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Introduction

Entropy is expected to dominate the formation of single-phase
multicomponent ceramics,' opening up new synthesis routes
and facilitating property optimization without the need for
toxic or expensive elements. High-entropy ceramics? typically
consist of a disordered multi-cation sublattice and an ordered
single-anion sublattice,® with multi-anion ceramics now also
being developed.* The earliest work on high-entropy ceram-
ics involved thin films synthesized by sputtering high-entropy
alloys in a N, or O, atmosphere.” ? The original attempts typi-
cally resulted in amorphous or multi-phase films due to the
presence of non-nitride forming metals such as Cu;’® while the
first single-phase high-entropy ceramic thin film reported was
(AICrTaTiZr)N, displaying an fcc lattice based on the rocksalt
structure.” In 2015, (MgCoNiCuZn)O became the first bulk
single-phase high-entropy ceramic to be synthesized (by sin-
tering mixed oxide powders)—it also displayed a rocksalt-type
fec lattice,® and was demonstrated to be entropy-stabilized:
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Disorder enhances desired properties, as well as creating new avenues for synthesizing
materials. For instance, hardness and yield stress are improved by solid-solution strengthening,
a result of distortions and atomic-size mismatches. Thermochemical stability is increased by
the preference of chemically disordered mixtures for high-symmetry superlattices. Vibrational
thermal conductivity is decreased by force-constant disorder without sacrificing mechanical
strength and stiffness. Thus, high-entropy ceramics propel a wide range of applications:
from wear-resistant coatings and thermal and environmental barriers to catalysts, batteries,
thermoelectrics, and nuclear energy management. Here, we discuss recent progress of the
field, with a particular emphasis on disorder-enhanced properties and applications.

when annealed at high temperatures, the non-cubic CuO and
ZnO secondary phases merged with the rocksalt phase.’ High-
entropy ceramics have now expanded to include carbides, '
borides,'! silicides,'? niobates,'>'* and zirconates,'>'¢ as well
as multi-anion boro-carbides* and carbo-nitrides.>

In addition to contributing to synthesizability, disorder
directly alters and improves the properties of materials such
as high-entropy ceramics.? Solid-solution strengthening com-
bined with reduced grain growth enhances mechanical proper-
ties, including strength, hardness, and toughness'®'7"""—vital
for structural applications and wear-resistant coatings.2 The
strong thermodynamic preference for high-symmetry lattices
increases the thermochemical stability, suppressing structural
defect formation and phase transitions—crucial for thin-film
diffusion barriers in nanoelectronics?' and for improving
cycling ability in battery materials?>**—while entropic stabi-
lization of unusual oxidation states opens up catalyst design
rules.?* Interatomic force constant and mass disorder reduce
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HIGH-ENTROPY CERAMICS: PROPELLING APPLICATIONS THROUGH DISORDER

lattice thermal conductivity, often reaching the amorphous
limit?>—useful for increasing the efficiency of thermoelectric
devices.?*2® The combination of low thermal conductivity,
mechanical strength and corrosion resistance make high-
entropy ceramics particularly suitable as thermal and envi-
ronmental barriers (e.g., for hypersonics).'>™'® In magnetic
systems, disorder introduces localization, reducing the orbital
overlap and increasing the importance of double and super-
exchange,?” while disrupting long-range order promotes the
formation of relaxor ferroelectrics.3-3?

Synthesis and modeling techniques

Synthesis approaches

Synthesis techniques for high-entropy ceramics include sput-
tering;” pulsed laser deposition;*® (reactive) spark plasma
sintering;lo’34 boro-, carbo- and boro-carbothermal synthesis;3 3
sol-gel synthesis;>* and solution combustion synthesis.>® One
current research direction is developing techniques to avoid
grain-coarsening to enhance mechanical properties, such as
new spark-plasma sintering protocols with lower temperatures
or shorter annealing times,?” or carbothermal synthesis using
finely ground metal or metal-oxide precursors.*>-* Growth
kinetics (e.g., substrate temperature for pulsed laser depo-
sition altering the ionization state and concentration of the
components) and epitaxial strain during synthesis can be used
to engineer electrical and magnetic properties.®® Rapid high-
temperature Joule heating was used to synthesize a Pd-con-
taining denary nanoparticle catalyst for methane combustion,*
where short, high-temperature heat treatments overcame the
kinetic barriers for mixing multiple elements while avoiding
agglomeration and collapse of pore structure.

Computational modeling

First-principles modeling of disordered materials often uses
special quasi-random structures (SQS),* in which the lattice is
decorated so as to maximize the similarity of the radial corre-
lation functions to that of the completely disordered material,
in combination with the ideal approximation for the configu-
rational entropy. SQS models the fully disordered, infinite-
temperature limit: useful for understanding how high levels
of disorder can affect properties, but neglecting the effect of
short- and long-range ordering at finite temperatures.

The AFLOW partial occupation module (AFLOW-POCC)
enables the modeling of disorder as a function of temperature.*!
The disordered material is represented by an ensemble of small
ordered cells, generated by enumerating all possible decora-
tions of the parent structure that produce the target composi-
tions up to a cell-size cut-off. A descriptor, the entropy forming
ability (EFA), was formulated based on the energy distribution
obtained from first-principles calculations of these configura-
tions.'” A narrow distribution implies that it is easy to introduce
new configurations and disorder, while a broad one indicates a
thermodynamic preference for certain ordered states. The EFA
descriptor has guided the synthesis of high-entropy carbides,

successfully predicting whether compositions would form a
single-phase or undergo phase separation.'® Cr-containing
compositions forming a single phase were also identified with
machine-learning models trained on EFA data.*?

The properties of high-entropy ceramics have also been
modeled computationally.!%*** AFLOW-POCC was used
to calculate the thermodynamically weighted average of the
elastic moduli of the different configurations to predict the
mechanical properties of disordered carbides.!” The tem-
perature-dependent elastic properties of (HfTaTiWZr)C and
(MoNbTaVW)C and their component binary carbides were
investigated using ab initio molecular dynamics.** Molecular
dynamics simulations with deep-learning potentials were used
to predict the thermal and elastic properties of (HfNbTaTiZr)
B, as a function of temperature.**

Disorder-enhanced properties

Mechanical properties

The mechanical properties of high-entropy ceramics are
enhanced by a combination of grain refinement and solid-solu-
tion strengthening—Ilattice distortions due to differing atomic
radii and Jahn—Teller effects*>**® create barriers that disrupt
the propagation of dislocations, hindering plastic deformation,
and increasing hardness and yield strength. The reduction in
grain coarsening has been attributed to increased crystalline
energy due to lattice distortions, which reduces the free energy
gained by shrinking the grain surface area,*’** as well as to
slow diffusion.*® Finer grains lead to improved toughness due
to crack deflection at grain boundaries,*® and to Hall-Petch
strengthening due to the nanograin microstructure impeding
the motion of dislocations.

Bulk (HfNbTaTiZr)C, prepared by spark-plasma sintering,
shows a hardness 50% higher than what would be expected
from the rule-of-mixtures of the binary carbides,' %7 while
carbo-nitride versions of this composition are slightly harder
than the carbides,>® and an 8-cation carbide is even harder.”
High-entropy nitrides show even greater improvements, dou-
bling both hardness and fracture toughness compared to their
components (Figure 1a)."” Thin films deposited using mag-
netron sputtering had even higher hardness,’' ™ likely due
to internal stresses induced by ion bombardment:>'=>3 the
highest reported hardness was 70 GPa for a (HfNbTaTiV)N
film.>* The highest fracture toughness values of 8.4 MPa m'?
were reported for (MoNbTaTiVW)C(N),> whereas the high-
est flexural strengths tend to be for compositions with fewer
elements such as (NbTaTiZr)C (544 to 560 MPa>®) or (TaTiZr)
C at 700 MPa.”’

The enhanced mechanical properties of high-entropy
ceramics are generally maintained to relatively high tem-
peratures.>>>”-8 (TaTiZr)C retained half its flexural strength
up to 1800°C, while its fracture toughness increased almost
40% when heated to 1800°C.%’ The flexural strength of a fine-
grained (HfNbTaTiZr)C sample remained almost constant up
to ~1800°C, before decreasing significantly between 2000°C
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inclusions.'® Reducing the number

of carbon vacancies in high-entropy
carbides increases the hardness up to
carbon saturation,®® while excess car-
bon precipitates at the grain bound-
aries, first reducing hardness and then
increasing it again due to the forma-
tion of a diamond-like carbon matrix.
Average grain size in (HfMoNbTa-
TiZr)C increased ~fourfold with
increase in sintering temperature up to
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2500°C,*” reducing the Vickers hard-
ness. Sub-micron grains of (HfNbTa-
TiZr)C were prepared using a two-step
sintering process:*® the small grain
size was thermally stable, and the
sample showed improved strength,
hardness, and toughness. Fine-grained
high-entropy carbide samples can also
be prepared by carbothermal synthe-
sis of oxide precursors, with grain size
controlled by the hot-pressing temper-
ature (Figure 1c).%

Mechanical properties of high-
entropy ceramics can be further
enhanced by incorporating SiC sec-
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Figure 1. Thermal and mechanical properties. (a) Disorder simultaneously enhances
hardness and fracture toughness of high-entropy nitrides (panel adapted from Ref. 19).
(b) Flexural strength as a function of grain size (panel adapted from Ref. 56). (c) Micro-
structures of (HfNbTaTiZr)C annealed at 1800°C (top) and 1900°C (bottom), showing the
increase in grain size with temperature (panel adapted from Ref. 38). (d) Crack deflec-
tion by SiC phase (panel adapted from Ref. 59). () Thermal conductivity versus elastic
modulus: disorder lowers thermal conductivity while maintaining stiffness (panel adapted

Disorder suppresses lattice ther-
mal conductivity in high-entropy
ceramics without compromising
mechanical strength and stiffness
(Figure 1e).2%:927%% (MgCoNiCuZn)
O has a lattice thermal conductiv-
ity of 2.95+0.25 W m! K™!, while
six-cation systems formed by add-
ing other elements such as Sc, Sb,
Sn, Cr, or Ge have even lower val-

100 10()0 10000

and 2300°C; the fine-grained microstructure was maintained at
elevated temperatures.* The steady-state creep rates of (HfN-
bTaZr)C are about 10 x lower than the rates for the component
binary carbides,® attributed to lattice distortion and sluggish
diffusion.

Synthesis procedures, defects, and grain size all have
a major impact on mechanical properties of high-entropy
materials (see Figure 1b for dependence of strength on
grain size).!8374860 The fracture strength of (HfNbTaZr)C
was significantly reduced by defects in the form of pores or
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ues. The lowest thermal conductivi-

ties for high-entropy carbides were for porous samples®*—
when fully densified, thermal conductivities range from ~2
to 9.2 W m™! K7!.62:0366 Reducing the carbon content of
films increased the metallic bonding, raising the electronic
contribution to the thermal conductivity.®> Very low ther-
mal conductivities were reported for multi-component
chalcogenides®”-**—promising for thermoelectric applications.
The reduction in thermal conductivity has been attributed to
disorder in the interatomic force constants?> and atomic radii,**
while mass disorder appears to be less significant.?> Extended
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x-ray absorption fine structure measurements show that the
oxygen sublattice distortion is much larger in six-cation sys-
tems such as (MgNiCuCoZnCr)O than in (MgCoNiCuZn)
0,% indicating the importance of lattice distortion and force
constant disorder—this is further supported by molecular
dynamics simulations.?® For a set of 22 oxides based on the
pyrochlore structure, the thermal conductivity had a good cor-
relation (#2 = 0.73) with the overall size disorder.®*

Electrical and magnetic properties

The low long-range order in high-entropy ceramics strongly
affects their electrical and magnetic properties. Ferroelectric
and magnetic domains tend to be smaller and the number of
microstates is increased. Frustrated dipolar and magnetic
ordering can promote the formation of “relaxor ferroelec-

introduces localization, reducing orbital overlap and raising
the importance of double and superexchange.?’ Entropy also
enables the fabrication of thermodynamically stable single-
phase magnetic insulators with high quality surfaces such as
(MgNiFeCoCu)Fe,0,:°® promising for spintronic, spincalori-
tronic, nonvolatile memory, and microwave applications.
The magnetic and electrical properties of high-entropy
ceramics can be tuned by altering their composition®”-*
or synthesis conditions,***° or by applying strain.?®-®3
(MgCoNiCuZn)O films grown at low temperature exhibit
enhanced Co®" concentrations that result in a compressed lat-
tice parameter, reduced optical band gap, increased electrical
conductivity, and more diluted magnetic lattice.’>% Tensile
strain generates magnetic anisotropy by increasing the out-

of-plane magnetic hardness (Figure 2a),” apparently due

trics*%>2 and spin glasses.®” In magnetic systems, disorder to the modification of the superexchange coupling between
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Figure 2. High-entropy ceramics for magnets, batteries, thermoelectrics, and radioactive waste immobilization. (a) High-entropy
oxide thin films showed strong magnetic anisotropy when subjected to in-plane epitaxial strain (panel adapted from Ref. 68). (b) High-
entropy battery materials maintain efficiency under cycling (panel adapted from Ref. 22). (c) Increasing the number of components
improves the thermoelectric efficiency (panel adapted from Ref. 27). (d) High-entropy ceramics show reduced leaching rates when
used as immobilization matrices for radioactive waste (panel adapted from Ref. 70).
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the transition metal atoms. Increasing the Cu content of
(MgCoNiCuZn)O creates structural disorder since Cu®" ions
tend to undergo a tetragonal distortion from the octahedral
coordination (Jahn—Teller effect*®), leading to increased spin
frustration and a reduction in the driving force for a preferred
magnetization axis.%” Increasing the non-magnetic Co** con-
centration in (MgCoNiCuZn)O results in more uncompensated
spins when interfaced with a ferromagnet, leading to enhanced
magnetic exchange bias.*

Relaxor ferroelectrics have much smaller permanent electric
dipole domains than conventional ferroelectrics, forming “polar
nano-regions” on the nanoscale instead of the microscale. They
take less energy to align, giving them very high specific capaci-
tance and making them useful for energy storage. They also
have high dielectric permittivity, high piezoelectric coefficient
and giant field induced strain: important for applications in die-
lectric capacitors, piezoelectric sensors and actuators. In high-
entropy ceramics such as perovskite-structure (NaBiBaSrCa)
TiO; and (BiNaKBaCa)TiO;, or Aurivillius phase (CaSrBaPb)
Bi,Nb,O, and (Ca, ,Sr, ,Ba, ,Pb, ,Nd, ;Na, ;)Bi,Nb,O, (space
group A21am, #36), differences in the valence and ion size dis-
rupt long-range ferroelectric ordering and result in the forma-
tion of several different types of electric dipoles. This promotes
the formation of polar nano-regions, reducing the saturation
polarization, remanent polarization, and coercive field,**** and
increasing the piezoelectric coefficients.>” (NaBiBaSrCa)TiO,
also displayed an electrocaloric effect: the application of an
electric field changes the dipole arrangement from disordered
to ordered, resulting in an entropy-change that can be exploited
for refrigeration.*”

Corrosion resistance

The high melting temperatures of carbides and borides offer
great potential for applications in extreme environments such
as combustion chambers, where resistance against corrosion
is critical. Oxidation behavior has been extensively studied in
(HfNbTaTiZr)C.”"”7 Kinetic investigations showed that oxi-
dation follows a parabolic rate law between 1073 and 1773 K,
indicating a diffusion-controlled process.”!”"* The rate con-
stant increases until 1273 K while the passivating layer is
highly porous, then decreases with increasing temperature as
more complex quaternary and quinary oxides form and the
passivating layer densifies.”"’* The oxide layer is heterogene-
ous: group IV oxides primarily form near the surface (due to
the readily oxidized corresponding carbides), while group V
oxides form near the interface with the ceramic’*’>—similar
results were found in the diboride analog.”*"> Experiments
using water vapor showed a denser protective layer, which
increased corrosion resistance by preventing inward diffusion
of H,0.” The same study found improved corrosion resistance
compared to ZrC—attributed to sluggish diffusion in the high-
entropy material due to lattice distortions, suppressing outward
diffusion of the cations. This was supported by decreased oxi-
dation rates in (HfNbTaTiZr)C compared to (TiNbTaZr)C and
(NbTiZr)C.
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A separate study in air found improved oxidation resistance
in (HfNbTaZr)C compared to the five-metal carbide.”®’” The
four-metal carbide also showed improved performance com-
pared to the binary carbide reactants, and the oxide layer was
more structurally stable than in (HfTa)C, even though (HfTa)C
had a lower oxidation onset temperature.”® Mechanistic studies
confirmed that outward diffusion of TiO is the rate-determin-
ing step in the oxidation of (HfNbTaTiZr)C and thus key to
increased corrosion resistance of (HfNbTaZr)C.”® Performance
was further improved by doping with SiC as it forms a dense
oxide that prevents inward diffusion of oxygen. Additionally,
Si0 is an effective diffusion barrier for Ta and Nb oxides,
preventing outward diffusion of these metals.””’® (HfNbTaZr)
C with 20 vol-% SiC showed enhanced oxidation resistance
compared to the ultrahigh-temperature ceramic ZrB,-SiC.”’
Composition and porosity of the passivating oxide layer are
therefore crucial to the stability of high-entropy ceramics at
high temperatures under oxidizing conditions. The ability to
combine many elements to tailor chemical properties makes
high-entropy carbides and borides strong candidates for appli-
cations in extreme heat conditions.

High-entropy ceramic applications

Batteries

The entropy-driven preference for high-symmetry lattices
gives materials such as (MgCoNiCuZn)O high thermochemi-
cal stability, suppressing structural deformation and defect
formation, giving them the potential to maintain performance
under charge cycling (Figure 2b).>>”° This led to investigations
of the suitability of high-entropy ceramics for use as anodes,
cathodes and solid-state electrolytes in Li-ion batteries.?>?3
Shortly after its initial synthesis, room temperature superi-
onic conductivity was reported for Li-doped (MgCoNiCuZn)
0,% significantly exceeding that of the currently used lithium
phosphorous oxy-nitride solid-state electrolyte.

High-entropy oxides based on (MgCoNiCuZn)O are also
promising as anodes, with high specific capacities and robust
responses to charge cycling. Initial capacities of 980 mAh g ' 22
to 1585 mAh g~!' 7° have been reported, with a reversible
capacity of 920 mAh g ! at 100 mA g ! after 300 cycles.”
(MgCuNiZn), ¢sLij 550 had an even higher initial discharge
capacity of 1930 mAh g '.%! These values compare very
favorably with the current standard graphite anodes, which
have a capacity of ~360 mAh g !>}

Cation-disordered rocksalt-type oxyfluorides were investi-
gated for use as Li-ion cathodes,* delivering specific energies
of up to 307 mAh g'. High-entropy oxides based on the lay-
ered delafossite a-NaFeO, structures were also examined, but
their specific capacities were low compared to state-of-the-art
cathode materials.*®

X-ray absorption spectroscopy was used to investigate the
lithiation mechanisms in (MgCoNiCuZn)O.M‘85 Cu(Il) was
observed to reduce first to Cu(I) and then to metallic Cu, fol-
lowed by reduction of Ni and Co to the metallic state. The
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high-entropy oxide structure appeared to collapse for charges
greater than 400 mAh g ™!, and at 800 mAh g !, a significant
portion of Zn metal was present.® Removing Zn or Mg from
(MgCoNiCuZn)O resulted in significantly worse cycling per-
formance, indicating that these cations are important for main-
taining the rocksalt structure.

Catalysts

High-entropy catalysts, particularly oxides, demonstrate sev-
eral advantages over ordered counterparts: compositional
freedom translating to substantial electronic structure and
coordination environment tunability,*”*¢ better performance
than fewer-component variants,>*® and excellent stability
and durability.2*36-88 High entropy enables the design of new
catalysts that combine and even enhance beneficial features of
their components. In FeNiCoCrMn-glycerate, Fe-, Ni-, Co-,
and Mn-based materials are known to be highly active oxygen
evolution reaction elec'[rocatalysts,86 while Cr induces strain in
the structure that weakens active site chemisorption. The lay-
ered glycerate structure allows rapid transport of the reactants
to the material and provides additional catalytic active sites.
High entropy can also stabilize exotic active sites: Cu in high-
entropy rocksalt phases can cycle between redox states Cu(II)
and Cu(]) as it is treated with CO and O, at temperatures from
130 to ~250°C,2* whereas CuO is irreversibly reduced to Cu(I)
under the same conditions.

Poly-cation oxides such as (FeMgCoNi)O, , have shown
great potential for hydrogen production through two-step
thermochemical water splitting.?”-* Improvements have been
reported by integrating microwave-absorbing SiC foam and
performing the reaction under short-term, low-energy micro-
wave irradiation: (1) the thermal reduction process was expe-
dited to 4 min. versus the usual 30 min. or greater, (2) high
H, generation rates, and (3) power consumption that is 3%
that of conventional heat treatments. Microwave irradiation
significantly increases the oxygen vacancies in the structure
and can also generate plasma that enhances hydrogen produc-
tion, but at the cost of accelerated degradation of the material.

High-entropy structures were also shown to be a catalytic
booster for aerobic oxidative desulfurization of diesel.” Car-
bon and oxygen co-doped hexagonal boron nitride catalysts
with the highest density of grain boundaries demonstrated the
shortest induction period, achieving complete sulfur conver-
sion in 6 h.

Thermoelectrics

Thermoelectric materials generate a voltage when subjected
to a thermal gradient, and are used for energy generation and
refrigeration. They are evaluated by the “figure of merit™:
2T=0S%x, where o is the electrical conductivity, S is the See-
beck coefficient and « is the thermal conductivity—the reduced
lattice thermal conductivity in disordered materials leads to
increased zT. The thermal conductivity of perovskite-structure

(BaCaLaPbSr)TiO; was ~5 xlower than that of SrTiO3,26
with a maximum zT over 0.2. The high-entropy chalcogenide
Pby 39Sby 012510 1Sey sTey 255005 had an ultralow thermal con-
ductivity of 0.3 W m ™' K™ 2’ with zT of 1.8 compared to 0.8
for Pb 9oSb ¢1,Se (Figure 2¢). Adding Sn enabled the stabiliza-
tion of the Pb(SeTeS) system due to increased configurational
entropy. Pby o75_ Cd,Nag 1555€( 5S¢ 25 1€ 025, Where x<0.05, had
a conversion efficiency at AT=507 K of 12% (among the highest
reported values) with a power output of 2.7 W.28

Thermal and environmental barriers

The simultaneous suppression of the thermal conductivity®® and
enhancement of the mechanical properties'®* in high-entropy
materials makes them highly attractive for thermal and envi-
ronmental protection applications, with recent work focus-
ing on niobates'>!'* and zirconates.'>!® Pyrochlore-structure
(LaNdSmEuGd),Zr,0, could withstand up to 5 % as much ther-
mal cycling as La,Zr,0,."° Rare earth niobates had ultralow
thermal conductivities of <1 W m™! K™! '3 and hardnesses up
to 13.9 GPa.!

Nuclear energy applications

Their thermochemical stability and mechanical behavior make
high-entropy materials promising for nuclear energy applications
ranging from (1) structural components in fission and fusion
reactors, which need resistance to neutron irradiation damage,
corrosive coolants, thermal and irradiation creep, helium embrit-
tlement, etc.”’ to (2) immobilizing matrices for high-level waste,
which require excellent radiation tolerance and aqueous durabil-
ity.”® Radiation-induced defect clusters and dislocation loops in
(NbTaTiZr)C remained small—likely due to the lattice distor-
tion slowing their growth—and no void formation or radiation-
induced segregation near grain boundaries were observed.”! For
pyrochlore-structure (Eu, _,Gd, ),(TiZrHfNbCe),0,, the normal-
ized leaching rates for simulated radionuclides Ce (surrogate for
Pu) and Gd were two orders of magnitude lower than that for
Gd,Zr,0; (Figure 2d). Electrical conductivity was much lower
in the high-entropy material, indicating significantly fewer oxy-
gen vacancies—leading to slower cation diffusion and higher
chemical stability—while lattice distortion also leads to a high
lattice potential energy, reducing cation mobility.

Conclusions

Disorder is propelling the development of new ceramic materi-
als. Configurational entropy provides new thermodynamic path-
ways to stabilize multi-component materials. Disorder directly
enhances properties, facilitating the design of materials with fea-
tures that are traditionally considered mutually exclusive, such as
high stiffness and low thermal conductivity, or improved hard-
ness and fracture toughness. High-entropy ceramics will con-
tinue to impact fields as diverse as batteries, catalysts, thermo-
electrics, magnets, ferroelectrics, nuclear energy, and structural
materials, for the foreseeable future.
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