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In 2004, Yeh and Cantor introduced high-entropy alloys (HEAs), which maximize configurational
entropy by utilizing nearly equal elemental molar ratios. These HEAs are valuable for exploring the
central regions of phase diagrams. Building on this concept, Rost et al. proposed entropy-stabilized
oxides in 2015, revealing that high-entropy oxides (HEOs) exhibit structural stability driven by
entropy. This article provides a comprehensive overview of HEOs, with a specific focus on high-entropy
oxide ceramics (HEOCs). The paper explores the origins of the high-entropy concept and the
fundamental effects of high-entropy materials. It examines entropy from its basic definition and
investigates microscopic atomic distribution, crystal-level distortions, and electronic structures.
Additionally, the article introduces theoretical prediction methods applied to high-entropy materials.
Furthermore, this review systematically summarizes HEOCs, encompassing three key aspects: crystal
structure, preparation methods, and performance applications. Finally, the review concludes by
proposing future research directions based on the current progress in HEOCs.

Introduction [3] that distinguish HEAs from traditional alloys. These effects

Entropy quantifies the level of disorder in a system. In 2004, Yeh are:
and Cantor introduced the concept of entropy in alloys for
exploratory research. High entropy alloys (HEAs) are character-
ized by their composition, which consists of more than five ele-
ments in approximately equal molar ratios [1]. The main
objective in designing HEAs is to utilize entropy to promote
the formation of a single phase. Based on the assumptions pro-
posed by Boltzmann [2], a formula is developed to calculate the
configurational entropy of solid solutions formed by equimolar
elements. This development leads to qualitative and quantitative
investigations into the concept of high entropy. Tsai and his col-
leagues consolidate their findings, highlighting four core effects

(1) High-entropy effect: HEAs broaden the solubility lim-
its between constituent elements, consequently promoting
the formation of random solid solutions. This high-
entropy effect amplifies the alloy's entropy value and
enhances its thermal stability.

(2) Slow diffusion effect: In HEAs, the diffusion rates of
elements are notably sluggish, which impedes the growth
of secondary-phase nanoparticles. This reduces diffusion
rate poses challenges in achieving refinement within the
solid solution, resulting in a more uniform microstructure
in the alloy.
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(3) Severe lattice distortion: Owing to variations in
atomic radii and electronegativity among the elements in
HEAs, pronounced lattice distortion occurs. This distortion
contributes to the material's reinforcement and hardening,
thereby improving its mechanical properties.

(4) Cocktail effect: HEAs employ a blend of diverse ele-
ments to create a complex alloy system. This cocktail effect
imparts unexpected and superior properties to the alloys,
surpassing those of single-element alloys. These distinctive
combinations of properties give rise to the development of
novel materials, showcasing excellent specific strength,
enduring high strength at elevated temperatures, possess-
ing high and low-temperature fracture toughness, rational
wear, and corrosion resistance, augmented magnetic ther-
mal effects, superconductivity, etc.

The concept of entropy quickly extends to other material sys-
tems. Ceramics, in comparison to metals, have a wide range of
microstructures, which provides a strong basis for innovation
in the structure and performance of high-entropy ceramics
(HEC:). Initially, early studies on high-entropy ceramic materials
focused mainly on thin-film materials composed of nitrides.
These nitride films with high entropy are produced through mag-
netron sputtering on high-entropy alloy targets in an argon and

FIG. 1
The development of HEOs and HEOCs.

nitrogen atmosphere [4]. The first single-phase film of this kind is
known as (AICrTaTiZr)N [5].

In 2015, Christina M. Rost and her team examined and sum-
marized the concept of entropy-stabilized oxides [6]. As research
progresses, high-entropy characteristics play a crucial role in the
field of ceramics. Similar to HEAs, HEOCs are formally defined as
solid solutions consisting of more than five cation or anion sub-
lattices, demonstrating high configurational entropy [6].

HEOCG:s reside in the central area of the phase diagram and
possess the possibility of revealing unexpected properties. These
HEOC:s attract significant attention, leading to diverse research
avenues exploring aspects such as microstructure, compositional
design, and crystal structure, among others. The remarkable per-
formance potential of HEOCs generate considerable interest
across various application fields, including lithium-ion batteries,
supercapacitors, water splitting, catalysis, and more. In these sce-
narios, HEOs and HEOCs (as depicted in Fig. 1) have exhibited
superior performance when compared to traditional materials
[7].

In recent years, the number of publications on HEOCs has
increased significantly (Fig. 2), marking the rapid growth of this
emerging field. This paper provides a comprehensive review of
HEOC:s. It commences with an exploration of the entropy con-
cept, delving into the theoretical underpinnings of entropy sta-
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FIG. 2

Number of publications per year about HEOCs (Data from Web of Science on April 1, 2024 using keywords: “high entropy” and “oxide ceramics” or “high

entropy” and “oxide” and “ceramics”).

bility. Additionally, it outlines the primary methods used for pre-
dicting structures and properties of HEOCs. A summary of the
key crystal structures, preparation techniques, and properties of
HEOC: is carried out. The role of entropy effects in various prop-
erties can be better understood by examining specific examples.
Lastly, potential avenues for future research are explored and
discussed.

High entropy principle

Definition of entropy

The concept of entropy was first proposed by German physicist
Rudolf Clausius in 1850. Clausius defines entropy as the degree
of disorder of a thermodynamic system, which is used to describe
the degree of disorder of the system [1]. For high entropy sys-
tems, the calculation of entropy is essential. The mixing entropy
of HEOs can be calculated in the ideal situation using the follow-
ing equation [2]:

ASmix = —RZX,‘II’I(X,‘) (1)

where AS,ix is the mixing entropy, R is the gas constant, and x;
is the mole fraction of the i-th component in the HEOs.

In the ideal situation, it is assumed that the HEOs are perfectly
mixed and that there are no interactions between the different
components. This means that the energy of the HEOs is simply
the sum of the energies of the individual components, and the

mixing entropy can be calculated based on the statistical proba-
bility of the different arrangements of the constituent atoms.
When calculating the mixing entropy of equiatomic HEOs —
where each constituent element has an equal atomic fraction —
the equation for calculating the mixing entropy can be
simplified.

Simplifying the above equation, the formula for calculating
the entropy of mix with equimolar ratio is [8]:

ASuix = RInN (2)

Where N is the number of elements, and R is the gas constant:
8.314 J/K-mol [1].

This simplified equation for mixing entropy of equiatomic
HEOs shows that the mixing entropy is directly proportional to
the natural logarithm of N. This means that the mixing entropy
increases with increasing N, which can promote the formation of
a single-phase solid solution in equiatomic HEOs. Through the
above formula, the mixing entropy of the material system can
be simply calculated [8]. For example, when the N of element
types is equal to 4, 5, 6, and 7, the corresponding 4S,,, is equal
to 1.39R, 1.61R, 1.79R, and 1.96R (Fig. 3a).

In a system consisting of multiple elements and atoms, HEAs
exhibit a distinct characteristic compared to HEOs. In HEAs, the
elements are randomly distributed, whereas in HEOs, the oxygen
atoms within the sublattice do not contribute to the system's
entropy in an ideal state, resulting in an ordered distribution.
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(a) The relationship between entropy value and the number of elements and the distribution area of medium and high entropy ceramics[8]; (b) SEM image
and EDS elemental mappings of (LagCeq2Ndg2Smg;Euq 2),Zr,07[10]; (c) Statistical information on atom deviations illustrates significant deviation of carbon
from its ideal position[20]; (d) Different electronic ground states correspond to different copper-oxygen octahedra [22].

For example, HEO, in which the five metallic elements A, B, C, D,
and E, combine with oxygen to form 1 mol of (A 2Bo.2Co.2Do.2-
Eo2)O. The entropy value of this HEO, calculated using the tradi-
tional formula, would be approximately 1.61R. Similarly, when
ABCDE forms 1 mol of a high-entropy alloy, the entropy value
also equals 1.61R [9]. This reveals an interesting phenomenon:
the presence of oxygen reduces the amount of each metal ele-
ment required to achieve an entropy value of 1.61R from 1 mol
to just 0.2 mol. Thus, the total number of atoms does have an
impact on entropy value. The conventional mixed entropy for-
mula, therefore, becomes a subject of controversy when estimat-
ing the entropy value of HEOs [9].

Microscopic atomic distribution

In HEOC:s, the arrangement of cations displays a more consistent
distribution at the atomic level due to the presence of ordered
sublattices. Each cation lattice site in these ceramics shares a sim-
ilar environment, known as quasi-equivalent sites, which play a
crucial role in achieving the uniform distribution of cations. This
even distribution, resulting from the entropy effect, contributes
to the stability of the crystal structure. The atomic-level homo-
geneity is verified through observations using scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy
(EDS) system [10-12] (as shown in Fig. 3b). Additionally,
advanced techniques such as scanning electron transmission
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microscopy (STEM) and atom probe tomography (APT) are uti-
lized to analyze the elemental distribution in HEOCs, demon-
strating the absence of significant aggregation [13-18].

Crystal microscopic distortion

Within a high-entropy system, the varying sizes and electroneg-
ativity of different atoms lead to lattice distortion. Rost et al.
[6,19] utilized fitted extended X-ray absorption fine structure
(EXAFS) data to investigate atomic distances in the (Mgp2Nig »-
Cop.2Cup.2Znp )0 system. Their findings reveal that the dis-
tances between cations are consistent, whereas the distances
between each cation and oxygen ion are not uniform. Density
functional theory (DFT) calculations demonstrate that the
anions (oxygen elements) deviate from their ideal sublattice posi-
tions to accommodate lattice distortion, while the assortment of
cations is uniformly distributed on the face-centered cubic (FCC)
sublattice [20]. A similar phenomenon is observed in the struc-
ture prediction of the carbide HEC (Zrg Hfy 2Tio 2Nbg2Tag 2)C,
where the displacement of carbon atoms is more pronounced
compared to metal ions (refer to Fig. 3¢) [20].

Electronic structure engineering

The macroscopic properties displayed by materials are closely
related to their microscopic electron layer structure. The mixture
of various metal elements in HEOCs create a large degree of flex-
ibility in their electronic structure. Advances in theoretical calcu-
lations enable the prediction of the electronic structure between
different elements in materials, facilitating the explanation and
analysis of their macroscopic properties. The electronic structures
of HEOCs are being predicted through the application of DFT.
Calculating electronic structures using DFT requires an input
crystal structure, which can be challenging for high-entropy
ceramic oxides due to their complex and disordered nature. To
eliminate periodic errors in completely disordered structures, a
unit cell large enough to contain lattice distortions must be used
[21]. To simulate the random structure of HEOs, Rak et al. [22]
used a rock-salt supercell containing 480 atoms and performed
Bader charge and density of states analyses. In (MgCoCuNiZn)
O, the addition of Sc causes Cu to shift significantly from their
ideal lattice positions, while the addition of Li oxidizes CoNiCu
but did not significantly change their lattice positions [23].
Under the same model, the density of states of (Mg 2Cog 2Cug »-
Nig»Zngp,)O is calculated, which finds that the octahedron
(CuOg) composed of copper and oxygen has a certain degree of
deformation (Fig. 3d). Different electronic ground states of cop-
per ions correspond to different copper-oxygen octahedral
shapes. When electrons fill half of the dfiy orbitals, the octahedron
is elongated; when electrons fill half of the d? orbitals, the octahe-
dron is Jahn-Teller compressed [22].

Supercells serve as a valuable tool for examining high-entropy
systems; however, performing large-scale calculations can be
challenging due to their demanding nature in terms of super-
computing power. To mitigate this challenge, the special quasi-
random structure (SQS) is introduced to theoretically describe
the structure of HEOCs [24,25]. The essence of the SQS approach
lies in constructing a specialized periodic structure that reduces
the number of atoms in a single unit cell, thus enhancing com-
putational feasibility. In a study by Liu et al. [26], SQS supercells

are utilized to investigate Zng;Cag 1519 4Bag 4ZrO5. By reducing
the number of atoms per unit cell to 100, they succeed in signif-
icantly alleviating computational complexity. Their research
illustrates that high-entropy effects within HEOs can lead to
non-uniform chemical bonding and lattice distortion. Despite
the cost reduction achieves through SQS quasi-random struc-
tures, caution must be exercised in their application. The SQS
approach considers interactions between ions that are widely
separated to have negligible influence on the system, potentially
resulting in significant errors, particularly for important long-
range interactions [27].

Theoretical prediction

The synthesizable properties and stability of HEAs can be pre-
dicted through theoretical calculations. Several methods, includ-
ing DFT, molecular dynamics (MD), and CALPHAD, are
successfully applied to this field. DFT can use various descriptor.
As to predict single phases in HECs. When combined with the
SQS supercell technique (Fig. 4a,b), calculation difficulty and
scale can be reduced while maintaining rationality[28,29].

Pitike et al. [30] proposed a general evaluation method that
has been validated for 56 multicomponent single-phase com-
pounds. This method uses the nearest neighbor model (NNM),
and the corresponding parameters can be obtained from two-
component oxides, thereby reducing the need for DFT calcula-
tions. To evaluate the utility of the approach, they compare
the predicted combinations with the experimentally observed
entropy-stabilized oxide (MgCoCuNiZn)O. The strength of
molecular dynamics (MD) lies in the simultaneous treatment of
thousands of atoms. The accuracy of this method is determined
by the interatomic potential energy. Anand et al. [31] explored
the role of configurational entropy in single-phase multicompo-
nent oxides. They calculate the enthalpies and free energies of
these oxides to determine their stability, and investigate changes
in enthalpy, entropy (Fig. 4d), and ion distance as the number of
cations increased, quantifying lattice distortion (Fig. 4c).

In addition to the theoretical calculation methods mentioned
earlier, machine learning emerges as a promising tool in the
study of HEOCs. Machine learning techniques, including artifi-
cial neural networks and support vector regression, are being
applied to predict material properties, design novel HEOCs,
and optimize processing parameters. Kaufmann et al. [32] har-
nessed machine-learning techniques to forecast the behavior of
high-entropy carbide ceramics. They utilize thermodynamic
parameters and material composition to anticipate the entropy
stability of high-entropy carbide ceramics. Some of the forecasted
components are validated through density functional theory cal-
culations and experimental synthesis. This research also sheds
light on the potential of machine learning in the prediction of
HEOC:s.

Crystal structure

Most elements in HEAs adopt either a BCC or FCC structure,
resulting in HEAs with predominantly BCC or FCC structures
[33]. Unlike traditional ceramics composed of a single primary
element, HEOCs incorporate multiple elements in equimolar or
near-equimolar ratios, leading to the formation of complex crys-
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FIG. 4

The optimized crystal structures of 2 x 2 x 2 SQS supercell for (a) (HfTaZrTi)C and (b) (HfTaZrNb)C [29]; (c) Variation in enthalpy and configurational entropy
with number of cations [31]; (d) Variation in bond length with an increase in the number of cations for cation-cation pairs and cation-anion pairs [31].

tal structures. HEOCs possess a rich variety of crystalline struc-
tures, including rock-salt [34-40], fluorite [41-48], perovskite
[49-54], spinel [55-59], pyrochlore [60-63], and olivine [64,65]
structures. The intricate nature of high-entropy systems, charac-
terized by a diverse range of cation combinations, introduces a
multitude of variables that impact the prediction and identifica-
tion of crystal structures. The presence of multiple cations with
varying ionic radii introduces disorder and complexity into the
crystal lattice, resulting in the formation of solid solutions, inter-
metallic compounds, or even amorphous phases. This complex-
ity underscores the heightened research interest surrounding
high-entropy systems within the academic community.

Rock-salt
Rock salt is a basic crystal structure commonly found in various
oxides. HEOCs with a rock-salt structure demonstrate notable
characteristics such as high ionic conductivity [36] and a high
dielectric constant [66]. Several HEOCs and their variations with
a rock-salt structure (as depicted in Fig. 5a) are derived from
(MgCoNiCuZn)O [8], which is the initial entropy-stabilized
oxide reported. This discovery highlights the promising potential
of configurational entropy in producing single-phase oxides [6].

Rost et al. compared the X-ray diffraction (XRD) data for five-
element and four-element oxides (Fig. 5b) and found that the
oxide tended to be single-phase as the number of elements
increased.

In a subsequent investigation, Rost et al. [19] utilized the
EXAFS technique to examine the rock-salt structure of HEOCs.
The findings reveal that the local bond lengths between each

cation and the oxygen ion varies, while the distances between
cations are relatively consistent. The cations exhibit a uniform
distribution on the face-centered cubic (FCC) sublattice, with
the distortion of the Cu-O polyhedron being more pronounced.
The experimental results are supported by DFT calculations,
which indicates that the oxygen ions shifted from their ideal
positions to accommodate the distortion of the cation
polyhedron.

Berardan et al. [67] thoroughly explored the crystal structure
of HEOCs based on (MgCoNiCuZn)O, examining the impact of
synthesis conditions, stoichiometry, and post-annealing treat-
ments. Through electron paramagnetic resonance (EPR) and
XRD studies, they uncover the unique role of copper in distort-
ing and disordering the randomly distributed rock-salt structures.
The local environment of copper shifts from octahedral to rhom-
bohedral, depending on the thermal history of the samples, lead-
ing to deviations from the ideal rock-salt structure. The extent of
distortion and disorder in the crystal structure, which can be
fine-tuned through post-annealing treatments, greatly influences
the dielectric properties of the material. These findings provide
valuable insights into the behavior of this innovative material
category and offer new possibilities for manipulating the func-
tional properties of compounds based on (MgCoNiCuZn)O by
controlling the evolution of their crystal structure.

Fluorite

Ever since entropy-stabilized rock-salt oxides were introduced
[6], researchers expand their exploration of entropy to include
other oxide structures. Fluorite-structured rare earth oxides are
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(@) Rock-salt (Cubic) with space group Fm-3 m [34]; (b) XRD chart of five element oxides and four element oxides (J14 is (MgCoNiCuZn)O) [6].

widely recognized for their strong functional properties, and the
concept of entropy has opened new avenues for their synthesis
and preparation.

When it comes to synthesizing high-entropy fluorite oxides,
several fundamental principles need to be followed. Firstly, the
constituent cations that make up these high-entropy fluorite oxi-
des (as depicted in Fig. 6a) should have similar radii, aligning
with the characteristics of high-entropy rock-salt oxides. Sec-
ondly, the reactants employed should encompass two or more
distinct oxide crystal types. Lastly, it is crucial that at least one
oxide remains immiscible with other cationic oxides [8].

Sarkar et al. [43] made the discovery that Ce** plays a vital role
in stabilizing high-entropy fluorite oxides. Building on this con-
cept, more high-entropy fluorite oxides have been synthesized
[41,4269,70]. These high-entropy fluorite oxides can be catego-
rized into three primary molecular formulas: (CeRE)O,_; [7],
(HfZrCeM)O,_5 [7], and RE,TM,0 [71]. In these formulas, RE
represents Rare Earth Element, TM represents transition metal,
M represents other metal elements, and § depends on the valence
of the cation. The molecular structure of RE,TM,O- relies on the
ratio of the ion radius of rare earth elements to the ion radius of
transition metals. A general formula exhibiting a pyrochlore

(@) Fluorite (Cubic) with space group Fm-3 m [48]; (b) Representative XRD patterns of (Ce,La,Pr,Sm,Y)O during compression and decompression at room

temperature [68].
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structure is formed when the ratio falls within the range of 1.46
to 1.78. Conversely, when the ratio is exactly 1.46, the general
formula adopts a fluorite structure [71].

Cheng et al. [68] employed the nebulizing spray pyrolysis
(NSP) method to synthesize (Ceg;Lag 2Prp2Smp2Y02)O02_5 pow-
ders and characterized them through the use of a chromatic-
aberration-corrected High-Resolution Transmission Electron
Microscope (HRTEM) and synchrotron high-energy XRD
(Fig. 6b). The findings confirm that the sample possesses a fluo-
rite structure. The most significant observation in this study is
that pressure application allows for the control of crystal lattice
distortion, resulting in changes in bond angles and continuous
modifications in the band gap. Excessive alterations in bond
angles can disrupt the long-range order of the lattice, leading
to amorphization. When the pressure is reduced, a portion of
the amorphous phase reverts to the crystalline state, forming a
hybrid HEOC composed of glass-nanoceramics. This investiga-
tion enhances our comprehension and application of the struc-
ture and properties of HEOCs.

Sang et al. [72] investigated the structure and properties of
equimolar quaternary HEOC (Gdg255mo.25Ybg 25Y0.25)3Ta0s.
They use a preparation process that combined sol-gel technology
and high-temperature calcination to successfully prepare high-
entropy fluorite oxide nano-powders and dense bulk samples.
The thermal properties of the sample are analyzed, and it is
found that the sample had low thermal conductivity (1.170-1.
211 W-m~ 1K}, from 50 to 1000 °C). This is due to the coexis-

FIG. 7

tence of multiple ions that promote anharmonic vibration and
lattice distortion effects of phonons. The sample still exhibit
excellent phase stability at 1400 °C, indicating that high-
entropy fluorite oxide is a promising material for thermal barrier
coatings.

Xu et al. [41] proposed a new radiation-resistant high-entropy
fluorite oxide, (Ndp 2Smgo 2Gdo 2Dyo 2Erg.2)2.Ce,07. The sample is
synthesized using the traditional solid-state method, and the
reactant mixed powder is subjected to two pressing processes
with different pressures. After 9-MeV Au ion irradiation with
an ion fluence of 2.7 x 10" and 4.5 x 10'° ions/cm?, no phase
transition or decomposition occurs in the sample. The degree
of amorphization and lattice expansion of the material is much
lower than that of Nd,Ce,O,, which indicates that the material
has strong radiation-resistant properties.

Perovskite

Molecules of the perovskite configuration have become a hot
topic of research in recent years due to their chemical and struc-
tural properties [73]. The perovskite structure is undoubtedly an
important part of the extension of the entropy concept to HEOC
systems (Fig. 7 a-e). The classical chalcogenide structure consists
of two cations involved [74], with the structural general formula
ABOs. the stability of the perovskite structure is assessed by the
Goldschmid tolerance factor (f) [75]. The formula is as follows:

_ Ra+Ro
= V2(Rg + Ro) ¥

(a) Perovskite (Tetragonal) with space group P4/mmm [49]; (b) Perovskite (Cubic) with space group Pm-3 m [50]; (c) Perovskite (Hexagonal) with space group
R3m [53]; (d) Perovskite (Orthorhombic) with space group Pbnm [54]; (e) Perovskite (Tetragonal) with space group P4mm [51].
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where R5, Ry and Rp refer to the radius of the A cations, B
cations and oxygen anion, respectively. When the value of f is
greater than 0.75 and less than 1, the perovskite structure is
stable. When the value of t approximates 1, the perovskite shows
a cubic phase [76].

Efforts have aimed to explore numerous properties of high-
entropy oxide ceramics with perovskite structure, offering novel
insights for a range of fields. Key properties investigated include
ferroelectric properties [51], optical properties [77], magnetic
properties [78], energy storage properties [79], magneto-thermal
properties [80], dielectric properties [81], photocatalytic hydro-
gen evolution [82], and thermoelectric properties [83].

Furthermore, the overall performance of the material can be
enhanced by utilizing high-entropy perovskite oxides as a mono-
lithic unit for doping known matrix materials. Zhou et al. [84]
first doped Bi(Znp:Mgp2Alo SN0 272192)03 (BZMASZ) into
BaTiO3-Nag 5Big sTiO3 (BT-NBT). This introduction of BZMASZ
leads to a transformation of the material from a tetragonal phase
to a cubic phase. Simultaneously, the incorporation of HEOCs
enhances the relaxation behavior and formation of local nan-
odomains. Excellent temperature stability is observed in ceramics
with a composition of 0.9(0.75BT-0.25NBT)-0.1BZMASZ.

Spinel
Spinel, a significant oxide structure, can be described by the gen-
eral formula AB,O4. It demonstrates a cubic closed-packed (CCP)

FIG. 8
Spinel (Cubic) with space group Fd-3 m [55].

configuration of oxygen atoms, with the A-site cations occupy-
ing tetrahedral positions and the B-site cations residing in octa-
hedral positions [111]. The remarkable feature of spinel is its
high entropy, as illustrated in Fig. 8, which enables it to accom-
modate multiple cations simultaneously within a single unit cell.
However, it is worth mentioning that achieving single-phase spi-
nel poses a substantial challenge [8].

Dabrowa et al [85] synthesized the first high-entropy single-
phase spinel oxide — (Co, Cr, Fe, Mn, Ni);O,4. Stygar et al [86]
have investigated different combinations of components in the
Co-Cr-Fe-Mg-Mn-Ni-O system. Three combinations of single-
phase spinel structures are identified, namely Co-Cr-Fe-Mn-Ni-
O, Cr-Fe-Mg-Mn-Ni-O, and Co-Cr-Fe-Mg-Mn-O. Two high-
entropy spinel components, (Cr,Fe,Mg,Mn,Ni);04 and (Co,Cr,
Fe,Mg,Mn);0,, are discovered for the first time. It is observed
that the synthesis temperature for high-entropy spinel must be
carefully chosen. This is because the content of the rock salt
phase significantly increases in Co-Cr-Fe-Mg-Mn-Ni-O, Co-Fe-
Mg-Mn-Ni-O, Co-Cr-Fe-Mg-Ni-O, and Co-Cr-Mg-Mn-Ni at sinter-
ing temperatures of 900 °C and 1100 °C. As the rules for synthe-
sizing high-entropy spinel become more established, various
synthetic methods are developed and improved [86].

Bian et al. [87] successfully synthesized the high-entropy spi-
nel oxide [(FeCoNiMn); xNay]304 using the SP technique. Analy-
sis of the XRD patterns confirms the presence of a spinel
structure, exhibiting a space group of Fd-3 m. As the Na ion con-
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tent increases, a reduction in the lattice constant is observed.
High-resolution transmission electron microscopy (HRTEM)
reveals lattice spacings of 0.209 nm, 0.342 nm, 0.628 nm, and
0.484 nm, corresponding to the crystal planes (111), (220),
(511), and (400), respectively, which is consistent with the find-
ings obtained from XRD analysis.

Pyrochlore

Pyrochlore is a structure related to the fluorite configuration.
Informally, pyrochlore is more like an anion-deficient (ideally,
it is one-eighth tetrahedral anion-site vacant) distorted fluorite
[88]. The high entropy of pyrochlore has also become a new
research direction for researchers.

Jiang et al. [60] reported for the first time the HEO Nd,(Tig »-
Nby.2Sng.2Hfo.2Z10.2)207.x and Ndz(Tag 2S¢ 2SN 2Hfo.2Z1¢.2)207
with pyrochlore structure (Fig. 9). They analyze the local struc-
ture of the high entropy pyrochlore structure by neutron diffrac-
tion (ND) and pair distribution functions (PDF). The results show
that the average structure of high entropy pyrochlore is
orthorhombic Imma. The Ilocal TiOg octahedron in

Nd(Tip 2Nbg 2Sng 2Hf 2710 2),07.x appears to be noticeably
distorted, and there is some degree of titanium clustering. Con-
versely, when observing the microstructure of Nd,(Tap 2S¢ »-
Sng ,Hfy 2719 ),0, it is discovered that the cations are
uniformly and randomly distributed. These two pure-phase
high-entropy pyrochlore structures have contrasting morpholog-
ical characteristics on a microscopic scale. This indicates that
cations in HEOCs may not adhere to the rule of average random
distribution.

Mao et al. [89] reported on an ultrafast oxide densification
method that successfully prepared high entropy pyrochlore
oxide (LagNdp2Smg2Eug,Gdg2)2Z1,07;. The preparation of
pyrochlore-type HEOCs typically requires high temperatures for
several hours to achieve the desired density. In this study, the
researchers utilize the reactive flash sintering (RFS) method to
prepare high entropy pyrochlore oxides in just seconds at
1200 °C. XRD data shows that the product structure corresponds
to the peak structure of pyrochlore. The lattice constants are also
consistent with products prepared by traditional sintering pro-
cess. The density of the product reaches 99 % of that obtained

Pyrochlore (orthorhombic) with space group Imma [60].
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by the traditional solid-state method (1600 °C, 6h). Characteriza-
tion by SEM-EDS confirm the homogeneous composition of
pyrochlore-type HEOs at the atomic level.

Other oxide structure

More HEO structures (Fig. 10) are unearthed. Vinnik et al. [90]
sintered the oxide and carbonate at 1400 °C to obtain a high-
entropy single-phase oxide with a magnetoplumbite structure
— Ba(FegTi; 2Co1q 2Ing 2Ga; 5Cry 2)Oq9. Tseng et al. [91] success-
fully prepared HEOCs of bixbyite structure —Gdg 4Tbg 4Dy 4-
Hog 4Erp 4O3 using the polymeric steric entrapment method.
The HEOC exhibits a stable single-phase structure from room
temperature to 1650 °C. Zhao et al. [92] prepared a promising
high temperature insulation material-(Ti,Zr,Hf)P,O;. The sample
is a cubic metal pyrophosphate structure with good thermal sta-
bility and low thermal conductivity (0.78 W-m ~1.K ~1).

Preparation methods

From the inception of the concept of entropy stabilization to the
successful synthesis of HEOCs, the method of preparation plays a
pivotal role. Different synthesis methods yield varying impacts
on the final product, influencing factors such as microstructure,
performance parameters, structural stability, and more. Even
within the same synthesis method, the manipulation of param-
eters allows for further optimization of product morphology
and performance [8]. For instance, while solid-state synthesis
methods offer simplicity and scalability, they may result in
heterogeneous mixing and phase segregation due to the high
melting points of some oxide precursors. Conversely, sol-gel pro-
cessing provides better control over homogeneity and nanostruc-
ture formation but requires careful manipulation of precursor
chemistry and drying conditions to prevent phase separation
and densification issues [138,149]|. Moreover, reaction time, as
the most intuitive parameter, exerts a significant influence on
the microstructure of high-entropy products [103,108]. It is
established that systems exhibiting varying entropy levels neces-

FIG. 10

Olivine (orthorhombic) with space group Pnma [64].

sitate distinct optimal reaction parameters. Longer reaction times
often facilitate the attainment of equilibrium phases and finer
microstructures through enhanced diffusion and homogeniza-
tion processes, while shorter reaction times may result in incom-
plete reactions and phase transformations [105,106]. The
integration of diverse preparation techniques has catalyzed a
novel research domain focusing on determining the ideal reac-
tion conditions for high-entropy systems. Researchers are
increasingly exploring innovative approaches such as Co-
precipitation (CP) [119], Solution combustion (SC) [146] and
Spark plasma sintering (SPS) [110] to tailor the microstructure
and properties of HEOC:s for specific applications. By elucidating
the underlying mechanisms governing the preparation methods
and their effects on the structure-property relationships of
HEOCG:s, researchers can accelerate the development of next-
generation ceramic materials with tailored functionalities for
diverse technological applications.

The methods for preparing HEOs can be categorized into three
main groups: solid-state methods (such as SSR, OFZG, RES, and
SPS), liquid-phase methods (including CP, RCP, solvothermal
synthesis, SC, SGSC, and SP), and gas-phase methods (such as
RS and PLD) [8]. The summary of these preparation methods
can be found in Table 1.

Solid-state reaction (SSR)

Among the customary manufactured methodologies, SSR
(Fig. 11a) is extensively utilized in the fabrication of diverse
HEOCs [61,86,93-98]. The fundamental procedure of SSR can
be partitioned into two segments: blending and dissemination.
Among these, blending can be accomplished using the ball
milling technique. Ball milling involves the mixing and grinding
of powders with an optimal ratio and distinct balls within a
receptacle based on a specified mass ratio. As the receptacle
rotates on the roller, the balls impel the precursor powder to con-
tinuously roll inside the receptacle, thereby facilitating the pro-
cess of blending. The mixed powder then undergoes a sintering
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TABLE 1
Various synthetic methods and corresponding products.
Preparation Composition Feature Ref.
Solid-state reaction (Lag2Ndg>Smg >Eug »Gdyg 5)-2Zr,0; low thermal conductivity [61]
(Co,Cr,Fe,Mn,Ni);0,4 good thermal stability (up to 1273 K) [93]
(Gd44Euq/45m/4Nd+,4),Z1,05 single-phase pyrochlore structure [94]
(Gdy/5Euy/55m+/5NdysLaq/5)22r,07
(Gd1/6Eu/65Sm1 sNd1 6La1/6Dy1/6)22r207
(Gd,/7Euy,75m;;Nd4 7La4/7Dy1,7H04/7)221,0;
(Ybg.25Y0.25LUg 25Er0.25)2Si05 excellent phase stability and anisotropy in thermal expansion [97]
Ba goFes.g3Ali 19Ti1.08Cr1.12CU0 78Ga1 03lN097019  single phase material with magnetoplumbite structure [98] E
(Co,Cr,Fe,Mn,Ni)30,, (Co,Cr,Fe,Mg,Mn);0,, high total conductivity at high temperatures; high absolute values of [86] %
(Cr,Fe,Mg,Mn,Ni)30, Seebeck coefficient. :.
[}
Reactive flash sintering  Sr(Tip2Y0.2Zr025N02Hf02)O3. formation of single-phase oxides after sintering for 1 min [105] E
method ]
(Big.oNag»Kg-Bag-Cag,)TiOs stable perovskite structure even in the presence of excessive Na* and  [106] e
K* ions
(MgCoNiCuZn),4LixO charge compensation by the generation of oxygen vacancies [107]
Spark plasma sintering  A¢B,0,; (A = Hf, Zr; B = Ta, Nb) good hardness and fracture toughness; high temperature thermal [169]
stability
Sr((Zr0.94Y0.06)025N0.2Tio 2Hfo 2MNo2) O3« high density [115]
Co-precipitation (Mg, Co, Ni, Cu, Zn)O excellent sinterability [170]

method

Ce0.2Zr02Y02Gdo2L202025
(Zn,Fe,Ni,Mg,Cd)Fe,0,
(Lag.2Ceg 2Ndo 2Smg 2EUg 2)2Zr,0;
FeCoNiMgCr(OH)(OCH5)

small porosity
average crystallite size 11.8 nm; microwave absorption properties
low thermal conductivity

[
[
[
Solvothermal synthesis optimized OER performance [128]
[
[

(FeCoNi,CrMn)30, large active surface area profiting from the nano structure 130]
Solution combustion (C00.2CuUp Mg 2Nig2Zng5)0 long-range antiferromagnetic behavior below Néel temperature 35]
synthesis
(CoMnNiFeCr)O high permittivity; low leakage current density [172]
Sol-gel self-combustion  PrBagsSrosCoq sFeqs0s.84-5F0.16 enhanced P-ORR [173]
SrFeg 25 Tin.25C00.25MNg 25055 good chemical stability towards CO, [150]
Nebulized spray (Mng2Fep2Nip2Mgo2ZNng2)304 good electrocatalytic properties [174]
pyrolysis
(GdpsLagoNdg2Smp5Yo0):— «CaFeOs single orthorhombic structure [175]
Flame Spray Pyrolysis (Mn,Fe,Ni,Cu,Zn);0,4 single spinel phase [176]
Reactive sputtering (ALCr,Nb,Ta,Ti)O, single rutile phase [165]

procedure to achieve microscopic elemental diffusion. For the
sintering process, the choice of a muffle furnace or a tube furnace
depends on the desired atmospheric conditions
[74,99,93,91,100,101]. Li et al. [61] effectively synthesized a
HEOC with pyrochlore structure-(Lag ,Ndgp »Smg >Eug »
Gdo2)2Zr,0; utilizing an SSR. Even at a temperature of
1200 °C, the thermal conductivity of this oxide remains below
1Wm K.

The advantages of SSR are low cost, simple process and treat-
ment, and high tolerance for the precursors required for the reac-
tion [102]. The main problems with this reaction method are the
slow reaction rate (usually taking several hours) and high energy
consumption [103].

Reactive flash sintering (RFS)

REFS, as depicted in Fig. 11b, denotes a synthesis method wherein
the sample is subjected to simultaneous application of an electric
field and heating conditions. As the electric field reaches a speci-
fic threshold, the current flowing through the sample experi-
ences a rapid increase, triggered by thermal runaway.
Concurrently, the sample undergoes rapid densification, accom-
panied by a pronounced luminescent phenomenon. The temper-

ature at which the rapid current rise occurs is referred to as the
critical temperature, typically lower than that required for con-
ventional sintering [105]. This technique has been harnessed
for the synthesis of HEOCs, demonstrating its ability to promote
cation diffusion and expedite the formation of ideal HEOC con-
figurations within a short span of time [105-107]. Wang et al.
[105] successfully synthesized Sr(Tip Yo 2210 25n02Hf02)O3.«
through the RFS technique, reducing the reaction time from
10 h, as required by traditional sintering processes, to a mere
1 min.

The main advantages of RFS are high reaction rates and low
energy consumption. It does not rely on external heat sources
but relies on current to heat the sample. This process is prone
to difficulty in obtaining a uniform microstructure due to poor
thermal management [108].

Spark plasma sintering (SPS)

SPS, commonly known as field-assisted sintering technology,
represents a synthesis technique that employs a low voltage,
DC pulse current, and a pressure-assisted system to sinter sam-
ples [110,111]. The advantages of SPS are quite evident. Through-
out the sintering process, the sample is uniformly heated at a
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(a) The steps of SSR for the synthesis of BCZT-based ceramic samples [104]; (b) Schematic diagram of RFS showing the sintering process of dog-bone samples
[109]; (c) Structure diagram of SPS device[110]; (d) Schematic showing the preparation of ferrite by CP [124]; (e) Schematic showing solvothermal synthesis of

MOF-based films [133]; (f) Schematic showing the main steps of SC [145].

rapid rate, facilitating the production of high-density materials
[112,113]. The overall operation of the system is illustrated in
Fig. 11c [110]. The sintering process achieves an impressive heat-
ing rate of up to 1000 °C-min ", significantly reducing the over-
all duration of the sintering process. In standard mode, the
cooling rate can reach 150 °C-min ", and this rate can be further
enhanced to 400 °C-min~! with the inclusion of active cooling
[114]. Mattia Biesuz et al. [115] successfully synthesized HEOC
— S1((Zr0.94Y0.06)0.25N0.2Tip 2Hfp 2Mng 2)O3_x using the SPS tech-
nique. This work presents novel insights into the preparation
method of HEOCs.

The benefits of SPS technology encompass rapid heating rates,
reduced sintering durations, precise control over microstructural
formation, energy efficiency, and environmental friendliness
[116]. In contrast to conventional sintering techniques, SPS
enables high-quality sintering to be achieved at lower tempera-
tures [117]. Notably, this method imposes stringent atmospheric

conditions during the sintering process. Nevertheless, challenges
persist in the fabrication of large-scale materials using this
approach [118].

Co-precipitation (CP)

The CP method, as illustrated in Fig. 11d, holds significant
importance as a chemical synthesis approach widely employed
in the production of diverse metal oxide nano powder materials
[119]. This method offers the distinct advantage of directly syn-
thesizing nano-powder materials with a homogeneous chemical
composition through solution-based reactions. Notably, it is
characterized by its simplicity, affordability, and versatility. To
generate nano-powders using this method, precise regulation of
various process conditions is essential, including component
ratio, reactant concentration, temperature, dispersant, mixing
technique, pH value, washing method, drying temperature,
and methodology. By meticulously controlling these process
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conditions, one can effectively influence the particle size, mor-
phology, crystal structure, as well as the physical and chemical
characteristics of the nano powders. Furthermore, the CP
method can be synergistically combined with other chemical
synthesis techniques such as hydrothermal and sol-gel methods
to produce nano powder materials with distinct morphology and
structure, thereby expanding the scope and efficacy of this tech-
nique [120]. Radon et al. [121] successfully synthesized (Zn, Fe,
Ni, Mg, Cd) Fe,O4 utilizing the CP method. The resulting sample
exhibit a microscopic grain size of 11.8 nm. Experimental find-
ings confirm that samples with a thickness of 0.8-1 cm displayed
the highest absorption rate for microwaves near 2 GHz.

The CP technique offers operational simplicity and controlla-
bility, facilitating the simultaneous preparation of a substantial
quantity of sample particles with high efficiency [122]. Through
manipulation of various parameters such as reactant concentra-
tion, temperature, and pH levels, the morphology of the resul-
tant product can be finely tuned during the synthesis process.
However, the crystallization rate, which is influenced by the reac-
tants, presents a limitation to this method. Certain reactants
release ions that impede the formation of co-precipitates, thereby
impacting the reaction dynamics. Consequently, the stability of
the final product is compromised, rendering it susceptible to
environmental influences [123].

Solvothermal synthesis
The solvothermal method, as depicted in Fig. 11e, represents a
synthesis technique grounded in the crystallization process of
substances [125]. The primary principle of this method involves
utilizing organic solvents as the reaction medium to produce
functional materials of exceptional quality and purity. This pro-
cess is typically conducted within a sealed autoclave reactor. The
solvothermal method offers numerous advantages, including
straightforward reaction equipment, a simplified preparation
process, low reaction temperatures, and the ability to generate
particles of small sizes [126]. Notably, this method also enables
the control of product morphology and particle size, owing to
the adjustability of reaction conditions such as temperature,
pH, reactant concentration, and the addition of surfactants. By
effectively manipulating these parameters, the morphology, par-
ticle size, and ultimately, the performance of the resulting pro-
duct can be precisely regulated [127]. Furthermore, the
application of the solvothermal method expands to encompass
the synthesis of various functional materials, including nanos-
tructured materials, porous materials, photocatalytic materials,
biomaterials, and more. In recent years, the solvothermal
method also finds extensive use in the preparation of HEOCs.
This technique allows for the production of high-quality, high-
purity HEOCs, with a certain degree of control over their
microstructure and physical properties, thereby bolstering their
applicability [128-130]. Wang et al. [130] successfully employed
the solvothermal method to synthesize HEOC—(FeCoNi,-
CrMn)3;04. The utilization of solvothermal methods imparts
nanostructures to HEOCs, thereby enabling their application in
catalysis.

Due to the confinement of the solvothermal reaction within a
sealed vessel, direct observation of the reaction process is hin-
dered, limiting access solely to the outcome of the reaction rather

than the process itself [131]. This constraint poses challenges to
elucidating the underlying reaction mechanism and hinders
comprehensive investigation into the intricacies of the reaction
pathway [132].

Solution combustion (SC)

The method, SC, employed for synthesizing oxides involves the
preparation of a sol by combining metal nitrates, glycine, and
water. Subsequently, the mixture is dried to form a gel, which
is then subjected to high temperatures to yield HEOCs, as
depicted in Fig. 11f [134-139]. One notable advantage of this
method lies in its efficiency in terms of time and energy, as the
combustion reaction is a rapid chemical process capable of pro-
ducing high-purity oxides within a short timeframe. Further-
more, the equipment required for this method is simple and
cost-effective, eliminating the need for expensive autoclaves or
other intricate experimental apparatus [140]. Another significant
advantage is its applicability to a wide range of ceramic materials,
including oxides, carbides, borides, and more [141]. Additionally,
this method enables the synthesis of high-purity complex oxi-
des, as metal nitrates are typically highly soluble in water and
can be easily removed from the reaction mixture [135]. More-
over, by controlling the combustion temperature, this method
can generate metastable phases in a shortened time, which exhi-
bit favorable physical and chemical properties, thereby showcas-
ing potential advantages in specific applications [142]. Mao et al.
[35] successfully prepared HEOC nanocrystalline powder—
(C00.2Cup 2Mgo 2Nip 2Znp 2)O through the solution combustion
method, which exhibit antiferromagnetic behavior below the
Néel temperature.

Given the intrinsic nature of the combustion process as a self-
sustaining and spontaneous reaction, external energy inputs
become superfluous once the reaction initiates, leading to a lack
of control over the reaction dynamics [143]. This inherent char-
acteristic complicates the regulation and manipulation of the SC
process, posing challenges in directing and modulating the reac-
tion trajectory [144].

Sol-gel self-combustion (SGSC)

The SGSC method (Fig. 12a) is a promising approach for synthe-
sizing oxides through a combustion reaction, which represents a
novel synthetic strategy combining the sol-gel and SC method
[146]. Typically, metal nitrates are employed as oxidizing agents,
while citric acid serves as both a complexing agent and fuel.
Citric acid plays a crucial role as a complexing agent as it can
form stable complexes with metal ions, thereby facilitating the
reaction [147]. Concurrently, it acts as a fuel to provide the
energy required for the reaction. Compared to the conventional
combustion method, the SGSC method boasts remarkable
advantages such as a fast reaction rate, low reaction temperature,
and high purity of the synthesized products [148]. Moreover, this
method exhibits excellent controllability, allowing for the
adjustment of the morphology, size, and crystal structure of
the product by tuning the reaction conditions. By manipulating
the reaction parameters such as the reaction temperature, reac-
tion time, and reaction atmosphere, it is possible to control the
microstructure and properties of the product [138,149]. There-
fore, the SGSC method holds great promise for the preparation
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FIG. 12

(@) Schematic showing the SGSC preparation process [151]; (b) Schematic
diagram of the geometric structure of the FSP two-phase atomizer [159]; (c)
Schematic showing the preparation of AIN thin films by RS [168].

of HEOs. Shen et al. [150] used the SGSC method to prepare per-
ovskite SrFeg 5Tip25C00.25Mngp 25035, which was employed in
the cathode of solid oxide fuel cells with suppressed surface
strontium segregation.

The SGSC method entails the precise selection of complexing
agents and metal ions to generate complexes, which can poten-
tially impose constraints on particular reactants [147].

Spray pyrolysis (SP)

The SP method can be divided into two categories: nebulizing
spray pyrolysis (NSP) and flame spray pyrolysis (FSP). NSP is a
commonly employed chemical method for producing deposited
thin film oxides. The fundamental principle of this method
involves nebulizing an elemental salt using ultrasonic waves
and subsequently subjecting it to high-temperature pyrolysis to
convert it into an oxide. During this process, a salt solution
and oxygen are mixed and flow into a hot-wall reactor, where
pyrolysis reactions occur at elevated temperatures. Following
the pyrolysis reaction, the produced oxides are collected by a
filter-based collector and compressed into thin films. These films
are then sintered through heat treatment to form deposited

oxide films possessing desirable physical and chemical properties
[38].

This method can be utilized to produce various HEOCs, such
as (Coo.2Cup.2Mgo.2Nig 2Zno.2)O [38], (Ceg.2Lag.2Pro.2Smg 2Y0.2)Ox.
s [152], LilNiCoMnAIZn)O, [153], and others. By controlling
reaction conditions such as oxygen pressure and temperature,
the reaction rate and oxygen concentration can be adjusted to
precisely manipulate the physical and chemical properties of
the resulting product. Furthermore, this method offers the
advantages of high efficiency, simplicity, and facile scalability
[154].

On the other hand, FSP is a widely utilized method in the syn-
thesis of various oxide nano powders [155]. The basic principle of
this method involves injecting liquid metal and oxidizing gas
into the flame zone, where a chemical reaction occurs, yielding
metal oxide nano powders [155-157]. These products can be sim-
ple oxides or composite oxides, such as (Cog2Cug2Mgp 2Nig »-
Zng ;)0 [37] and (Co, Cu, Mg, Ni, Zn)O [126], along with other
HEOC:s. The process setup typically includes sections for reactant
delivery, flame and reaction chambers, collection systems, and a
vacuum device [158]. In this process, the reactants are delivered
to the reaction chamber through the delivery part and then
injected into the flame zone alongside the oxidizing gas. Within
the flame zone, the reactants undergo chemical reactions, result-
ing in the formation of oxide nano powders, which are subse-
quently collected in the collection system [158,159]. Fig. 12b
illustrates the geometric structure of an FSP two-phase atomizer
[159]. Compared to other liquid-phase synthesis methods, FSP
boasts several advantages. Firstly, it exhibits a short reaction
time, typically ranging from a few seconds to a few minutes. Sec-
ondly, the produced product displays greater homogeneity,
higher crystalline quality, and a narrower particle size distribu-
tion. Additionally, the particle size and structure of the product
can be relatively easily controlled by adjusting processing condi-
tions such as reaction temperature, flame zone location, reactant
concentration, and more [155].

SP emerges as a continuous, swift, and adjustable technique
devoid of the ultra-high vacuum demands inherent in gas-
phase methodologies. It allows for control over particle size
and morphology of the resulting product, ensuring high purity
and uniform component distribution [160]. Nevertheless, the
stringent requirements for precursor material preparation and
the necessity for selecting suitable solvents aligned with subse-
quent process conditions present notable considerations [161].

Reactive sputtering (RS)

RS, as depicted in Fig. 12c¢, is a sputter deposition technique
specifically designed for the precise deposition of thin films with
varying compositions onto designated substrates. This method
leverages the chemical reaction between sputtered particles orig-
inating from the target material and introduced reactive gases,
such as oxygen or nitrogen, to produce oxide and nitride films,
respectively [162]. The introduction of reactive gases signifi-
cantly influences the deposition process, necessitating the care-
ful control of the partial pressures of both working and reactive
gases to mitigate hysteresis behavior. In general, most reaction-
based sputtering processes exhibit hysteresis-like behavior,
underscoring the importance of fine-tuning parameters, includ-
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ing the partial pressures of working (or noble) and reactive gases
[163].

A critical model, known as the Berg model, is introduced by
Berg et al. to estimate the impact of incorporating reactive gases
during sputtering. This model proves invaluable in gauging the
influence of relative pressure and gas flow rates on target erosion
and the deposition rate of thin films onto desired substrates. By
manipulating the relative pressures of gases, the film's composi-
tion can be precisely controlled, thereby optimizing its properties
[164]. In a relevant application, Kirnbauer et al. [165] employed
the RS method to craft HEO thin films—(Al,Cr,Nb,Ta,Ti)O..
These films exhibit greater hardness compared to traditional
ternary oxides.

The film sample fabricated via RS showcases notable attributes
such as elevated purity levels and adjustable properties [166].
Nonetheless, a challenge arises during the production of dielec-
tric or insulating material compound films, characterized by a
hysteresis effect. This effect manifests as a correlation between
the sputtering rate and the flow rate of reactive gases. Conse-
quently, the presence of this phenomenon limits the achievable
stoichiometric ratios of compounds through reactive sputtering
techniques [167].

Properties and applications

Ceramic oxides possess diverse properties, rendering them valu-
able as functional materials across numerous fields. HEOCs, ben-
efiting from the cocktail effect, open expansive avenues for
development. Functional ceramics within high-entropy systems
exhibit a higher degree of disordered crystal structures in contrast
to their low-entropy counterparts. The critical role of crystal
structure in high-entropy oxide ceramics serves as a unique plat-
form for controlling a diverse range of mechanical [182], electri-
cal [181], and thermal properties [170] and applications. For
example, variations in crystal symmetry, lattice parameters,
and coordination environments influence factors such as hard-
ness, thermal conductivity, and dielectric constant. By tailoring
the composition and crystal structure, researchers can design
materials with specific properties optimized for various applica-
tions, including structural components, electronic devices, and
thermal barrier coatings. Ferroelectric HEOCs commonly display
reduced coercive electric field and residual polarization, thereby
offering promising research opportunities in the realm of energy
storage applications for ceramic materials [177]. Table 2 provides
an overview of HEOCs featuring various structures and their pri-
mary performance. Research areas of interest for the rock salt
structure encompass ionic conductivity [178], catalysis [179],
magnetic properties [180], electrical properties [181], thermal

TABLE 2

properties [170], and mechanical properties [182]. Thermal
[171] and mechanical [183] properties take precedence in the
study of the fluorite structure. Investigations into perovskite
structures primarily target electrical properties [184], magnetic
properties [185], thermal properties [186], ionic conductivity
[187], and catalytic effects [188]. Apart from the properties men-
tioned above, the spinel structure is mainly associated with mag-
netic properties [189-191] while the pyrochlore structure has
been extensively explored in terms of mechanical [192] and ther-
mal properties [10]. In this section, we provide a summary of the
varied properties of HEOCs and offer insights into their prospec-
tive application areas.

Thermal conductivity

Thermal conductivity is a measure of a material's ability to con-
duct heat. Ceramics with low thermal conductivity are com-
monly used to protect surfaces in high-temperature systems.
Thermal barrier coating ceramics have properties such as low
thermal conductivity, high thermal stability, and compatibility
with the substrate (Table 3). The decrease in thermal conductiv-
ity observed in high-entropy compounds is due to the scattering
effect of phonons caused by the presence of multiple compo-
nents and lattice distortion [63]. Fig. 13 provides a summary of
the thermal conductivity and density of selected high-entropy
compounds.

Maiti et al. [83] fabricated a perovskite HEOC, St(Tip  Feq -
Moy 2Nbg 2Cr 2)O3. By incorporating transition metal elements
into the B-site of SrTiO3, high-entropy oxide ceramics with sig-
nificantly reduced thermal conductivity are intentionally
designed. Remarkably, the thermal conductivity of Sr(Tip 2Feo »-
Moy 2Nby 2Cr02)O3 is as low as 0.7 W-m™~ "K' at 1100 K.

Liu et al. [193] developed a new variant of high-entropy zir-
conate, denoted as (SmgEugTbg2Dyo 2Lug 2)2Z1,07. Remark-
ably, this material showcases an extremely low thermal
conductivity of 0.031 W-m L.K! after undergoing high-
temperature heat treatment. Advanced characterization meth-
ods, including scanning electron microscopy, have provided evi-
dence of the material's internal nano porous structure.

In a study by Wright et al. [63], the relationship between ther-
mal conductivity and structural parameters of 22 entropy-
stabilized single-phase pyrochlores is investigated. After compar-
ing various parameters, it is found that disorder within the unit
cell parameters shows the strongest correlation with changes in
thermal conductivity. Lattice distortion was found to have a sig-
nificant influence on the thermal conductivity of high-entropy
compounds.

Summary of properties and structures of HEOCs.

Rock-salt Fluorite

Perovskite Spinel Pyrochlore

lon conductivity
Catalysis

Magnetic property
Electrical property
Thermal property
Mechanical property
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TABLE 3

Summary of thermal conductivity of HEOCs.

Materials Key Findings Ref
Mg,Ni,Cu,C0,Zn,Sb,0, X = 0.167 141 +0.17 W-m™ K™ [194]
(Cep2Zro2Hfo2SN05Tin2)0; 1.28 W-m "K' [44]
(SM1/4EU1,4Gd /4 YD14)5(Ti oHE 4214 14),05 1.36 + 0.04 W-m™"-K™" [63]
(Hfo.25Zr0.25C€025)(Y0.125C0.125)02-5 1.10 £ 0.20 W-m ™K™' [42]
(Hfo.284Zr0.284C€0.284Y0.074Ca0,074)02-5 1.54 £ 0.05 W-m~ K™ [183]
(Dyo.2HOg 5Erg5Y0.2Ybg 2)3sNbO; 0.724 W-m~'.K™! [195]
(Lag 2Ceq 2Ndo 2Smo 2Eug 2)2Zr,0; 0.76 W-m~".K™" [10]

The relationship between thermal conductivity and density of some high-entropy compounds is summarized [21].

Catalytic performance

Catalysis is a crucial and intricate process in the chemical indus-
try. Researchers are constantly striving to discover new catalysts
with high performance. In this regard, HEOCs have shown great
potential in catalysis. These ceramic materials possess unique
chemical bonding patterns, which offer promising opportunities
for catalytic reactions [196,197]. HEOCs not only exhibit high
activity, selectivity, and long-term stability, but they also have
controllable costs, making them suitable for the production of
affordable high-performance catalysts (Table 4).

HEOC:s can play a significant role not only as catalysts them-
selves but also as catalyst supports. By tuning the geometry and
pore structure of HEOCs, their surface area and catalytic perfor-
mance can be further enhanced. Recent research efforts have

focused on noble metal-supported HEOCs, such as (MgCoNi-
CuZn)O, for CO oxidation [40] and CO, hydrogenation reactions
[179]. Disordered oxides can promote the high dispersion of
noble metal catalysts, like Pt/Ru, enhance their activity, and pro-
vide resistance to high-temperature processing.

In the CO oxidation reaction, HEOCs have demonstrated the
ability to achieve high conversion rates at low temperatures and
exhibit good reusability. For instance, a catalyst loaded with 5 wt
% Pt/Ru showed CO production and CO2 conversion exceeding
45 % at 500 °C. Furthermore, the CO selectivity of the CO2
hydrogenation catalyst surpassed 95 % [179].As the properties
of HEOC:s are further studied and optimized, they are expected
to bring about more innovations and breakthroughs in the field
of catalysis.
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TABLE 4

Summary of catalytic properties of HEOCs.

Materials Key Findings Ref.
(Cog.2Cug2Mgg2Nig2ZNng )0 enhanced the rate of the redox reaction [198]
(CeZrHfTiLa)Oy increased activity for CO oxidation at lower [199]
temperatures
Rug.13/Bag 3510 3Big 4(Zro 2Hfp 2 Tig 2Fe0.27)03 51 % CO conversion at 90 °C within time of less [188]
than 1s
TiZrHfNbTaO4, higher light absorbance compared to all binary [82]
oxides and successful hydrogen production 2
(NiMgCuZnCo)O-CuCeOx enhanced thermal stability for the oxidation of [200] .g
CO at elevated temperatures. =
Lag »Pro>SmgSrg-CagsFeqoNig 1035 CO production rate is 1.04-4.06 mlsmin~", from [10] £
12 V-1.8 V. =
<<
1T}
0
w
o

lonic conductivity and capacity of battery

HEOC:s have gained considerable attention in the field of Li-ion
batteries (Table 5). These materials are particularly suitable for
use as anode materials due to their high ionic conductivity char-
acteristics [99]. One specific HEOC material, (MgCoNiCuZn)O,
attracts the interest of researchers because of its strong ionic con-
ductivity and cycle stability as an anode material
[37,38,198,201]. It should be noted that the HEOCs used in the
charging mechanism of Li-ion batteries require a complex pro-
cess of reducing transition metal cations [37,178].

Researchers are constantly working to improve the structure
and composition of HEOCs in order to enhance their lithium-
ion conductivity and cycling stability. They achieve this by care-
fully controlling the crystal structure, lattice defects, and ion dif-
fusion pathways of HEOCs [201]. Techniques such as interface
engineering and nanoscale optimization are frequently
employed to improve the performance of HEOCs in Li-ion batter-
ies [36].

Nanoscale management is a key approach to enhancing the
functionality of HEOCs. By adjusting factors such as particle size,
shape, and crystallinity, it is possible to increase the surface area
and ion diffusion pathways, leading to faster ion transport rates
[37,201]. Additionally, nanoscale management is effective in
reducing volume expansion and structural degradation during
extended cycling, resulting in longer battery life [99,187].

TABLE 5

The research and optimization efforts mentioned above make
HEOCs highly promising for use in lithium-ion batteries. This
progress has the potential to provide more reliable and efficient
energy solutions in industries such as electric vehicles, portable
electronics, and renewable energy storage. It is expected that
HEOCs will continue to expand and be more widely used in sus-
tainable energy storage as future research advances [9].

Magnetic property
HEO materials have been under consistent manufacturing and
investigation in recent years, yet their magnetic properties have
only recently emerged as a focal point. The magnetic characteris-
tics of oxides are influenced by their chemical composition,
physical structure, and spintronic states. The magnetic evalua-
tion of HEOs is particularly intricate due to lattice anisotropy,
intrinsic chemical disorder, structural intricacies, and the ran-
dom arrangement of magnetic atoms, each possessing varied
electronic and ionic configurations [207,208]. Owing to the mul-
titude of nearby ion configurations within HEOs, they give rise to
intricate magnetoelectronic free energy conditions, ultimately
stabilizing novel spintronic states [209]. Table 6 provides a sum-
mary of research pertaining to the magnetic properties of
HEOC:s.

Meisenheimer et al. [210] studied the disorder and
anisotropy of permalloy/(Mgo.25(1-x)COxNig 25(1-xCUo.25(1-x)ZN0.25

Summary of properties for battery applications of HEOCs.

Materials Key Findings Ref.
(MgCoNiCuZn);.x,Ga,A,O (A refers to Li, Na and K) Li* conductivity (>10 S-cm ™), [36]
Na* conductivity (5 x 107 S-cm™")

(MgCoNiCuZn);.,Li,O 1 mS-cm™" at room temperature and 20 mS-cm™" at 100 °C [202]
(Mg 2Tig.2ZNg2CuUg2Feq2)304 Reversible capacity of 504 mA h~g*1 [99]

(Bi,Na)o2(La,Li)g2(Ce,K)g2Cag2Sro 21 TiOs Anode material with initial discharge capacity of 125.9 mA h‘g*1 [187]
BaCeg5Zro-Yo.1Ybo1Gdo 105 5 Total conductivity 1 x 107 S cm ™' in wet air at 600 °C [203]
BaSng 16Zr0.24C€0:35Y0.1YD0.1DY0.0503_5 Protonic conductivity 8.3 mS cm™' in humidified air (3 % H20) at 600 °C [204]
Lag>ProoNdg»Smg >Bag 1Srg 1Cog oFeqNig.1Cug 1035 Electrical conductivity 635.15 S-cm™! at 800 °C [205]
Pry/6La;,6Nd; 6Baq 6511 ,6Caq/6C005_5 Electrical conductivity > 1000 S-cm™" at 300-750 °C [206]
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TABLE 6

Summary of magnetic property of HEOCs.

Materials

Key Findings Ref.

(Mg 2C00.2Nip2CUg 22N 2)O

slow magnetic transformation, long-range ordered antiferromagnetic ground  [211]

state
Mg2C0g>Nig 2Cug2ZNng ;0 long-range magnetic ordering at temperatures below 120 K [212]
Mg.2C005Nigp2CuUg2ZNg 0 Long-range ordered antiferromagnetic behavior below Ty = 106 K, [35]

paramagnetic behavior at room temperature.

Y(C0g.5Crg2Feq2Mng5Nig )03, La(Cog>CrgFeq2Mng5Nig )O3, ferromagnetic clusters within an antiferromagnetic matrix [185]

(GdgLagaNdg25mg5Y(2)Co03, (GdgsLlagaNdg2S5mg ;Yo 2)FeOs, chemical disordering in rare-earth sites with specific magnetic features [78]
(Gdp2Lag 2Ndg25mg ;Y0 2)CrO3

BaFes g3Al; 10Tiq 08Crq.12CU0.78Ga1 03IN0.07010 ferromagnetic at low temperatures, paramagnetic at room temperature [98]

(Al4,6C01/6Cr1/6F€1/6MN16Ni1/6)304 long-range ferromagnetic behavior below Curie temperature of 248 K [213]

(Cro2Feq2Mng 2C0og2Nig2)304, (CrgsFeq2Mng;Nig2ZNng5)304, replacement of Co?* or Ni** as nonmagnetic ion attenuates ferromagnetic [214]

(Cro.2Fe02MnNg 2C00.2ZN0.2)304

ordering and magnetic moments

(1-x)O heterostructures. The presence of anisotropic magnetic
exchange and critical blocking temperature suggests that
entropy-stable oxides possess antiferromagnetic properties. By
changing the composition of the oxide, the disorder, exchange
field and magnetic anisotropy can be tuned. Taking advantage
of this tunability, they successfully increase the strength of the
exchange field at low temperatures by a factor of 10 compared
to permalloy/CoO heterostructures. The structural and magnetic
parameters of the crystals deviate significantly from the mixture
rules, indicating that configurational entropy plays a dominant
role in the crystals. These results demonstrate that the unique
properties of entropy-stable materials can be exploited and tai-
lored to engineer magnetic functional phenomena in oxide
films.

Dielectric property

A crucial factor to consider when designing electronic devices,
particularly energy storage capacitors, is the high dielectric con-
stant (¢'). Traditionally, BaTiO3 has been widely employed in
capacitors. However, the introduction of the concept of high
entropy has paved the way for a fresh approach to developing
high-performance dielectric materials. Earlier studies revealed a
connection between grain size and dielectric properties [215].
As research has progressed, it has become evident that HEOCs
with a rock-salt structure exhibit a notably high &', and this per-
formance can be fine-tuned by adjusting the elemental composi-
tion. These findings suggest a promising application of HEOCs in

TABLE 7

capacitance-based energy storage devices [66]. Research into the
dielectric properties of HEOCs is not confined to the rock-salt
structure, as researchers have also ventured into the develop-
ment of other varieties of high-entropy dielectric materials.

Bérardan et al.[66] conducted research on heterovalent ele-
ment substitution and dielectric properties of HEOC, (Mg,Ni,
Co,Cu,Zn)0. Through experiments, it is found that HEOCs are
highly tolerant of elements in the + 1 valence state. The substitu-
tion ratio of Li element in HEOCs can be as high as 16.6 %.
Among them, (Mg,Ni,Co,Cu,Zn)g 95Li0.0sO has a ¢ as high as
2*10° under the test conditions of 20 Hz and 440 K.

Zhou et al. [216] successfully prepared high-entropy per-
ovskite oxide Sr(Zrg ,Sng ,Hfp 2Tig 2Nbg 2)O3 (SZSHTN) and intro-
duced it into NagsBipsTiO3 (NBT). Through research, it was
found that the 0.8NBT-0.2SZSHTN system has the best perfor-
mance. The ¢ of this component is as high as 2000 at 150 °C
with low dielectric loss (tand). The relevant studies are summa-
rized in Table 7.

Piezoelectric property

Piezoelectric materials [221,222] are special materials that gener-
ate an electrical potential in response to applied mechanical
stress, or mechanical motion or deformation when subjected to
an electric field [223,224]. This characteristic makes piezoelectric
materials widely used in electromechanical fields such as sensors,
actuators, and transducers [225-227]. The occurrence of piezo-
electricity depends on the crystal structure and the direction of

Summary of dielectric property of HEOCs.

Materials Key Findings Ref.
Sr(Zrp2SNg 2Hfo 2 Tip 2Nbg 203 (SZSHTN) high € > 2000 at 150 °C and low tand (<0.01, 90-341 °C) [216]
0.8Nag sBip5TiO3-0.2SZSHTN
Ba(Zro5Tip>SNo.2Hfo sMeg)05 (Me = Nb>*, Ta>*) low tand at 20 Hz — 2 MHz (<0.002) [81]
(NaBaBi)x(SrCa)(1-3x,2TiO3 ( x = 0.205) g ~ 4920 [79]
Sroolag1MeOs (Me = Zr, Sn, Ti, Hf, Mn, Nb) €/€x5:c < 5 % within — 100 to 300 °C [217]
Yo.2EUo2Erg2DYo LU 2)3(AlFe1 )50, (x = 0.4-0.6) €, decrease with increased Al content [218]
(FeCoCrMnZn);0,4 ¢’ decreases with increasing pressure [219]
(Big.2Nag 2Ko 2Bag 2Cap ) TiO3 €' ~ 1200 at 240 °C [106]
Ba(Ti-|/Gsn1/5Zr1/6Hf1/5Nb1/5Ga1/5)O3 g ~ 65 at 650 °C [220]
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applied stress [228,229]. For example, quartz becomes polarized
when compressive stress is applied in the [100] direction, but
not in the [001] direction [88]. This relationship between polar-
ization and stress can be described by the piezoelectric coefficient
(d33). The high ds3 is the key to achieving efficient energy con-
version [230,231,125]. Many crystals containing tetrahedral
groups, such as ZnO and ZnS, are piezoelectric because applied
stress causes the tetrahedra to deform [88]. Lead zirconate tita-
nate (Pb(Zr,Ti)O3) is a typical piezoelectric material with a per-
ovskite structure [100]. It is a composition of solid solution
between PbZrOs; and PbTiO;3. These solid solutions can exhibit
antiferroelectric and ferroelectric behavior under certain compo-
sitions. Recently, a high-entropy design has been proposed to
achieve high ds3 values [232], which is a new strategy different
from constructing morphotropic phase boundary (MPB) and
polymorphic phase boundary (PPB) [8].

Liu et al. [230] prepared piezoelectric ceramic, Pb(Nig ;73In¢.07-
710 034 Tip 306Nbg 417)O3, with ultrahigh d3; ~ 1200 pC/N through
a high-entropy strategy. The results show that the multiple inter-
actions between atoms in the A-site and B-site are due to the
increase in the types of elements in the B-site and the increase
in system entropy, which weakens the long-range polarization
order and enhances the flexibility of the external field under
the action of polarization. Table 8 summarizes high-entropy
piezoelectric materials.

Ferroelectric property

Disorder has been a pivotal research area concerning ferroelectric
materials due to its profound influence on the formation of
homogeneous phases and the development and propagation of
domain walls. When disorder is evenly dispersed throughout
the lattice, it introduces a novel category of high-entropy ferro-

TABLE 8

electric materials, capable of uniquely impacting phase dynamics
[73]. The composition of cations plays a decisive role in govern-
ing the properties of high-entropy ferroelectric materials. This
mode of regulation offers fresh perspectives on several funda-
mental research questions. Disordered alterations within the lat-
tice can exert significant influence over the metastability and
Curie temperature of the crystalline phase [236]. Additionally,
high-entropy strategies exhibit the potential to enhance ferro-
electric properties, including the augmentation of ferroelectric
polarization, the suppression of loss, and the fine-tuning of
relaxor behaviour.

Liu et al. [51] prepared a series of high-entropy perovskite
ceramics—(Bip »Nag »Bag »S19,Cag »TiO3, Big.Lig2Bag 2Srg2Pbg.2-
TiOs, Bigp.2Nag 2Bag 2S19.2Pbo 2TiO3,  Big 2Ko 2Bag 2S10.2Pbo 2 TiO3
and Bip 2Ago 2Bao 2510 2Pbo 2 TiO3). It is found that Bip Nag »Bag »-
Sro 2Pbg >, TiO3 high-entropy ferroelectrics achieved strong ferro-
electric polarization (Pmax) up to 20 pC/cm at 50 kV/cm. High
entropy of A site as ions can effectively disrupt the symmetry
of crystal structures, providing additional opportunities to design
and tailor the functional properties of entropy-stabilized
ferroelectrics.

Zhang et al. [237] used the high-entropy design concept to
prepare ferroelectric ceramics (Cag 2Sro 2Bag 2Pbg 2Ndo 1Nag 1)Bis-
TisO15 (6ABTO). When characterizing the material with an I-V
curve, four current peaks are observed. This is the first time such
behavior has been reported for an Aurivilius structural ferroelec-
tric material.

As a subset of dielectric materials, high-entropy ferroelectric
materials can be widely used in energy storage and conversion,
random access memory, and other fields [51,52,81,125,235-
247]. Research into this class of materials is growing rapidly,
and the future holds great promise. Table 9 summarizes high-
entropy ferroelectrics.

Summary of piezoelectric property of HEOCs.

Materials Properties Ref
Pb(Nio.1775€0.015IN0.06 Ti0.32Nb0.428) O3 ds3 ~ 1210 pC/N [230]
(Bi(1_X_y)Na(0A925_x_y)Li0A075)0,5BaXSryTiO3 d33 = 133-193 pCN71 [1 OO]
Pb(Zro.49Ti0.51)0.94MN0.014500.02W0.014Ni0.0203 ds3 = 278 pCN™" [233]
Pbo.945r0.06(Zr0.50Ti0.50)0.99Cr0.0103 d33 = 68 pCN™" [234]
Pb(Mgg2Zng;Nbg;Tag W 2)03-PbTiO3 d3; = 92.4 pCN™! [235]
TABLE 9
Summary of ferroelectric property of HEOCs.
Materials Key Findings Ref.
(NaBiBa)y(SrCa)(1-3x,2TiO3 (x = 0.18-0.22) Prmax ~ 16.S9pC/cm2, [244]
P, ~ 1.44pC/cm?
Big2Nag>Bag »Sro2Pbg > TiOs Prmax ~ 24.2pC/cm2, [51]
P, ~ 20.5uC/cm?
Bi0_2Li0_2Bao_zsro_zpbo_zTiO::,; Bio_zAgo_zBao_zsro_zpbo_zTiO_v,; Bio_zKo_zBao_zsrozPbo_zTio_v, Pmax ~ 16-22],1C/Cm2, [51]
P, ~ 13-17uC/cm?
(1—=x)Pb(Mgg2Zng:Nbg ;Tag 2 W 2)O3—xPbTiO3 Prmax ~ 19—25pC/cm2, [235]

P, ~ 3-16uC/cm?
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FIG. 14

The change of P-E loop by entropy engineering (the shaded area represents the recoverable energy density, W ).

TABLE 10

Summary of energy storage property of HEOCs.

Materials

(Nag 2Bio 2Bag 2Sr0.2Ca02) TiOs
Li,CO3-densified Big,Nag>Bag »Sro>Cap 2 TiOs3
(Big.oNag »Bag »Srg»Cag ) TiO3-xmol%PbO
(NagBig»Cag »Srp2Bag ») Ti03-0.5 wt%MnCO;

0.91(0.9Ba(Tip.97Ca0,03)03-0.1Big 55Nag 45 T103)-0.09Bi(Lio 2 Y0.2MJo 2 Tio 2 Tao 2) O3

Key Findings Ref.

Wee = 1.02 J/em?® 250

Wiee = 10.7 J/cm®, 1 = 89 % 177
5

Wiec = 1.56 J/Cm3, n=702%

[

[
Wyee = 8.2 J/am3, 1 = 92.2 % 2

[
Wree = 4.89 J/em®, =912 % [

Energy storage property

Energy storage in high entropy dielectrics represents a cutting-
edge field of study with tremendous potential [248]. High
entropy dielectrics, characterized by their complex crystal struc-
tures and equimolar ratios of multiple cations, offer exceptional
properties that make them highly desirable for energy storage
applications [177]. In equimolar proportions, the crystal lattice
evenly distributes different elements, causing a transformation
of the initially long-range ordered electric dipole into a state of
short-range order. Consequently, the P-E test reveals a narrower
hysteresis loop as an outcome [249]. The combination of high
entropy and relaxor behavior in these materials leads to reduced
residual polarization (P;), and coercive field (E.), resulting in
improved recoverable energy storage density (W) and effi-
ciency (n) (Fig. 14).

This unique feature allows for increased W, n, and power
density (Pp) for energy storage devices. Researchers are actively
exploring the underlying mechanisms and optimizing the per-
formance of high entropy relaxor ferroelectrics to unlock their
full potential and revolutionize energy storage technologies
(Table 10).

Chen et al. [249] conducted a high-entropy conversion pro-
cess on (Ko »Nag g)NbO3; (KNN), leading to the successful synthe-

sis of a single-phase high entropy ceramic known as
[(Ko.2Nao g)o.8Lio.0sBao.02Bio.1](Nbo.685¢0.02Hfo.08Z10.1Tao.085b0.04)
O3 (KNN-H). Through the implementation of the high-entropy
approach, numerous localized polymorphic deformations occur
within the ceramic material. These distortions within the mate-
rial create nanoscale electric domains, which contribute to a
delay in saturation polarization and a significant enhancement
of the breakdown field strength (Ep). Remarkably, the high-
entropy KNN-H ceramic exhibits an exceptionally high W,.. of
10.06 J/cm?, along with an impressive n of 90.8 %.

Conclusion

The emergence of HEOCs carries profound innovative signifi-
cance. These ceramics harness the combined potential of multi-
ple elements to create unique properties through the entropic
stabilizing effects they offer. This article initiates by introducing
the fundamental concept of entropy. It then demonstrates the
rationale behind introducing HEOCs to achieve entropy-
stabilizing effects using illustrative examples. A detailed exami-
nation of the microstructure of HEOCs uncovers a uniform distri-
bution of cations and lattice adjustments among anions.
Additionally, it conducts a thorough analysis of electronic struc-
tures through the aid of DFT theoretical calculations. Structural
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prediction of HEOCs can be accomplished through various
methods, including DFT, MD, CALPHAD, and machine learning.
Notably, DFT can employ auxiliary tools like SQS supercells to
mitigate computational complexities.

HEOCs predominantly exhibit crystal structures such as rock
salt, fluorite, perovskite, spinel, and pyrochlore. These structural
variations lead to differences in performance among HEOCs.
Diverse preparation processes play a pivotal role in determining
the microstructure of the end product, which in turn impacts
its overall performance. The selection of an appropriate strategy
can yield HEOCs with outstanding properties. Finally, the article
provides a comprehensive summary of the various properties and
applications of HEOCs. With their incorporation of multiple ele-
ments, HEOCs exhibit significant developmental potential in the
realms of thermal conductivity, catalysis, ion conduction, mag-
netism, and electrical properties.

Opportunities and challenges

New HEOC systems possess the potential to exploit artificial
intelligence (Al) and other theoretical calculations for material
design. By incorporating Al techniques, researchers can explore
an extensive design space and accurately predict the properties
of HEOC:. As the field of HEOCs continues to progress, the avail-
ability of comprehensive experimental data will further enhance
the precision of theoretical predictions. First, Al predictions can
aid in determining the constituent elements of high-entropy
oxide ceramics, thus avoiding laborious experimental proce-
dures. Second, Al can assist in predicting the microstructure
and potential properties of HEOCs. With the utilization of
cutting-edge technologies, a breakthrough in the correlation
between high-entropy systems and individual components is
anticipated. Lastly, multi-dimensional predictions can accelerate
the development of new HEOCs.

While high-entropy effects have demonstrated significant per-
formance improvements, there still exists some enigma regard-
ing the underlying mechanisms governing these effects. Future
research endeavors should prioritize conducting in-depth studies
to unravel the intricate mechanisms associated with the entropy
effect. Utilizing advanced characterization techniques such as
scanning transmission electron microscopy (STEM), neutron
diffraction (ND), and atomic force microscopy (AFM) can shed
light on the entropy effect of HEOCs. In-situ testing can provide
valuable insights into the dynamic impact of entropy effects on
the system. Understanding the influence of high entropy on
microstructure and properties is paramount to advancing HEOC
materials. An essential aspect of high entropy is its capability to
effectively modulate long-range order, offering potential applica-
tions in developing structures with order—disorder characteris-
tics. Expanding the exploration of HEOCs in this direction has
the potential to yield innovative materials with distinct proper-
ties and functionality.

HEOCs hold immense potential across various applications,
including energy storage, catalysis, electronics, and more. Nota-
bly, piezoelectric actuators utilizing the properties of piezoelec-
tric ceramics are vital devices in fields such as ultrasound
transmitters and medical imaging. Additionally, a range of resis-
tive devices, including moisture-sensitive, photosensitive, and

thermistor devices, can benefit from HEOCs. High-temperature-
resistant ceramics play a crucial role in areas like nuclear energy
experiments and thermonuclear fusion. Further advancements
in HEOC research will pave the way for transformative technolo-
gies and materials, enabling the resolution of key challenges in
diverse industries.
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