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Abstract

High-entropy ceramic materials usually refer to the multi-principal solid solution formed by 5 or more ce-
ramic components. Due to its novel “high-entropy effect” and excellent performance, it has become one of
the research hotspots in the field of ceramics in recent years. As the research system of high-entropy ceram-
ics has gradually expanded from the initial rock salt oxides (Mg-Ni-Co-Cu-Zn)O to fluorite oxides, perovskite
oxides, spinel oxides, borides, carbides and silicates, its special mechanical, electrical, magnetic and energy
storage properties have been continuously discovered. Based on the basic principle of high-entropy materi-
als, this paper mainly introduces the prominent perovskite-type oxide high-entropy ceramics in recent years
from the perspective of ceramic structure and properties, and predicts the development trend of high-entropy

perovskite-type ceramics in the next few years.
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I. Introduction

The development of dielectric ceramics began in the
early 20" century and has become a critical type of ma-
terial for manufacturing basic components in the elec-
tronics industry. It has been widely applied in various
fields of production and daily life. In the past decade,
with the rapid development of electronic components in
related fields such as communication, household appli-
ances, automobiles and military, the demand for dielec-
tric ceramics has been continuously increasing, demon-
strating significant market potential and strong eco-
nomic benefits. To meet the ever-evolving needs of hu-
man society and the growing market demand, research
institutes have conducted in-depth studies on dielectric
ceramic materials, processes, equipment, and formula-
tions. The research level of domestic dielectric ceram-
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ics has been continuously improving, and the dielectric
ceramics industry is showing a thriving development
trend, with perovskite-type oxide ceramics being one of
the outstanding performers.

Crystal structure of perovskite-type (ABO; struc-
ture) oxide ceramics is typically composed of a 12-
coordinated A-site atom, a 6-coordinated B-site atom
and an octahedral arrangement of oxygen atoms. Due to
the higher coordination numbers of A and B sites, there
are numerous combinations of different cations, leading
to variations in the sizes of A and B site cation radii.
This results in changes in the tolerance factor (z), lat-
tice distortions and a reduction in the symmetry of the
perovskite structure. Consequently, perovskite ceramics
exhibit diverse physical and chemical properties, which
is promising for a wide range of applications in solar
cells, photocatalysis, proton conductors, dielectric ma-
terials, ferroelectrics and multiferroics [1-9].

The earliest report on high-entropy materials was
Prof. Junwei Ye’s work on high-entropy alloys in 2004.
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Since then, with the discovery of a series of high-
entropy alloys, an understanding of high-entropy ma-
terials has deepened [10-14]. Entropy is a measure of
the degree of disorder in a thermodynamic system. The
Boltzmann relation S = kg - In Q (where kg is the Boltz-
mann constant) expresses this relationship mathemati-
cally, where S represents the macroscopic system en-
tropy, which is a measure of the degree of molecular
motion or arrangement disorder. € is the number of
possible microscopic states. The Gibbs free energy for-
mula, G = H—-T - S, is used to determine the stability
of a system. The concept of entropy stability is based
on the increase of the system’s configuration entropy
(S config)» which reduces the Gibbs free energy G of the
system and stabilizes the single-phase crystal structure.
The high entropy ceramics lattice comprises two sub-
lattices: the anion sublattice, which can accommodate
anions and some vacancies, and the cation sublattice,
which is randomly occupied by various metal atoms.
The molar configurational entropy of system can be cal-
culated by the following equation:

X < X <
Sconﬁgz_R m;x;lnx;+m;lenxj (1)

x; and x; represent the molar fraction of cations and an-
ions, respectively, X and Y represent the lattice number
of cations and anions, respectively, R is the molar gas
constant (8.314J/(mol-K)). However, in oxide system
only cation sublattice should be considered and corre-
sponding equation will be simpler:

X N
Scanﬁg = _Rm Z X; In x; ()
i=1

For an equimolar system with five components the in-
crease of configuration entropy (S config) is 1.61R. In gen-
eral, materials with S5, = 1.61R are classified as
high-entropy materials, those with 1.61R > S cou, > 1R
are classified as medium-entropy materials and materi-
als with S .., < IR are classified as low-entropy mate-
rials [15-18].

In 2015, Rost et al. [18] extended the definition of
high-entropy materials to the inorganic non-metallic
field. Their team chose a pentavalent cation-equivalent
oxide system (Mg,Ni,Co,Cu,Zn)O and reported the syn-
thesis of large-scale high-entropy oxides, which they
named entropy-stabilized compounds.

As the first discovered high-entropy ceramics, the
(Mg,Ni,Co,Cu,Zn)O system has not only provided new
insights for the discovery of new materials, but also
exhibits excellent properties together with its deriva-
tives, making it highly promising in applications such
as energy storage, catalysis, thermal and environmental
protection. Subsequently, more high-entropy oxide ce-
ramics with different structures have been explored. In
recent years, research on high-entropy oxides has pri-
marily focused on rock salt-type structures [20], among
others. However, the significance of high-entropy per-
ovskite oxide ceramics cannot be overlooked due to

their excellent structural stability and various outstand-
ing physical properties.

High-entropy perovskite oxide ceramics, character-
ized by multiple components and equal elemental ra-
tios, have exhibited a series of outstanding properties
since their inception. These properties include high-
temperature stability [21], high strength [22], high hard-
ness [23], giant dielectric constant [24], excellent di-
electric performance [25], catalytic performance [26],
magnetic properties [27] and lithium ion storage per-
formance [28,29]. Since 2015, there has been a rapid
increase in research papers on high-entropy perovskite
ceramics, with over hundred publications reported until
2022, covering diverse systems.

II. Structure of perovskite high-entropy oxides

Various crystal structures have been confirmed for
high-entropy perovskite oxide materials. The detailed
phase formation mechanisms behind these structures
vary significantly depending on the specific crystal
structure, element combinations and compositions of
the high-entropy perovskite oxide materials. However,
due to the random distribution of metals in the cation
sublattice, they all exhibit enhanced high-temperature
stability, resulting in uniformly dispersed metal oxide
solid solutions. The excellent stability of high-entropy
perovskite oxides has contributed to the rapid develop-
ment of this research field, particularly in electrochemi-
cal applications.

Preparation method of ceramics has a great influence
on high-entropy perovskite ceramics. In recent years,
many researchers have used different methods to pre-
pare high-entropy perovskite ceramics with good per-
formance. The earliest high-entropy ceramics were pre-
pared by solid phase reaction method. First, raw mate-
rials were fully mixed by ball milling and partial solid
solution occurs, and then the mixed raw materials were
fully calcined at high temperature to form a uniform and
single high-entropy phase. In order to prevent the disso-
lution, phase separation or second phase precipitation
of the formed high-entropy phase during the cooling
process, rapid cooling methods such as quenching were
usually used for preparation, as shown in Fig. 1 [19].
Solid state reaction method is the most common method
for preparing high-entropy ceramics because of its sim-
ple reaction principle, high yield and low equipment re-
quirements. However, the solid state reaction method
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Figure 1. Structure of oxides and the phase transformation
processes under different temperatures and heat treatment
processes [19]
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also has obvious shortcomings, for example, the reac-
tion temperature is high, the reaction time is long, the
product proportion is difficult to control accurately and
impurities are easily introduced during the preparation
process. Therefore, some researchers have developed
different methods to synthesize high-entropy ceramics
under relatively mild conditions starting from the pre-
cursor, such as sol-gel method, co-precipitation method,
etc. Atomic-level mixing of raw materials is achieved,
thus reducing the energy barrier required for the synthe-
sis of high-entropy materials.

2.1. Titanate based high-entropy ceramics

The first generation of high-entropy perovskite ce-
ramics is characterized by the same molar ratio
of cations and a single-phase structure. Thus, Jiang
et al. [30] synthesized different high-entropy ox-
ides with perovskite structure and general formula
A(Zr,,Sn, ,Ti, ,Hf; ,B,,)O; where A = Ba, Sr and
B = Mn, Nb, Ce, Y, Nb by solid state reaction.
They analysed the conditions for the formation of
high-entropy perovskite structures, considering toler-
ance factor, atomic size difference and mixing en-
tropy. This study laid the groundwork for the research
on high-entropy perovskite oxide ceramics. Building
upon this, Biesuz et al. [31] investigated the effects
of conventional and plasma sintering processes on
the structure and properties of perovskite high-entropy
Sr((Zry 94 Y .06)0 250, Tiy , HE ,Mn,, ,)O5 . ceramics.

Zhang et al. [32] prepared high-entropy per-
ovskite type (Ca,,Sr,,Ba,,La,,Pb,,)TiO; ceramics
with Pm3m space group cubic structure by solid state re-
action method. The high-entropy ceramics exhibit long-
range structural order and short-range chemical disorder
with widely distributed nanosize grains. The structural
analyses also confirmed high-density and compacted
structure with only a few macroscopic defects (Fig. 2).

The grains were well connected with the sharp edges,
which is mainly due to the high activity of the lattice
diffusion mechanism. With the sintering temperature in-
creasing from 1200 to 1350 °C, the average grain size
gradually increases from 0.6 to 2.3 um and at 1350°C
some large grains appear (Fig. 2). The microstructure
evolution is a combination of lattice diffusion and grain
boundary diffusion, resulting in the element homoge-
nization and densification of the perovskite structures.

Recently, Zhou et al. [6,25] prepared a series of high-
entropy Ba(Zr,,Ti,,Sn,,Hf,,Me;,)0, (Me = Y3,
Nb>*, Ta>*, V3*, Mo®*, W) ceramics with equal molar
ratios at the B-site using the solid-state reaction method.
Three types of multi-cation solid solutions formed pure
phase compounds, while only two compounds were sin-
tered into ceramics. Microstructural analysis revealed
that configurational entropy had influence on the phase
stability and grain growth. The tolerance factors of both
ceramics (¢ = 1.03) were higher than 1 (ideal value for
cubic perovskite crystals), and the ceramics exhibited
pure pseudocubic phase without any secondary phases.
Among them, BaSnO; showed the best match due to
the closest proximity of the Sn** ion radius (0.64 A)to
the average radius (0.674 A) of the B-site. Grain bound-
aries of both samples were clearly observed, and al-
most no porosity was observed throughout the samples,
which corresponded to the calculated densities of 92
and 95 %TD, respectively. Additionally, the presence of
small grain sizes indicated the extreme disorder within
the grains formed after the mixing of the five cations at
the B site, thereby suppressing grain growth.

2.2. Manganite based high-entropy ceramics

Sarkar et al. [33] successfully synthesized
perovskite-type high-entropy ceramics with up to
10 constituent elements of transition metals and rare

Figure 2. Cross sectional SEM micrographs of high-entropy (Ca, ,Sr,,Ba,,La,,Pb,,)TiO; ceramics sintered at: a) 1200 °C,
b) 1250 °C, ¢) 1300 °C and d) 1350 °C [32]
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earth elements (Gd,La,Nd,Sm,Y)(Co,Cr,Fe,Mn,Ni)O;,
demonstrating the reversible transition from multi-
phase to single phase during cyclic thermal treatment,
which strongly confirms the entropy-driven structural
stabilization effect in the aforementioned perovskite
systems.

Schweidler et al. [34] synthesized similar
perovskite-type high-entropy materials (Gd,,La,, Sr.
Nd, ,Sm,Y,,)(Coy,Cry,Fey ,Mn, ,Ni;,)0; (x = 0
and 0.2) for the first time using mechanochemical
synthesis and modified Pechini method. By comparing
different synthesis methods, not only the compositional
elements of high-entropy materials can be customized,
but the synthesis methods can also be optimized
according to the requirements in order to overcome the
limitations of traditional ceramics.

2.3. (BigsNays)TiOs type of high-entropy ceramics

Zhou et al. [35] prepared perovskite
(Lag sLij ) [(Big sNa 5)g »5Bag 551 55 Cay 551, TiO4
ceramics via a solid-state method. Surface scanning
electron microscopy analysis of the high-entropy
ceramics with varying compositions revealed a com-
pact microstructure for each composition. All grains
exhibited a cubic morphology, with their sizes grad-
ually decreasing with an increase in the composition
ratio until reaching a stable state. Sun et al. [36]
prepared high-entropy ceramics with similar com-

position (Bi,,Na,,Ba,,Ca,,Sr,,)TiO; by using a
hydrothermal method. The average particle size of the
synthesized powder was measured to be 40nm (Fig.
3a), indicating that the multi-phase particles were mixed
at the nanoscale, which is much smaller compared to the
micrometer-sized powder obtained through traditional
solid-state methods. These nanoscale particles promote
a more uniform mixing during ceramic processing,
leading to the improved chemical homogeneity and
enhanced high-entropy effects. Thus, the high-entropy
ceramics were obtained after sintering at 1180-1220°C
and exhibited excellent chemical homogeneity and a
single tetragonal phase. SEM analyses demonstrated a
dense microstructure with minimal presence of pores
in the high-entropy ceramics (Fig. 3b). The chemical
disorder in the A-site elements results in significant
lattice distortion, effectively disrupting the symmetry
of the TiO4 octahedra and leading to dielectric relax-
ation. This phenomenon enhances the energy storage
performance of high-entropy ceramics.

Ning et al. [37] fabricated ABO; structured high-
entropy ceramics, (NaBaBi)x(SrCa)(1_3x)/2TiO3 by tra-
ditional solid-state reaction and sintering at 1250—
1300 °C. The ferroelectric and dielectric properties of
non-stoichiometric high-entropy ceramics were investi-
gated. It was found that all samples exhibited a dense
and uniform microstructure without detectable porosity
(Fig. 4). As the x content increased, the grain size grad-

Figure 3. SEM images of high-entropy (Bi,,Na,,Ba,,Ca,,Sr,,)TiO;: a) hydrothermally synthesized powder and
b) ceramics sintered at 1200 °C [36]
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Figure 5. SEM images of morphologies and grain size distribution images of high-entropy (1-x)BNKBCT-xBT ceramics [38]

ually decreased, which facilitated the achievement of
high electric breakdown field. Figure 4f shows the vari-
ation of relative density for different samples, as mea-
sured using the Archimedes drainage method. The rela-
tive density of all samples was above 95 %TD, indicat-
ing good sintering performance. The smaller grain size
and higher density contributed to a higher electric break-
down field and improved energy storage characteristics.

Liu et al. [38] prepared perovskite high entropy
(1-x)Bi, sNa, s K, sBa,, sCa, ;TiO;-xBaTiO;  ceramics
by solid state reaction method. The sintered ceramics
had cubic grains with sharp grain edges (Fig. 5). Due to
the edges and corners of the cubic grains, a number of
micropores were formed. With an increase in BaTiO,
content, the lattice parameter gradually increases,
which results in an increase in cell volume. A strong
dispersion appears around the 7,,, indicating that the
prepared ceramics are relaxation ferroelectric ceramics.
Due to the increase of lattice disorder and the relaxation
and thermal evolution, the prepared ceramics exhibit a
wide range of relaxation behaviours.

The high-entropy perovskite oxide ceramics,
(Bij 4,Na, ,K, ,Ba ,)TiO;-Sr(Mg, 3Nb, 5)O;, were
prepared by Yan et al. [9]. The microstructure analysis
reveals that the samples exhibit a relatively dense
morphology with small grain sizes. Furthermore, the
investigation demonstrates a significant correlation
between the grain size of the ceramics and the content
of constituent elements: as the content of the con-
stituent elements increases, the grain size decreases.
Conversely, an increase in the SMN content leads to an
enlargement of the grain size.

2.4. Niobate based high-entropy ceramics

Rai et al. [39] prepared K, sNa;, sNbO;-xLiNbO; per-
ovskite structured ferroelectric ceramics by the solid-
state reaction method. The single phase was formed for
pure K, sNa)sNbO; while a small amount of second
phase was present in KNN-LN ceramics. The electri-
cal behaviour of the ceramics was studied by impedance
spectroscopy and piezoelectric properties were also in-
vestigated.

Zhang et al. [40] fabricated niobate high-entropy
(La,,Li,,Ba,,Sr,,Ca,,)Nb,O4 ; ceramics by solid-

state reaction. The prepared ceramics had tetrago-
nal tungsten bronze structure after sintering at 1250-
1350 °C, with densities up to 93 %TD and uniform grain
distribution were obtained. Dielectric properties were
also investigated and confirmed that entropy engineer-
ing is a credible strategy for tailoring properties of ce-
ramic systems.

Lai et al. [41] prepared a series of high entropy rare
earth niobates, including fluorite Re;NbO,, monoclinic
ReNbO, and ReNbO,/Re;NbO, composites by solid
phase reaction method and studied their thermal and
mechanical properties. High entropy rare-earth niobate
showed excellent phase stability after thermal exposure
at 1300 °C for 100 h, indicating that entropy can stabi-
lize high entropy rare-earth niobate. It is also proved
that the configurational entropy has little effect on the
critical temperature of the monoclinic-tetragonal phase
transition.

II1. Properties of perovskite high-entropy oxides

3.1. Dielectric properties

Although some progress has been made in the re-
search of perovskite-type high-entropy oxide ceram-
ics, the study of their dielectric properties is still lack-
ing. For traditional perovskite ceramics like SrTiOj, it
is well known that changes in substitution types can
lead to alterations in carrier concentration, such as oxy-
gen vacancies, consequently influencing dielectric be-
haviour [42]. From the perspective of defect design, in
order to maintain charge balance, oxygen vacancies or
defect dipoles are typically introduced in materials to
enhance dielectric performance.

Zhang et al. [43] synthesized high-entropy perovskite
ceramics, Li (BaSrCaMg),, ,,,TiO; (x = 0.1, 0.15, 0.2,
0.3), using solid-state method, and systematically inves-
tigated the effects of Li content on the formation of ce-
ramic phase, microstructure and the causes of dielectric
relaxation. The results showed that all ceramics exhib-
ited perovskite structure and the increase of Li content
promoted grain growth and the formation of dense ce-
ramics. The increase in Li content not only improved
the dielectric constant but also resulted in high dielectric
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Figure 6. Dielectric spectra of (Ce,K).[(Bi,Na)BaSrCa],..TiO; ceramics at room temperature: a) low-frequency and b)
high-frequency dielectric spectra [44]

loss. Low-temperature relaxation was caused by interfa-
cial polarization, while high-temperature relaxation was
attributed to the double ionized oxygen vacancies. At
higher temperatures and lower frequencies, the rapid in-
crease in dielectric constant was associated with the spa-
tial charge of oxygen vacancies. The high-entropy ef-
fect can induce variations in the properties of perovskite
oxide ceramics, with changes in dielectric performance
being one of the core concerns for ceramic researchers.

Zhou et al. [44] fabricated a novel high entropy per-
ovskite oxide (Ce,K),[(Bi,Na)BaSrCa];.,TiO, ceram-
ics by the traditional solid state reaction method. Mi-
crostructure analysis shows that the most uniform parti-
cles are obtained when x reaches 0.2. When the amounts
of all elements are equal, the highest dielectric prop-
erty can be detected, and the highest dielectric constant
and the lowest dielectric loss can be measured, which
are 535 and 0.04, respectively (Fig. 6). With the in-
crease of frequency, the dielectric constant and dielec-
tric loss both decrease to varying degrees, presenting a
certain frequency dispersion and gradually stabilizing
into a straight line until the frequency is greater than
10* Hz. Figure 6b shows the dielectric spectra in the
high frequency range (10’—10° Hz). It can be seen that
the dielectric constant at higher frequencies is basically
a straight line, showing a stable frequency state. When
x = 0.08, the maximum dielectric constant is about 8.

Pu et al. [45] prepared single-phase and homogenous
(Na, ,Bi, ,Ba,,Sr,,Ca, ,)TiO; powder with high con-
figurational entropy using the solid-state method. The
study revealed that the perovskite structure exhibited a
broad dielectric peak, which shifted towards higher tem-
peratures with increasing frequency. This observation
is consistent with the relaxation behaviour observed in
other ferroelectric perovskite structures.

Zhou et al. [25] prepared a series of high-entropy
Ba(Zr, , Tiy ,Sn, ,Hf, ,Me, ,)O0; (Me = Y**, Nb**, Ta’*,
V3, Mo®*, W) perovskite oxides using the solid-state
reaction method. It can be clearly observed that these
materials exhibit excellent stability in dielectric constant
over a wide temperature range and have very low loss
tangent (<0.002) within the frequency range of 20 Hz
to 2 MHz. Based on previous studies on how configura-

tional entropy affects thermal stability and electrochem-
ical stability, it can be inferred that the stability of en-
tropy also contributes to the stability of dielectric con-
stant and loss tangent, as variations in these parameters
can be attributed to the phase transitions and structural
stability. Relatively low dielectric constants of the two
ceramic samples can be attributed to the lower titanium
content at the B-site and smaller grain sizes. Addition-
ally, this result also indicates that the B-site sublattice
has a significant impact on the dielectric and transport
properties of perovskite oxides.

3.2. Energy storage characteristics

The energy storage characteristics of high-entropy
perovskite oxide ceramics have been a recent focus of
researchers, who aim to design and regulate the energy
storage properties of these ceramics through structural
manipulation. Lead-free ceramics are environmentally
friendly; however, their energy storage performance is
inferior to lead-containing ceramics. To address this,
researchers have attempted to utilize the high-entropy
strategy (Fig. 7) to design and regulate the structure of
perovskite oxide ceramics for enhanced energy storage
properties. Firstly, a large number of metal cations of
different elements with different valence and different
radii are introduced to enhance random fields and in-
crease the chaos of the system, and high entropy is in-
troduced to enhance P,,, by taking advantage of the
easy combination of 2s and 2p orbital hybridization of
Pb and O. Moreover, the relaxation characteristics of ce-
ramics are improved and the loop lines are refined by re-
fining the grains and reducing the electric domain size.
The breakdown electric field E}, of ceramics is increased
by reducing grain size and the energy storage charac-
teristics of ceramics are improved by increasing Py,
relaxation and hysteresis loops.

Qi et al. [47] fabricated high-entropy perovskite
[(Bi,Na), /5 (La,Li), /5(Ce,K) I /5Ca] /5Sr] /5]TiO3 ceramics
and were the first who applied high-entropy perovskite
in the field of lithium-ion batteries, where they can be
used as catalytic carriers for hydrogen and oxygen evo-
lution, particularly exhibiting great tunability in energy
storage.



Y. Ding et al. / Processing and Application of Ceramics 18 [1] (2024) 1-11

T phase (a=b=c) PC phase (i=b=c)
5 ]

. Cay,
& \‘i‘""rd:;"é’
" « . N
OB ONa OB @S OCa o 3 - TiOG L_ \\\'\\(‘\
-
short-range disorder -
PNRs
Decreasing
domain-size B
. Fine grain size i ),,\7
&= domain g
— s
g _= = v‘“4 3
—~— N T et
A 17 h“"j Z S
\\ / ‘ ” nnnnnnnnn ”‘///§//7
, 7 ZiceNl| bed
= ” l ;.4 2
ol 2 “ 'z 7 ecrea:;é; grain-

Enhancing Py

R

N
Pb2s 02p D
hybridization o

Increasing
cefficicncy

Enhancing Ej,

Figure 7. High-entropy ceramics energy storage density improvement strategy [46]

Chen et al. [48] added a significant amount of
ions (Li*, Ba®*, Bi**, Sc**, Hf*, Zr**, Ta>*, Sb ")
with different ionic radii and valence states into the
K,,Na, ;NbO, lattice to enhance the random field,
stress field and electric field. This resulted in significant
W, values, especially with 7 values as high as 90.8%,
in lead-free relaxor ferroelectrics. Furthermore, these
ceramics demonstrated good temperature stability (25—
150°C) and frequency stability (10-90Hz). Addition-
ally, excellent current density of 976.15 A/cm? and ul-
trahigh power density of 78.09 MW/cm? were achieved
at 160kV/cm.

Chen et al. [49] designed a series of lead-free
perovskite-structured high-entropy ceramics by doping
A and B-site ions. The composition of these ceramics
was (Lay 5551 55Bag ,5Nay 55)(Tig sMey 5)O; (Me = Sn,
Zr, Hf). High-entropy ceramics exhibited typical relaxor
characteristics. The ceramics with Sn addition achieved
a discharge energy density (W,) of 0.31J/cm® and en-
ergy storage efficiency (17) of 90.88%.

Although lead-containing ceramics have certain en-
vironmental pollution concerns, their excellent energy
storage properties have led to significant research ef-
forts in exploring lead-containing high-entropy ce-
ramic structures, yielding promising results. Guo et
al. [50] achieved high-entropy effects by Pb-doping
into Bi,,sNa ,5Sr,sTiO; relaxor ferroelectric ceram-
ics. The high-entropy ceramics demonstrated a W,
of 5.2J/cm? and n of 82%, along with good charge-
discharge performance, including a discharge speed of
24ns and power density of 296 MW/cm?. These re-
markable comprehensive results suggest the potential
application prospects of these ceramics.

Not only Pb elements, but the intervention of other
metal elements can also enhance the energy storage
characteristics of perovskite oxide high-entropy ceram-
ics to some extent. Kumar et al. [51] investigated
the energy storage performance of manganese-doped
(Pby g;La, 7)(Zr ¢, T, ;4)O5 antiferroelectric ceramics.
The study found that 0.2% Mn-doped PLZT ceram-
ics exhibited the highest energy storage density of
460 J/cm? and the best energy storage efficiency of 63%.

He et al. [52] fabricated Ilead-free ceram-
ics by adding Sr,,La,;(Ti);Zr,;)O; into the
(Biy sNay 5), 51, ;TiO; matrix. Under the low electric
field condition of 170kV/cm, the ceramics with 10%
Sry,La, ;5(Tiy;Zr,3)O; demonstrated good  energy

storage performance with a W, of 2.06J/cm? and 7 of
90.6%.

Li et al. [53] introduced a perovskite high-entropy
ceramic compound Bi(Li,,Y,,Mg,,Ti,,Ta;,)0;, into
the 0.9Ba(Ti, 03)05-0.1Bi, ssNa, 45T10 matrix.
At an electric ﬁeld of 240 kV/cm the ceramics achieved
both a high energy storage density of 4.89 J/cm® and an
energy storage efficiency of 91.2%. Liu et al. [54] pre-
pared high-entropy (Bi,,Na,K,,Ba,,Ca,,)TiO; ce-
ramics through spark plasma sintering. Uniform distri-
bution of elements and a single-phase perovskite ceram-
ics with lattice distortion were achieved in the high-
entropy ceramics, which exhibited relaxor behaviour.
Under an electric field of 129kV/cm, the discharge en-
ergy storage density and energy storage efficiency of the
high-entropy ceramics were 0.684 J/cm? and 87.5%, re-
spectively. Additionally, in this high-entropy ceramics,
excessive Na* and K* formed electrically active defects
due to the charge compensation, thereby improving the
breakdown field strength. The study demonstrates that
the high-entropy strategy is an effective mean of adjust-
ing the properties of BN'T-based ceramics.

Ma et al. [55] fabricated lead-free (1-x)BaTiO;-
xBi(Y, /3Ti, /2)03 ceramics (referred to as (1-x)BT-
xBYT) using the solid-state method and investigated
the effect of component compositions on the ceram-
ics’ properties. The study revealed that with the in-
creasing BYT content, higher polarization saturation
(Pax), lower remanent polarization (P,), and narrower
P-E hysteresis loops could be observed. When x =
0.15, the energy storage density (W,..) was 1.02J/cm?
with an efficiency (;7) of 78%. On the other hand,
when x = 0.2, the energy storage density (W,..) de-
creased to 0.77J/cm?® with an improved efficiency
(1) of 90%. In addition, Yan et al. [9] employed
multi-ion doping in the same BaTiO; system and de-
signed and fabricated high-entropy perovskite oxides
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in the (Bi, 4,Na, ,K,Ba, ,)TiO;-Sr(Mg, 5Nb, ;)05 sys-
tem for dielectric energy storage. Under a voltage of
310kV/cm, the ceramics exhibited a recoverable energy
storage density of 3.37J/cm3 and an energy storage ef-
ficiency of 80%, making it the highest energy density
achieved at low electric fields.

Similar to the high-entropy strontium niobate system,
the silver niobate high-entropy system also deserves at-
tention. Zheng et al. [56] prepared lead-free ceramics
of (1-x)[(Bi sNa 5), 94Bay o, TiO;]-xAgNbO; (abbrevi-
ated as BNTBT-100xAN) by solid-state method. Exper-
imental results revealed that the addition of AgNbO,
reduced the residual polarization of BNTBT-5AN ce-
ramics and improved the dielectric breakdown strength.
Under an electric field of 105kV/cm, the effective en-
ergy storage density of BNTBT-5AN ceramics was
1.27 J/em? with a conversion efficiency of 77.5%.

Zahid et al. [57] employed sol-gel method to fabri-
cate (BaTi, 4oSn,,;05) ceramics. The ceramics exhib-
ited a high dielectric constant of 15460 and low dielec-
tric loss over a wide temperature range. At an exter-
nal electric field change of 35kV/cm, near room tem-
perature, the energy storage density of the ceramics
was 122 mJ/cm? with an efficiency of 79%. Nandan et
al. [58] synthesized lead-free Ba ¢sCa,, ;s Hf} ;Ti; 99O
ferroelectric ceramics using sol-gel method. Under low
electric field of 20kV/cm at room temperature, the to-
tal energy density, recoverable energy density, and en-
ergy storage efficiency of the ceramics were improved to
84.43mJ/cm?, 64.38 mJ/cm? and 76.25%, respectively.
The highest energy storage efficiency was achieved at
80 °C, reaching 85.03%.

Dahri et al [59] prepared lead-free
Ba, 4,Ca, |oZr, 51154505  ferroelectric ~ ceramics
using the conventional solid-state method near the
phase coexistence region. In the temperature range
from 27 to 60 °C and 27 to 100 °C, the thermal stability
of W, was 3.64% and 16.08% at E; = 11kV/cm and
E; = 26.16kV/cm, respectively. At E, = 26.16kV/cm,
the maximum W, value obtained at room temperature
was 140.7 mJ/cm? with an energy efficiency of 42.5%.

Khardazi et al. [60] prepared perovskite-type
Ba, Sr,, | Tij ¢Sn,, ;05 ceramics using sol-gel method.
The P-E hysteresis loops of the ceramics were recorded
at different temperatures, and the ferroelectric and en-
ergy storage properties of the ceramics were investi-
gated. At room temperature, under a moderate electric
field of 20kV/cm, the recoverable energy density and
energy storage efficiency of the ceramics were improved
to 58.08 mJ/cm? and 84.36%, respectively.

Qi et al. [61] designed a high configurational entropy
(HCE) material, BaTiO,-BiFeO,-CaTiO;, with rational
microstructure engineering, exhibiting an ultra-high en-
ergy density of 7.2J/cm®. The HCE design improved
the solubility of CaTiOj; in the matrix, increasing the re-
sistivity and polarization. Meanwhile, due to the strong
scattering of electron carriers and obstacles to the break-
down path, the nanosegregation around the grains sig-
nificantly improved the breakdown strength. The energy
density of multilayer ceramic capacitors constructed us-
ing this dielectric reached 16.6J/cm?, with an energy
storage efficiency of up to 83%.

Wang et al. [62] fabricated

Pby g;La 4, (Zr 46,50 54Ti,)O;4 antiferroelectric
thick film materials using tape casting method. At
ambient temperature, the maximum energy density of
the thick film ceramic was 5.2J/cm? under a field of
600 kV/cm, with an efficiency of 78.2%.

3.3. Other properties

High-entropy perovskite ceramics not only exhibit
excellent dielectric properties and high energy storage
density, but also possess significant advantages in other
structural properties. Kumar et al. [63] investigated
the electrocaloric effect (ECE) of (1-x)K, sNaj sNbO,-
xLiNbO; (KNN-xLiN) nanoceramics in the range of
0.01 < x < 0.05 using the Maxwell indirect measure-
ment method. At x = 0.01, 0.03 and 0.05 the maximum
values of ECE for the cathode and anode were —0.40
and 0.24K, —0.23 and 0.18K, and —0.13 and 0.29K,
respectively. For x = 0.01, 0.03 and 0.05, at an elec-
tric field intensity of 45kV/cm, the energy storage effi-
ciencies were 30%, 50% and 51%, respectively, and the
maximum recoverable energy densities were 0.12, 0.13
and 0.128 J/cm?, respectively. In terms of structural per-
formance, impressive results can also be achieved using
a pure phase perovskite high-entropy ceramic system.

Zhou et al. [25] synthesized a series of high-entropy
Ba(Zr, ,Ti, ,Sn, ,Hf,, ,Me, ,)O; perovskite oxides us-
ing the solid-state reaction method. Through dielec-
tric property testing, the high-entropy ceramics exhib-
ited good temperature stability within the range of
25 to 200°C, with a dielectric loss below 0.002 in
the frequency range of 20Hz to 2MHz, high resis-
tance, and moderate breakdown strengths (290 kV/cm,
370kV/cm). This experiment strongly confirms that the
control of configurational entropy may provide a fea-
sible perspective for establishing highly tunable per-
ovskite structures and exploring novel dielectric mate-
rials.

IV. Conclusions and outlook

Compared to traditional ceramic materials, high-
entropy ceramics have gained extensive research inter-
est due to their superior energy storage properties, at-
tributed to thermodynamic high-entropy effects, kinetic
hysteresis diffusion effects, structural lattice distortion
effects and performance “cocktail” mixing effects. In re-
cent years, significant progress has been made in the de-
sign, controllable preparation and performance of high-
entropy ceramics by researchers worldwide. However,
there are still some challenges that need to be addressed
by researchers all over the world.

1. The research on high-entropy ceramics has mainly
focused on five-component equimolar materials.
More researchers are needed to design new compo-
nent high-entropy ceramics, which is one of the fu-
ture research directions in the field. Moreover, most
high-entropy ceramic systems developed so far are
oxides, nitrides, carbides, borides, etc. Therefore, the
development of new ceramic systems remains a key
focus in high-entropy ceramics research.

2. The preparation process of high-entropy ceramics is
crucial. Due to the involvement of multiple elements,
there is a higher likelihood of element loss during the
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preparation process. Therefore, continuous improve-
ment of the preparation techniques is necessary to
minimize or avoid element loss.

3. Although high-entropy ceramics generally exhibit
superior properties compared to ordinary ceramics,
there are still some aspects of their performance
that require further investigation. Extensive compar-
ative experiments are needed to fully understand the
strengths and limitations of high-entropy ceramics.
While much research has been conducted on single-
phase high-entropy ceramics, the development of
composite high-entropy ceramics has also shown ex-
cellent performance, making it worthy of further ex-
ploration.

4. With the advancement of technology, an increasing
number of materials researchers are inclined to com-
bine experimental approaches with computer soft-
ware. The study of new high-entropy ceramic sys-
tems also relies on the integration of computer soft-
ware. While software development for high-entropy
alloys has matured, there is still a need for more
advanced software development specifically tailored
for high-entropy ceramics.

In summary, the field of high-entropy ceramics
presents exciting prospects for future research and de-
velopment. By addressing the aforementioned chal-
lenges, researchers can further unlock the potential of
high-entropy ceramics and contribute to their applica-
tion in various fields. The high entropy ceramics of
many systems are screened through calculation and
high throughput experimental design. The properties of
known high entropy ceramics are explored, the applica-
tion range of high entropy ceramics is enriched, and the
root cause of their extraordinary properties is explained
by simulation calculations. High-entropy ceramics are
developing from the current solid solution of five or
more components in equal proportion to a wider number
of components, such as three, four or six components
and more, and the proportion of each element is also
developing from equal proportion to nearly equal pro-
portion, so as to achieve the control of internal defects
of high-entropy ceramics, and further explore the influ-
ence of defects on the performance of high-entropy ce-
ramics. High-entropy ceramics are combined with other
materials to further expand their application fields.
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