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Abstract: Sintering and microstructural development in ceramics has long been studied in a two-dimensional
grain size-density space, with only texture (i.e. deviation of grain orientation from random) used to gain first insights into additional parametric spaces. Following an increased interest for grain boundary engineering and a
deeper understanding of dopant effects on sintering and grain boundaries, the theory of complexion transitions
for ceramics has been introduced over the last decade, providing a new base for advanced microstructure engineering in ceramics. With emergence of high-entropy ceramics over the last five years, the combination of both
yields new grounds for exploration and engineering of functional ceramic materials of the future.
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1. Introduction
The achievement of transparent ceramics,[1–4] especially transparent alumina where the birefringence calls for texture or fine
grain sizes,[5,6] ended a decades long cycle of ceramic powder synthesis, processing and sintering research strongly focused on two
microstructural parameters: density and grain size. This important
achievement, since then applied to various ceramics and processing routes,[7–14] established an important baseline required to bring
attention to the advanced microstructural engineering of ceramics, and more particularly to grain boundary engineering.[15–17]
Indeed, with many functional ceramic properties such as the positive temperature coefficient of resistivity being grain boundary
dependent,[18] the controlled engineering of the grain boundary
character distribution enables new ways to further improve and
target material properties for their respective applications, beyond
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conventional microstructure engineering mostly focused on grain
size, texture and/or density.
Prior to grain boundary engineering, flawless powder processing and shaping is a prerequisite, as agglomerates and green body
inhomogeneities in general may interfere with the microstructural
development during sintering,[19,20] Beside texturing through templated grain growth and aniso-metric or -tropic particle alignment,
strongly relying on the powder processing strategy and grain
growth,[21–23] the doping strategy and sintering cycle parameters
are the most commonly used tools to modify the microstructural
development during sintering.[24,25] However, when grain growth
is to be strictly minimized, the importance of an additional parameter increases: the initial powder morphology. Indeed, the facets
of the particles may form the initial grain boundaries and thus
affect the initial grain boundary character distribution.
Experimental observation showed that two-step sintering protocols could successfully be implemented to prevent (abnormal)
grain growth.[26–28] Through Cs-corrected high resolution transmission electron microscopy of doped ceramics,[29] as well as
atomistic modelling of doped surfaces and grain boundary interfaces,[30–32] the awareness and theoretical description of doping
effects on sintering have improved over the last decade. Beside
doping effects on diffusion,[33] grain boundary and surface energies[30,31] as well as the relation between grain growth versus
densification,[34] dopants may induce complexion transitions
at the grain boundaries.[15,35–38] In contrast to phase transitions,
complexion transitions also depend on the local atomic structure,
namely the mismatch angles between the adjacent grains and their
separation plane.[15,38] Since complexion transitions may induce
abnormal grain growth, change the mobility and the excess energy
of the grain boundaries, they play an essential role in successful grain boundary engineering. Considering the potential need
for substantial grain growth, the availability of finer crystalline
nanopowders[40,41] will provide the means to achieve both grain
boundary and microstructure engineering. As novel ceramic materials emerge, incorporating this knowledge, like grain boundary
engineering through doping and complexion transitions, illustrated above with the example of alumina, is important for the discovery and optimization of new materials. Grain boundaries playing a
significant role for many properties and applications, engineering
thereof has to be considered from the onset to facilitate scientific
and technological progress. This is also the case for high-entropy ceramics (HEC), which – due to their recent discovery[42]
– remain a novel class of ceramics, largely left to be explored
and documented in literature. With how one synthesizes, sinters,
and shapes HECs in such early development, a wholistic assessment will be key to rapidly increase our understanding on how
to control microstructures for HECs, and explore their effects
on the material properties. In this work, we highlight current
strategies in making HECs and summarize what is known to date
about control of their microstructures with an eye toward future

Fig. 1. Timeline of high-entropy materials.
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research directions. Finally, by selecting specific applications
as case studies, we show the potential and unexplored space of
grain boundary engineering for novel HECs.
1.1 Introduction to High-entropy Materials
New materials that have multiple degrees of freedom to engineer the structure and its properties have led to important paradigm shifts in material design from the Bronze Age to the modern
day. Many historically important discoveries from bronze to stainless steel have been the result of substituting or utilizing different
elements into various materials’ structure to enhance properties.
In 2004, the work of Cantor[43] and Yeh[44] began to explore the
extremes of the substitution of elements into alloys which then led
to the advent of a new material class called high-entropy alloys
(HEAs). The name, HEAs, is derived from the increasing number
of elements randomly distributed in a structure and the resulting
increased intrinsic disorder or configurational entropy. To define a
material as high-entropy, there are two different metrics currently
utilized: i) a composition of five or more elements that are equiatomic with each other, or ii) a calculated configurational entropy
of 1.5 R or more where R is the gas constant. Additionally, the
incorporation of the different multiple elements must be random
and homogenous and result in a single phase. The definitions and
concepts developed for high-entropy alloys have served as the
basis to discover and identify other classes of high-entropy materials (HEMs). Not only has the field of HEAs grown dramatically
in the last two decades, but several new classes of high-entropy
materials have been discovered, as shown in Fig. 1.
What has driven this search for high-entropy materials are the
unique properties that arise from local compositional disorder but
in a long-range ordered structure. In alloys and by extension other
high-entropy materials, four core effects of the high-entropy configuration have been identified: i) cocktail effects of multiple elements, ii) sluggish diffusion effects, iii) severe lattice distortions,
and finally iv) high-entropy effects that effect solubility limits and
stability. Unique and promising properties arise from these core
effects that hold promise for a range of applications including
catalysis, optical materials, superconductors, energy storage, and
coatings.
1.2 High-entropy Ceramics
With the discovery of high-entropy oxides,[42] nitrides,[45] borides,[46] carbides,[45] and silicides,[47] the field of high-entropy ceramics (HECs) was founded. High-entropy oxides (HEOs) have
drawn particular interest because there is a diverse range of crystal structures that can have a high-entropy configuration. Within
HEOs alone, high-entropy forms of rock-salt,[42] fluorite,[48] spinel,[49] perovskite,[50,51] magnetoplumbite,[52] pyro-chlore,[53] garnet[54] and sesquioxide[48,55] can exist as shown in Fig. 2.
In an HEO system that contains multiple cations, an entropically stabilized multi-phase to single-phase transition will oc-

214

Empa – matErial SciEncE and tEchnology for a SuStainablE futurE

CHIMIA 2022, 76, No. 3

Fig. 2. Timeline of high-entropy oxide structures.

cur spontaneously when T∆Smix > ∆Hmix, resulting in a negative
Gibbs free energy (∆Gmix). The entropy of mixing (∆Smix) is composed of vibrational and configurational entropy terms, which
are related to the distribution of vibrational modes and distribution of atoms in the crystal lattice, respectively. Assuming a
minimal vibrational entropy contribution, ∆Smix is maximized
by increasing the configurational entropy. In an ideal HEO system, the oxygen sublattice screens the nearest neighbor cation
interactions and ∆Hmix = 0; however, lattice distortions, induced
by differences in electronegativity or atomic size, may result in
a small positive enthalpic term, which must be overcome by the
entropic term in order to stabilize the single phase. The total configurational entropy of the system is calculated using Eqn. (1):
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where N is the number of unique components within the lattice
and xi is the molar concentration of the ith component. However,
when only one anion is present, the total configuration entropy of
the system is determined by the number (N) and molar concentration (xi) of the cations, which is shown in Fig. 3. The configurational entropy is maximized when an equimolar composition
is present, and at this point the temperature of the multiphase
to single phase transition can be lowered no further, which has
been demonstrated experimentally by Rost et al.[42] In an equimolar composition, increasing N decreases ∆Hmix, and, as a consequence, lower temperatures can drive the multi- to single-phase
transition.
With the possibility of a vast number of multi-element compositional configurations, along with the diversity of crystal
structures possible, the field of high entropy oxides allows for a
plethora of avenues to be explored for the rational design and engineering of tailorable materials relevant to the energy challenges
of the future.

Fig. 3. Conﬁgurational entropy change as a function of the number of
cations (N) and the cation mole fraction of an Nth component (XN). The
maximum entropy is attained at equimolar compositions. Depending on
S/R, one distinguishes between low, medium and high entropy materials.

2. Microstructure Control of High-entropy Ceramics
2.1 Synthesis
The most widely used and studied synthesis technique for
HECs is a solid-state reaction synthesis that intertwines synthesis, shaping, and sintering processes. This often calls for multiple oxide powders with different elemental compositions being
ground or mixed together, pressed into a pellet, and followed by
reactive sintering heat treatment in order to form a single phase
by inter-diffusion and/or reaction.[55–58] However, this process
can pose an issue for controlling and tailoring the microstructure. Conversely and especially in the case of oxides, focus has
recently been given to synthesis strategies to decouple the syn-
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thesis, shaping, and sintering process by first synthesizing HEC
powders. The motivation behind such synthesis strategies is to
gain control of the crystalline size, morphology, and porosity
as well as expand the range of the elemental compositions. A
myriad of techniques have been successful for the synthesis of
HECs including spray pyrolysis,[59] co-precipitation,[59] hydrothermal,[60] mechano-chemical,[61] sol-gel,[62] solution combustion,[63] and sonochemistry.[64] Below we highlight certain synthesis strategies that may have implications for future microstructure engineering of HECs.
2.1.1 Current Synthesis Strategies
Particle Size and Morphology
Nano-sized particles often exhibit different properties than
their larger counterparts, and the synthesis of nano-sized HEOs
will considerably increase the materials engineering space for
HEOs.[65] With respect to ceramics, nano-powders are additionally interesting as particle size of the starting powder directly affects
the surface energy and therefore influences the sintering process
and the final microstructure.
The first comprehensive study on nano-sized HEOs was by
Sarkar et al.[59] comparing different synthesis techniques like
flame spray pyrolysis (FSP), nebulized spray pyrolysis (NSP),
and reverse co-precipitation. From this study, NSP was the
most successful in directly synthesizing nanocrystalline HEO
powder (with rock-salt structure) while FSP and reverse coprecipitation required an additional calcination step to achieve
a single phase. As a follow-up to this initial study, several HEO
phases have been synthesized using NSP, specifically fluorite,[48]
perovskite,[51] and spinel structures.[66] However, the NSP method results in broad particle size distributions and non-uniform
particle shapes.
To achieve narrower size distributions, other wet-chemistry
techniques like precipitation[67] and hydrothermal[68] synthesis followed by a subsequent thermal treatment step have been
used to produce nano-sized HEOs. Similarly, a modified solution
combustion synthesis technique has been shown by Mao et al. to
synthesize nano-sized HEOs along with additional control of the
particle size through the synthesis temperature.[63,69] This work
also highlights why such attention should be given to producing
uniform morphologies and narrow particle size distribution, because many properties, specifically magnetism in that study, are
also affected by particle size.
In addition to particle size, the morphology of the synthesized
powder can also influence the final microstructure. Currently,
morphological studies of the synthesis of HEO primarily rely on
comparing the final resulting powders from different synthesis
techniques and different chemistries. Albedwawi et al. summarized the current state of the art for different morphologies for
rock-salt HEOs[70] where a similar spherical morphology has been
observed across many synthesis techniques, though they have
not always been uniform with additional cuboidal morphologies
being present as well. Additionally the selection of cations may
also play a role in the final morphology. In the case of reversed
precipitation, the change of the selection of cation (Fe and Mn
instead of Mg and Zn) resulted in non-uniform cuboidal instead
of spherical particle. However, comprehensive studies along
with strategies to synthesize a range of different morphologies
remains incomplete.
Low-temperature Synthesis
Most synthesis techniques mentioned above require elevated
temperatures for the HEO phase to form, which may limit the
range of elements and dopants that can be used. This is especially important for energy storage applications that benefit from
incorporation of elements like lithium, which tends to vaporize at
higher temperatures. Mechano-chemical techniques, where high
energy milling instead of high temperatures is used to mix and
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form the single HEO, has in such cases proven successful for incorporating lithium and sodium into a rock-salt HEO structure.[61]
Though much focus is given to incorporating different elements
in the cation position, the mechano-chemical technique was also
used to incorporate fluorine in the anion positions,[61] which additionally contributes to increased configurational entropy.
2.1.2 Remaining Challenges in Synthesis
Since the field of HEO is relatively new, focus has been primarily given to synthesizing different structures with different
chemistries and testing properties rather than process optimization to achieve uniform powders. Therefore, the synthesis of
HEO powders with a narrow particle size distribution continues
to be a challenge and often the particle size and morphology are
not given much attention or are not even reported. Particularly
promising though have been wet-chemistry techniques where
narrow particle size distributions were achieved. Additionally in
traditional ceramic powders, such techniques have been used to
synthesize different powder morphologies. However, as observed
with reverse precipitation and hydrothermal synthesis for HEOs,
precursors need to be synthesized first and then calcined to form
HEOs. The synthesis of high-entropy precursors with tailorable
morphologies could ultimately provide an opportunity to have
HEOs with different morphologies. One such precursor is layered double hydroxides which can be synthesized with a range
of morphologies. Recently, layered double hydroxides (LDHs)
have been shown to exist as high-entropy material[71] with up to
8 cations incorporated in the structure.[72] Such material could
combine the need for tailorable morphologies and multiple cation
incorporation in order to explore powder morphology driven microstructure engineering.
2.2 Sintering Strategies
In addition to the chemical composition, the particle shape
and morphology control during synthesis, the sintering step has
a significant effect on the material properties. To fully develop
and exploit the potential of HECs, in-depth sintering studies are
required, analogous to the decades long research on sintering for
low-entropy ceramics.
2.2.1 Current Strategies
Reactive sintering of an appropriate mixture of powders as
well as sintering of HEC powders is commonly reported in literature.[46,57,58] Though reactive sintering has the benefit of avoiding
many HEC powder synthesis-related issues, it limits the range of
achievable microstructures. Following the high sintering temperatures or long dwell times required to form phase-pure HECs,[57]
extensive grain growth may occur despite the reduced accompanying energy gains, as a result of the increased crystalline energy
due to lattice distortions in HECs.[73]
Dense high-entropy ultra-high temperature ceramics (UHTCs)
are particularly difficult to achieve.[46,56,74] Reactive flash spark
plasma sintering has allowed successful production of high-entropy carbides and borides from the respective constituent metal
carbide and boride powders, respectively[56,58] For high entropy
borides, addition of carbon can further enhance sintering, allowing for oxides to be efficiently removed.[58] Excess carbon has
also been reported beneficial to the sintering of high entropy
carbides,[75] supposedly favoring grain boundary diffusion as observed in the case of SiC.[76]
Both conventional[57,75,77] and fast sintering techniques such as
flash or spark plasma sintering[46,56,58,78] have been successfully
used with both phase-pure HEC powders as well as reactive powder mixtures. Pressure-assisted fast sintering techniques readily
allow for the achievement of highly dense and fine microstructures. Microstructural refinement tends to increase a region that
some authors refer to as the ‘phase spectrum’; the temperature
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range at which the reduced contribution of the entropic term leads
to the formation of a multi-phase microstructure.[42,57] This reversible phase change is in contrast to purely segregation-driven secondary phase precipitation in conventional doped ceramics. In the
latter, grain growth and dopant segregation are required to accumulate dopants at the grain boundaries and eventually induce
dopant-rich second phase precipitation. Indeed, within the phase
spectrum, secondary phase generation at the grain boundaries as
well as within the grains is observed (Fig. 4).[57] Depending on the
grain size, secondary phases are observed at the grain boundaries,
within the grains or in the form of entirely transformed grains. The
latter occurring only in refined microstructures, it may be suggested that the phase change is dependent on both a probabilistic
(e.g. nucleation site) and length scale (e.g. diffusion length) factor.
Since secondary phases are also observed within the grains for the
larger case, the increase of the phase spectrum range with fine
microstructure refinement is believed to be length-scale driven.

to be considered under these appropriate factors to evaluate and
develop the potential of HEC in numerous technical applications.
Grain boundaries can be considered as interfacial phases that
can undergo first order or continuous phase-like transitions that
depend on the thermodynamic potentials (T, P, µ) employed.
These distinct grain boundary phases are thermodynamically
two-dimensional and are known as complexions. Changes in
grain boundary complexions can result in sudden changes in grain
boundary structure and chemistry, affecting grain boundary properties such as grain growth, creep, mobility, diffusivity, as well as
thermal, electronic, and ionic conductivity. A deep understanding of complexion transitions is paramount if HECs, and highperformance ceramics in general, are to be tailored for high-value
applications, pertinent to global future energy issues. The grain
boundary energy (γgb) in a multicomponent system is defined by
Eqn. (2):

𝛾𝛾

Fig. 4. Morphology of the secondary phase after heat treatment of
(Co,Cu,Mg,Ni,Zn)O. (a) SEM micrograph of a 25 mm average grain size
sample treated at 700 °C for 12 h and (b) the corresponding EDS map
for CU. (c) STEM micrograph of a 89 nm average grain size sample after
sequentially heat treating from 450–550 °C in 2 h increments, and (d) the
corresponding EDS map for CU. Figure reproduced under CC BY from
Dupuy et al.[5,7]

Similar to other ceramics, two-step sintering has also been
successfully applied to the sintering of HECs as a means to
achieve high densities with reduced grain growth,[75,79-81] underscoring the importance of kinetic effects in spite of the lower excess energy associated with the grain boundary interfaces in high
entropy ceramics. Since in many cases an excellent high temperature stability has also been reported,[79] more work is required
towards microstructure and more specifically grain boundary
engineering in HECs. Indeed, little is reported so far on selective
doping effects, grain boundary segregation in general, and thus
potential complexion transitions in HECs.
2.2.2 Remaining Challenges and New Frontiers in Sintering
and Microstructural Control
Due to remaining challenges on the synthesis side, microstructure and grain boundary engineering in HECs is still largely unexplored. It requires the study of the interplay between composition,
potentially related grain boundary segregation, the phase spectrum, complexion transitions and the sintering conditions. While
this may not be as critical for grain boundary-independent material properties, grain boundary-dependent properties rapidly need

= 𝑒𝑒

− 𝑠𝑠

−

𝜇𝜇 𝛤𝛤

(2)

where exs is the excess internal energy, sxs is the excess entropy,
µi is the chemical potential and Γi the adsorption of the ith solute
component, respectively. All parameters represent the interfacial excess quantities per unit area. Therefore, the system will
tend to minimize γgb by varying the composition and structure
of the interfacial grain boundary region by forming a specific
complexion state. Additionally, metastable complexions may
form and can be stabilized by grain boundary transitions depending on the value of the thermodynamic potentials. This
includes formation of more disordered grain boundary complexions, which are stabilized at high temperature. In multicomponent HEC systems, adsorption of multiple solutes at
the grain boundaries may introduce additional grain boundary
configurational entropy, which could stabilize metastable complexions and induce novel phenomena at the grain boundaries.
Therefore, at high temperature, and through careful control of
the thermodynamic potentials via the sintering program, this
may allow the entropic stabilization of grain boundary metastable states, producing high entropy grain boundary complexions and highly stable interfacial grain boundary regions. This
has been observed in HEA, where the thermodynamic driving
force for grain growth is suppressed by the formation of high
entropy stabilized complexions at high temperature, which
reduces the grain boundary energy significantly, as shown in
Fig. 5.[82]
Hence, tailoring of the HEC microstructure through control

Fig. 5. Grain size vs. annealing temperatures for high-entropy alloys
Ni25Fe23Co23Cr23Zr2Nb2Mo2 and Ni80Mo6.6Ti6Ta1.4 compared to Ni and
binary alloys Ni93Zr7Ni79W21. Reprinted with permission from Zhou et al.,
Scripta Mater. 2016, 124, 160.[82] Copyright 2016 Elsevier.

Empa – matErial SciEncE and tEchnology for a SuStainablE futurE

and formation of high entropy stabilized grain boundary complexions could result in novel and unprecedented grain boundary
phenomena. Therefore, characterization of complexion transitions, and of grain boundary types and population distribution, is
of utmost importance.
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the random and homogenous distribution of cations within the
sublattice can be investigated by extended X-ray absorption fine
structure (EXAFS), which should show oscillations with similar
relative intensity and reciprocal spacing for each incorporated cation within the lattice, as shown in Fig. 7.[42]

2.3 Current Status of Microstructure Analysis and
Chemical Signatures of Entropic Stabilization
In order to make advancements in the rational design of functional HECs, and advanced functional materials in general, the intimate relationships between complexion transitions, grain boundary structure and chemistry, and the resulting functional properties
must be elucidated in detail. Cutting-edge techniques for identifying the signatures, both directly and indirectly, of complexion transitions are currently being developed. High-throughput techniques,
such as scanning electron microscopy-electron backscattered diffraction, combined with stereological analysis provide indirect evidence of complexion transitions, as well as characterization of the
grain boundary character distribution, as shown in Fig. 6.[83]

Fig. 7. EXAFS measured at Advanced Proton Source beamline 12-BM
after energy normalization and ﬁtting. It can be observed that the oscillations for each element occur with similar relative intensity and at similar
reciprocal spacing. This suggests a similar local structural and chemical
environment for each of the elements. Figure reproduced under license
CC BY from Rost et al.[42]

Fig. 6. Orientation maps illustrating the [(a)–(c)] microstructures and
[(d)–(f)] grain boundary plane distributions for 450 ppm Y-doped alumina,
sintered at [(a) and (d)] 1450 °C, [(b) and (e)] 1500 °C and [(c) and (f)]
1600 °C. The grain boundary plane distributions are plotted in stereographic projection with the [0001] direction normal to the page and the
[1120] reaction horizontal. Reprinted with permission from Rohrer, Curr.
Opin. Solid St. Mater. 2016, 20, 231.[83] Copyright 2016 Elsevier.

In terms of identifying whether a HEC is truly entropically
stabilized, several complementary techniques are typically used.
Entropic stabilization requires the presence of a reversible solidstate multi- to single-phase transformation, with the single phase
exhibiting a random and homogenous distribution of cations
within the sublattice. Reversibility can be assessed by monitoring
the transition from multi-phase to single-phase, as a function of
temperature, using X-ray diffraction. If the system is truly entropically stabilized, then entropy is maximized at an equimolar
cation composition, and the multi-phase to single-phase transition
temperature cannot be lowered further. Therefore, signatures of
entropic stabilization can be identified by varying the mole fraction of the nth component in the region of the equimolar composition, which will cause the phase transformation temperature to
increase. True entropic stabilization also requires that the positive
enthalpic term be compensated by the entropy term; therefore, endothermicity is a prerequisite for true entropic stabilization. This
can be identified using differential scanning calorimetry (DSC),
combined with in situ temperature-dependent XRD. Hence, the
phase transition and heat flow into the sample should occur contemporaneously for an entropically stabilized process. Finally,

3. Applications
Synergistic, or cocktail effects, entropic stabilization and slow
kinetic phenomena present in HECs yield additional degrees of
freedom for the design of advanced materials for multifunctional
devices. HECs can enhance mechanical, thermal, catalytic, electrical, optical and magnetic properties, as well as improved ionic
conductivity, biocompatibility, and oxidation and corrosion resistance compared to their low-entropy analogues. Some recent
advancements in applications are highlighted in this section.
3.1 Catalysis
Thermal catalysis, using supported metal catalysts, is pivotal for
the chemical, environmental and automotive industries. Surviving
the harsh operating conditions and maintaining catalytic performance is essential for these sectors. For processes such as steam reforming, exhaust treatment and catalytic combustion, high temperature operation results in migration and sintering of homogenously
distributed noble metal catalyst particles, such as Pt and Pd, which
dramatically reduces active surface areas, resulting in diminishing
catalytic performance. Therefore, high temperature stability is crucial in order to improve catalytic process lifetimes. In the context of
HECs, one of the most widely studied catalytic reactions thus far is
the oxidation of CO. Entropy-stabilized metal oxides have recently
demonstrated improved CO oxidation high-temperature stability,[84]
while also requiring lower amounts or even suppressing the need of
the noble metal catalyst.[85] These high entropy oxides can perform
conversions at lower temperatures compared to their conventional metal oxide analogues,[70] as well as stabilize the noble metal,
which in return reduces the degree of sintering, improves dispersion
and increases catalyst lifetimes.[84] These observations are attributed to synergistic ‘cocktail’ effects, as well as enhanced surface
acidity/basicity and oxygen mobility, due to the facile formation
and tunability of oxygen vacancies.[70] Similar findings have also
been reported for CO2 hydrogenation,[86] CH4 partial oxidation,[87]
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alcohol oxidation[88] and oxidative desulphurization.[89] With a
tolerance of the crystal structure towards high temperatures and
chemical environments, high-entropy ceramics, including LDHs,
are more chemically stable and can maintain either their crystal
structure or porous structure in certain catalyst-toxic atmospheres.
It is reported that a superior sulphur tolerance has been observed
in some mesoporous samples.[90] In the high-entropy system, a new
parametric space is added, allowing the tailoring of material properties via small changes in their constituents. Thus, material surface
area and porosity are significant factors in catalysis and may be
easier to modify and enhance compared with the ordinary, low entropy materials to improve the catalysis performance.
From a microstructural engineering perspective, materials
such as MgO exhibit high concentrations of Lewis basic sites at
grain boundaries due to the formation of disordered atomic layers. These layers contain low coordinated O2– ions that result in
additional electronic states in the band gap close to the bottom of
the conduction band. This results in significant electron delocalization in the region around the O2– ions situated along the grain
boundaries. Consequently, increased adsorption energies for target
gas molecules can result, which can facilitate dissociative adsorption of adsorbate molecules. This has been calculated using DFT
analysis for CO2 adsorption on MgO, where the O=C=O bond angle
decreases from 178° on regular surface O ion sites to 161° for grain
boundary O ion sites, as shown in Fig. 8A.[91,92] The deformation of
the CO2 molecule at site 1 is due to increased total electron density
in the bridging region and an enhanced dipole-induced interaction,
as shown in Fig. 8B.[91] Consequently, the grain boundary regions
of HEOs may provide high adsorption energies for molecules such
as CO2. A thorough analysis of the interplay between complexion
transitions, grain boundary chemistry and structure could result in
a paradigm shift, resulting in the generation of grain boundary engineered high entropy catalysts. As a result, high-entropy ceramics
could lead to promising new avenues and applications for thermally
activated-, photo-,[70] and electro-[93] catalytic-based processes.
3.2 Energy Storage: Batteries and Capacitors
For electrochemical energy storage, intercalation-based Liion batteries offer a promising energy storage capacity, combined
with high efficiency and reversibility.[94,95] Indeed, for high and
reversible Li-ion storage capacity, the host crystal structure needs
to provide two (usually) conflicting properties: high density of
Li-storage space and high crystal structure stability. Here HECs
are promising candidate materials overcoming the inherent discrepancy. Indeed, the intrinsic configurational disorder leads to the
stabilization of crystal structure. Thus, high-entropy oxides show
a more stable specific capacity even after hundreds of cycles,[96]
compared with their medium-entropy counterparts (Fig. 3). In
addition, and similar to HEAs, considerable lattice distortion in
HECs affects the diffusion kinetics as well as the mechanical properties, able to reduce or eliminate problems linked to particle aggregation and cracking during the charge-discharge cycles.[97,98]
Thus, HEC anodes tend to display better structural stability and
robustness.[99] However, the ion mobility is also a critical parameter which has to be considered for promising ion-battery materials. High lithium and sodium ion mobilities have been reported
for instance in (MgCoNiCuZn)1−x−yGayAxO (with A = Li or Na).[96]
Observed Li+ ion conductivities were able to exceed 10−3 S cm−1
at room temperature, surpassing the values observed in LiPON, a
longtime reference, by two orders of magnitude. Following this
observation, it has been suggested that this high ion conductivity
was linked to large amounts of alkali elements in the host lattice.
Indeed, when their concentration increases, the density of oxygen
vacancies increases as well, which can percolate to form diffusion
channels. The existence of such diffusion channels also lowers the
diffusion activation energies, speeding up the cation diffusion and
ion mobility.[100]

Fig. 8. (A) Top view of the MgO supercell showing the adsorption of CO2
on a grain boundary oxygen ion site (marked at 1 and 2). (B) Electron
density distribution map of CO2 absorped on site 1. Reprinted with permission from Landau et al., Rev. Chem. Eng. 2014, 30, 379.[91] Copyright
2014 Walter de Gruyter GmbH.

The storage capacity can furthermore be tuned through a wide
field of possible chemical compositions, affecting the lattice deformation and thus the volume of interstitial sites. It illustrates how
HECs offer new ways to engineer the storage capacity while preserving a high crystal stability, required for stable cycling performance.
In addition to ion batteries, electrochemical capacitors – also
known as supercapacitors – play a significant role for energy storage required to successfully implements societal energy transition
efforts. This is due to their high power density and ‘unlimited’
charge−discharge cycle life (>106 cycles), core properties evaluated in the quest for promising future electrochemical capacitor
materials. Indeed, Bérardan et al. reported that certain rock-salt
HEOs exhibit colossal dielectric constants, paving the way towards capacitors with extra-large energy densities.[101,102] Highentropy nitrides have also shown promise, with a competitive specific capacitance of 78 F g−1 achieved at a scan rate of 100 mV s−1
in 1 M KOH.[103] Following these observations and given the
‘intrinsic’ advantage of tailorable electron states and crystal stability, HECs have attracted attention in the research community.
Potential applications are numerous in modern microelectronics
and new capacitance-based energy storage devices.
3.3 Energy Harvesting: Thermoelectrics
Oxide ceramics are considered as promising thermoelectric
(TE) materials[104,105] for high temperature applications because of
their high chemical and thermal resistance, low processing cost,
as well as environmental friendliness. The thermoelectric performance of TE materials is commonly evaluated considering a dimensionless figure of merit (Eqn. (3)):[106]

𝑍𝑍𝑍𝑍 =

𝑆𝑆 𝜎𝜎
𝜅𝜅

(3)
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where S is the Seebeck coefficient, describing the electron potential difference in the sample when subjected to a temperature gradient, σ corresponds to the electrical conductivity, and κt is the
thermal conductivity. The thermal conductivity, κt, is usually the
sum of two possible heat transport mechanisms: (a) electron-hole
(κe), and (b) phonon (κl) diffusion:

𝜅𝜅 = 𝜅𝜅 + 𝜅𝜅

(4)

To increase the figure of merit, ZT, the thermal conductivity
of the material should be minimized. This can be achieved by
reducing the phonon transport (κl) in the material. Indeed, κl depends on phonon scattering within the crystal lattice, which can
be promoted by disorder in the crystal structure. Thus, doping
with heavy metals, complexification or deformation of the crystal
structure, refining of the microstructure, modification of the grain
boundary structure and finally amorphization of the crystal are
efficient methods to reduce the thermal conductivity. Following
this concept, the TE study of complex structured materials can
often be performed following the phonon glass–electron crystal
(PGEC) paradigm:[107] a complex crystal structure can be regarded
as a phonon glass and/or an electron crystal governing the ZT
values of TE materials.
The interest in metal oxide-based TE materials results from
their extremely low κl values, which can be modified by selective doping and microstructure engineering.[108,109] Moving from
low-entropy to high-entropy ceramics therefore opens a new parametric space, allowing for tailored material properties via compositional changes. Indeed, it allows modifying the lattice distortion
over a wide range and gives the opportunity to explore cocktail effects, promoting phonon scattering and thereby lowering κl. This
has been confirmed in a study on a SrTiO3-based high-entropy
perovskite, which has led to a thermal conductivity as low as 0.7
W/mK at 1100 K.[110] In addition to these compositional effects,
selective doping and/or the sintering strategy may further modify
the properties via the grain boundary structure and character distribution. In combination with HECs, gaining new insight into
microstructure engineering may thus enable further fine tuning of
the material, underscoring the potential of high-entropy ceramics
to develop and engineer high ZT materials for the future.
3.4 Energy Transport: Superconductors and Sensors
Some crystal structures such as high-entropy layered double
hydroxides (HE-LDHs) are characterized by quasi-two-dimensional layers formed by octahedrally coordinated metal cations,
which may serve as a basis to realize a 2-D electron gas and hightemperature superconductivity.[71] For HE-LDHs, the crystal
structure and cation coordination shows similarities to the one of
superconducting cuprates.[111] Through changes of their chemical
composition, the crystal structure and lattice parameters can be
adjusted to further approach those of superconductor cuprates.
Profiting from the random and homogeneous distribution of multiple cations, it is possible to adjust the valence states of cations
on long- and/or short-range orders. Consequently, it is possible to
tune their cation electron states to get close to a 3d9±δ state at which
cuprates can exhibit superconductivity.[112]
We have synthesized a set of HE-LDHs, precursors to layered
HECs, in which we inserted mostly cations of third-period transition metals that show different magnetic properties. It should
therefore be possible to demonstrate an antiferromagnetic state
– the ground state of superconductor cuprates – by adjusting the
electron states and/or lattice parameters through modification and
fine-tuning of its constituent elements.[112] This should offer the
possibility to reach a short-range magnetic behavior by tweaking
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the electronic state through compositional changes, thereby opening the path towards superconducting states. Indeed, short-range
magnetic phenomena such as a spin-glass behavior, with several
possible magnetic phase transitions, could already be observed in
some of our [M1–x2+M3+(OH)2]Ax/nn . mH2O (M represents Mg2+,
Ni2+, Cu2+, Co2+, Zn2+, Al3+, Cr3+, and Fe3+ and A represents an
n-valent anion) HE-LDH samples (Fig. 9). This finding may provide guidance towards the corroboration of superconductor traces
in this material. HE-LDHs, and potentially some layered HECs,
may thus have the potential to express superconductivity, and if
so become a superconductor family to be explored in the quest for
viable high-temperature superconductivity solutions.
With a space group R-3m crystal structure, (HE-)LDHs are
anisotropic: the metal-oxide octahedra are distorted being either
elongated or compressed. Following their different outer shell delectrons, transition-metal ions are particularly sensitive to distortion. Indeed, the rearrangement of d-electrons under the influence of the crystal field is always observed. This rearrangement,
known as the Jahn-Teller effect, can lead to degeneration of the
d-electrons, giving rise to the formation of anisotropic d-orbitals.
This, in turn, may lead to interesting electronic and magnetic material behaviors. Because the lattice parameters are a function of
the temperature, the electronic and/or magnetic properties will
change with temperature as well. For this reason, it is possible that
at a certain temperature, the energy of the crystal field reaches a
critical level at which rearrangement of d-electrons occurs, which
can be detected as anomalies in the electronic and/or magnetic
behavior. Materials expressing such anomalies can also serve as
sensors for specific applications.[113,114] Since for HE-LDHs, and
other HECs, the crystal structure can be tuned to a large extent and
the composition changed, the crystal field, the associated critical
temperature as well as the intensity of the anomaly may be tuned
for specific needs.
4. Contemporary Challenges and Future Perspectives
High-temperature entropic stabilization of a ceramic single
phase from multiphase composition can be achieved by exploring
a vast parameter space, including a diverse range of crystal structures, cations and cation properties. A thorough understanding of
composition–structure–property relationships may allow tailoring of HECs to specific high-value applications. One major challenge lies in understanding and predicting the complex interplay
between configurational entropy, mixing enthalpy, cation size,
coordination number and oxidation state on the resulting functional properties. For instance, tailoring of elements with different
valence states could lead to specific catalytic and adsorption properties, due to subtle changes in charge compensation mechanisms.
From a microstructural perspective, understanding the relationships between powder processing and synthesis routes on the bulk
and grain boundary characteristics is another key challenge, not
only for HEC but also for high performance ceramics in general.
Additionally, many other parameters could contribute to configurational entropy stabilization. This was highlighted by Djendadic
et al. regarding the subtle role of rare-earth elements on entropic
stabilization of the single phase.[48] Elucidating these complex interrelationships will require a combination of experimental and
theoretical computational methods, such as DFT, MC+MD and
CALPHAD – with associated challenges in combination with
HECs – in order to generate HEC design pipelines. Practically
speaking, another major challenge for commercialization will be
the development of synthesis and sintering methods for industrial
scale-up. Overall, the potential of HEC materials to surmount
current and future energy related issues is extremely promising.
The next challenge will be to understand and harness their unique
characteristics as effectively as possible.
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Fig. 9. (a) Real part (χ′) of the AC
susceptability for an
[M1–x2+M3+(OH)2]Ax/nn·mH2O
(M represents Mg2+, Ni2+, Co2+,
Zn2+, Al3+, Cr3+, and Fe3+ and A
represents an n-valent anion).
LDH sample as a function of
temperature and frequency from
2 to 300 Hz, and the inserts are
in an expanded scale to show
the AC frequency dependence.
(b) Isotherm magnetization M(H)
loops of the LDH sample with
magnetic ﬁelds ranging from –7
to 7 T at temperatures between
2 and 300 K; the top-left is in
an expanded scale to show the
hysteretic behavior at low temperatures, and the dash lines in
the bottom right give a guide to
show the linear behavior at high
temperature.

5. Conclusions
High-entropy stabilized materials, which contain five or more
cations, exhibit properties that are not typically observed in low
entropy analogues. These properties are a result of several combined structural and chemical characteristics, including synergistic ‘cocktail’ effects, arising due to the random distribution of
several metal cations; sluggish diffusion kinetics; entropic stabilization and lattice distortion. These inherent qualities result in
materials with enhanced thermal, electronic, and ionic conductivities, as well as optical, catalytic and mechanical properties.
Research on HECs is rapidly gaining momentum, with the current
focus mainly on oxide materials, although research on hydrides,
carbides, nitrides, sulphides, silicides, fluorides, including others,
is also increasing rapidly. In summary, these materials offer exciting new prospects in order to overcome tomorrow’s global energy
and environmental challenges.
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