCM or NMC, which have garnered considerable atten-
tion as high-capacity cathodes. These materials are composed of layers
of metal oxides intercalated by lithium (or other ions). This structural
arrangement aids the intercalation and deintercalation of the ions
during cycling, and thus NCMs offer better cycling performance than
many alternative redox-active materials.

Therefore, simulations based on the assumption of undistorted
lattices are promising. However, local fluctuations may still reach 3%
and, when combined with data on the impact of changes in spacing,
may strongly affect the properties of materials'®’.

Structure stabilization

Entropy stabilization of the structure may occur when the -TAS term
of the Gibbs-Helmholtz equation overcompensates the change

in mixing enthalpy. Other types of structural stabilization also

have a critical role in phase transitions, such as those that occur

on ion insertion into battery materials. Also, beyond the solubility
threshold for binary materials, phase stabilization effects have
been observed, including the formation of structural types that are
atypical under conventional conditions. These compositionally
complex materials are often more stable than their less intricate
counterparts. Although it may not be definitively concluded

that such an HEM is entropy-stabilized, it is clear that favourable
effects are at play, even if they cannot yet be fully explained
mechanistically. The origins of these effects are likely to be as
diverse as the domains in which stabilization is observed. It is
unlikely that a single characteristic determines all observed effects;
rather, many factors may collectively contribute to the observed
structural stabilization.

Introducing more elementsinto the layered oxides, and therefore
nearing or reaching the high-entropy regime, can stabilize the struc-
ture with positive impacts on the electrochemical properties'® . For
example, thelayered oxide Na, s,Mn ¢;Ni »3Cg sMgo 092, Ti,O, allowed
stable charging and discharging up to a rate of 10C for over 2,000
cycles®. The capacity could also be increased from about 30 mAh g™
after 500 cycles at 120 mA g™ for Na, ,,Mn, ¢;Ni, 5,0, (low entropy) to
100 mAh g™ for Nag ,,Mn, 6, Nig 53CUg 0sME0 095, Ti,0, (Medium entropy),
by increasing the number of incorporated elements and therefore
increasing the configurational entropy. The mean voltage for Na-ion
intercalation, which is reflected in the full-cell potential, was also
higher than that of the low-entropy material, owing toincreasing tran-
sition metal-oxygen (TM-0) bond ionicity, and resulted inimproved
energy density (-365 versus 340 Wh kg™)*’. However, to accurately
resolve the interplay between long-range order and local chemical
disorder, and understand how structural conditions influence the
electrochemical properties, comprehensive studies at the atomic
level are needed. These studies are particularly important, as doping
withmany differentelements, while staying well below 1.5 R, improves
the cyclability by decreasing the volumetric strainin Ni-rich cathodes
during cycling to 0.3%".

Although other electrode materials, such as conversion or inser-
tion materials —which completely convert their structure or insertions
intoanon-layered structure during the redox reaction, respectively —
may deliver higher specific capacities, they are more likely to suffer from
structural degradation over time and/or have poor reaction kinetics,
whichultimately limit their performance. High-entropy oxides, sulfides
and fluorides have garnered attention for their use in high-performance
conversion-type electrodes. As an example, (FeMnNiCoCr)S, demon-
strated a specific capacity of 150-200 mAh g™, anincrease compared
with CoS,and medium-entropy (FeMnNiCo)S,* *. Thisimprovement is



attributed partly to favourableredox reactions and the formation of a
stabilizing matrix?**°, Similarly, (CoCuMgNiZn)O has enhanced cycling
stability, characterized by improved capacity retention, in comparison
to conventional metal oxide anodes. In aconventional conversion bat-
tery, the active material undergoes complex transformations during
both charging and discharging, necessitating the complete rebuilding
of the crystal structure with each cycle. Additionally, the generally
low electrical conductivity of metal oxides hampers electron and
ion transport within the material, thereby decelerating kinetics. By
contrast, (CoCuMgNiZn)Odoesnotfullyconvertintometalsand Li,O.
Instead, certain elements, notably Mg, retaintheir positions within the
parentstructure, forming anMgO (rocksalt crystalstructure) matrix.
Thismatrixaids the reintegration of metal species during delithiation,
which in turn helps to improve material stability throughout cycling
and reduce the degradation due to stress and strain associated with
‘conventional’ conversion reactions (Fig. 2). Furthermore, complex
interactions (cocktail effects) emerge among the constituentele-
ments. During theconversion process, Co, Ni and Cualloy together,
whereas Zn reacts further with Li. Simultaneously, Mg persists as a
rocksalt MgO matrix, featuring inclusions of Li,O species. On del-
ithiation, the CoNiCu alloy does not fullyrevert back to metal oxides;
instead, Coand Zn reintegrateinto the rocksalt MgO matrix, resulting
ina (CoysMgZn)O lattice. A CogsNiCu alloy forms a 3D network that
extends throughout the entire particle that the material is composed
of. Thisconductivealloy,combined with the stabilizing matrix, greatly
improves electron transport within the material, and explains why

eliminating certainelements,suchasCo, resultsintheactivematerial’s
failure. It underscores the pivotal role played by the combination of
elements and their interplay in enhancing cycling stability and kinet-
ics in HEOs. T'he performance ofthe high-entropy (CoCuMgNiZn)O,
encompassing all fiveelements, wasalsobenchmarkedagainstall pos-
sible combinations of its medium-entropy counterparts, which consist
ofthe same four elements with one systematically omitted”. Although
the medium-entropy oxides behaved like conventional conversion-type
materials and exhibited high capacity but low reversibility, the HEO,
despite delivering slightly lower initial capacities, displayed excep-
tional endurance, maintaining a specific capacity around 600 mAh g™
for over 300 cycles™.

Practical obstacles, notably the relatively high mean lithiation
voltage and the pronounced voltage hysteresis, which resultin low
energy densities and efficiencies, continue to impede the use of any
conversion-typeelectrode. Thelithiationvoltagerepresentsanintrin-
sic property that depends on the elements and their oxidation states.
By contrast, the hysteresis predominantly arises from kinetic chal-
lenges, giving rise to overpotentials. The prospect of surmounting
these limitations, perhapsbyaugmenting both partial electronic and
ionic conductivity during this process, warrants further research.
Regardless, thestable high-entropy anodes mentionedaboverepresent
animportant step towards the development of high-capacity electrode
materials with improved performance.

Cation-disordered rocksalt (referred to as DRX) compounds
are another promising class of next-generation cathodes. In such

Blnary materlals
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Fig.1| Thetransformationofbinary materials (simple oxides)intoa
high-entropy material. Cocktail effects describe the feature that a mixture
of elements often leads to greatly altered properties as compared with the
binary materials, owing to complex interactions between the incorporated

Lattice distortions caused by:
o Large defect densities

o Different electronegativities
« Different ion sizes

elements. Changes in chemical environment, crystal structure (including lattice
distortions) and oxidation state have a strong effect on the material properties,
asexplained elsewhere'®.



Table 1| Overview of achieved property transformations for applications in energy storage, energy conversion and

electronics

Application

Desirable property

Proposed reasons for improvement

Energy storage

Cathode material

Increased capacity

Lattice distortion leading to lower short-range order opens pathways for diffusion

Structural stability

Increased stability of the crystal structure helping to suppress phase transformations during cycling,
counteracting degradation

Anode material

Stable cycling performance

Cocktail effects resulting in the formation of a 3D alloy network through the particle, leading to
improved conductivity and kinetics

Structural stability

Formation of a matrix stabilizing the structure during the electrochemical reactions

lonic conductor

Low activation energy for

Cocktail effects

conduction

Lattice distortion altering the structure and energy barrier within the material

Avoiding the use of scarce or Cocktail effects

toxic elements

Tailoring leading to altered compositions while still performing well

Electrocatalysis

Improved efficiency

Cocktail effects leading to changes in electronic structure at the surface of the catalyst

Tailoring leading to surfaces with specific elements in a desired structure

Long-term and thermal stability

Structure is more robust and less sensitive to corrosion

Dielectrics

Change in dielectric constant Tailoring of elements

Lattice distortion enhancing the polarization capabilities by affecting the distribution of charges within

the lattice

Thermoelectrics

Low thermal conductivity

Lattice distortion inducing phonon scattering and reducing phonon-based heat transfer

Semiconductors

Semiconducting behaviour

Tailoring of elements leads to improved mobility

Magnetoelectrics

Modulation of properties

Lattice distortion leading to different ligand-metal-ligand bond angles, affecting exchange interactions

materials, short-range order can hinder diffusion pathways by limit-
ing long-range lithium transport and negatively affect cyclability.
By changing the composition to obtain a high-entropy oxyfluoride,
lithium diffusivity has been successfully improved, aiding the acti-
vation of the material®**’. Incorporating elements of varying sizes
induces lattice distortions, resulting in a reduction of short-range
order in the crystal structure®. This mechanism effectively creates
additional accessible pathways, thereby substantially enhancing the
charge-storage properties. For instance, the introduction of six transi-
tion metal speciesintoamaterial thatinitially contained only two led
to anincrease in specific capacity from about 200 to 300 mAh g™’ In
addition toimproved kinetics, the chemical flexibility and the ability
to eliminate toxic and expensive elements like cobalt without com-
promising energy density on a cell level make DRX materials (such as
high-entropy oxyfluorides) valuable alternatives to current cathode
materials®*%,

Inaddition, high-entropy metal-organic frameworks (MOFs), spe-
cifically Prussian blue analogues (PBAs), show improved performance
over their low-entropy counterparts when used as insertion cathode
materials in batteries®**, For Li-S batteries, the specific capacity was
increased from 340 mAh g™ for low-entropy PBAs to 570 mAh g™* for
high-entropy PBAs as sulfur hosts after 200 cycles, whereas for Na-ion

batteries in rate performance tests, an increase from 47 mAh g™ for
low-entropy PBAs to 79 mAh g™ for high-entropy PBAs was observed
at1A g (refs. 33,35). The enhanced performance can probably be
attributed to the suppression of phase transitions during sodiation
and desodiation processes in these materials. Although PBAs with only
one or afew incorporated elements (that is, low- or medium-entropy
PBAs) show a transition from cubic to tetragonal structure and back
during cycling, high-entropy PBAs maintain the cubic structure
throughout the entire cycle, avoiding any phase changes and severe
volume variations. Consequently, high-entropy MOFs can operate
with minimal strain, thus experiencinglittle to no structural alteration.
This minimal structural change aids in preventing chemomechanical
degradation and capacity fading.

Overall, key differences between low- and high-entropy materi-
als, which substantially affect their electrochemical properties, arise
from features such as cocktail effects and lattice distortions. These
differencesinclude variationsin electronic conditions, reduced ener-
gies of formation in specific states, distortions leading to altered lat-
tice parameters, improved ion diffusivity and modified mechanical
properties,among others. The precise mechanisms underpinning the
structural stabilization, as explained above, are poorly understood.
However, a general stabilization during cycling has been observed



in various high-entropy structures. Examples include layered HEOs
for sodium storage, high-entropy sulfides and oxides for conversion
reactions, and even high-entropy doping, in which introducing minor
concentrations of different elements into a Li-intercalation mate-
rial substantially enhances stability during cycling®?. It is likely that
various effects play a pivotal role in each of these materials. Although
different materials have been tested, the impact of the initial struc-
ture and composition on the long-term stability has not yet been
clarified and requires further investigations or theoretical consid-
eration. Another promising area of research is the study of the solid
electrolyte interphase (SEI) formation and composition. Advancesin
cryo-transmission electron microscopy (cryo-TEM) and lithium quan-
tification by titration offer new possibilities for investigating the SEI,
which forms on the free surface of active electrode materials during

b Discharged

a As-prepared

50 nm

cycling and strongly affects the charge-transfer kinetics. Additionally,
the use of HEAs for Li-storage by alloying reaction remains largely
unexplored, with only a few reports existing in the literature. Future
research in this area could provide insightsinto the potential of HEAs
as electrode materials for high-performance batteries***,

Superionic conductors for semi- or all-solid-state batteries

Bulk-type solid-state batteries (SSBs) differ from conventional batteries
inusing superionic solid electrolytes instead of liquid electrolytes. In
this design, the solid electrolyte serves as both theion conductor and
separator while offering larger operating voltage windows (depending
on the type of solid electrolyte used). These characteristics position
SSBs as potential candidates for delivering superior power and energy
densities with greater safety, particularly through the reduction of

C Recharged

Fig. 2| Cocktail effects during the conversion reaction of the (CoCuMgNiZn)O
anode. a-c, Scanning transmission electron microscopy (STEM) analysis of

the microstructural evolution of the material at distinct stages: representative
high-angle annular dark-field STEM (HAADF-STEM) images of the as-prepared
(panel a), discharged (lithiated; panel b) and recharged (delithiated; panel c)
state.d,e, STEM-electron energy loss spectroscopy (STEM-EELS) elemental maps
ofthe discharged (panel d) and recharged (panel e) state. The co-localization of
the elements shows alloy formation of Ni, Cuand Coin the discharged state

and the continued presence of MgO. Similarly, in the recharged state Ni, Cuand
partially Co are alloyed while Mg and Zn are present as oxide. f, HAADF-STEM
overview image of a particle with arrows denoting enhanced alloy formation at
grainboundaries. g, Corresponding 4D-STEM-based orientation map showing
thelocal grain orientationin the particle. h, Representative phase map of the
region marked by the white box in panel g, where green indicates regions
dominated by the metallic alloy and red represents regions dominated by the
metal oxide. Adapted fromref. 30, CCBY 4.0.



leakage, thermal runaway and dendrite formation. However, SSBs still
face major challenges, including high manufacturing costs and issues
associated with cycling performance and stability. The issues encom-
pass complex chemical reactions occurring at the electrode-solid
electrolyte interface, the electrochemical and mechanical stability
of the solid electrolyte during cycling, and sensitivity to temperature
fluctuations, among others. Therefore, superionic and electrochemi-
cally stable solid electrolytes are of paramount importance for the
development of advanced SSBs.

High-entropy conductors enabletailorable (electro)chemical and
mechanical properties through compositional design, and thus could
beusedtoimprove the stability of SSBs. Inaddition, in these materials,
ionic conductivity canbe increased by improvingion transport (diffu-
sion) through the alteration of the crystal structure via substitution
or doping with iso- or aliovalent ions. By integrating various ions into
the host structure, lattice distortions can be used to tailor the energy
landscape, potentially resulting in decreased activation energies for
conduction. High-entropy materials can show high ion diffusivity
at room temperature due to overlapping site-energy distributions
induced by local structural distortions.

Sofar, the high-entropy concept has been applied to four mate-
rial classes, namely the rocksalt'***~*', NASICON (Na superionic con-
ductor)*, garnet** and argyrodite structures*®*’. The first three
are oxide-based ceramics, whereas argyrodites refer to thiophos-
phates. Inthe garnet-type material Li,La,Zr,0,,, La* and Zr*" have been
successfully substituted with various cations but without notable
increase in ionic conductivity or decrease in activation energy for
conduction*>*, Similarly, in argyrodites (LisPS;X, with X =CI, Br, 1),
both anion (Sand Xsites) and cation (P site) were substituted (with S,
Se, Cl, Br, 1, Si, Ge or Sb on the respective sites), but no majorimprove-
ments in conductivity over other (single-substituted) lithium argy-
rodites were achieved*®”. Nevertheless, low activation energies,
stemming from an optimized energy landscape for charge transport,
seem to be a key feature of such HEMs and should motivate further
studies in this area. These low activation energies may result from
overlapping energy distributions on the lithium sites or from occu-
pation of interstitial or transition sites, where an optimal degree of
distortionisneeded toboostionic conductivity. Theactivation energy
isalso affected by asoftened lattice resulting from the multielement
composition (vibrational entropy contributions). The activation
energy for conduction was decreased to 0.22 eV for Li 5(Ge, 5Py 5)
(S,55€,5)(Clo33Brossloss) ™.

InoxideLi-ion conductors, ahigh AS,,,s, has been achieved by mix-
ing only the cations without addressing the anions. Initially, this was
demonstrated for rocksalt materials, suchas (MgCoNiCuZn),_,.,Ga,A,O
(A=Li, Na, K), with room-temperature conductivities reaching 10=>
and 5x107°S cm™ for lithium and sodium, respectively’. However,
because these materials lack intrinsic lithium diffusion pathways, the
detailed transport mechanism is still unclear and is speculated to be
aided by oxygen-vacancy formation. Anincreased electronic contribu-
tionto the conductivity hasalso been put forward, whichwould render
the material unsuitable for SSB applications, as the primary mode of
conduction should be ionic*®.

Much more work is required to validate the benefit of using
high-entropy solid electrolytes and gain a better understanding of
theimpactof the crystal structure and lattice distortions onion mobil-
ity in HEMs. This validation is a non-trivial task, calling for advanced
analytical techniques capable of probing short- and long-range struc-
tural properties and computational methods. Apart from that, it is

challenging to separate the influence of configurational entropy and
correlated lattice dynamics (phonon broadening) on ion diffusion.
Investigatingion-conducting materials with different crystal structures
would be beneficial in this regard. We believe that the high-entropy
concept offers new opportunities for discoveries even beyond Li-ion
chemistries.

Electrocatalysis and energy conversion

Energy conversion is another electrochemical process that is essen-
tial for the hydrogen economy. Electrolysis-driven water splitting is
a promising approach for producing green hydrogen, which can be
used efficiently and on a large scale as a fuel for energy conversion,
transport and storage*’. However, the efficiency of electrochemical
water splittingis limited by the kinetically slow gas evolution processes
occurring at the electrodes. The oxygen evolution reaction (OER) is
the primary bottleneck, as the slow electron-transfer kinetics make
it challenging to form certain (surface) transition states, leading to
overvoltages that negatively affect energy efficiency. Therefore, there
is a need to develop catalysts with improved charge-transfer kinetics
and surface transition states. Currently, the most efficient catalysts for
the OER are based on noble metals, examples beingiridium (Ir), iridium
dioxide (IrQ,), ruthenium (Ru) and ruthenium dioxide (RuO,), but these
arenotsuitable for large-scale industrial applications because of their
scarcity and high cost®* 2, Consequently, thereis agrowing interestin
developing new catalysts made from abundant (low-cost) elements.
The challenge is to design catalysts that not only show excellent activ-
ity but also withstand the highly oxidizing and reducing conditions
present during electrochemical water splitting. Ideally, they should
also exhibit mixed ionic/electronic conductivity to aid charge trans-
fer and should not segregate during operation®>. Both metallic and
non-metallic (ceramic) HEMs have been investigated for their poten-
tial as advanced catalysts in various electrochemical processes™*,
including alcohol oxidation®**, thermocatalysis (CO oxidation, NH,
oxidation and decomposition)®*°and electrocatalysis (OER, oxygen
reductionreaction (ORR), hydrogen evolution reaction (HER) and CO,
reduction reaction)® ¢,

Given that most catalytic reactions occur at the surface, the surface
composition plays a crucial role in these applications. Through the
uniformdistribution of various elementsin the bulk and the surface of
the materials, high-entropy catalysts offer a distinctive surface struc-
ture, with each element serving as an individual catalytic centre. Fur-
thermore, the ability to customize catalytic sites, control the defect
structure, induce lattice distortions to lower system energy and tailor
the electronic structure, such as through modified Jahn-Teller effects
(a spontaneous symmetry reduction to minimize overall energy),
distinguishes high-entropy catalysts from conventional single- or
multicomponent catalysts™. For reasons mentioned above, many HEMs
show substantially higher activity than conventional catalysts®**’. For
example, the high-entropy sulfide FeNiCoCrMnS, revealed an over-
potential of only 246 mV at 100 mA cm™ (for comparison, RuO, as a
state-of-the-art catalyst showed 346 mV at 100 mA cm™2) and showed
stability over 12,000 cycles at 500 mA cm2 (ref. 66). Overall, HEMs
have great potential as high-efficiency catalysts for electrochemical
water splitting®. However, further research is needed to address the
scalability and stability of HEMs under harsh conditions, as the existing
synthesis methods are difficult to upscale.

Spinel- and perovskite-type oxides are a fascinating class of
ceramic materials because of their dual cation sites and oxygen
non-stoichiometry®*>%°72, These characteristics allow electronic



and physiochemical properties to be customized, making them suit-
able for specific catalytic applications through the application of the
high-entropy concept on many different lattice sites. For instance,
perovskite materials such as La,,Sr, ;(CoCrFeMnNi)O, showed high
catalyticactivity, good durability and noteworthy thermal and chemi-
calstability (nosigns of performance degradation after 50 h while test-
ingat10 mA cm™2). Meanwhile, spinel-type (CrMnFeCoNi),0, displayed
a Tafel slope of 49.1 mV dec™ (describing the kinetics of the catalytic
reaction), lower thanthat of the reference material IrO,, which registers
at52.9 mv dec™ (refs. 73,74).

The complex chemical environment of HEMs is well suited to
the formation of multiple metastable active sites that can adsorb
transient reactants at different energies”””. Seawater is the primary
source of water on Earth, comprising 95% of the total”®®!, which has
led to decades of studies on seawater electrodes for water splitting®*.
The salinity of seawater, with about 3.5 wt% NaCl (pH = 8), presents
achallenge, as it triggers a competition between CI” and O* during
redox processes. The identification of catalysts that are capable of
suppressing the competing detrimental reaction would be highly
attractive® 5, Potential strategies include changing the electronic
structure of the catalyst or engineering its surface with many differ-
ent elements and making use of its increased stability. Furthermore,
afinely tuned and efficient high-entropy catalyst for water splitting
under high pressure couldimprove the energy efficiency of producing,
transporting and using compressed hydrogen gas (500-700 bar) asa
renewable energy carrier.

Hydrogen adsorption and CO diffusion loss are challenging issues
for traditional catalysts. When hydrogen fails to be adsorbed effectively
at the surface or when CO rapidly diffuses away from the catalytic
centres, the overall process becomes markedly inefficient. HEMs can
overcome these obstacles by increasing selectivity (controlling cascade
reactions) and optimizing microstructure®.

Energy conversiondevices, suchassolid-oxide cells and fuel cells,
and Zn-air batteries, which require high catalytic activity, thermal sta-
bility and durability, are good application targets for HEMs****, HEMs
can also be easily integrated into ceramic micro solid-oxide cells by
using thin-film technologies®. HEAs and HEOs can be combined
by introducing alloys into an oxide matrix®°~*2, Doing so allows OER
and ORR to be performed at different potentials, catalysed by the
respective alloy or oxide, and still achievingimproved activity and high
stability. HEMs may also offer similar properties for oxygen conduc-
tors and/or proton conductors by reducing energy barriers through
lattice distortions*>. However, there are only a few reports available
on high-entropy electrolytes for energy conversion devices, and it
remains to be seen whether this new class of materials can outperform
state-of-the-art electrolytes”.

Energy conversion applications, including solid-oxide cells, CO,
reduction and water splitting?*, benefit strongly from material dura-
bility and high catalytic activity. However, the successful integration
of HEMs into electrochemical devices requires a deeper understand-
ing of the interplay between lattice distortions, electronic structure,
defect formation mechanisms and intrinsic properties (such as ionic
conductivity) while taking advantage of their versatility for achieving
desired compositions. A fundamental understanding of these pro-
cesses will further advance application-oriented materials research
and development.

Overall, different effects can emerge from the high-entropy con-
cepttohaveanimpact onenergy storage and conversion applications
(Fig.3).

Electronic applications

Dielectrics

Dielectric materials are essential for various electronic applications,
particularly in devices such as capacitors and transistors®. Different
components require specific properties; for example, for capacitive
energy storage, high dielectric constant and low dielectric loss are
needed, whereasinformation storage requires minimal leakage currents
toavoid information loss. High-permittivity materials (high-«, typically
defined as materials with a greater dielectric constant than that of SiO,
with~3.9) are necessary for transistors to operate, whereas low-k materials
are advantageous for reducing parasitic capacitances in the backend.

The high-entropy approach offers ameans to customize the char-
acteristics of dielectric materials, notably by influencing the dielectric
constant. By introducing lattice distortions and strain in multicom-
ponent materials, the polarization behaviour can be tuned. Oxygen
vacancies, whichare often presentin HEMs, can also substantially affect
the dielectric properties by changing the polarization behaviour®?°,
High-x HEMs, such as (La,,Li,,Ba,,Sry,Cay,)Nb,O4 s, a ceramic with
adielectric constant of 1.1 x 10° at 100 Hz (almost 1,290 times as large
as for (BaSrCa)Nb,O, ceramics), have been reported. However, the
dielectric constant was found to be highly dependent on frequency®.
Strong dielectric relaxation effects, which refer to the response of a
material to analternating electric field and the associated delay, have
been observed and attributed to the presence of oxygen vacancies.
At frequencies higher than 10°Hz, the dielectric constant saturates
several orders of magnitude below the reported value. Frequency
dependency is an issue seen not only in high-entropy dielectrics but
alsoinnon-high-entropy materials. Other high-entropy compositions,
suchas[(CeysKo.s)(BigsNags)o25Bag255r025Cag 51, T105, exhibit astable
(large) dielectric constant even at very high frequencies (with xk = 535
between10*Hz and 10° Hz)®.

Most of the HEO dielectrics reported in the literature are actively
used for capacitive energy-storage applications, for which careful
selection of the constituent elements allows targeted design of mate-
rial properties’” %2, Another important feature is the possibility of
overcoming solubility limits. Forexample, apyrochlore Bi,Ti,0,-based
dielectric of nominal composition (Bi; ,sLa, 55) (Ti; 5, Zr,Hf,Sn,)O,, was
capable of achieving an excellent energy-storage density of 182 ) cm2at
6.35MV cm™. Italso showed over 90% efficiency at 5 MV cm™and main-
tained good thermal stability’. Bi,Ti,0, is thermodynamically unstable,
butits high-entropy counterpart can be thermodynamically stabilized,
avoiding decomposition and therefore overcoming solubility limits.

High permittivity, high breakdown voltage and good interfa-
cial properties are beneficial for the performance of gate insulation
materials'®. For emerging technologies such as printed electronics,
replacing traditional high-x dielectrics with an electrolyte improves
the interface with the semiconductor, which can greatly reduce the
supply voltage requirements'®*', A similar approach can be taken
with HEMs, where interfacial properties and dielectric constant are
tailored toincrease the current density of the transistor while reducing
the voltage requirements.

Asanotherexample, ferroelectric dielectrics can exhibit extraor-
dinarily large dielectric constants (up to 15,000 for BaTiO;) due to
temperature-dependent spontaneous domain depolarization, par-
ticularly in a narrow temperature range that approaches the mate-
rial’s Curie temperature. The downside is that the dielectric constant
dependsonthestrength of the electric field; when spontaneous polari-
zationis not feasible, the permittivity drops to values similar to those
of classical dielectrics (for example 20-70 for TiO,). Overall, it remains



to be seen whether the high-entropy concept can help in designing Thermoelectrics
materialsthatcanbeusedinawider temperature rangeoratstronger Thermoelectric materials use the Seebeck effect to generate a voltage

electric fields. Nevertheless, this design strategy is clearly beneficial inresponse to a temperature gradient across the material. As such,

for certain materials'®. theyholdpromise for environmentally conscious applications,suchas
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waste heatrecovery or electricity generation from geothermal sources.
However, they usually require toxic and costly elements, and their use
has been limited by low conversion efficiency. The thermoelectric
efficiency zT can be calculated as:

_ S%T

zT ,
K

where Srepresents the Seebeck coefficient, athe electrical conductivity,
Tthe temperature and x the thermal conductivity. In HEMs, disorder has
adirectimpactonthermal conductivity. Increased disorder and conse-
quentlylattice distortions disrupt theregular phononvibrations that are
primarily responsible for heat conduction by introducing phononscat-
tering centres™'”"2, Simultaneously, anincrease in AS ., canincrease
solubility limits and reduce electron scattering processes by eliminat-
ing phase boundaries in systems that would otherwise form multiple
phases, thereby improving electronic conductivity™*", Although the
inclusion of both strategies in a single material is difficult, this technique
allows ‘high’ electronic conductivity to be coupled with low thermal
conductivity, a prerequisite for high-performance thermoelectrics™>".
This behaviour canbe found mostly in semiconductors, as they combine
low electrical conductivity with high thermal conductivity™”.

Studies aiming to use HEMs for thermoelectrics have already
been performed, with notable results. For example, a high-entropy
chalcogenide, Pbg¢;sNag 025Cdg 04S€0.550.25T€0.25, Was used to construct
a segmented thermoelectric module. This module achieved a high
conversion efficiency of 12% at AT=506 K, which isamong the highest
reported values for thermoelectric systems'. This value was attained
by systematic (and incremental) adjustment of the composition until
an optimized configuration was reached.

Overall, the combination of chemical complexity and compo-
sitional disorder with the relatively high electrical conductivity of
semiconductors renders HEMs a promising class of materials for
next-generation thermoelectric applications"*?°, The opportunity
presented by the substantial effect of multielement substitution, which
reduces thermal conductivity through local lattice distortions (scatter-
ing of heat-transferring phonons), makes the development of advanced
thermoelectrics feasible.

Semiconductors

Efficient semiconductors are important for the proper functioning of
transistors, which form the fundamental unit of any electrical circuit.
Carrier mobility and concentration are often affected by defectsin the
crystal structure, lattice distortions, and grain or phase boundaries.
Although phase boundaries can be circumvented through the stabiliza-
tion of otherwise thermodynamically unstable phases, for example by
using entropy stabilization, the associated inherent lattice distortions
can pose animportant obstacle to fabricating high-mobility semiconduc-
tors, as they can act as electron-scattering centres'*"'**, Because HEMs
naturally have lattice distortions due to the large number of elementsin
the crystal lattice, it is challenging to obtain high-entropy semiconduc-
tors with the desired performance. Nevertheless, efforts are underway
to develop high-entropy semiconductors capable of undergoing, for
example, temperature-dependent structural changes, affecting their
band structure,

Beyond electronic conductivity, other parameters such as the
threshold voltage, on/off current and durability also have a crucial
role in electronic devices such as transistors. In complementary
metal-oxide-semiconductor (CMOS) technologies, n- and p-type
semiconductors with similar performance are preferable for circuit

architectures. However, p-type semiconductors are often constrained
by mobility limitations, which can only be overcome through expensive
stress engineering methods. In these cases, the lattices are subjected
to strain, for example by epitaxial growth on materials with slightly
differing lattice parameters, and can show improved electron or hole
conductivities. As this strain existsinherently in HEMs owing to the dif-
ferentsizes of theincorporatedions, strategies to exploit that could be
very promising. HEMs can be tailored to achieve the desired properties
orbroadenthe chemical parameter space for the selection of materials

that would otherwise be unavailable because of solubility limitations'®.

Magnetoelectrics

Magnetoelectric materials, in which magnetic and electrical prop-
erties are coupled, are rapidly emerging as promising candidates
for many opportunities in the electronics industry. For example,
electronic properties can be precisely controlled by a magnetic
field, while magnetic properties can be tuned by an electric field. In
metal oxides, the fundamental magnetic and electronicinteractions
are predominantly governed by the indirect exchange coupling of
neighbouring cations through the intermediary oxygen. Therefore,
the types of metal cations, their oxidation and spin states, and the
characteristics of the metal-oxygen-metal (M-O-M) bonds are
vital factors that influence the material properties. Additionally,
the magneto-electronic ground state of the material depends onthe
crystallographic structure.

HEOs manifest additional phenomena that are believed to arise
from their unique materials design. They can show a gradual mag-
netic transition that, accompanied by an anomalous change in heat
capacity around the transition temperature, is thought to result from
a distribution of bond angles and may lead to different exchange
interactions'”'?, Unlike conventional oxides, the presence of dif-
ferent cations results in a broad distribution of M-O-M bond angles
while retaining long-range magnetic ordering?, Apart from that,
HEOs have remarkably similar magneto-electronic properties to
their isostructural, low-entropy counterparts'”. For instance, transi-
tion metal-based rocksalts?® and rare-earth/transition metal-based
perovskites™ display insulating antiferromagnetism; rare-earth-based
and hole-doped perovskite manganites™* display metallic ferromag-
netism; and transition metal-based spinels”"*** and hexaferrites™* dis-
playinsulating ferrimagnetism. Mostimportantly, the multi-principal
occupancy of HEOs leads to local bond diversities, which give rise to
several competing clusters of exchange interactions. These interactions
may include super-exchange antiferromagnetic and/or ferromagnetic
or double-exchange ferromagneticinteractions, revealing themselves
through magneto-electronic phase separation within a single-phase
structure. This phase separation leads to phenomenasuch as intrinsic
exchange bias"*"” and colossal magnetoresistance'. The degree and
nature of magneto-electronic phase separation can be engineered by
compositional design'’. These findings highlight the potential for the
high-entropy approach to achieve new magneto-electronic properties,
further customizable through composition changes™>*>"*, charge
doping™*™*° or substrate-induced epitaxial straining*'*°.

Altogether, several different properties can be altered by the appli-
cation of the high-entropy concept, with important ramifications for
electronic applications (Fig. 4).

Future research directions
lonic HEMs have only been studied for a few years, but they hold con-
siderable promise as functional materials. Various methods can be
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Fig. 4| Different effects emerging from the high-entropy concept and how
they affect electronic applications. a, Thermal conductivity versus phonon
mean free pathin different hierarchical structures. Accumulated percentage

of x, describes the accumulation function of the lattice thermal conductivity.
Thestrongerthe disorder, the shorter the free path and the lower the thermal
conductivity. b, Magnitude of lattice distortionin a high-entropy Bi, Ti,O,- type
pyrochlore phase [(Bi; »sLaq 5)(Ti; sZrg {Hf SN 4) O;,]. ¢, Displacement directions

used for their preparation, resulting in different morphologies, for
example powder versus film. Although this Perspectivefocuses mainly
onenergy and electronicapplications, the unique characteristics of
HEMs allow for versatile property tailoring (Supplementary Table 1).
Therefore, HEMs are likely to find usesin abroad range of applications
beyond those discussed here.

Role of defects

The diversity of the compositional space of HEMs can be further
expanded, asis typicalin materials development, by theincorpora-
tionofdefects. Defects (including point defectssuch as vacanciesand
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forthe samplein b.d,e, Schematic structures of the Bi,Ti,0, pyrochlore

phase (partd) and (Bi; »sLag;5)(TiysZro 4HFy ,SNe ) Oy, (parte). According to

the measurementsin parts b and ¢, the distances mayvary up to 10 pm from the
367 pmoftheideal structure, corresponding to about 2.7%. f, lllustration of bond
anglesin adistorted lattice. Parta reprinted from ref. 113, CCBY 4.0. Partsb and ¢
reprinted fromref. 7, Springer Nature Limited.

interstitials, line defects such as dislocations, interfaces suchasgrain
boundariesand surfaces, and 3D defects such as second-phaseparticles
and pores) can serve as microstructural design elements for creating
new materials and enhancingtheir properties.Defectsare ubiquitousin
materials used in modern applications, and an understanding of defects
is essential to engineer desired properties, suchas mechanical strength,
magnetic coercivity, catalytic activity, or combined properties suchas
concomitantelectricalconductivityand mechanical strength.
Althoughthe use of defects as design elements to modify and opti-
mize properties has not been fully explored in HEMs, the possibilities
arevast. Thislack of focus on defect engineering for HEMs is due to the




novelty of the field and the complexity of interactions between defects
and theintricate chemical environment, which presents challenges for
analytical techniques and simulations. For MoNbTaVW alloys, Schottky
defects emerge as the preferred intrinsic defects, with a formation
energy of (3.48 £ 0.27) eV per atom'' ">, Because of the higher energy
compared with the average vacancy formation energy in pure tungsten,
alower concentration of vacancies can be expected in the alloy under
equilibrium conditions. Notably, interstitials in this compound show
almost barrier-free migration even beyond the nearest-neighbour
positions. This characteristic suggests a higher likelihood of irradia-
tion damage annihilation, underscoring the suitability of such alloys
innuclear and fusion reactor applications.

Although we have discussed the role of point defects, such as
vacancies, introduced by the doping of HEMs with cations or anions of
varying valence, the potential for defect engineeringis more extensive.
Theinteractions of defects, such as dislocations and grainboundaries,
with the complex composition of HEMs canlead to segregation effects,
altering the properties of the material, and canlead to properties such
asdislocation pinning or radiation damage healing**'**. The selective
insertionor alteration of elemental stoichiometry can also substantially
influence the formation and size of grains. The correlation between
certain mechanical properties of materials and grain sizes, aphenom-
enonwell established as the Hall-Petch effect, offers ameansto finely
adjust material hardness by carefully selecting elements and composi-
tionratios. Asaresult, these tailored materials can serve as protective
coatingsin aerospace, the toolindustry and the construction sector.

Anewavenue for HEM modification would be to decrease the grain
size to obtain a large volume fraction of grain boundaries. The effect
of grainsize on the catalytic activity of HEMs, from high-entropy clus-
ters containing only a limited number of atoms to nanoparticles and
micrometre-sized particles, needs to be studied systematically. Porous
assemblies of (nano)particles made from HEMs are of interest, with
pore size and distribution as design elements for property modifica-
tion. Furthermore, (nano)composite-type structures consisting of
two or more distinct solid phases, at least one of which is an HEM, are
complementary to the use of defects as design elements in materials.

The development and understanding of HEMs is still in its early
stages. Research on HEAs is more advanced, and initial efforts have
been made to study the role of defects in structural and functional
properties, but there are still extensive opportunities to understand
various types of defects and the complex chemical environment.
Although defect chemistry in HECs remains relatively unexplored,
studies involving HEOs are promising. For example, the introduction
of defects in HEOs has been found to enhance catalytic activities, dif-
fusion properties and electrical behaviour in highly defective spinels
suchas (CrMnFeCoN:i);0, (OER) orin aholey lamellar (CoNiCuMgZn)O
catalyst (oxidation of benzyl alcohol)™*'**, Several studies suggest
that the formation of oxygen defects in HEOs improves catalytic per-
formance, but the observed improvements might also be attribut-
able to surface modifications. It thus remains uncertain whether the
targeted formation of defects, specifically oxygen defects, is the sole
determining factor. Nevertheless, the investigations hold promise for
future research, not only in HEAs but also in HECs.

High-throughput synthesis and modelling

A practical challenge in the development of HEMs is their chemical
complexity, which complicates the identification of the most prom-
ising composition and stoichiometry for a specific property or appli-
cation. However, high-throughput synthesis and characterization

techniques can limit the number of experiments required'*®. These
techniques allow for the simultaneous preparation of hundreds of
different samples and the automation or parallel performance of char-
acterization procedures, generating vast amounts of data. Ideally,
characterizationis performed in parallel, as sequential measurements
on high-throughput synthesized samples would impede the process.
Nevertheless, it is also necessary to first narrow down the chemical
parameter space for this kind of screening.

The calculation of properties is a challenge, owing to the lack of
thorough structuralinformation and the numerous elementsinvolved.
Predictive calculations become too complex for large unit cells, and
defining ‘small’ unit cellsleads to superstructures that strongly reduce
AS oniig leading tofalse results. In the pursuit of desired material proper-
ties, the combination of high-throughput synthesis and computational/
modelling engineering has emerged as a powerful tool. By using quan-
tummechanical and thermodynamic calculations alongside database
construction and intelligent data analysis techniques, such as the CAL-
PHAD (calculated phase diagram) method, researchers can explore the
wide realm of low-, medium- and high-entropy materials'**"*°. Although
calculations for alloy systems with dominant elements have been
established as reliable and are widely used in the metal industry, cau-
tion must be taken when extrapolating to systems lackingadominant
element, as is the case for HEMs. The number and types of predicted
phases in HEMs are often reliable, but transformation temperatures,
volume fractions and phase compositions demand meticulous scrutiny
because of their inherent inaccuracies”*"">2,

Preliminary experiments attempted to use machine-learning
approaches to analyse material libraries, focusing on identifying
single-phase structures'. However, because of the unavailability of dif-
fraction patterns, additional patterns had to be simulated to establish a
foundation for prediction'”. Automated high-throughput laboratories,
preferably with artificial-intelligence-assisted evaluation of material
properties, seem the best option for HEM research and development
in the future. Prediction of microstructures and cocktail effects, as
well as of theirimpact on the mechanical properties of HEMs, remains
an important challenge. The vast chemical parameter space renders
precise composition and property predictions nearly impossible.
The creation of extensive datasets through high-throughput synthe-
sis and characterization coupled with subsequent machine-learning
approaches offers a promising solution to this challenge. These data-
sets serve as effective training resources for machine-learning mod-
els, enabling the predictions of desirable compositions with specific
properties or functionalities. These generative predictions in turn
canbe used in afeedback loop, guiding subsequent high-throughput
synthesis using the proposed parameters.

Numerous studies have already explored the integration of
high-throughput methods with machine learning and simulation
studies. Specifically, investigations into electrochemical energy
storage, catalysis and HEAs have yielded insights into how to pro-
cess, characterize and test HEMs for different applications using
high-throughput methods™*¢°. The parameter space governing
these systems is virtually boundless, and simulations often deviate
from experimental data’*"'®>, However, by generating experimental
datasets using high-throughput methods, computer-aided synthe-
sis strategies can be refined, leading to predictions that are more
accurate. Self-driving laboratories are currently under discussion for
various classes of materials. The complexity of HEMs coupled with the
numerous available adjustments makes themideal model systems for
such development.



Inaddition to the HECs discussed in this Perspective, many more

materials are expected to enter the realm of HEMs. MOFs and MXenes
are examples of materials that have recently been adapted to the
high-entropy concept'®>'**, Owing to their unique structure and pos-
sibilities, many new applications can be addressed. With an often highly
porous, well-ordered structure and large distance between the metal
ions, high-entropy MOFs can be used, for example, in electrochemi-
cal energy storage or sensor applications, whereas layer-structured
high-entropy MXenes seem to be promising electrode and sensing
materials. The versatility and infinite chemical and design space of
HEMs make them a fascinating class of advanced materials with great
potential for discoveries and technical applications.
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