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Multicomponent equiatomic system review surveys the extensive research carried out on HEOs, from initial exploration to recent

Functional properties advancement, summarizing progress in the refinement of synthesis techniques, elucidation of the
high entropy effect, and understanding of atomic structures at multiple scales. Leveraging the
impact of high entropy effect on structures, HEOs exhibit a wide range of properties from thermal
to electrical, which have potential applications in fields such as thermoelectrics, dielectrics, en-
ergy storage, lithium batteries, catalysis, magnetism and supercapacitors. The correlations be-
tween structure and property are analyzed, and potential property-property relations are
examined. Finally, we underscore the key challenges and unresolved questions that future
research needs to address.

1. Introduction

Entropy is a classical thermodynamic parameter to describe the degree of disorder in a material system. The breakthrough synthesis
of high entropy alloys (HEAs) [1] has sparked interest in utilizing entropy to synthesise stabilized new single-phase materials, and
positioned the high entropy effect as an influential factor for material design and property optimization. The idea of introducing multi-
components to increase the disorder of material systems has been expand to ceramics, including oxides, nitrides, carbide and borides
[2]. High entropy oxides (HEOs) were first formulated by Rost et al. [3] in 2015, introducing configuration disorder by uniformly
distributing various distinct cations across a single sub-lattice. The subsequent surge of scientific research in HEOs has deepened our
understanding of high entropy effect and enabled tailoring of properties such as thermoelectrics, dielectrics, energy storage and
catalysis, etc. Over nearly a decade of studies, the complexity of investigated structures has increased, ranging from simple forms like
rock-salt structure to more intricate configurations like tungsten bronze structure [4] and magnetoplumbite structure [5], from bulk to
thin film grown via pulsed laser deposition (PLD) [6-8] and even low-dimensional nanostructures (e.g., nanosheets [9] and nano-
particles [10]). Research scope has also broadened from microscale phenomena to nanoscale features, such as oxygen vacancy [11]
and anion doping [12], and from single phase to non-single phase, such as CuCoNi nano alloy exsoluted in CosMnNiCuZnOy [13],
CoFeCuNi nanoalloy exsoluted in Zry 5(NiFeCuMnCo)( 50x [14] and (Srg.25Cag.25Bag.25L20.25) TiO3/Pb@Bi [15]. The evolution of HEOs
research reflects an ongoing trend towards more comprehensive and nuanced explorations of these versatile materials.

Unlike HEAs that exhibit a complete absence of atomic order, HEOs retain a level of consistent atomic alignment, maintaining
general lattice structures with multiple elements randomly occupying certain sites. The driving force of high entropy permits both
oversized and minuscule elements to integrate into the crystal structure, which would typically struggle to form a stabilized single
phase with unique structures. The diversity of elements choice opens vast potential for structure-property optimization. The goal is to
understand the underlying principles of HEOs to allow for controlled structural and property engineering through pre-specified phase
fractions and morphologies. Despite the considerable amount of research, the impact of high entropy on oxide structures (including
crystal structures, valence states, coordination numbers, and local lattice distortions, etc.) and the relationship between structure and
property remain unclear. It is evident that the synthesis method, chemical composition, morphology, microstructure, stability, and
functional properties are interconnected. For further systematic study of HEOs, a comprehensive and deep understanding of the
mechanisms underlying these structure-properties optimization is necessary. Therefore, collective efforts in addressing the afore-
mentioned challenges also need to be summarize and analyzed, outlining a methodological framework for guiding future HEO
research.

In recent years, extensive research attention on high entropy ceramics has provoked several insightful reviews [2,16-19], with
increasing attention being given to high entropy nitrides (HENSs), carbides (HECs), and borides (HEBs). Reviews of HEOs generally
focus on either synthesis and structural design [20,21], specific applications like reversible energy storage or/and catalysis [22-26], or
certain properties such as magnetism [27]. This paper aims to provide a comprehensive and up-to-date review of HEOs, focusing on
different aspects as well as their research methodology (Fig. 1). The discussions and analysis encompass the definition of HEOs, key
descriptors, computation and calculations based on these descriptors, the origin of high entropy effect and its four aspects, repre-
sentative systems, and the structural-property relationships related to their functionalities and applications. From a methodological
perspective, both theoretical and experimental approaches are examined, starting with synthesis and structural characterization
techniques, to explore how recent research has investigated the diverse properties and applications of HEOs.

2. High entropy oxides
2.1. Definition and descriptors

High entropy oxides typically include more than five elements, each contributing 5-35 at. % at specific cation sites, resulting in a
total entropy increase AS is more than 1.5R (otherwise it will be classified as medium (R<AS < 1.5R) and low entropy (AS < R)). Initial
HEO studies focused on introducing five elements at certain cation sites, but recent studies have broadened to synthesize complex
oxides with greater element diversity. This includes multi-components at various cation sites and increasing element variety at certain
sites. Defects typically oxygen vacancies [28,29], are attracting increasing attention in studies of HEOs. Typically, HEOs rely on en-
tropy stabilization to achieve a single stable solid solution, surpassing the segregation driven by enthalpy minimization, and maintain a
single phase at high temperatures. Brahlek et al. defined HEOs as materials where configuration entropy contributes to formation and
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Fig. 1. Schematic sketch of HEO studies.

stability, but is not necessarily dominant over enthalpy [30].

HEOs, with their multi-principal elements and therefore vast composition space, extend the phase space [31], adding complexity to
experimental ergodic scanning and embodies the necessities of theoretical models. Effective computation schemes require not only
input of experimental data fitting but also appropriate descriptors of structural characteristics. Several empirical descriptors have been
developed to assess the phase stability of high-entropy materials [19], analogous to the renowned Hume-Rothery rules for binary solid
solutions [32]. These descriptors can be categorized into three groups, each offering a different perspectives on describing
configurations.

(1) Descriptors based on entropy and enthalpy

Basically, it is natural to consider thermodynamic parameters as descriptors to describe the structure disorder. These descriptors are
derived from Gibbs free energy, by calculating mixing enthalpy and entropy change. Among them, configuration entropy is one of the

Fig. 2. The relation of mixing entropy with a variation of the number of components with equiatomic fraction.
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most widely applied, usually ignoring the effect of possible oxygen vacancies. One of the most classic descriptor is configuration
entropy Sconfig, Which can be written as:

N M
<in1nxi> + <ij1nxj> } (€}
i=1 cation—site j=1 anion—site

where x; and x; represent the mole fraction of elements present in the cation and anion sites, respectively, and R is the universal gas
constant [23].

Most composition designs focus on introducing disorder in only cation sites but introducing elemental diversity in anion cites has
emerged [33], where Eq. (1) still applies. Considering the mathematics of Eq. (1), we would review the empirical classification of high,
medium and low entropy. For a system with two elements with varying fractions, the highest entropy can reach to 0.693R, when two
elements are in equiatomic fraction. Following the same logic, the highest entropy is realized (RInn) when each elements (the number
of elements is denoted as n) are in the same mole fraction. For a case of the equiatomic fraction of elements, the configuration entropy
varying with number of elements per system can be shown in Fig. 2, which shows the highest amount of entropy a system can get in
different numbers of elements. Thus for high entropy, more than five elements are needed. But for medium entropy, more than three
elements is enough.

Early studies of adopting high entropy strategy mostly focus on equiatomic design but non-equiatomic design are gaining increased
interests [34-36]. While the number of possible combinations of non-equiatomic fractions of elements can be countless in mathe-
matics, recent studies suggest that specific ratios are commonly employed (Fig. 2).

For HEOs with element diversity in different cation sub-lattice sites, Eq. (1) can be extended to:

N M
ZX{II’DQ) + ZX]IHXJ + ...
=1 cation—sitel Jj=1

cation—site2

Sconﬁg = —-R

Sconﬁ'g = —-R 2)

According to Euqation (2), it shows the tailoring flexibility of HEOs can be. If two cation sub-lattice sites are involved in
composition complexity, the least overall number of cation elements is still 5. Multiple sites of diversity provide enhanced stability and
structural robustness for entropy design. Besides, for certain fuctionality, composition complexity in different sub-lattice sites are
necessary.

Beyond configuration entropy, further entropy terms considering other contributors of entropy such as dislocation (Eq. (3))
broaden the scope of understanding high entropy effect. The mean strain energy raised by the dislocation contributes to the overall
enthaply increase in the HEO system. High configuration entropy brought by compositional complexity can compensate for the strain
energy associated with dislocations. However, dislocations create additional microstates or configurations that atoms can occupy. In
this way, the dislocation entropy can also be a contributor to overall free energy decrease, which is expressed as follows:

ASdislocation = - kB [pilnpi + (1 - pl)In(l - pl)] (3)

where kg is the Boltzmann constant, p; is the possibility to detect the dislocation in the model which is proportional to the total number
of cations along the dislocation line [37].

In the practical case of (Smg 2Gdg 2Dyo.2Erg.2Ybg 2)2Zr207, p; can be 0.34 %. ASgisiocation displays in the form of Shannon entropy,
which measures the randomness or uncertainty of a probability distribution. The presence of dislocations is rare, which fits in the
appling situations of Shannon entropy.

Similar to Eq. (2), the Li-configurational molar entropy change is written as Eq. (4), depicting the distributional variability of Li
atoms in the host structure. In a very simplified ideal solid solution model with Li atoms moving freely between a given number of
empty sites, without changing interactions (among each other and with the host lattice) during the charge/discharge process, the
molar entropy change can be expressed as follows:

ASconfig(X) = — R [xInx + (1 —x)In(1 —x)] 4)

where R is the molar gas constant and x is the relative amount of exchangeable sites being occupied [38].

Besides, Sarkar et al. [39] applied sub-lattice model and claimed Sa‘t"T";';f (Eq. (5)) as a more reliable metric in comparison of HEOs:

X x\~N X
Sconﬁg _ _R<lea ZN:l(fi Inﬁ)) (5)

atom S a

where R is the universal gas constant, a* is the number of sites on the x sub-lattice, f is the fraction of elemental species randomly
distributed on the respective sub-lattice and N is the number of elements in a given sub-lattice [39].
Actually for a spinel structure AB»O4, a* for each sites (A, B and O) are 1, 2, and 4 respectively. Thus the configuration entropy is

calculated at each sites respectively. imf‘ng can be considered as the weighed average of S.., all the sub-lattice sites for a HEO. If

elemental diversity is introduced in only one type of sub-lattice sites, then Eq. (5) can be expressed the same as Eq. (3). Eq. (2) and (5)
represent different ways of considering the contribution of configuration entropy. For Eq. (2), all the sites are considered equal in
donating the overall configuration entropy while for Eq. (5), the amount of sub-lattice sites appearing in HEOs is considered and a
higher fraction of the sub-lattice sites means a higher contribution in Scongg.
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Except for configuration entropy, vibration entropy can be obtained by Density functional theory (DFT) calculations and started to
be considered as a contributor to phase stabilization, whose expression is given as below:.

1
Sup = ;fzw[ﬂcoth [hwg/ 2Kk T] — kB;In [2sinh(hog/2ksT) | 6)

where T, #, q, j and oy are the temperature, reduced Planck constant, wave vector, band index, and phonon frequency, respectively
[40].

Applying S, is rather rare, due to the impractical costs of first-principles calculations and the invalidated accuracy of DFT cal-
culations for vibration energies, as the calculation often relies on nonunique supercell models and zero-K harmonic approximation,
excluding anharmonic effects at high temperatures [41]. Besides, experimental studies on S, are also scarce due to the complexity in
delicate measurements and the intricate charge balance between cations and anions. Consequently, from the aspect of the heat ca-
pacity, the vibrational entropy can be expressed as follows:

T
AS, = / @dT @
0

Woodfield et.al. [42] synthesized a series of multicomponent rutile oxides and challenged the conventional understanding that
increased disorder would lead to increased vibrational entropy. The excess vibrational entropy could be attributed to the increase in
polyhedral distortions due to cationic disorder. Increased component diversity can lead to distortions in the crystal lattice, which may
limit the range of vibrational modes or restrict certain vibrations. Variations in bond strengths between different atoms could result in
stiffer bonds in some cases, which would reduce the amplitude of atomic vibrations. Thus, a more “rigid” lattice would have fewer low-
frequency phonon modes, leading to a reduction in overall vibrational entropy.

Instead of simply applying entropy as descriptors, Pitike et al. [43] used the statistical mean and standard deviations of local mixing
enthalpies to predict the stability of five-component oxides. Sarker et al. [44] invented an entropy-forming-ability (EFA) descriptor, by
calculating the energy distribution “width” of a given unit cell with a randomized sampling of elements. The narrower distribution
means the easiness of accessing disordered configuration and thus favors high entropy. The expression of EFA can be written as:

-1

EFA = ( ) 8

where n is the total number of sampled geometrical configurations and g; are their degeneracies. Hy,; is the mixed-phase enthalpy
approximated by averaging the enthalpies H; of the sampled configurations [44]:
_ 2 iagH:
Hpix S g ©

Compared with other high entropy materials, descriptors of HEOs based on thermodynamics still possess further space of de-
velopments. Firstly, these descriptors still fail to realize a balance between the simplicity in mathematical form and the integrity of
actual thermodynamic details. For example, Liu et al. [45] put forward a descriptor largely determined by the internal strain field of
different elements on the same site which is related to the enthalpy, and predicts the atomic solubility for high-entropy materials. A
parameter & is defined, involving the average shear modulus and the effective lattice constant. Multicomponent solid solution systems
are derived from a quasibinary reaction of various binary solid solutions, thus adding to the complexity of the total free energy change
in an equimolar multicomponent solution. This status quo is reasonable since solving the thermodynamics of HEOs is considered more
challenging. Calculation of Phase Diagrams (CALPHAD) approach [46] is the most extensively used computational thermodynamics
method to predict phases of high-entropy materials, which uses thermodynamic parameters of end members from an existing database
constructed by applying experiments and first-principles calculation [46], and indentifies the minimum [47]. While CALPHAD has
been successfully applied to high-entropy alloys, its application to HEOs is rare. Some results have validated its feasibility in slag oxide
systems [48] and perovskites [28]. One major challenge is that the traditional thermodynamic database is based on constituent simple
compounds, and high-entropy compositions are consist of many simple compounds and are located at the center (rather than edges) of
the phase diagram, which causes concerns for database reliability [46,19].

Secondly, these descriptors still mainly focus on either entropy or enthalpy. Only a relative empirical quantization traced back to
HEAs provides the configuration entropy necessary to meet the standard of high entropy. Enthaply is considered less significant as a
value to be surpassed by TAS. EFA is one of the few descriptors built around enthaply and describe the single-phase stability through
the formation energy distribution based on DFT calculations. But it cannot fit in all cases considering the calculation costs and ap-
plications in high entropy carbides shows its weakness in non-homogeneous enthalpy landscapes [49]. Therefore, novel descriptors
which can depict the competition between entropy and enthalpy are needed. The DEED descriptor, proposed by Curtarolo et.al. [50]
balanced the entropy gain and enthalpy cost associated with the formation of these materials, allowing for a more accurate classifi-
cation of their synthesizability. However, further testing of the DEED descriptor is required in HEOs to validate its applicability.

Curtarolo et.al [50] characterized the systematic energy as a thermodynamic density of states spectrum Q(E)S(E) in a continuum
population and approximate the random distribution as an ensemble average of ordered representative states called partial occupation
(POCQ) tiles via DFT calculations. The DEED descriptor is described as follows:

> 8i(Hi — Hy)®

(OCiag) -1
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g [Hy]

DEED = || ————
(AHpur) o

(10)

where Hy and Hy gy are the DFT formation energies of the partial occupation POCC tiles and the convex hull, respectively.

Similar to other density of states in condensed matter physics, a probability distribution of a function f(E) through the renorm-
alization [ f(E)Q(E)dE/n is built, where y = [ f(E)dE is the renormalization constant. Thus, the statistical momenta of the POCC tiles is
extracted as Hy and Hy fy.

) = [ [1(B) - () @UEE an

(AHmar)g = %/ [Hy(E) — Hy jur) Q(E)dE (12)

For a thermodynamic density of states Q, comprising of a set of n discrete POCC tiles with formation energies Hy; and factor-group
degeneracies g;, the momenta can be calculated as:

H;} = Y (13)
6{ ! } (Zi:lgi) -1

18 (Hyi — Hy,
(M) = 218 (Z’{' . i) (14)

=161
Z?:lgin.i

AHj) = =it It 15
(AF) i (1>

Besides, the mixed enthalpy-entropy descriptor (MEED) proposed by Dey et.al. [51] also needs further adaptations in studies of
HEOs. MEED criterion for synthesizability can be applied via an auxiliary dimensionless descriptor ryggp:

Pusn A7 (AF01) = \/(igJ (s (o

where AH, is the difference in formation enthalpy between the solid solution and the most stable compound formed by its constituent
elements. (|AEp|) is the average of absolute differences in defect formation energy among all possible substitutional point defects in the
respective constituent host materials in the same crystal structure of the high entropy materials. AHC and (|AEp|)¢ are the corre-
sponding AH, and (|AEp|) when all the elements are considered within the studied set.

Adapting this MEED, DFT calculations of five-metal carbides showed that Compositions with rygep > v/2 are considered hardly
synthesizable.

(2) Disorder factor for different structures

Apart from thermodynamic descriptors for depict of structural disorder, a series of disorder factor focusing on describing lattice
distortion and atomic deviation have emerged. For high entropy pyrochlores, size disorder factor 5 and mass disorder factor g can be
written as Egs. (17) and (18). The partial size disorder can be written as Eq. (17) for all elements sharing the same lattice sites, while Eq.
(18) is the modified form considering A and B sites for high entropy pyrochlores. Size disorder factor has been reported to be a more
effective descriptor than configuration entropy to describing the fluctuation of thermal conductivity [52].

g= Y x(1-5)
o= Zinzlxi <1 - %)2

§ =& +g as)
Syse = /02 + 55

where Xx; is the atomic fraction, m; and r; are the mass and radius of the i jon component, m and 7 are the overall weighted average of
mass and ionic radius, 4 and &g are the lattice size differences related to the A and B sites in the pyrochlore structure, respectively [52].
Similarly, the size disorder factor of high entropy perovskites can be written as:

a7)
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N 2
6= Z Ci (1 — RBi/ZIiVICiRBg> (19)
i=1

where R, is the radius of the i cation at the B site; ¢; is the mole fraction of the i cation [29].
Similarly, a radius-based criteria was put forward for fluorite, where a mean ionic radii-based parameter (M.R.) is applied, ac-
cording to Eq. (20) showing below:

Z?; (ri — ?)2

MR. =
R N-1

(20)

where N is the number of cations, r; is the radii of the individual cations, and 7 is the average/mean radii. If M.R. > 0.095, a single-
phase fluorite is preferred, else low temperature dual-phases (fluorite and bixbyite) and a high temperature single-phase bixbyite are
anticipated [53].

While methods such as special quasirandom structures and coherent-potential approximation are utilized to reduce the cost, and
calculations based on thermodynamics, empirical rules and first principles have been successfully employed, computational studies on
HEOs remain in their early stages. Applying advanced tools like machine learning (ML) and other artificial intelligence (AI) algorithms
can address the lack of precision in describing local lattice distortion and interatomic interactions. Thus the combination of the dis-
order factor with entropy-based descriptor is possible for data collection as well as other coefficients such as electronegativities. Fang
et.al [54] applied three classic ML algorithms—Extreme Gradient Boosting (XGBoost), Random Forest, and Naive Bayes to predict the
crystal structures of HEOs, in which the XGBoost model showed the best performance. Features collected include the anion-to-cation
radius ratio 72, differences in Pauling and Mulliken electronegativities (A¥paying a0d AYpppiken)> @nd other thermodynamic and struc-
tural parameters. The ADASYN (Adaptive Synthetic Sampling) method was employed to generate synthetic data for underrepresented
classes, enhancing the training of ML models. The anion-to-cation radius ratio 7 had the greatest impact on predicting the crystal
structure. Lower values of 2, Ay pyjing, and Aypyen tend to lead to a fluorite crystal structure, while larger values favor spinel and rock-
salt structures.

Additionally, the most challenging issue for computations of HEOs is the vast composition space and the consequent high
computation cost. High throughput calculations, combined with ML-incorporated big-data discovery, are paving the way for a deeper
understanding of HEOs, ranging from their structures to properties.

(3) Classical structure descriptor for different structures:

Some researchers used crystallographic information such as the tolerance factor for perovskites [55], or simply calculated the
standard deviation of ionic radii for fluorites [53] to describe the high entropy on structures. For example, tolerance factors for
perovskite ABO3 [56] pyrochlore AB;O; [57], as shown in Egs. (21) and (22) respectively, reflect the general ability of HEOs in
remaining certain type of atomic arrangements.

tmean _ rA,average + rB.average (21)
\/i(rB,average + rO)
t = 1.43373 - 0.42031 <m> 22)
g, average + ro

where 74 gyerage aNd Tp ayerqqe are the average radius of elements at A and B sub-lattice sites respectively. Besides, for pyrochlore
structures, the structural stability of pyrochlore is mainly determined by the ratio between the average ionic radius of A and B cations

<%> The defect fluorite structure is favored when the ratio (}2) is smaller than 1.46 and the pyrochlore structure is favored as the

ratio (3’;) range of 1.46 to 1.78 [58].

A number of descriptors have been mentioned according to their basis of determination. It’s worth noting that, for a designed HEO
system, a robust and highly reliable general descriptor to accurately depict the effect of high entropy in phase formation and stability is
still lacking. The descriptors discussed below are generally effective under specific circumstances, and some of them lack sufficient
physical insights.

2.2. The origin of high entropy effect in HEOs

The high entropy effect primarily stems from the increased possibilities of arrangement (including dislocations) following the
integration of multiple elements, leading to an increase in configuration entropy AS.o,s. Based on the Boltzmann hypothesis, the AS.on¢
for a multiple-species system usually aids the reduction of overall Gibbs free energy and thereby stabilizes the system. However, prior
studies suggested that entropy is not always the sole driving force for solid solution formation [59]. Though the configuration entropy
presents and usually plays a significant role in synthesis, the effect is still limited to some extent and unable to surpass the rule of the
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solubility equilibria [60]. Configuration changes can extend to alterations in atomic interactions, which can be described via numerous
parameters: cation-anion bond lengths, degree of covalence, polarization, valence state, local bond angles, vibration frequencies,
magnetic effects, etc. Consequently, through strategic compositional, structure and processing design (even adjustments on a short
scale), the thermodynamic competition between entropy and enthalpy can be managed to yield controllable lattice distortion and
electronic structures.

The interplay between atoms is often regarded as a consequence of the introduction of configuration entropy. The debate on
whether configuration plays dominated effect or if other factors are independent of configuration persists, impacting our under-
standing of entropy components. In some simple oxide cases, spin has been considered as a contributor to entropy and has aided in
describing certain properties, such as NayCoO, with mixed valence Co cations [61]. For the spin system, the spin entropy is a function
of the magnetic field. The concept of spin entropy is related to the degeneracy of electronic states, which can be captured through
measurements of thermopower according to Hubbard model under Stirlings approximation. It can also follow the form of configu-
ration entropy as s = kglng, where represents the degeneracy. For cobalt oxides such as NaCo,04 and La; xSryCoOs, the degeneracy can
be denoted as g = g’s\’A 7Mg4MIVI!(1+iM)!’ where g; and g, are the number of the configurations of Co>* and Co** respectively, M is the
number of Co** sites, and Ny is the overall available sites in the system. Due to the complex composition of high-entropy oxides, the
spin states of different elements can be distributed in a variety of ways in the lattice, which results in a diversity of local spins. Studies
of HEAs suggest performing Monte Carlo simulations to sample the configurations of the spin system and calculate averages of certain
state functions. Therefore, the largest eigenvalue of the transfer matrix of the spin system is obtained and thus so does the free energy
per sites. Finally the entropy is calculated using the thermodynamic relationship between the free energy [62]. Similarly in HEOs, a
Monte Carlo study was performed to theoretically predict of the magnetic behavior corresponding to La(Crg 2Mng sFeg 2C0¢ 2Nip.2)O3
and generates random spin configuration by a random distribution based on a probability. A classical Heisenberg model using only the
intrinsic spin and exchange parameters was shown to be sufficient to predict complex magnetic behaviors of comprised of many
different magnetically active 3d transition metals [63]. HEOs studies mainly correlate their spin structures with magnetic order/
disorder [63,64], treating it as a subsequent effect of configurational disorder. Furthermore, vibration has been considered as an
independent contributor to entropy in metallic glasses [65]. A study of HEO-based lithium-ion batteries (LIBs) by Friedrich et al.
demonstrated the dual effects of configuration and vibration, associating vibration entropy with changes of vibrational frequencies
within the crystal [38]. Compared to HEOs, high entropy metal carbides [66] and alloys have received more extensive research
attention.

High entropy effects can facilitate a randomized cation distribution across all length scale, adhering to a basic crystal structure
order. However, an examination of local arrangement reveals some degree of short-range order. Over long ranges, cations and anions
are confined within the crystal sub-lattices. For each cation sites, different species of metal ions are randomly distributed, providing a
high homogeneity from the micro-scale to the nano-scale [67,68]. This is in contrast to materials with medium entropy effects, whereas
some level of segregation across differing length scales is anticipated [30,69]. Factors such as composition design, preparation con-
ditions, temperature, particle size can affect the extent of ordering. In the short range(i.e. nano-scale), a high density of dislocations
(~10° mm 2 [37] and ~ 10'* mm 2 under deformation [70]), a higher degree of clustering [71] and enhanced polarization fluctu-
ation [72] were observed. In addition, phenomena such as charged coupled substitutions and defects (e.g. oxygen vacancies [73]) are
likely to occur due to lattice distortion arising from the atomic size mismatch among dissimilar metal cations.

The high entropy effect can establish a thermodynamic stable solid phase at relative high temperatures [23]. Typically the greater
component diversity, the higher temperature is required for synthesis. The multi metal-oxygen bonds formed by the driving force of
high entropy effect showed their stability. Additional doping to already-synthesized Li/Mn-doped (Mg .2C0¢.2Nig 2Cug.2Zng 2)O system
by Chen et al. [74] demonstrated a weaker bonding compared to initial cation-oxygen ionic bonds in the undoped systems, leading to
improved better compressible behavior. However, phase formation is also subject to the kinetics achievable at given temperatures. The
kinetics of HEOs remain less studied compared to HEAs, which are often associated with sluggish kinetics of diffusion compared to
conventional alloys and pure metals [75]. Such slow kinetics have been invoked to interpret the room temperature persistence of high
temperature disordered structures displaying higher symmetry than their low temperature counterparts (e.g. disordered Fd-3m spinel
(Co, Cr, Fe, Mn, Ni)304 [47]). Due to the strong covalent bond and low diffusion coefficient, HEOs depend on solid-phase mass transfer
for densification. Large lattice distortion in the high-entropy system can further hinder the solid-phase mass transfer rate [76].

The sluggish diffusion of cation prefers the formation of long-range order or tendency of phase segregation for elements involved
with clustering preference [77], and is used in explaining the excellent structure stability of HEOs in thermal coating [78]. The sluggish
diffusion effect has been widely reported in high entropy rare-earth zirconates [78,79], reflected as lower grain growth rates and the
reduction of grain boundary energies. Studies suggested that the inhibition of grain boundary migration which is benefit for grain
refinement. Gao et al. [80] utilized in situ atmospheric STEM to visualize the nucleation and grain growth process of fluorite
(Lag 2Erg.2Smg 2Ybg 2Y0.2)2Ce207 synthesized through a polymeric-precursor-derived sol-gel approach, demonstrating slow grain
growth through atom diffusion at temperatures below 900 °C while a liquid-phase-assisted grain growth process at higher tempera-
tures. However, other studies focusing on hexaaluminates [81] challenged the idea that the sluggish diffusion effect dominated the
grain growth behaviors. The transport properties studied by Grzesik et al. [82] showed that the obtained values of diffusion coefficients
were within the typical ranges for transition metal oxides, failing to confirm the presence of the sluggish diffusion effect in HEO.

While the aim is typically to form single phase HEOs, precipitation can sometimes occur to achieve overall stability, and the initial
composition design does not always yield expected results. Yao et al. [69] reported that Zrg Yo 2Tag2Nbg 2Ybo 202 consisted a
monoclinic structure M—ABO4(ZrO5) with a small amount of ZrO,-rich particles. Luo et al. [83] reported the precipitation of Bi in their
Sro.9Lag 1(Zrp.255n0.25Tig 25Hf 25)O3 system. Furthermore, Furthermore, both metallic particles and oxides (such as Ti3Os [15]) have
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been found under reduced annealing atmosphere. Precipitation is typically accompanied by by changes of valence state, or alterations
of the local cation coordination environment, reflecting the competition between entropy and enthalpy. The precipitation of high-
entropy reverse spinel CosMnNiCuZnOy structure has been utilized in catalysts and exsoluted CuCoNi nanoalloys have been
observed to generate a sintering-resistant metal-oxide interface for the CO3 hydrogenation reaction [13].

Overall, the elemental chosen criteria for HEOs can be consolidated into the following points:

(i) The ionic radii of the cations on a specific site at a specific oxidation state and coordination number should be similar, thus rare
earth and transition metal elements are frequently employed;

(ii) At least one of the component oxide systems should possess a unique prototype structure;

(iii) Some elements should be included to compensate the excessive positive/negative charge and sometimes the smaller/larger
ionic radii;

(iv) Potential lattice sites that cations can occupy should be considered, ensuring that elemental disorder is introduced to more than
one type of sub-lattice sites;

(v) At least one pair of the constituent oxides should not be in completely miscible;

The selection of the composition also depends on the target structures. For instance, in perovskite structures, the tolerance factor
determines the favored crystal structures. In the case of binary oxides, at least one binary oxide pair should demonstrate incomplete
miscibility at 0.5 mol fraction, according to the oxide binary phase diagram [84].

2.3. The four aspects of the high entropy effect

Originated from HEAs [85], four aspects have been employed to describe the structure-property transformation of high entropy
ceramics (including HEOs) brought by high entropy design, which are the entropy stabilization effect [86-88], the lattice distortion
effect [56,89,90], the sluggish diffusion effect [75,82], and the cocktail effect [19,59], as shown in Fig. 3.

The entropy stabilization effect manifests as anomalous stabilization of the phase at the synthesis temperature, where the
increasing entropy AS contributes to the decrease of Gibbs free energy AG according to the well-known equation AG = AH —TAS. The
large entropy contribution can overshadow the typically positive enthalpy term AH, thus plays a significant role in enhancing the
solubility of certain elements and improving the stability of certain structures such as pyrochlores, though the enthalpy contribution
toward the overall thermodynamic stability should not be dismissed.

The sluggish diffusion effect is a postulation of slower diffusion of individual elements in systems with higher configuration entropy
of mixing than those with lower configuration entropy of mixing. Considering the physical root of diffusion, the atom should overcome
the energy barrier to move from one site to another. For an ordered crystal structure, the possibilities of diffusion activated barrier are
relative simple and thus dominate the way to form a phase. For HEAs, however, the complexity of diffusion originates from the varied
local atomic environment that does not simply lead to the increased energy barrier with the increase of element numbers at certain sub-
lattice sites [91]. As discussed in Section 2.2, compared to HEAs, the sluggish diffusion in HEOs warrants further investigations. The
diffusion effect is more complex compared to HEAs due to the ionic bonding between metallic ions and oxygen ions. For HEOs, oxygen
self-diffusion might not be preferred during the formation [92]. From a case study of (Co,Cu,Mg,Ni,Zn)O where the stoichiometry of
oxygen is tunned via treatments in different atmospheres, the obtained values of diffusion coefficients are within the ranges typical for
transition metal oxides and do not confirm the presence of the sluggish diffusion effect [93].

Fig. 3. Schematic sketch of the four aspects of the high entropy effect.
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The lattice distortion effect describes the deviation of atomic positions from their intrinsic lattice without element diversity. The
radius differences brought by elemental variety at certain sublattice sites result in a local stress field. And thus defects are likely to form
to relax the lattice, increasing the local heterogeneity. The lattice distortion contributes to the various degrees of break of local
arrangement order (depending on chosen elements) and thus plays a vital role in amorphization, nanostructure evolution, and band
gap tuning. While cation elements introduce a varied degree of lattice strain, the oxide lattice serves as a dynamic matrix to
accommodate these structural distortions.

The cocktail effect refers to the emergence of unexpected features greater than the weighted average performance of each
component, such as the simultaneous enhancements of properties that are unavailable in each component solely appearing, thus
providing vast space for compositional and structural possibilities for HEO design. The origin of the cocktail effect can be attributed to
the deviation of the ideal mixing theory.

2.4. Representative HEO systems

Based on structural characterizations and calculations of HEOs, researchers have gained a fundamental understanding of
elemental-specified features and disorder behaviors in the short range for a certain structure system. Through these findings, how the
influence of certain elements on the atomic arrangement appears in the short range offers insights for composition and structure
design. Among investigations of different structures, three representative HEO structure systems are studied most, which are rocksalt,
perovskite and pyrochlore structures respectively. The following discussions will focus on the structure analysis of certain elemental
compositions, including elemental-specified characteristics in structures and correlations of related structures.

2.4.1. Rocksalt HEO system

Efforts to analyze and understand the rocksalt HEO systems, the first synthesized system of their kind, have revealed some
intriguing characteristics in composition design via both experimental and computational methods. Firstly, certain elements tend to
segregate or cluster in random mixing. Metropolis Monte Carlo simulation of (Co,Cu,Mg,Ni,Zn)O by Pitike et al. [43] highlighted the
segregation tendency of Zn and Cu, and preference of avoiding element mixing between Zn-Cu, Zn-Ni pairs while Mg, Co, and Ni
readily form disordered solid solutions. The observed Cu clustering is attributed to a competition between elongated coordination
preferred by Cu ions due to the Jahn-Teller effect and the regular octahedral coordination preferred by the other cations [94].
Additionally, DFT calculation by Anand et al. [95] revealed specific ordering order segregation between Cu-Cu and Cu-Zn pairs, where
Cu-Zn pairing other than Cu-Cu pairing is preferred in high energy configuration.

Secondly, the effect of high entropy altered neighboring cations. Dupuy et al. [96] investigated the impact of grain size on elec-
tronic structure. They found heat treatment coarse-grained sample taken below the entropic transformation temperature resulted in
increased lattice distortion due to transformations to enthalpy-stabilized electronic structures, and reversible transformations of Cu,
Co, and Zn ions from six-fold to four-fold coordinated structures from low to high valence state. Zn can accommodate two-thirds of its
neighbors with other cations, typically, Mg and Co [43]. Thirdly, the competition among the electrical properties (including electronic

Fig. 4. Schematic diagram of the design process for rocksalt structure HEOs based on cluster-plus-glue-atom model [97]. Copyright © 2022 Elsevier.
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states, ground states, and ionicity) of metal elements leads to the preferred deviation of bonding behaviors. The introduction of less
electronegative Mg and Zn leads to enlarged Co/Ni-O covalency [73].

The phase instability introduced by elements with non-rocksalt structures and improved phase stability introduced by increased
element diversity should reach an equilibrium. Through the cluster-plus-glue-atom model, atomic configurations can be regarded as
the combination of cluster units connecting via glue atoms. Based on this understanding, elements with non-rocksalt structures (e.g.
Cu, Zn) can occupy glue atom sites to reach a better structural configuration and geometric compatibility by lowering the proportion of
elements with non-rocksalt structures and reducing the driving role of conformational entropy in the multi-phase to single-phase
transition (Fig. 4) [97].

2.4.2. Perovskite HEO system

Perovskite HEOs, compared to rocksalt structures with a single metallic sub-lattice, offer increased structural flexibility with their A
and B types of sub-lattice sites. Additionally, perovskite structures possess relatively high structure compatibility due to the wide
tolerance factor range(0.75 ~ 1), enabling greater elemental diversity. DFT calculations by Sahinovic et al. [98] confirmed the
interdependence between various parameters of perovskites/infinite layer structures (elements involved are shown in Fig. 5 (a)),
including atomic properties, lattice parameters, tolerance factor, and different energies (Fig. 5 (b)). They identified group-resolved
stability trends of the perovskite phase for nitrides, oxides, and fluorides (Fig. 5 (c)), providing a fundamental understanding of
pristine perovskite structures. These perovskite oxides prefer vertical compression under layer conduction. The formation energy of
perovskite structures was predominantly determined by anion sites, with B sites having a particularly strong influence on basal lattice
parameters. However, in infinite layer scenarios, the vertical lattice parameter exhibited no correlations with other quantities.

When introducing the high entropy effect, the mechanism of phase transformation can be understood via Ghosh electronegativity
vs d-valence diagram, Z/a and valence electron concentration (VEC) (Fig. 6). As shown in Fig. 6(a), there is a significant overlap
between pyrochlore, fluorite, and perovskite groups (monoclinic and cubic). This overlap can be reproduced as Voronoi diagram
(Fig. 6(b)), providing further insights into what drives phase change in oxide materials through correlations with mechanisms such as

Fig. 5. (a)Elements involved in studies for perovskite/infinite layer structures, 69 for A & B sites. (b)The correlation matrix r; analyzes the
interdependence of the different observables for studied perovskite/infinite layer nitrides, oxides, and fluorides. (c)Group-resolved stability trends of
the perovskite phase [98] (Reproduced). Copyright © 2022 The Author(s).
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Fig. 6. Biplots of HEO compositions as (a) d-valence vs. Ghosh electronegativity ¥ ghosh. The Voronoi tessellation of (b) d-valence vs ) ghosh OF
further biplots with (c) %, or (d)valence electron concentration (VEC) involved. (e) Tabulated Prediction of HEO and non-high-entropy metal oxide
compositions for three different ) ghosn biplots (d-electron, Z/a, and VEC). [99]. (Reproduced). Copyright © 2021 The Author(s).

ligand formation and electron transfer (Fig. 6(c)) [99].

Perovskite HEO systems with an increased number of constituent elements have been observed to demonstrate a broadened range
of oxygen octahedron distortion and M-O-M angle distribution [56]. The local distortion of crystalline structure with lower symmetry

Fig. 7. Schematic illustration of the ordered pyrochlore and disordered defect fluorite structures and the associated order—disorder transition (ODT)
[110]. Copyright © 2021 Acta Materialia by Elsevier.
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caused by interactions of multi-transition metals in different oxidation states can cause Jahn Teller distortion along with polarization
of M—O bonds, reflected as broadening and asymmetric IR vibration bands [100]. Charge compensation mechanism is applied to
explain the unique oxidation state of certain metallic elements, usually associated with the presence of oxygen vacancy or the
insertion/substitution of new metallic ions [101,102], and thus makes perovskite HEOs mixed ionic-electronic conductive
[28,103,104]. The introduction of elemental diversity in different sub-lattice sites and the uneven distribution of certain sub-lattice
sites due to non-cubic structures have shown different features in structures. However, further studies are needed. For example, in
a tetrahedral A(BB’)Og structure, multiple substitutions can be designed at A, B, and/or B’ sites. Specific to A sites, the elongation of the
c-axis cell parameter and the tilting of oxygen octahedra may lead to the differentiation of layers with richer and more poorly
distributed A sites. Park et al. [105] investigated the effect of introducing more cation types at A sites based on a statistical model
focusing on the oxygen vacancy formation energy statistics in mixed cation systems. They revealed a tendency for AFeOj3 systems to be
more cubic-like with increased oxygen octahedron distortion within the lattices.

2.4.3. Pyrochlore HEO system

Compared to the perovskite structure, the pyrochlore structure, denoted by the formula A;B2060’, is remarkable for its compo-
sitional and structural flexibility due to its increased structural complexity. In this structure, A>" cations are coordinated to an oxygen
octahedron, B** cations are coordinated to hexagonal bipyramidal-like oxygen surroundings, and an oxygen vacancy is surrounded by
four B* cations. This complexity facilitates a broad range of possible site substitutions on the A and B sites, enabling numerous
technologically significant functionalities, such as energy storage [106], thermal barrier coating [107] and more.

Similar to rocksalt and perovskite HEO systems, some compositions of pyrochlore HEO systems display clustering behavior and
Jahn-Teller distortion [108]. While pyrochlore and fluorite structures share identical A and B site positions, the intrinsic presence of
oxygen vacancy and different oxygen coordination leads to interesting phase transition phenomena.

For instance, the combination of 3 4 and 5 + cations tends to promote local segregation of the pyrochlore phase, which decreases
with rising temperature [109]. According to studies by Wright et al. [110], ordered pyrochlore structures can be transferred to
disordered defect fluorite structures (Fig. 7). This order—disorder transition (ODT) is not driven by the mixing entropy but is likely
driven by the difference in the average radii or the A/B ratio (1.46 ~ 1.78 [58]). During calcination, XRD examinations revealed the
coexistence of defective fluorite and crystal pyrochlore structures, with the pyrochlore phase being favored as the temperature in-
creases [111]. Though small in atomic size and 3 + valence, Sc has a strong tendency to occupy B sites and can supply charge balance
for other 5 + valence B site occupations [110]. In a study conducted by Jia et al. [112], La®>* based high entropy pyrochlore ceramics
were designed and synthesized based on valence balance, oxygen octahedron occupation tolerance, and ra/rp ratio requirement. Their
findings suggest that reducing valence and size disorder can enhance phase formability.

Pyrochlores are not the only anion-deficient fluorite structural derivative oxides. Other derivatives include the special §-phase
oxides and bixbyites, which display a decrease in cation coordination numbers from 7 to 6 (Fig. 8) [113]. The dynamics of defect
formation and structure alterations in these oxides are complex. For instance, simple pyrochlores, fluorites, 5-phase and bixbyites are
sensitive to the radius of A and B site atoms. Furthermore, the cluster of oxygen Frenkel coupled with a cation antisite pair can drive the

Fig. 8. Schematic representation of the anion-deficient fluorite structural derivative oxides, going from a fluorite (BO5) to a bixbyite (A,03) crystal
structure [113]. Copyright © 2021 The Author(s).
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formation of a disordered fluorite structure due to enhanced stability.

Structural transformations can occur through various mechanisms, including isosymmetric, reconstructive, and second-order (or
first-order close to second-order) phase transitions [114]. However, studies of these phenomena within the context of corresponding
HEO systems are scarce, and further studies are worthy. For example, phase transitions between fluorite-bixbyite [115] and fluorite-
pyrochlore [111] structures have been reported. Investigating whether HEO systems follow the same phase transition modes as simple
oxides could provide valuable insights.

2.4.4. Spinel HEO system

Spinel structure HEOs are widely applied in catalysis, magnetism, supercapacitors, and lithium battery electrodes. Spinel structure,
with the general formula AB504, has two types of cation sites (A and B) that occupy two types of interstitial sites: tetrahedral and
octahedral coordination formed by oxygen atoms. Furthermore, spinel structures can be classified into two main types: normal and
inverse spinel structures. For a normal spinel structure, the divalent A-type cations occupy the tetrahedral sites, and the trivalent B-
type cations occupy the octahedral sites. While for an inverse spinel structure, half of the trivalent B-type cations occupy the tetra-
hedral sites, and the remaining trivalent and divalent cations share the octahedral sites. The distribution of cations between the
tetrahedral and octahedral sites can vary depending on the material and the degree of inversion depends on factors such as tem-
perature, pressure, and the specific elements involved, thus creating abundant interactions among cations and anions while main-
taining structure stability [116,117]. For spinel HEOs, the increased diversity of elements at the cation sites enhances the interactions
between electron charge and spin, leading to more complex and tunable electronic, electrochemical and magnetic properties. Spinel
oxides can thus be tuned seamlessly from the low-entropy to the high-entropy regime, making this an ideal platform for entropy
engineering [71]. Furthermore, the random distribution of cations across tetrahedral and octahedral sites affects the inversion degree,
which is critical for determining its electronic properties and catalytic activity [118].

A case study of a series of spinel HEOs nanofibers with a granular architecture and oxygen-deficient surface under calcination at
500 or 600 °C was based on (Cr,Mn,Fe,Co,Ni), (Cr,Mn,Fe,Co,Zn) and (Cr,Mn,Fe,Ni,Zn) combinations. Samples showed a preference for
Co and Ni to occupy octahedral sites instead of Zn [118]. According to the study on high entropy ferrite by Doeff et al., Zn?* typically
prefers tetrahedral sites due to its electronic configuration, and Mg?" and Fe?" are often found in tetrahedral sites as well. While for the
octahedral sites, a mix of cations with varying oxidation states and sizes are occupied [119].

Furthermore, it is worth noting that local elemental variation has a significant effect on the electron structures, which can be
reflected in fields of electrochemistry. Via applying an impurity model, Baek et.al[120] demonstrated that the Co, Cr, and Fe sites in
(Co,Fe,Ni,Cr,Mn)304 exhibited varying levels of catalytic activity depending on the surrounding metal atoms. Combined experimental
results showed that microstrains in material structures play a crucial role in influencing oxygen evolution reaction (OER) activity
[120]. The synergetic effect of multi element can realize a narrower band gap than any of the individual oxides due to the alignment of
the band structures as well as intermediate band formation [121].

Among reported research results, high entropy oxides can be classified into several groups according to crystal structures, as shown
in Table.1. Compared to ordinary oxides, high entropy oxides show a preference for higher symmetry and thus most high entropy
oxides follow cubic structures with fcc packing.

3. Synthesis and structural characterization of HEOs
3.1. Synthesis of HEOs

Several synthesis strategies for high entropy HEOs have been reported to date, including solid state reaction, pulsed laser deposition
(PLD), spark plasma sintering (SPS), co-precipitation, sol-gel method, nebulized spray pyrolysis (NSP), hydrothermal method, and
metal-organic frameworks (MOFs) templates technique (Fig. 9). In addition, chemical synthetic routes can be complemented with
mechanical processes, such as mechanochemical synthesis. While the majority of research predominantly introduces 5 elements to
specific sub-lattice sites, recent developments have expanded this to include more than 5 elements. This development demonstrates an
increased availability of flexible composition control [148] and underlines the need for continued advances in synthesis methods.

Solid state reaction synthesis is a prevalent method for fabricating bulk HEOs. Highly pure metal oxides with high purity are
processed in equimolar stoichiometric quantities and grounded into powders. These powders are then subjected to a mechanical
grinding process, followed by long-time heat treatments (typically 10-24 h [149]) at high temperatures (vary from 1000 to 1500°C
[150,151]). The powdered materials are sintered in a furnace with a controlled atmosphere. The mechanical grinding aids in achieving
a homogeneously random distribution of cations, while the subsequent heat treatment facilitates the crystallization process. The use of
raw materials with similar crystal structures, along with phase transitions occurring with rising temperatures, aids ion diffusion and
helps prevent the formation of secondary phases. To ensure the success of the process, several annealing steps with multiple inter-
mediate milling steps, are typically required.

The spark plasma sintering (SPS) method is known for its application of pulsed or unpulsed direct current (DC) or alternating
current (AC). It typically allows for high heating and cooling speeds, resulting in dense materials [152]. Flash sintering, another
method that produces dense materials, uses lower heating temperature combined with an applied electric field. Flash SPS (FSPS)
technique, a hybrid of flash sintering and SPS method, enables rapid densification of more conductive materials at lower temperatures.
This technique has been applied in the synthesis of HEOs such as (Mg, Co, Ni, Cu, Zn); 4LixO (less than 4 min at 25°C) [153]. Another
hybrid method, reactive flash sintering (RFS), which combines reactive sintering and flash sintering, has also been applied in the
synthesis of HEOs like (Lag aNdg 2Smg 2Eug 2Gdg 2)2Zr,07 (densities up to 99 % at a furnace temperature of 1200°C) [154] and Sr
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Table 1

Typical HEO systems and the corresponding main synthesis methods.

Crystal structures Symmetry  Typical studied systems Synthesis methods References
Rock-salt Fm-3m (Mgo.2C00.2Cug.2Nig 2Zng 2)O Solid state reaction [2]
Reverse co-precipitation & Hydrothermal (HT) method (nanoparticles) [122]
(Cog.2Cup.2Mgo.2Nig 2Zng 2)O Nebulized spray pyrolysis (NSP) method [123]
- (Mg.2C0g.2Nip 2Cug 2Zng 2)O Pulsed laser deposition(PLD) [124]
LiCry6Mny s6Fe1,6C01,/6Ni1/6Cu1 /602 [6]
(Cog.2Nip.2Cuo.2Mgo.2Zno.2)O [125]
Fluorite Fm-3m (Ceg.2Zrg oHf 2Sng 5 Tig 2)Oo Solid state reaction [126]
(Ceo.2Hfo.2Y0.2Pro.2Lag.2)02-5 [127]
(Hf.25Zr0.25Ce0.25)(Y0.125M0.125)O2-5 Spark plasma sintering(SPS) method [128]
(M = Yb, Ca, Gd)
(Hfo.2Zro.2Ce0.2)(Y0.2Mo 2)02.5
(M = Yb, Gd)
(Cep.2Lag oPrg 2Smg 2Y(.2)02_5 NSP method [84]
P42/mnm (Alp.19Cro.13Nbg 19Tag 30 Tip.19)O2(thin film) Reactive direct current (DC) magnetron sputtering [129]
Perovskite Pm-3m Sr(Zrg 5Sng 2Tig.oHf oM 2)O3, (M = Mn, Nb) Solid state reaction [55]
(Bip.oNag.2Ko.2Bag.2Cap 2) TiO3 Flash-sintering [130]
Sr(Tig oFep.2Mog 2Nbg »Crg 2)O3 Solid state reaction [131]
P4mm (Big oNag oKg 2Lag.2Srg 2)TiO3 Modified citrate acid method [132]
Pbnm (Gdog.2Lag. 2xSrxNdp 2Smg 2Y0.2) (Co.2Crp 2Feg 2Mng 2Nig 2)O03 (x = 0 and x = Mechanochemical synthesis [133]
0.2) (Ball milling and modified Pechini method)
Pnma (Gdg oNdg oLag 2Smg 2Y( 2)CoO3 Modified coprecipitation hydrothermal method [134]
— (Lag, 2Prg 2Ndp 2Smg >Eu 2)NiO3 PLD & Reflection high-energy electron diffraction (RHEED) [135]
Spinel Fd-3m (Cro.oMng >Fep 2C00.oNip.2)304 Solid state reaction [136]
(Fe,Ni,Co,Cr,Cu)304 Metal-organic frameworks (MOFs) templates technique [137]
(Mgo.2Tig.2Zng 2Cug 2Fe 2)304 Facile one-step solid state reaction method and subsequent high-energy [138]
ball-milling
NiFe; 9(Dyo.02Er0.02Gdo.02H00.02Tbg.02)04, (Cog 2Cro 2Feg 2Mng oNig 2)Fez04 Sol-gel method [139]
(Cop.2Cro.2Feg 2Mng 2Nig 2)Fe; 9(DY0.02Er0.02Gdo.02H00.02Tbo.02)04
(Crg.2Feg 2Mng 2Nig 2Zng 2)304, (Cro 2Feg 2Mng 2C0p.2Zn0.2)304 Solution combustion synthesis (SCS) [140]
(nanocrystalline powders)
Pyrochlore Fd-3m (Gd; /7Euy7Sm; 7Nd; ;7La; 7Dy ,7HO1 /7)2Zr207 Solid state reaction [58]
(La; sNd;/sSmy/sEuy,5Gd1/5)2Zr207 [76]
(Lag.2Y0.2Gdg oNdg »Smg 2)Zr,0, Glycine nitrate procedure (GNP) [141]
(Smg 19Ybg.10Gdo.19Er0.10DY0.10U0.05)2Ti207 SPS method [142]
Imma Ndz(Tag.2Sco.2Sng oHfg 271 2)207 Solid state reaction [108]
Bixbyite Fm3m (Y-La-Ce-Nd-Gd)20s3 Mechanochemical synthesis [143]
(ball milling and modified sol-gel method)
Ia-3 Gdg 4Tbg.4Dyo.4H0o 4Er0 403 Polymeric steric entrapment method [144]
Magnetoplumbite — Ba(FegTi1.2Coq 2Ing 5Ga; 2Cry 2)019 Solid state reaction [5]

(continued on next page)
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Table 1 (continued)

Crystal structures

Symmetry  Typical studied systems Synthesis methods References
0O3-type layered R-3m NaNig.25Mgo.05Cuo.1Fep.2Mng 2Tig.1S1n0.102 Solid state reaction [145]
NaNio,12Cuo.12Mgo.12F€0.15C00,15Mno0,1Tig.1500.15b0.0402 [146]
Layered Ruddlesden-Popper — (Lag.2Prg.aNdg 2Smg »Eug 2)>CuOy4 PLD [71
(RP)
Hexaaluminates - (Lag 2Ndp 2Smg 2Eug 2Gdo.2)MgAl11019 Solid state reaction [81]
Mullite Pbam Bi,M409 (M = Ga, Al, Fe, Mn), Sol-gel method [147]

(Ero.2Y0.28mo 2Ndo 2Eug.2)2Mn4010,
(Ero.2Y0.28mo.2Ndo 2Bio.2)2Mn401,
(Euo.2Y0.25mo.2Ndo 2Bi.2)2Mn4010,
(Ceo.2Y0.28mg 2Ndo.2Bio.2)2Mn4010,
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Fig. 9. The summary sketch of HEO synthesis.

(Tio.zYo.zzrolzsno.szol2)03.X (at 1314°Cand 1 min) [155].

Besides the methods mentioned above, solution-based chemical synthetic routes have also been developed to deal with new
emerging requirements of sample quality and morphology. For instance, the nebulized spray pyrolysis (NSP) method shows great
advantage in synthesizing nanoparticles with high flexibility in controlling microstructures (i.e., particle sizes and morphologies),
which is believed to be suitable for lab scale synthesis for its quick single-step process. NPS method requires precursor salt solution of
the respective metals dispersed into fine droplets by an ultrasonic nebulizer. The resulting mist is transferred to a hot-wall reactor
through a carrier gas (e.g. N2 and O2) and forms complex compounds, which is finally collected on a filter paper in a heated collector to
prevent water vapor from condensing on the powders [156,157]. Besides, precipitation methods have been applied, including co-
precipitation [158] and reverse co-precipitation [115,157]. Salt precursors are dissolved in solutions and precipitated with the
addition of an alkaline solution for co-precipitation process while a salt precursor solution drops into an alkaline solution for reverse
co-precipitation process.

Among numerous solution-based chemical synthetic routes developed, the conventional simple sol-gel method, heating-assisted
method and hydrothermal method can also be employed for synthesizing HEOs. Pechini method is a type of sol gel method dealing
with systems involving multiple cations (e.g. perovskites) and utilizing a chelating agent(typically choose citric acid) [133]. Complex
topological structures can be achieved via sol-gel process, such as spherical mesoporous spinel Ni-Co-Cr-Fe-Mn oxide [159] and
nanometer-scale porous spinel (Crg2Feg 2Cog 2Nig 2Zng2)304 [160]. Colloidal synthesis by Sun et al. [161] demonstrated surface-
confined HEO atomic layers, where transition metals are randomly substituted, embedded and stabilized on the surface lattice of
CeO- nanoparticles (denoted as CuCoFeNiMn-CeO,). Moreover, flame-assisted PS (FPS) method combines high temperature flames
into the condensation procedure of metal salt liquid precursors and the homogeneity of nanoparticles can be optimized by tantalizing
the combustion enthalpy density of the flame [162]. The FPS technique is reported to be advantageous in possessing very high phase
purity and higher specific surface area compared with hydrothermal, co-precipitation, ultrasonic spray pyrolysis, and sol-gel methods
[163]. Synthesis of (Mn, Fe, Ni, Cu, Zn)3(0)4 nanoparticles via FPS method have been reported [164]. Very recently, new emerging
rapid Joule heating is emerging as an effective approach to thermally decompose precursors and form HEOs with multiple active sites
and continuous electrical structures in a rapid and high throughout way [165]. Similar to the sol-gel method that relies on the reaction
of precursors, the hydrothermal method heats aqueous metal salt precursor solution under certain temperature and pressure condition
and produces HEO powders after calcination treatment. Microwave synthesis can be combined with this method to save the time and
the energy required before calcination [166]. Similar to this process of preparing precursor solution, following the procedure of aging
and several times of spin coating and baking and pyrolysis, a hundred-nanometer level, rather textured thin film can be produced after
rapid thermal annealing [167].

Based on the above solution-based synthesis methods, the introduction of metal-organic frameworks (MOFs) as sacrificial tem-
plates provides a new low-temperature route to obtain nanostructured HEOs with large surface area, abundant active sites and rich
oxygen vacancies which showed intrinsically high electrochemical activities for applications in catalysis [137] and lithium batteries
[168].

Beyond the previously mentioned synthesis methods, epitaxial thin film growth methods have begun to contribute to the devel-
opment of new forms of HEOs. Pulsed laser deposition (PLD) has been used to synthesize rocksalt HEOs, such as polycrystal
(Co.2Nig 2Cugp.aMgp 2Zng 2)O [124] and single crystal LiCr; ,sMn; 6Fe; 6C01,/6Ni1/6Cu1 /602 [61), as well as a series of perovskite HEOs
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including single crystal LaCrg 2Mng oFeg 2C0g 2Nip 2035 [169] and RP phase (Lag 2Prg 2Ndp 2Smg 2Eug 2)2CuO4 [7]. Reactive magnetron
sputtering of the powder-metallurgically prepared target has also been employed to produce (Aly 19Cro.13Nbg.19Tag.30Tig 19)02 [129]
and (Cr-Mn-Fe-Co-Ni)304 [170] coating on Si substrate.

The PLD equipped with reflection high-energy electron diffraction (RHEED) can monitor real-time surface atomic growth layer by
layer, enabling the realization of a more precise oxide structure than other synthesis methods. This paves the way for further studies of
atomic defects, nano-level ferroelectricity [171] and more. For epitaxial growth of a single crystal thin film, an appropriate substrate
with a single orientation and lattice mismatch within 5 % should be chosen. The lattice parameter difference between substrate and
grown HEOs affects lattice strain and thereby influences material properties. The crystallinity of HEO thin film is strongly related to
several parameters, including oxygen partial pressure, laser fluence, laser spot size and target-substrate distance. The range of these
parameters, which allow for fine RHEED oscillation modes, varies between different material systems.

Synthesis methods and specific technological parameters are crucial factors that dictate the structure of HEOs, as well as the control
over particle-size distribution and morphologies. These factors, in turn, influence structure-property behaviors. For example, Sakar
et al. [115] synthesized (Ceg 2Lag 2Prp 2Smg Yo 2)02.5 samples using reverse co-precipitation (RCP) techniques and and achieved a
reversible change in the bandgap energy via heat treatment of under a vacuum atmosphere, followed by reheat treatment in air.
Krawczyk et al. [134] demonstrated the possibility of fine tuning of the semiconducting band gap via a subtle change in A-site stoi-
chiometry. They achieved this by using a modified co-precipitation hydrothermal process to synthesize (GdgaNdg.2Lag.2Smg 2Yo.2)
CoOj3 under original quenching conditions, with liquid nitrogen serving as the medium. Regardless of whether advanced solution-
based routes or plasma sintering routes are employed, the ultimate goal is to produce high quality HEO samples with excellent
atomic level mixing and high purity, while also reducing the synthesis temperature.

3.2. Experimental techniques for structure characterization

Various experimental techniques have been instrumental in understanding structural order and disorder in different scales. To this
end, characterization techniques are more focused on local atomic structures rather than extensive structures, which are typically
tested by traditional characterization methods. Therefore, the analysis of correlations between obtained structural information and
properties is conducted.

Despite relatively adequate research on correlating experimental characterization data and atomic structure configurations of
HEAs, the understanding and control of local order/disorder in HEOs remains a substantial challenge. To what extent and range does
the disorder present some degree of order still need further investigations. Also, it is crucial to determine whether a universally
applicable rule for atomic arrangement exists within specific material systems, as this has significant implications for the design and
development of materials with targeted structures. The typically used experimental characterization techniques for HEOs are sum-
marized in Fig. 10.

(1) X-ray diffraction (XRD) and neutron scattering

XRD is a widely applied characterization method in analyzing and tracking crystal structures (including corresponding symme-
tries), phase transitions under different conditions (e.g. pressure [172,173] and heat-treatment [96]), and determining the formation

Fig. 10. The summary sketch of experimental characterization for HEOs.
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of single stabilized phases (Fig. 11). Crystal structures can be obtained via Rietveld refinements. The pair distribution function (PDF),
which can be extracted from XRD and neutron scattering data, provides information on the local short-range order of M—site cations
(this applies to its Fourier transformed form, Structure factor S(q)). Both PDF and S(q) can also be extracted from neutron scattering
data. The analysis of the local atomic environment mainly focuses on reflecting the randomness of element distribution. Jiang et al
[108] studied an example of Nd;M207 with five M—site cations via neutron diffraction and investigated local atomic structure via PDF
analysis. The identified sub-nanometer scale local TiOg octahedral distortion and some degree of short-range Ti clustering were
identified in the Ndy(Tig.2Nbg 2Sng 2Hfg 2Zr.2)207.x compound, while the Ndy(Tag 2Scg 2Sng.2Hfy 2Zrg 2)207 compound demonstrated
highly nanoscale homogeneity of cation distribution. Meanwhile, Cheng et al. studied the structural evolution of fluorite HEO
(Ceg.2Lag 2Pro.2Smg 2Y0.2)O2 5 via in situ high-pressure synchrotron XRD measurements and extracted different S(q) and PDF during
compression and decompression at room temperature [173].

With the assistance of synchrotron radiation, in situ XRD can further provide detailed information about the structural evolution
under external perturbations (e.g., electric field/ thermo-field) and certain atmospheres. Ding et.al. [175] developed an O3-type oxide
cathode composed of all-3d transition metals (TM), NaNig 3Cug 1Fep2Mng 3Tig102 (NCFMT) and (NaNig 3Cug Feg2Mng 3Sng 102
(NCFMS), which replaces Ti with Sn in TMO4, slabs., to conduct a rational research on material design. The NCFMS exhibited a larger
full-width at half-maximum in peaks with more a-b axis character (larger angle to the (003) plane) when compared with the (00 1)
diffraction peaks (Fig. 12 (a)), and a higher lattice strain within the ab plane (0.51 %) than between the ab planes (0.15 % along the ¢
axis) (Fig. 12 (b)), compared to the NCFMT. These results indicated that the NCFMS has a stronger interaction between TM ions than
that between TM ions and Na™, and thus an enhanced cation displacement from high-symmetry sites (Fig. 12 (¢)). The in situ XRD
revealed that the NCFMT and NCFMS went through similar phase transition from O3 to P3 and lastly O3, as shown in Fig. 12 (d).
Besides, during Na* deintercalation, the (003) peaks shifted toward lower angles in the low-voltage regions, likely due to the repulsion
between the oxygen planes that corresponds to an expansion of the c lattice parameter. The (101) and (012) peaks shift to higher
angles as active TM oxidation causes a reduction of the TM-O bond and a contraction of the a/b lattice parameter.

(2) Electron microscopy and techniques assembled

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are widely applied characterization techniques
in phase identification and morphology/structure analysis. TEM is advantageous in projecting 2D imaging of inner structure and
testing minute samples which are unavailable via XRD. Based on TEM, high-resolution TEM (HRTEM) is developed and produces
directly perceived images with higher resolution (~1 nm) and higher sensitivity to chemical compositions. The high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM, also called Z-contrast imaging) demonstrates an incoherent
high-resolution image whose element-related contrast does not change significantly with the thickness of the sample and the focus of

Fig. 11. The application of XRD technique on structure analysis of HEOs in (a) determining single phase stabilization during formation [3], (b)
analyzing crystal structures [174], (c) and (d) tracking phase transtion under different conditions (e.g. pressure) [172,173] (Reproduced). Copyright
© 2015, 2019 and 2020 The Author(s).
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Fig. 12. A case study applying XRD and in situ X-ray synchrotron imaging. (a) XRD patterns of NCFMT and NCFMS. a.u., arbitrary units. (b) In-
dependent lattice strain ¢ fitting based on Williamson-Hall analysis, where strain distribution within the ab plane is plotted in dashed line and
between the ab planes is plotted in dotted line. (c) Structure illustration of O3 phase and sketch of strain distribution and ionic displacement for
NCFMT and NCFMS. (d) In situ XRD patterns of NCFMT and NCFMS during first charge and discharge. All reproduced from [175]. Copyright © 2024
Springer Nature.
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the objective lens. HAADF-STEM is less sensitive to detect light elements, which could be masked by the strong contrast of heavy
elements. Correspondingly, ABF-STEM (where ABF is short for “annular bright-field”) can realize the simultaneous observation of both
light and heavy elements but its imaging contrast is affected by the sample thickness and the under-focus [176]. Spherical error
correction could improve the sensitivity down to the sub-angstrom scale, making atomic imaging available [177,178]. Alongside TEM
and STEM, additional techniques including selected area electron diffraction (SAED), energy dispersive X-ray analysis (EDX), and
electron energy loss spectroscopy (EELS) can provide further information of crystallinity, composition, and morphology, etc. SEM, on
the other hand, is particularly effective for providing 3D imaging of sample surface, making it valuable for characterizing micro-
structures such as fracture, corrosion, grains, and grain boundaries. Additionally, SEM can be integrated with advanced techniques like
EDS and Electron backscatter diffraction (EBSD).

As a crystallographic experimental technique facilitated by TEM, SAED provides a diffraction pattern to determine the crystallinity,
and each diffraction spot corresponds to certain lattice planes of crystal structures, indicating crystal structures of HEOs [179]. Besides,
the metal nuclei grown during the lithiation process are smaller in size than the X-ray coherence length and thus are visible only by
SAED [180]. Combining in situ XRD and ex situ TEM approaches (including corresponding SAED), Zheng et al. [181] explored the
lithium storage behavior of the (FeNiCrMnMgAl)304 spinel high entropy oxide as anodes for LIBs and confirmed the reversible spinel
to rock salt phase transformation phenomenon and spinel residue behavior.

Additionally, applied along with TEM or SEM, EDX, referred to as EDS or EDAX, can provide a 2D visualized display of the element
distribution in a certain crystal orientation and area of the specimen by the characteristic X-ray intensities. Usually, ESD mapping is not
accurate enough for surface characterization since X-rays are generated in a region of about 2 ym in depth [182]. The application of
EDX analysis is mostly applied to demonstrate the highly homogeneous dispersion of multi-elements at cations [3,149,183,184].
Combining HAADF-STEM and EDS elemental maps, an atomic resolution micrograph of each elemental arrangement from a certain
zone axis can be obtained. Compositional fluctuation can be extracted from integrating the spot brightness of the atomic EDS mapping
micrograph after locating site centers and atomic radius through two-dimensional (2D) Gaussian fitting. Oxygen polyhedron distortion
can be further counted (Fig. 13) [56]. EELS can also acquire high-resolution atomic level elemental/chemical mapping and what’s
more, provide additional bonding and oxidation state information [185]. The EELS study of Phakatkar et al. suggested that the
oxidation states for each of the metallic elements of (Mn, Fe, Ni, Cu, Zn)304 varied considering their respective coordination with
oxygen element and possibly with the neighboring metal cations [186]. Through investigation of HEOs from unary to quaternary
entropy oxide, the quality of certain HEO systems (e.g. the chemical affinity between each element and the electronic behaviors of each

Fig. 13. Composition and oxygen octahedron distortion analysis of HEOs from HAADF/ABF-STEM and EDS mapping, focusing on a series of sample
including La(5TMg )O3, GA(5TMj 2)O3,and (5REq 2)(5TMj 2)O03.(RE = rare earth elements, TM = transition metal elements) (a) HAADF-STEM, (b)
ABF-STEM, and (c) marked ABF images of La(5TMj )O3 taken from [110] zone axis and following (d) atomic EDS mapping. (e¢) TM-O-TM angle
extracted from defining atomic positions of ABF-STEM images.(f) the TM-O-TM angle of different samples extracted from ABF images enables (g)
TM-O-TM angle distribution, and (h) the relationship between TM-O-TM angle and tolerance factor [56].(Reproduced). Copyright © 2022 The
Author(s).
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metal cation) can be elucidated.
(3) Advanced analysis based on X-ray Absorption Spectroscopy (XAS)

XAS is a robust and broadly used method in the investigation of atomic local structure as well as electronic states. XAS detects the
valence change and can monitor the changes of valence and the transformations of electronic structures during a certain reaction
process [180]. Moreover, advanced techniques such as X-ray absorption fine structure (EXAFS) and X-ray magnetic circular dichroism
(XMCD). are developed based on XAS, providing precise information on local atomic structures.

EXAFS is a robust technique for characterizing local atomic environment. Compared with TEM which can only show a column of
atomic arrangements and STEM which can only detect intensity fluctuation of certain atom arrays, EXAFS can provide information of
neighboring atomic shell environment in a larger scale. By comparing the 1st and 2nd shell scattering path lengths of different ele-
ments, Rost et al. reported the Cu clustering within the lattice (disorder appeared to average out by 2nd coordination shell) while the
homogeneous distribution of other elements, as observed in the EXAFS study of (Mgp oNig 2C0g,2Cug.2Zng 2)O (Fig. 14) [94]. Addi-
tionally, the distortion of oxygen polyhedra can be examined by comparing half-scattering path lengths of the 1st and 2nd neighboring
shells between the metal absorber and the six nearest neighboring oxygen atoms [187].

X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) experiments are usually
combined to elucidate the chemical states and the atomic coordination structures. XANES focuses on the structure near the absorption
edge, while EXAFS explores the fine structure behind the absorption edge [188]. For example, quinary high-entropy ruthenium
iridium-based oxide (M-RulrFeCoNiO) was studied via XANES and EXAFS. Ru-K XANES spectra of M-RulrFeCoNiO, and M-RuO, are
located at the same energy while that of commercial RuO, (C-RuOy) shift to a higher energy relative to that of Ru foil, revealing a Ru**
valence state. The Fourier transform EXAFS also showed a higher Ru-O shell bond length and a lower coordination number (CN) of 4.5
(while the standard CN of RuOs is 6) [189]. The charging and discharging process of Mgg 2C0¢.2Nig 2Cug 2Zng 20 as the active material
in a composite anode for lithium-ion batteries was studied via XANES and EXAFS after assembled in half-cells, revealing the cocktail
effect of elemental synergy. The metallic state of Co, Ni and Cu during discharging based on XANES analysis and metal-metal distance
matching those of fcc structure Ni, Cu, and Co according to Fourier transformed EXAFS (FT-EXAFS) analysis jointly proved the for-
mation of interconnected nanostructure, enhancing electron transport [190]. The wavelet transformed EXAFS (WT-EXAFS) extends
the visualization and interpretation for EXAFS, especially for high and low frequency parts of the EXAFS signal simultaneously [191].
For example, in a study of La(CrMnFeCoNi)g 203.x nanowires, the maximum density of the Fe-O bond and Ni-O bond in k space was 4.1

A 'and 4.2 A™! respectively, according to WT-EXAFS. Combined with the results of FT-EXAFS, Ni and Fe were atomically incor-
porated into the B-site of LaMnOs-type perovskite while being coordinated by O atoms.

XMCD is the difference spectrum obtained via two XAS spectra taken with left and right circularly polarized lights respectively in a
magnetic field. It is efficient in studying cation site occupancy due to its simultaneous element specificity and crystal field sensitivity.
The signal of XMCD is dependent on the d shell holes and XMCD will exhibit an opposite sign between octahedra and tetrahedra sites
due to their opposite spins (tetrahedra: negative dichroism). Polyhedron site preference and valence of specific elements can be
analyzed via the ligand field multiple theory calculations of each transition metal element sitting on certain polyhedron site and
further approximate site occupancy of different polyhedra can be proceeded via linear combinations of the constituent L + R spectra
(approximately equivalent to pure XAS measurements), as shown in Fig. 15 [71].

(4) Raman spectroscopy

Raman spectroscopy, a non-destructive detection technique of chemical structures, is robust for its broader applicability for

Fig. 14. Local coordination analysis based on EXAFS. (a) k?y(k) EXAFS spectra for Cu, Zn, Ni and Co absorbers in the (Mg,Co,Ni,Cu,Zn),0 (x = 0.2)
composition and (b) FT of k2y(k) between 0.5 and 3.0 A. (c) Data (Black dots) and fits for the FT of k2y(k), denoted y(R), and their respective
imaginary parts for Cu (orange), Co (blue), Ni (green), and Zn (grey) [94].(Reproduced) Copyright © 2017 The American Ceramic Society. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Local ordering and site selectivity studies of spinel (Cr, Mn, Fe, Co, Ni)3.4Ga,O4, including (a) valence of Mn and the fraction of octahedral
occupation as a function of Ga concentration, (b) schematic representation of the cation occupation of different polyhedron sites for each sample and
(c) calculated sublattice entropy assuming the ideal configurational disorder as a function of Ga concentration [71]. Copyright © 2022 American
Chemical Society.

samples in different shapes and sizes. By comparing the main chemical bond modes of HEOs with those of classical transition metal
oxides, Raman spectra can reveal the corresponding crystal structures, indicate the trend of crystal symmetry transition, and its surface
mapping can be used to confirm phase homogeneity. The substitution of different cations in the equivalent lattice point, defects and
crystallite sizes being in the nano regime, etc. will lead to a lowering of the local translation symmetry and thus the presence of new
vibration modes which is typically absent in a perfect cubic lattice [192]. Combining the revealed vibration modes and factor group
analysis of the corresponding space group, possible distinct polyhedra units within the lattice can be suggested [193]. Additionally,
Raman is advantageous in the in situ characterization of structural deformation/displacement and phase transition [172,173].

(5) X-band electron paramagnetic resonance(EPR) spectroscopy

X-band EPR spectroscopy utilizes the response of atoms with unpaired electrons to short (ns) pulses of microwave radiation (known
as X-band) in a magnetic field and characterize the local environment of transition metal oxides. Berardan et al. [194] conducted X-
band EPR experiments of two samples, which are (Mg,Co,Ni,Cu,Zn)g gLip 1O with almost perfect cubic rocksalt structure and (Mg,Co,
Ni,Zn)g.74Cug 260 with very distorted structure, to confirm the rhombic geometry of Cu ions originated from Jahn-Teller distortion.

(6) Photoemission spectroscopy (PES)

Photoemission spectroscopy (PES), also known as photoelectron spectroscopy, basically studies the binding energies of electrons by
electron energy emitted from materials and thus probes the electronic structure and chemical composition. PES includes ultraviolet
photoemission spectroscopy (UPS), Angle-resolved photoemission spectroscopy (ARPES) and X-ray photoemission spectroscopy (XPS),
etc. For studies of HEOs, mostly applied PES techniques are XPS, which can distinguish between different chemical states of the same
element (e.g., different oxidation states), based on shifts in core-level binding energies. XPS is usually combined with XAS, especially in
fields of electrochemistry. XPS plays a crucial role in the further interpretation of the XAFS results. A good example of (CrFeCoNi-
Mo)304 nanosheet by Antink et al. [195] showed the presence of high valence state transition metal ions such as Cr®t and Mo®* via
XPS, and as well as the coexistence of lattice oxygen (M-O), defect oxygen (M-OH), and water molecules adsorbed on the surface (H-O-
H). The incorporation of high-valence Cr and Mo implied mixed occupancy of both the octahedral and tetrahedral sites, leading to a
remarkable increase in configuration entropy and contributing to the formation of a single-phase structure. XAS results revealed a
decrease in the O K-edge spectra combined with the increased metal L-edge absorption for Co and Ni indicating a weakening in metal-
oxygen covalency, resulting from a redistribution of electron density from Ni and Co to the O sites. Enlarged metal-oxygen bonds in the
HEO nanosheets according to FT-EXAFS further validated weakened metal-oxygen covalency. The activated lattice oxygen is thus
modulated by inducing the aforementioned partial electron transfer, which is specifically through the bridging oxygen and finally
promotes the lattice oxygen mechanism.

23



C. Liu et al. Progress in Materials Science 148 (2025) 101385
4. Structure-property relation of HEOs

Though it is challenging to consider elemental fluctuation and short-range atomic structures, efforts in experimental character-
ization and computational calculations have proved that HEOs demonstrate not only homogeneous randomized distributions of each
element but also complex and flexible structural characteristics depending on compositions in the short range. From structures to
certain properties, based on the designing concept of the high entropy strategy, it is natural to consider the relation between aspects of
the high entropy effect and specific applications. The general structural features shaped by the configurational disorder bring about
intriguing reflections in thermal and electrical properties and thus possess potential in several fields of applications, including ther-
moelectrics, thermal barrier coating, dielectrics, energy storage, lithium batteries, and catalysis, etc. Furthermore, element-specific
structural behaviors in the short range bring about variations in functional performance [196]. The following discussions will sum-
marize major crystal structures of HEOs studied in specific applications, how the high entropy effect facilitates performance
enhancement and the effect of certain elements/composition design in structure-property relations. Guidelines for future structure
design to demonstrate superior performances will be based on recent advances and progress of HEOs’ functionalities.

4.1. Thermoelectric property

Thermoelectrics, which convert heat and electricity without moving parts, is promising in various fields such as 5G electronics,
integrated circuits, waste heat collection, temperature sensors, and cooling [197-199]. Thermoelectric oxides are receiving increasing

interest due to their element abundance, good thermal and chemical stability and low environmental impact [200-203]. To achieve

high thermoelectric power conversion efficiency, measured by the zT values (2T = Kszfé [204]), where S is the Seebeck coefficient, ¢ is

the electrical conductivity, and « is the thermal conductivity), it is necessary to simultaneously optimize high Seebeck coefficient (S),
high electrical conductivity (¢), and low thermal conductivity (x) [205].

Several strategies have been employed to enhance the thermoelectric properties, such as band alignment [206], resonant doping
[207], dynamic doping [208], grain boundary engineering [209-211], compositing effect [212,213] and nanostructure design
[214,215]. However, the interplay between electrical and thermal transports limits the further property optimization, necessitating
new concepts in this field. Since high entropy ceramics were first explored in 2015 [3], entropy engineering has been utilized in
multiple fields of ceramics due to numerous useful effects from high entropy [59,17,16,216]. Four aspects of the high entropy effect

Fig. 16. (a) Entropy stabilization effect [217]. Copyright © 2021, The American Association for the Advancement of Science. (b) Tuning poly-
hedrons to enhance electrical properties. [238] Copyright © 2024, The Author(s). (c) Lattice distortion and defects in high entropy ceramics
scattering all-scale phonons [228]. Copyright © 2021, The Author(s). (d) Entropy as a gene-like descriptor for thermoelectric properties [45].
Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (Reproduced).
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precisely matches the needs of thermoelectrics, and entropy is considered as a gene-like indicator for promoting high zT thermo-
electrics by some researchers [45].

The point-by-point explanations correlating four aspects with thermoelectric demand are as follows (Fig. 16).

(1) The entropy stabilization effect enables heavy doping and complex element substitution to form single-phase thermoelectric
materials. This can introduce degenerate doping and phonon-scattering defects. Jiang et al. [217] fabricated single-phase high entropy
Pby.89Sbo.0125n0.1Sep.5Tep.2550.25 ceramics with a high content of doping elements, introducing defects and realizing zT value of 1.8 in
n-type PbSe-based materials. In addition, high entropy ceramics can sustain high symmetry phases at relatively lower temperatures,
optimizing the electrical transport properties [45]. For instance, Luo et al. combined AgSbSe;-SnSe and AgSbTe,-GeTe-MnTe to form
new cubic phase solid solutions, and achieved a high 2T value of over 1.0 [218,219].

(2) The lattice distortion effect in high entropy ceramics can strongly suppress the thermal conductivity due to phonon scattering by
the distorted lattice [59,187]. The previously mentioned lattice size fluctuation (Eq. (26)), as part of the disorder scattering parameters
I', could be a main factor in describing the extent of lattice distortion and disorder. The Debye-Callaway model describes the corre-
lation between the lattice thermal conductivity and the disorder scattering parameter [220,221].
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where «;, kg, v, ,h, T, ©p, 7, N, U, d, b, T, w, U, U'sp represent lattice thermal conductivity, Boltzmann constant, phonon velocity,
Planck constant, temperature, Debye temperature, relaxation time, normal process, Umklapp process, defects, boundaries, disorder
fluctuation parameter, phonon frequency, mass disorder fluctuation parameter, and strain disorder fluctuation parameter, respec-
tively. Considering Eq. (25) given by Klemens [222,223], the Debye-Callaway model, and Mathiessen’s Rule, the strain introduced by
the high entropy design could be the main cause of phonon scattering. The phonon dispersion broadening, softening, and scattering
[224,225] indicate the decrease of the relaxation time and the mean free path of phonons, contributing to the reduction of the lattice
thermal conductivity. Firstly applied by thermal barrier coating ceramics [79,226,227], the lattice distortion effect of high entropy has
been widely used in thermoelectrics [217,228]. In the work done by Jiang et al. in 2021, the nanostructure and the high entropy
induced lattice distortion provided all-scale phonon scatters in p-type Pbg g35Nag 025Cdo.045€0.550.25T€0.25 bulks, thus obtaining «,
lower than 0.4 W e m ™' @ K1 [228].

(3) The sluggish diffusion effect [75] in high entropy ceramics can be leveraged to slow down the movement of grain boundaries to
get fine grains [229,230]. The large amount of grain boundaries in fine-grained ceramics could reduce the thermal conductivity
[231-234]. Hu et al. [235] in 2018 desinged nanoprecipitates and fine grains in entropy-engineered SnTe-based ceramics, achieving a
record low lattice thermal conductivity of 0.32 W e m™! e K™%, and demonstrating the applicability of sluggish diffusion effects in
thermoelectrics. However, sluggish diffusion could prevent ceramics from densification during sintering and pose challenges to the
samples that require annealing in the atmosphere. To overcome this, Zheng et al. [29] in 2021 used a 50 h sintering process for
fabricating (Cag Sro.2Bag.2Pbg 2Lag 2)TiO3 bulks, and a homemade apparatus to conduct an electrical current-assisted reducing process
to anneal the samples. This approach achieved uniformly distributed high density oxygen vacancies in the samples. Nonetheless, the
existence of the sluggish diffusion effect in high entropy ceramics is still questioned by some researchers [82], as ion mobility is high in
these ceramics [236].

(4) The cocktail effect [237] in high entropy ceramics might give rise to new, comprehensive properties not found in any dopant
independently [2,194]. While the effects of individual dopants are significant, the potential impacts of the cocktail effect should not be
overlooked.

In thermoelectric oxides, high entropy strategies have played important roles. When designing high entropy thermoelectric oxides,
oxides with multiple metal sites are preferred. The reasons are as follows. Metal ions participating in bonding with O provide orbitals
for electrons and holes to transport in n-type and p-type thermoelectric oxides, dominating the electrical properties in thermoelectric
oxides. In simple oxides with only one metal site [239], the disorder at the metal site by high entropy would strongly scatter the
carriers, since carriers could transport through the only few channels provided by the only metal site. Oxides with multiple metal sites
are more suitable in entropy engineering, since entropy design could be performed at sites not directly bonding to O, and providing
undisturbed channels for carriers to transport. Perovskites as traditional thermoelectric oxides with A and B sites available to be tuned
[55,240], are the main research focus in high entropy thermoelectric oxides, among which n-type SrTiOs-based high entropy ther-
moelectric ceramics have received more attention [55].

For the d orbitals of the B-site transition metals dominating the carrier transport behaviors [241], the entropy engineering of the B-
sites of perovskite oxides suppresses the lattice thermal conductivity at the expense of severely decreased electrical conductivity and
mobility. Despite the 10 % La doping, the B-site disturbed SrggLag 1(Zrg 255n0.25Tig.25Hf0.25)O03 only displayed the electrical con-
ductivity of 0.013 S e cm~! [83]. The power factor (PF) of 67.9 pW e m~! ¢ K2 and 2T of 0.1 were measured in Sr(Tig.oFeg.o.
Moy oNbyg 2Crg 2)O3 bulks, even though the lattice thermal conductivity was suppressed to 0.7 W e mleK 1[131].In comparison, the
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entropy engineering at the A-sites of SrTiO3 seems more promising. The high entropy (Cag 2Srg 2Bag 2Pbg 2Lag 2)TiO3 bulks achieved PF
of 295 pW e m ™' e K2 and the thermal conductivity of ~ 1.2 W e m~! e K1, attributed to the uniformly distributed high density of
oxygen vacancies formed during the annealing process in 5 % Hy/95 % Ar with the assistant of electrical current [29]. Annealed under
an Ar/graphite atmosphere, the (Cag 2Srg.2Bag 2Pbg 2Lag.2)TiO3 bulks exhibited a PF of 249 pW e m~! e K~2 and thermal conductivity
of ~2.0 Wem ! e K ! [242].

To avoid the deterioration of electrical mobility caused by the severe lattice distortion of high entropy, the middle entropy
(Cag 25Srg.25Bag.25Req 25)TiO3 (Re representing the rare metals) bulks were intensively studied. The entropy-induced glass-like thermal
conductivity is still maintained in middle entropy (Cag.255r0.25Bag.25sNdo.25)TiO3 [243]. The electrical conductivity and the PF value at
1073 K were restored to 105 S e cm™* and 420 pW e m~! ¢ K2 in (Cag 25ST0.25Bag 25Lag 25)TiO3 bulks, but the expense was that the
minimum thermal conductivity was also higher back to 2.5 W e m~! ¢ K™! at high temperature [244]. Further reducing the entropy in
the middle entropy range, the high room temperature electrical mobility of 3.04 cm? e V! e 571, PF0 0f 553 ptWem ! e K-2at 973K
were realized in Srg ¢Bag 3Lag.1Tig 9Nbg 1035, and the minimum thermal conductivity of 3.86 W e m~! ¢ K1 was far from satisfaction
[245].

Other entropy designed thermoelectric oxides also suffered from carrier-phonon coupling. For example, n-type A-site high entropy
CaMnOs3-based Lag 2Cag 2Srg 2Bag 2Yo.2MnO3 ceramics were synthesized and suffered from the low PFp,q, of 26.6 pW mleK 2at873
K [246]. In p-type thermoelectric oxides, the A-site high entropy LaCoOs- and Ca3Co40g9-based cobaltates were fabricated. The high PF
of 499 pW e m~! e K2 and low lattice thermal conductivity of 0.72 W e m~! e K~! at 350 K in (LaNdPrSmEu)g 95Srg 0sC003 was
achieved, but the PF of 499 pW e m~! ¢ K2 was lower than the pristine Lag 95Sr9,05C003 [247]. The highest 2T among high entropy
thermoelectric oxide bulks to date was 0.3 in textured (Cag 35Srg.oBag.15Nag.2Big.1)3C0409, benefited from the lattice distortion and
layered structure induced low lattice thermal conductivity of 0.66 W e m~! ¢ K~! [248], but the 2T was still less competitive than the
pristine Ca3Co40g9 due to the electrical performance deterioration [249].

The current studies on high or middle entropy thermoelectric oxides are listed in Table. 2. In general, the lattice thermal con-
ductivity reduction from the high entropy lattice distortion effect is common in literature, and the mediocre PF of ~ 250 to 500 pW
m~! ¢ K2 limited the 2T to the range of 0.1 to 0.3. The electrical mobility deteriorates in high entropy oxides when reducing the
phonon mean free path (MFP). How to decouple the electrical-thermal transport remains a problem in entropy engineering.

To decouple the carrier-phonon transport and further enhance the properties of thermoelectric oxides via the high entropy strategy,
a deep understanding of high entropy mechanisms and the development of new thermoelectric oxides are needed [250]. Several key
aspects should be emphasized when designing the experiments (Fig. 17).

(1) Elements still matter in deciding the properties. The 4f orbitals of Pr/Tb dopants in high entropy (Zrp 2Lag 2Tbo.2Smg 2Y0.2)O2.5
lay in the middle of the band gap, reducing the band gap to 2 eV [115]. The Cd-doping converges the light and heavy band of

Table 2
Comparison of thermoelectric properties for the high entropy oxide ceramics.
Composition T ZTmax PFmax S c n (RT) # (RT) K KL References
K] W e [uVe [Se [10*° [cm? o [We [We
mle K1 cm ] cm 3] vie mle mle
K2 5721 K K
B-site high entropy n-type SrTiOs-based ceramics
Sr(Tip.oFep.sMog oNbg 2Crg 2)O3 1073 0.10 68 —94 77 / / 0.71 0.70 [131]
Srg.gLag 1(Zro.255n0 25 Tig 25Hfo 25) 873 0.000092 0.20 —393 0.013 / / 1.89 1.89 [83]
O3

A-site high entropy n-type SrTiOs-based ceramics

(Cap.2Sr0.2Bag 2Pbg sLag 2)TiO3 873  0.20 295 —255 45 / / 1.20 1.15 [29]

(Cap 2Sro.2Bag aLag 2Pbg 2)TiO3 1073 0.12 249 —200 62 5.74 / 2.20 2.04 [242]

(Sro.25Ca0.25Ba0 25Ndo 25)TiO3 1073 0.13 313 —200 78 5.68 0.44 2.61 2.60 [243]

(Ca 25ST0.25Ba0 2510 25)TiO3 1073 0.18 420 —200 105 7.98 0.18 2.50 2.26 [244]

Sro.6Bao.3Lag.1Tio.oNbp 10525 973  0.14 553 ~160 216 8.89 3.04 3.86 3.36 [245]

(Sro.25Ca0.25Bag 25La0 25)Ti03/ 1073 0.18 330 ~170 112 7.27 2.34 1.90 1.70 [15]
Pb@Bi

A-site high entropy n-type CaMnOgs-based ceramics
Lag 2Cag.2STo 2Bag 2Y0.2MnO3 873 0.017 27 —40 171 / / 1.35 1.31 [246]

A-site high entropy p-type LaCoOs-based ceramics
(LaNdPrSmEu)g,¢5St0.05C003 350  0.23 499 271 68 / / 0.75 0.72 [247]

A-site high entropy p-type Ca3zCo409-based layered ceramics
(Cag 35519 2Bag 15Nag 2Big 1)3C0409 973 0.30 270 174 89 0.0114 531 0.87 0.66 [248]

Note: The temperature point corresponding to parameters of 2Tmax, PFmax, S, 0, k1, and « is consistent with the temperature of 2T,y value. RT (room
temperature).
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Fig. 17. Examples of key aspects for enhancement of thermoelectric properties via high entropy strategy. (a) Reversible band tuning based on
certain compositions, which is validated by the Tauc plot obtained from the UV-Vis spectra of (CepsLag oPro2Smg2Y0.2)O02-s powder [115].
Copyright © 2020, The Author(s). (b) Correlation of thermal conductivity with size disorder parameter of all 22 single-phase pyrochlores, indicating
the nonmonotonic variation between thermal conductivity and entropy [52]. Copyright © 2020 Acta Materialia. (c) The work on the decoupling of
carrier-phonon transport showing correlation between entropy and transport parameters to reveal the point that the entropy is not necessarily
monotonically correlated to physical variants [238]. Copyright © 2024, The Author(s). (d) The crystal structure of MCuChO (M: Bi, lanthanide ions;
Ch: chalcogen ions) [201]. Copyright © 2022 Elsevier. (e) The schematic of the strategy to decouple carrier-phonon transport via entropy engi-
neering. (f) The enhanced weighted mobility pw due to the Ti displacement decrease. (g) The correlation between the tolerance factor tp,s. and pyy to
show the effect from tuning element average radius. (h) The improved zT via entropy engineering [238]. Copyright © 2024, The Author
(‘s). (Reproduced).

entropy-engineered PbSe-based ceramics, enhancing the Seebeck coefficient(Fig. 17 (a)) [228]. The introduction of individual
elements in high entropy materials functions similarly in low entropy materials in many cases. The selection of elements is vital
when increasing the entropy. And as aforementioned, like the selection of crystal sites to be substituted in high entropy pe-
rovskites, the right choice of the crystal site to be entropy-engineered is important, because certain phonon and electron
branches in energy dispersion dominate the thermal and electrical transport, and the specific crystal sites mainly affect these
certain branches [251-253].

(2) Not all properties monotonically change with increasing entropy. Taking lattice thermal conductivity for instance, the lattice
distortion could minimize the thermal diffusivity and the phonon MFP [52,225], but the extent of lattice distortion is not always
positively correlated with entropy [142,254]. As shown in Fig. 17 (b), the size disorder factor, as an indirect indicator of the
high entropy effect, does not fit well in a linear relationship with thermal conductivity [52,254]. And when light elements are
doped, the thermal capacity increases, according to the Dulong-Petit rule [255,256], opposite from the commonly accepted
negative-correlated thermal conductivity-entropy trends (Fig. 17(c) [238]. Furthermore, the phonon group velocity could in-
crease [257-259] or decrease [260] when multiple elements are introduced, decided by the strength of bonds formed, not the
entropy. According to the equation, x, = %Cvl, where «, C, v and [, represent lattice thermal conductivity, thermal capacity,
phonon group velocity, and phonon MFP. The lattice thermal conductivity does not necessarily decrease with increasing
entropy.

New strategies to decouple thermal and electrical transport are needed. Zhang et al. [15] used the in situ precipitated Pb@Bi

alloys to form conductive pathways and hierarchical structure in middle entropy (Srp 25Cag 25Bag.2sLag.25)TiOs, providing an

effective strategy in entropy engineering of thermoelectric oxides from the aspect of extrinsic compositing [261]. In another
way, the entropy engineering could help tune the crystal symmetry and ion displacement, which has been applied in dielectric
capacitors [167,262]. Tuning the distortion of metal-oxide polyhedrons and the displacement of ions could also contribute to
the electrical transport. Zheng et al. recently reported that the TiOg octahedron distortion and Ti displacement could be tailored
by engineering entropy at A sites of SrTiOs-based thermoelectric perovskite oxides. With lattice thermal conductivity
approaching amorphous limit, by tuning the A-site average radius through element selection, the tolerance factor of the
perovskite could approach 1 to suppress the Ti displacement, hence minimizing the carrier localization and scattering to

enhance the mobility and decouple carrier-phonon transport via entropy engineering(Fig. 16 (b) and Fig. 17 (c, e-h)) [238].

Rational entropy engineering could be a new strategy to decouple carrier-phonon transport from the intrinsic aspect. Other

strategies, like Mott-Ioffe-Regel law [233,263], might also function, for the carrier MFP approaches atomic distance in high

entropy oxides.

(4) New types of oxides are demanded for high entropy thermoelectrics. For instance, layered oxides like BiCuSeO consisting of
conductive and blocking layers (Fig. 17 (d)) [201], and oxides with high carrier mobility and low lattice thermal conductivity
should be considered. Besides ceramics, there is a vast research space in single crystals and thin films. Suitable calculation
methods might also push this field far forwards. In conclusion, entropy engineering is promising in optimizing the thermo-
electric properties of oxides, yet more work needs to be done.

3

—

4.2. Thermal resistive property for thermal barrier coating

Thermal barrier coatings (TBCs) are extensively applied on the metallic surfaces of hot-end components in aircraft engines and
industrial gas turbines to improve high-temperature endurance during long-term operation, thus extending service lifetime and
improving energy conversion efficiency [264,265,17]. Ideal TBCs should possess low thermal conductivity, a well-matched thermal
expansion coefficient (TEC) with the metallic substrates, and excellent thermal stability [266-268]. To date, yttrium-stabilized zir-
conia (YSZ) is the most widely used TBC ceramics, due to its robust mechanical properties and good thermophysical properties.
However, long-term use of YSZ above 1473 K is not suitable as it undergoes an abrupt volume change due to the multiple-phase
transition at high temperatures [269-273].

To address this issue, new types of TBCs with higher temperature phase stability are desirable. Over the past decades, pyrochlore-
type or fluorite-type A;B207 compounds (where A represents trivalent metal elements, usually rare earth elements, and B represents
tetravalent metal elements, usually Zr, Hf, Ce, and Sn) have been proposed as promising TBCs candidates due to their excellent sin-
tering resistance and phase stability. Nevertheless, their relatively high thermal conductivity and low TEC need to be optimized for
further practical application [269-275].

Due to the high entropy effect, HEOs offer a promising option for advanced TBCs with superior phase stability, unique thermo-
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physical behaviors, and excellent mechanical performance. Braun et al. [187] studied single-crystal rocksalt HEOs including
(Mgo.2Nip.2Cup 2C00.2Znp 2)O and the former composition plus an additional cation (Sc, Sb, Sn, Cr and Ge) and demonstrated that local
ionic charge disorder could effectively reduce thermal conductivity without compromising mechanical stiffness. A correlation between
mechanical behaviors and thermal performance via the ratio of Young’s modulus E and thermal conductivity k is established since a
reduction in thermal conductivity usually results in a compromise on the stiffness of a crystal (quantitatively described by Young’s
modulus). A decrease in the elastic modulus indicates a reduction in the phonon group velocity and energies, leading to suppressed
thermal conductivity. Thus the parameter E/kx1/C,z, where C, and 7 represent the heat capacity at constant volume and phonon
lifetime, respectively. According to this parameter, HEOs appear to realize unique combinations of simultaneously high elastic
modulus and low thermal conductivity (Fig.18).

Recently, entropy engineering has emerged as an effective strategy widely adopted in TBCs materials, particularly A;B2O7-type
ceramics [277]. The overall performance of high-entropy TBCs can be influenced by four aspects of high entropy, as mentioned in
section 2.3. For instance, the thermal conductivity could be significantly decreased by the lattice distortion effect due to the strong
phonon scatterings. The cocktail effects enable the introduction of more elements for composition design, thus making the perfor-
mance more controllable [267,270]. The recent advances in high entropy A,B207-type TBCs can be categorized into A-site and B-site
high entropy TBCs. The associated properties are summarized in Table. 3.

(a) A-site high entropy TBCs

Benefiting from entropy engineering, the highly sintering resistance, excellent thermal stability, low thermal conductivity, and
large TEC could be simultaneously realized. Zhang et al. successfully prepared high-entropy pyrochlore-type structures based on rare-
earth (RE) zirconates by conventional solid-state reaction method and reached low thermal conductivity below 1 W e m ! eK linthe
temperature range of 573-1473 K [269]. In addition, the mechanical properties could also be modified. A high hardness of 15.88 GPa
and Young’'s modulus of 295.5 GPa were achieved in high-entropy titanate pyrochlore ceramics. Combined with the low thermal
conductivity of 0.947 W e m ™! ¢ K~!, an exquisite balance between stiffness and insulation outperformed the current reported works
[272]. Furthermore, by studying the hot corrosion behavior of high entropy (Lag 2Ndg 2Smg 2Eug 2Gdg 2)2Ce207, it is found that the
sluggish diffusion effect greatly inhibited nucleation of corrosion products and resulted in a reduction in corrosion depth, demon-
strating improved corrosion resistance [278].

(b) B-site high entropy TBCs

To expand the composition design for A»B>O7-type TBCs, it is very important to synthesize B-site doped high entropy ceramics.
Wang et al designed high-entropy LasB207 (B = Zn, Mg/Ni, Ce/Zr/Hf/Sn/Ti, W, Mo), with non-equivalent principal elements. It was
found that Lay(ZnMgZrWMo),07 not only possessed high TEC (13.9 x 10"°K~ 1 and low thermal conductivity (0.8 We m ek Hbut
also exhibited good calcium-magnesium-aluminosilicate (CMAS) resistance [279]. Xu et al. [280] also proved that the incorporation of
heterovalent cations at B-sites in high-entropy AB20; ceramics is an effective strategy to reduce the thermal conductivity without
compromising the decrease of oxygen vacancy. To predict reduced thermal conductivity, Luo et al proposed that a modified size
disorder parameter could be a useful index for designing thermally insulative compositionally complex ceramics.

Fig. 18. Thermal conductivity (k) versus Young’s modulus (E) in a double logarithmical plot to feature several HEOs with high E/k ratio [276].
Copyright © 2020, Springer Nature
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Table 3
Summary of high entropy A;B,07-type thermal barrier coatings.

Material Classification Thermal conductivity, Thermal expansion coefficient, TEC (107° K1) References
Kk(We m e Kﬁl)

(Lag oNdg 2Y0.2Eug 2Gdg 2)2Zr207 A-site 1.0 @1773 K / [269]
(Smg 2Eug 2Tbg 2Dyo.2Lug 2)2Zr207 A-site 0.9 @1273 K 11.0 @1273 K [273]
(Lag oNdg 2Ybg 2Y0 2Lug 2)2Ces07 A-site 1.1 @1273 K 12.6 @1485 K [281]
(Lag.25Dy0.25Ybo.25Y0.25)2Ce207 A-site 1.0 @1273 K 12.6 @1473 K [282]
(Lag.2Ndog 2Smyg 2Eug 2Gdg 2)2Ce207 A-site 0.9 @1673 K 12.0 @1673 K [274]
(Lag.oNdo.2Smg 2Gdo 2Ybg 2)2Zr>07 A-site 0.9 @1273 K 10.9 @1273 K [270]
Dy2(Tig.2Zro.2Hfo.2Gep.2Sn0.2)207 B-site 1.4 @1173 K / [107]
Y2(Ceg 2Zrg 2Hfp 2S¢ 2Tip.2)207 B-site 1.3 @300 K 11.7 @1473 K [283]
Lay(Zrg.2Ceo.2Hfp 2Sng 5Tip.2)207 B-site 1.1 @1073 K 9.7 @1273 K [282]
Lay(ZnMgZrWMo),0, B-site 0.8 @873 K 13.9 @1473 K [279]
Y2(Tig 2Zrg 2Hfo 2Nbg 2Tag 2)207 B-site 1.9 @1673 K / [284]
Dy2(Yo.2Ybg 2Nbg 2Tag 2Cep,2)207 B-site 0.9 @300 K 10.4 @1073 K [280]

4.3. Dielectric and energy storage property

Dielectrics help hold charges as capacitors. Capacitors are fundamental energy storage components and electrostatic capacitors
based on dielectric materials and have become crucial components in fields of electronics energy storage, power systems, and the
automotive industry. Among other energy storage forms, capacitors are competitive in their ultrahigh power densities, high voltage
endurance, and good reliability as the only type of all-solid device capable of releasing a large amount of electrical energy in a very
short time. Nevertheless, capacitors suffer from low energy storage density in practical usage. Future trends in capacitor-based energy
storage development of capacitors include miniaturization, high energy storage density, high voltage, and high stability. [285-287].

When exposed to an electric field, dielectric materials exhibit polarization, where positive and negative charges within the material
are displaced in opposite directions. Polarization is the function of permittivity ¢ and electric field strength E. Response of polarization
to an electric field depends on materials with several mechanisms and thus dielectric materials can be classified into five types through
their polarization-electric field loop (P-E loop): linear, paraelectric, ferroelectric, relaxor ferroelectric, and antiferroelectric dielectrics
[288]. When subjected to a varying electric field, the energy dissipation manifests as heat and is referred as dielectric loss tand, which
is the tangent of the loss angle between the vectors of the complex permittivity and the imaginary part of the permittivity. Therefore,
for different aspects of capacitor applications, other evaluation parameters are present, such as the quality factor Q f, mostly
considered in microwave field, where Q is 1/tand and f is the resonant frequency. When the voltage reaches to a critical value, a
proportion of the dielectric material experiences electrical breakdown and turns into a conductor and this minimum voltage to become
electrically conductive is named as breakdown voltage Ej. Basically, the key parameter for final performance and practicality is the

energy storage efficiency n = ﬁ U. = [, If, " EdP, denotes energy density, where remanent polarization P, refers to the polarization

that remains in the material after the external electric field is removed and P,, refers to maximum spontaneous polarization. Uj; is
energy loss due to dielectric loss, hysteresis, etc.

Based on these parameters describing dielectric and energy storage behaviors, the target of performance enhancement can be
summarized as three parts: increase maximum polarization, reduce remnant polarization, and enhance breakdown field strength.
However, an inverse coupling relation occurs between breakdown voltage E}, and permittivity ¢, as well as between U, and 5 [289].

According to application scenarios, there are various inorganic material systems that have been fully verified in scientific research
and industrial practice, such as BaTiOs, BiFeOs, and (BigsNag5)TiO3 for multi-layer ceramic capacitors (MLCCs) [288,290,291].
HEOs, due to their high stability, tailored performance, mechanical robustness and other unique characteristics in dielectrics, are
receiving increasingly intensified research attention.

HEOs have demonstrated their colossal permittivity. Bérardan et al. first reported a rock-salt structured HEO with Li* doping. The
permittivity of (Mg, Co, Ni, Cu, Zn)g.g5Lig 050 exhibit up to 2 x 10° measured at 440 K and 20 Hz. In addition, the author found that the
(MgCoNiCuZn)O-based family with high-entropy phase all possessed large values of relative permittivity regardless of substitutions. In
other words, a colossal dielectric constant appears to be an intrinsic characteristic in this system, provided that the material maintains
a high-entropy structure. A similar performance was found by Zhang et al. [292] in high-entropy (Lag 2Lip 2Bag.2Sro 2Cag 2)Nb20¢. s
tungsten bronze ceramics. The bulk features giant dielectric properties of dielectric constant orders of magnitude in 10° ~ 10° when
measured at 100 Hz and 625 °C, which is 1000 times that of traditional Srg 55Bag 45Nb2Og ceramic at the same frequency. Compared to
(Baj /3Sr1,3Caj,3)NbyOg ceramic, the enhanced dielectric constant and temperature stability of dielectric constant of (Lag sLig.2.
Bag 2Srg.2Cap.2)Nb20g5 can be contributed to the phase structure with severe lattice distortion and the presence of oxygen vacancy
introduced by high-entropy design. Likewise, Xie et al. [293] investigated the effect of high entropy design on the dielectric properties
in defective fluorite structure A;B,07. The (Lag 2Prg oNdg 2Smg 2Eug 2)2Ce207 ceramic samples display large dielectric properties (the
order of dielectric constant is 10°-10°) under the condition of high temperature and low frequency conditions (about 320,000 at 642°C,
100 Hz) and relatively low leakage current density between 107 and 10°® A e cm 2. However, the underlying mechanism of this large
permittivity remains elusive, and although some studies have offered detailed explanations for various microstructures-dielectricity
relations within identically formulated systems, further study is needed [294].

Relaxor ferroelectric behavior was observed by Yan et al. [295] in (Cag 5Srg.sBagsPbgs)NbyO; (CSBPN) perovskite layered
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structure ceramics. The CSBPN bulk showed single-phase orthorhombic structure with Cmcm space group and relaxor behavior
characterized by broad and frequency-dependent permittivity maxima, nanosized polar regions and slim P-E hysteresis loops. The
current peak near zero electric field indicated the presence of an ergodic relaxor behavior until 100 °C, while linear-like dielectric
behavior was observed above 100 °C, as evidenced by nearly rectangular I-E hysteresis and linear P-E loops. Moreover, The permit-
tivity of high-entropy CSBPN ceramics measured at low frequency and room temperature is 130, which is nearly three times larger than
that of conventional perovskite layered structure ceramics including SroNbyO7 (e = 42) and CayNbyO7 (e = 38). The significant
increase of permittivity and unusual relaxor behavior in CSBPN ceramic can be attributed to the effect of polar nanoregions (PNRs) and
local random fields induced by elemental disorder. Synthesized single-crystal Ba(Tip 2Sng 2Zrg 2Hfp 2Nbg 2)O3 films by Sharma et al.
[296] reveal multiple phase transitions, a high Curie temperature of 570 K, and the relaxor ferroelectric nature.

In addition to colossal permittivity, the disordered distribution of various cations may lead to improved Qy value, thus making high
entropy design a potiential strategy in developing advanced microwave ceramics with high performance. Chen et al. [297] developed a
high-entropy (Hf.25Zr¢.255n0.25Tig.25)O2 ceramic with remarkable microwave dielectric characteristics of &, = 25.6, Qs= 74600 GHz at
6.5 GHz andr; = -47 ppm «°C'L. The typical phase transition in ZrTiO, ceramics at a temperature below 1200 °C is confirmed to be an
ordered-disordered transition, which is characterized by a transition from the high-temperature phase with a random distribution of
cations to an ordered low-temperature phase, with the disordered phase has a better Q value in these microwave dielectric ceramics.
Therefore, the introduction of Hf and Sn elements and the high entropy design contribute to the microstructure homogeneity caused by
the disordered state and eventually lead to the optimized Qy value. Similarly, a high-entropy oxide Li(Gdo 2Hog.2Er¢.2Ybg.2Lug.2)GeO4
was reported by Fang et al. [298] with outstanding microwave dielectric properties and stable ¢ of —2.9 ppm «°C!. The weak [ROg]
distortion caused by the joint occupation of five different cations corresponded to the more stable temperature coefficient of the
resonant frequency.

In terms of developing high performance MLCCs, which require low loss (tand), excellent temperature stability and high dielectric
constant (g;), high entropy design pivots a novel path of realization. Qi et. al. [299] reported a configuration entropy designed
multielement BaTiO3-BiFeO3-CaTiO3 (BTO-BFO-CTO) ternary system (Fig. 19(a) and (b)), combining the high intrinsic dielectric Ej, of
CTO, and large Ps of BTO-BFO. By delicately controlling the composition and sintering condition, the nanoisland-like segregations
were precipitated around the main grains, scattering electron carriers and impeding the electrical breakdown pathway under a highly
applied electric field (Fig. 19(c)). As a result, synergistic optimization of polarization and breakdown strength was achieved in the
BTO-BFO-CTO system, leading to an ultrahigh Wye. of ~ 7.2 J e cm~3 in bulks at an enhanced Ep of 39 kV e mm~! (Fig. 19(d)). The
corresponding multilayer ceramic capacitors showed an improved Wye. of 16.6 J e cm™> and a high 7 of 83 %, demonstrating that this
system is a promising candidate for energy storage application under specific conditions (Fig. 19(e)).

Dielectric-based energy storage capacitors, which store and release electric energy at an ultrahigh speed in response of dipoles to an
external electric field, are widely investigated for advanced electronic and electrical power systems. Recently, benefiting from the high
entropy effects, the dielectric energy storage performance has been substantially improved using high-entropy dielectrics. For
instance, Yang et al. [229] reported a high-entropy stabilized pyrochlore Bi;Ti;O-based films by introducing multiple La, Zr, Hf and

Fig. 19. (a) Phase diagram and configuration entropy of the BaTiO3-BiFeO3-CaTiO3 ternary compositions. (b) The digital image and the cross-
sectional SEM micrographs of the MLCC. (c) The nanoisland-like segregations modeling and (d) the energy storage performance of the bulk
ceramic samples (e) High energy storage performance of the corresponding multilayer ceramic capacitors. [299] (Reproduced). Copyright © 2022,
The Author(s).

31



C. Liu et al. Progress in Materials Science 148 (2025) 101385

Fig. 20. (a) X-ray diffraction patterns of pyrochlore Bi;Ti»O7-based films with increasing x. (b) HAADF, nano beam diffraction (NBD) and Fast
Fourier transform (FFT) images acquired along the [001] zone axis of the high-entropy film with x = 0.4. (c) and (d), Lattice distortion illustrated by
the mappings of magnitude (c) and direction (d) of cation displacements in the high-entropy film of x = 0.4. (e) and (f), Statistical grain size
distributions (e) and fractions of the crystalline and amorphous-like phases (f) with the increase of entropy. (g-j) Energy storage performance of high
entropy pyrochlore thin film, including (g) energy density and efficiency as functions of electric field up to Ey, (h) comparison of the energy density
and efficiency with other dielectrics, (i) charging-discharging reliability and (j) temperature dependence of the energy storage properties of the films
at an electric field of 2.5 MV/cm, respectively. [229] (Reproduced). Copyright © 2022 Springer Nature.
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Sn elements into BisTisO2 films. The results reveal that the increasing configuration entropy can reduce the system Gibbs free energy
AG (AG = AH - TAS), and thus stabilize the thermally unstable Bi;Ti;O7 pyrochlore phase (Fig. 20(a) and (b)). These materials act as
linear-like dielectrics with ultralow loss tangent and medium permittivity, contributing to high energy storage performances.

With the consideration of the different mass, size and electronegativity of introduced multiple atoms, the high-entropy composition
of x = 0.4 showed large lattice distortion as confirmed by the STEM with HAADF imaging (Fig. 20 (c¢) and (d)). Such a scenario brings
to high-entropy sluggish diffusion effects. Based on the STEM techniques, it was proved the grain size decreases and the amorphous
phase increased with the increasing entropy as shown in Fig. 20 (e) and (f). Eventually, the high-entropy stabilized linear-like
pyrochlore phase and reduced grain size with a small amount of amorphous helped to obtain a small polarization switching hyster-
esis and large breakdown field strength, and thus achieve an ultrahigh energy density of 182 J e cm > with an efficiency of 78 % in the
high-entropy film of x = 0.4(Fig. 20 (g)), overwhelming a series of other dielectrics reported. Besides, the pyrochlore thin film
exhibited good charging-discharging reliability (Fig. 20 (i)) and temperature dependence (Fig. 20 (j)) of the energy storage properties.

In addition, a substantial enhancement of energy storage performance was also demonstrated in high-entropy (K,Na)NbO3 (KNN)-
based ceramics by Chen et al. [300], prepared high-entropy (K,Na)NbO3 (KNN)-based ceramics. The results demonstrated that the
local random field increases by the introduction of multiple elements (i.e., Li, Bi, Ba and Sc, Hf, Zr, Ta) which enabled the coexistence
of rhombohedral-orthorhombic-tetragonal-cubic (R-O-T-C) multiphase structures at room temperature (Fig. 21a)) and enhanced the
local polymorphic distortion (Fig. 21(b)). Thus, the high-entropy composition showed smaller and more diverse polar nano-regions
with a size of 1-3 nm than that of the low-entropy composition. Such a scenario observably delays the polarization saturation and
produces a high efficiency (7 of ~ 90.8%) (Fig. 21(c)). Besides, benefiting from the high entropy induced submicron grain (~ 600 nm)
with a uniform and dense structure, a high breakdown field strength was also obtained and therefore realize a high recoverable energy
storage density (W, of ~ 10.06 J e cm*3) (Fig. 21(c)), which outperforms most of the recently reported ceramics, e.g., the AgNbOs3
(AN), (Bi,Na)TiO3 (BNT), BaTiO3 (BT) and NaNbO3 (NN) (Fig. 21(d)).

Fig. 21. (a) Atomic-resolution HAADF STEM polarization vector image of high-entropy KNN based ceramics along [100].. (b) Atomic-resolution
Annular bright-field (ABF) STEM image along [100]. as well as the calculated oxygen octahedral tilt along y axis(blue and red indicate clock-
wise and anticlockwise tilt, respectively). (c) Total energy density (Wota1), recoverable energy storage density (Wyec), and efficiency (n) as a function
of electric field (E) for high-entropy KNN ceramic. (d) Comparisons of Wy, versus n between high-entropy KNN ceramic and other reported lead-free
ceramics. [300] (Reproduced). Copyright © 2022, The Author(s). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

33



C. Liu et al. Progress in Materials Science 148 (2025) 101385

4.4. Lithium batteries property

Recently, HEOs have gained considerable attention as electrode materials for lithium-ion batteries (LIBs), solid electrolytes (SEs),
and catalysts for lithium metal batteries, thanks to their interesting “Cocktail Effect” and great potential for tailored energy storage
properties. Benefiting from the cation tunability, HEOs offer several benefits as anodes for LIBs, especially their multi-electron redox
mechanism and structural stability arising from the high entropy effect. These characteristics help to reduce volume expansion of
electrodes and improve cycling performance [301].

According to various crystal structures, HEO used in LIBs electrodes can be mainly divided into rock-salt, spinel, and perovskite
phases. In particular, spinel HEOs with AB;0O4 formulation that have two Wyckoff sites confer them variable valence states and
abundant oxygen vacancies, forming a special three-dimensional lithium ion transport mechanism and exhibiting considerable
reversible capacity, which is believed to be a promising candidate as anode for LIBs [10,302]. Nevertheless, the electrochemical
mechanisms of spinel HEOs are not clear, and there is a debate about whether spinel HEOs can maintain a stable single phase during
the charging/discharging processes. For example, Patra et al. [303] synthesized a single phase (CrNiMnFeCu)304 and found a spinel to
rock-salt transition that happened in the first lithiation process, even if it exhibited almost no capacity decay after 400 cycles.

Generally, for anode application, HEOs require both electroactive and inactive composition, where the latter acts as a structural
pillar to maintain the stability of HEOs and prevent the agglomeration of active particles [301,303]. Elements of Mg, Ti and Al have
been studied to stabilize HEOs by virtue of being inactive within the electrochemical window [304-306]. However, introducing
inactive elements into HEOs may result in a lower capacity as they do not participate in redox reactions during the charge—discharge
processes. For this reason, some HEOs were successfully synthesized without additional inactive elements. Nguyen et al. designed a
non-equimolar spinel (CrMnFeNiCu)304 with metal cations dispersed in the A and B sites of the AB;04 spinel lattice. Benefiting from its
various valence states and all metal cations that are electroactive, the HEO achieved a high capacity of 1235 mA e h e g1 [10].

Despite of inactive compositions, electroactive elements play a decisive role in regulating battery performance. Various transition
metals (TM) such as Cr, Mn, Fe, Co, and Ni have been intensively studied, especially Co element, which is capable of realizing superior
battery performance thanks to its high conductivity and great compatibility with other elements [303]. To explore the role of different
metal cations, a single phase (Cog2Cup Mg 2Nip2Znp2)O was synthesized and the corresponding medium-entropy compounds
without Zn, Cu, and Co elements were prepared separately for comparison. It was found that the removal of Zn and Cu did not impede
the overall cycling performance, whereas the cell experienced a rapid and completed failure without Co element, demonstrating the
essential role of Co in achieving high capacity and good cycling stability [123].

However, considering the high cost and uneven distribution of Co element, significant efforts have been made to design Co-free
HEOs [302,303,307,138]. A spinel (CrMnFeNiCu)304 HEO was successfully synthesized by Luo et al. [307], demonstrating steadily
cycled for 150 cycles at 500 mA e g~ 1. With the help of operando quick-scanning XAS, they found that Mn?t /3" and Fe?* /3" underwent
a two-step conversion reaction to form metallic phases, while Cr3* was first reduced to CrO and then Cr° during lithiation. Inter-
estingly, Ni and Cu, as the generally considered electroactive components, was less preferred to be oxidized during de-lithiation. In
addition to Co, Ni is another important composition deployed in HEO based anodes, and is believed to be essential to stabilize the
structures of HEOs and participate in redox reactions [303,123,308].

In summary, a suitable composition and well-designed structure, which can balance high capacity and long-term cycling stability,
need to be carefully considered to fabricate advanced HEO-based anodes. Doping metal cations with the variety of valence states and
regulating deficiencies to promote Li* migration offer intriguing possibilities of achieving the target.

In addition to the application of HEOs as anodes in LIBs, there has been increasing interest in exploring the use of HEOs as active
materials and coatings for cathodes. These studies focus on their potential to improve the structural stability of cathodes, suppress side
reactions, and enhance battery performance [309]. Similar to strategies for anodes, modulating interactions between various metal
cations in HEO-based cathodes is one of the most important issues. Lun et al. [12] explored how the high entropy concept acted on

Fig. 22. (a) Normalized mixing temperature of different TM species in DRX compounds. From green to red represent increased incompatibility and
grey means redox incompatible couples [12] Copyright © 2020 Springer Nature. (b) Comparison of structural and mechanical stability of HE-LNMO
and NCM811 after 100 cycles [87]. Copyright © 2020 Springer Nature. (Reproduced). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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cathodes by comparing rocksalt-type cathodes containing 2, 4 or 6 TM species. The results showed that as the TM species increased,
same long-range order had been preserved with short-range order decreased, leading to higher energy density and rate capacity. A
disordered rocksalt (DRX)-type cathode with a formula of Li; 3Mng 1C0g.1Cro.1Mng 1Tip.1Nbg 101 7Fo.3 was thus fabricated and ach-
ieved 955 Wh e kg™ at 20mA e g1, and 170 mAh e g ! when cycled at 2 A e g~ 1. They further used DRX-type materials as a platform to
evaluate the compatibility and functions of 23 TM in high entropy cathodes (Fig. 22(a)) [12]. Double-redox centers, such as
Mn?*(Mn?t/Mn*") and V3 (v3t/V®), are found to be highly preferred to corroborate into DRX-type cathodes for their good
chemical compatibility and high electron capacity. Fe2* and Ni>* show outstanding compatibility with other TMs. However, large
overlaps with oxygen oxidation cause them to become one-electron redox centers, which is not conducive to improving cathode ca-
pacity. In addition, high-valence non-redox-active species like Ti** and Nb>* have promising potential to be introduced into HEO
cathodes as charge compensators to further improve battery performance.

Except for choosing suitable cations and increasing species of TM, fluorine has been also introduced into the anionic sub-lattice of
HEOs to improve the working potential of cathodes [12,310,20]. Because of similar ionic radius, partial occupation of oxygen sites by
fluorine would bring in less strain into the structure, which is beneficial for maintaining good structure stability for long-term cycles. In
addition, a rocksalt-type material, Lip 94(Cog.21Nip.21Zno 2Mgo.2Cup.18)01F0.87, was synthesized by a facile ball-milling process with
HEO and LiF, which showed a high working potential of 3.4 V vs Lit/Li, compared to 1.0 V for the (CoMgCuNiZn)O [310,216].

Apart from rocksalt cathodes, layered structure cathodes like LiNij.x_yMnyCoyOy (NMC) and LiNi; _y_yCoxAlyO with high Ni and
low Co content have been long pursued. However, their chemo-mechanical and thermal instabilities, driven by irreversible phase
transformations, transition metal dissolution, lattice oxygen loss, inter- and intra-granular cracking, and poor air stability, remain
catastrophic issues for both battery performance and safety, especially in high state of charge (SOC) conditions [311]. In this case,
HEOs have great advantages in suppressing anisotropy lattice strain and maintain the structural stability of cathodes, as well as
improve thermal stability. For instance, layered O3-type HEOs have been investigated as intercalation-type cathodes for LIBs as the
entropy stabilization can stabilize the O3-type structure and lattice [216]. Combining a new doping strategy with a typical co-
precipitation method, Zhang et al. successfully fabricated a high-Ni, zero-Co layered cathode, LiNigpgMng 13Tig.02Mgo.02Nbo.01-
Moy.0202 (HE-LNMO), which showed nearly zero strain and without cracks could be observed during the lithiation/de-lithiation
process, whereas intergranular cracks were found in LiNipgMng Cop 102 (NCM811) after 100 cycles (Fig. 22(b)). Meanwhile, it
exhibited enhanced superior thermal stability compared to LiNig sMng 3C09.202. The improvement can be explained by the pinning
effects of dopants, which further reduce oxygen loss and detrimental rock-salt transition [87]. Recently, Liang et al. developed an in situ
high-entropy doping strategy combined with a single-crystalline design to fabricate the layered LiNipgsMng 03Mgo.02Feo.02Tio.02-
Moy.02Nbg 0102 cathode. This design successfully reduced the lattice strain of the layered cathode with ultra-high Ni and zero Co
content, and suppressed the H2-H3 transition, thus alleviating lattice oxygen loss and improving the structural stability. Accordingly,
the assembled pouch cell exhibited exceptional cycling stability with a capacity retention of 80.6 % after 3500 cycles within 2.8 to 4.3
V, and 91.1 % after 1000 cycles with a high cut-off voltage of 4.5 V [312].

Considering that strain propagation and structural deterioration generally originate from surface reconstruction of cathodes,
introducing high-entropy to modify the surface of layered cathodes has also been explored as an effective way to improve structural
stability and enhance battery performance. For instance, Zhao et al. designed an epitaxial entropy-assisted coating strategy via a
surface fusion process between Wadsley-Roth phase-based oxides and layered LiNiyCoyMn;_x_yO2 (x > 0.9) cathodes. Within the
coating, the cathode exhibited suppressed lattice displacement and anisotropic volume change during the electrochemical process,
enabling good stability of the cathode even when charging beyond 75 % SOC [311]. In addition, surface high-entropy strategies were
also applied in Li-rich Mn-based layered cathodes to enhance cathode stability. Yang et al. induced Mg, Zn, Cu, and Nb elements into
Li; oNig 13C00.13Mng 5405 particles to fabricate the cathode with surface high-entropy architecture, which is beneficial for broadening
the nonbonding O»;, bands. The improved overlap between the non-bonding O, and the (transition metal-O)* occupied state suc-
cessfully suppressed the irreversibility of oxygen redox and enhanced lattice structural stability. With the surface high-entropy design
of the Li-rich Mn-based layered cathode, the assembled battery exhibited good long-term cycling stability with 80.5 % capacity
retention over 400 cycles [313].

Despite numerous efforts of adapting HEOs as cathodes of LIBs mentioned above, capacity fading mechanisms of both DRX and
layered HEO cathodes need to be further investigated, as rapid capacity decay and initial capacity loss have been observed
[12,314-316]. For instance, Zheng et al. revealed that the formation of M30O4 phase at the surface of layered LiNig o
Cog.2Mnyg oFeg 2Al 205 impeded the intercalation of Li™, which was responsible for low initial Coulombic efficiency and rapid capacity
decay [316].

Besides the applications for LIBs, there are a few investigations of HEOs in lithium-metal batteries, which mainly focused on
catalysts for lithium-sulfur batteries and solid electrolytes (SEs) for solid-state batteries (SSBs).

The “Shuttle effect”, one of the most serious issues to influence performance and impede the application of lithium-sulfur batteries,
can be alleviated by modulating interactions between metal cation centers of catalysts and soluble polysulfides [317]. However,
various intermediate polysulfides show different degrees of lithiation and solubilities, which pose great difficulties for rational mono
metal-based catalysts [318]. Benefiting from multiple metal cations of HEOs, d-p orbital interactions between polysulfides and HEOs
can be well modulated by synergistic effects of various metal cations. Perovskite HEOs (e.g. Lag gSrg 2(Crg.2Mng 2Fey 2C0g.2Nig 2)O3)
[318], spinel HEO (e.g. (Mgo.2Mng 2Nig 2C0¢.2Zng 2)Fes04) [319] and rock-salt HEO [320] have been used as sulfur hosts to anchor
polysulfides and facilitate redox reactions in lithium-sulfur batteries. However, the reaction mechanisms of HEO-based sulfur hosts
need to be further explored as the redox processes become more complicated. Furthermore, fabricating pouch cells to simulate a more
realistic battery operating condition is also crucial in investigating the application possibilities of HEO cathodes.

SSBs, considered as one of the possibilities for future commercialization, have become a hot topic in recent years. However, SEs
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usually exhibit lower ionic conductivity compared to liquid electrolytes [321]. To this end, several strategies have been developed to
increase ionic conductivity of SEs. For instance, Zeng et al. [236] proved the ability of HEOs to improve the ionic conductivity of
lithium (Li)-sodium (Na) superionic conductor (Li-NASICON), sodium NASICON (Na-NASICON), and Li-garnet structures LiyLagZr,O12
based framework. They drew a hypothesis that local distortions induced by the chemical disorder of high entropy would lead to an
overlapping distribution of site energies, which was beneficial for ion hopping. Macroscopic diffusion would be further promoted by
the disorder if percolation formed in the network of sites with similar energies [236]. Besides, oxygen vacancies which originate from
charge compensation mechanisms of HEOs are considered to facilitate Li-ion transport in HEO based SEs [322,323]. The family of rock-
salt structures (MgCoNiCuZn); x.yGayAzO (with A = Li) showed high ionic conductivity of 102 S cm ™! atroom temperature when x was
0.3. It was found plentiful surface oxygen vacancies involved in the HEO, which created abundant Li ion transport pathways [322].
Moreover, HEOs with plentiful oxygen vacancies are also used as fillers in composite SEs like Poly(ethylene oxide) (PEO) based SEs,
which not only improve ionic conductivity but also extend potential windows of polymer matrix [324].

4.5. Catalytic property

High-entropy oxides have recently attracted intensive research attention due to their potential applications in diverse catalysis
processes, due to their superior thermostability and variable chemical properties [325,326,18,327,328]. In particular, HEOs
demonstrate huge potential for a broad application prospect in the field of catalysis. In heterogeneous catalytic applications, on one
hand, HEOs can play a role in active catalysts, where the high entropy effect can result in unique properties such as active sites
formation and adjustable electronic structures by the interaction of multiple elements. On the other hand, due to the excellent thermal
stability and corrosion resistance of HEOs, one can apply HEOs as excellent supports for anchoring transition metal catalysts and noble
metal species. Multiple elements with various oxidation states in HEOs lead to the formation of oxygen vacancies which can help to
stabilize the metal species even under harsh environments. Besides, the combination of multiple metal cations can lead to cocktail
effects, where the presence of one element might enhance the catalytic properties of another and thus result in improved activity,
selectivity, and efficiency in catalytic processes.

(1) HEOs as active catalysts

HEO-based materials as active catalysts have been explored for other types of low-temperature thermal catalytic reactions. Li et al.
[329] designed and synthesized single-phase denary multi-element oxide (Zr, Ce, Hf, Ti, La, Y, Gd, Ca, Mg, Mn)O5 5 nanoparticles
(NPs) with tunable composition, size and structure using a rapid synthesis and screening approach (Fig. 23). These particles
demonstrated superior high performance and stability for catalytic methane combustion over 100 h. In addition, a holey lamellar
Cop.2Nig 2Cug 2Mgp 2Zng 20 HEO catalyst was prepared using a straightforward anchoring-merging reaction route. This catalyst
exhibited ultra-high efficiency for solvent-free aerobic atmospheric oxidation of benzyl alcohol [330]. The presence of rich oxygen
vacancies and exposed catalytic sites in the HEOs catalysts resulted in a significantly enhanced catalytic efficiency, reaching a con-
version rate as high as 98 % at 120 °Cin 2 h.

Fig. 23. (a) SEM images showing 10-MEO-MgMn NPs uniformly dispersed on conductive carbon nanofibres (CNFs). (b) Elemental maps of 10-MEO-
MgMn NPs composed of ten cationic elements(Zr, Ce, Hf, Ti, La, Y, Gd, Ca, Mg and Mn) and oxygen. (c) configuration entropy as a function of the
number of cations. (d) The formation temperature of (Ti,Zr)Os, (Ti,Zr,Ce)O, (Ti,Zr,Ce,Hf)O, and 10-MEO-MgMn derived from DFT calculations. (e)
CH,4 conversion of (Zr,Ce) c(Mg,La,Y,Hf,Ti,Cr,Mn)o.3Pdo 102« (10-MEO-PdO) and other control sample of (Zr,Ce)o ¢(Mg,Hf,Ti,Cr,Mn,Fe,Cu)o sP-
do.10x (10-MEO-FeCu). [329] (Reproduced). Copyright © 2021 Springer Nature.
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Besides, recent studies have started to consider HEOs as catalysts in electrochemical water-splitting, which is regarded as a
promising renewable technology to generate Hy from water without carbon emissions. The widespread commercialization of elec-
trochemical water-splitting faces obstacles due to the slow oxygen evolution reaction (OER) at the anode and the high cost of current
noble metal-based electrocatalysts, such as RuO, and IrO,. Related studies have shown that HEOs are promising candidates for future
earth-abundant, robust, and efficient OER catalysts, exhibiting superior OER activity and excellent electrochemical stability due to the
synergistic effects of the multiple cations and the high entropy configuration effect [137,73,100,331-342].

For instance, Tang et al. [332] employed a straightforward sol-gel method to prepare a high-entropy perovskite cobaltate, con-
sisting of five equimolar metals (Mg, Mn, Fe, Co, and Ni) in the B-site, as an electrocatalyst for OER. The as-prepared cobaltate HEOs
exhibited a lower overpotential (320 mV at 10 mA e cm‘z) and a low Tafel slope (45 mV e dec‘l), surpassing electrolytes with much
higher cobalt concentrations (Fig. 24). Moreover, non-noble metal-based FeCoNiPB amorphous HEOs were utilized for OER in alkaline
media [333], exhibiting overpotentials of 235 and 306 mV at current densities of 10 and 100 mA e cm ™2, respectively. More recently,
Kante et al. [169] revealed the (001) facet of LaCrg 2Mng 2Fep 2C00.2Nig 203.5 is highly active for catalyzing the OER, outperforming all
of its parent compounds with 17 to 680 times higher currents at a fixed overpotential. These findings suggest that HEOs offer a new and
promising type of earth-abundant and highly active materials for OER electrochemical catalysts, endowing the fine-tuning the activity
beyond the scaling limits of traditional mono- or bimetallic oxides.

Furthermore, electrochemistry offers a simple and reliable method for the efficient utilization of ammonia, a promising energy
carrier owing to its carbon neutral characteristics and low cost for long-range transportation. Despite the intense research efforts
directed to electrocatalytic nitrogen reduction reaction (NRR), the NHj3 yield and selectivity are still relatively low for practical ap-
plications. The introduction of HEOs as NRR catalysts provides an exciting opportunity due to their multi-metal synergistic effects and
entropy increase effects [343-345]. For instance, He et al. [343] reported high entropy (Mn, Fe, Co, Ni, Cu)304 oxides, which exhibited
high electrocatalytic activity for NRR in non-aqueous solutions. The onset overpotential of (Mn, Fe, Co, Ni, Cu)304 is 0.70 V, which is
nearly 0.2 V lower than their most active single metal cation counterpart. In addition, Sun et al. engineered urchin-shaped hollow
(Nig.20C00.16F€0.24Mng 18V0.22)304 HEOs nanospheres assembled from 2D nanosheets [345], demonstrating excellent electrocatalytic
activities of HEOs for NRR with a NHj yield rate of 47.58ug h™! mg~! and Faradaic efficiency (FE) of 10.74 %. Further mechanism
studies are needed to reveal the relationship between high NRR performance and their unique electronic structures, multi-metal
synergistic and entropy increase effects.

Additionally, the introduction of HEOs with entropy-stabilization features has shown promising potential photocatalytic

Fig. 24. (a) Schematic demonstration of the structure of perovskite HEOs NPs with uniformly dispersed elements. (b) Polarization curves of samples
with different configuration entropy compared with IrO,. (c) Tafel plots and (d) turnover frequency (TOF) values of various catalysts at an over-
potential of 300 mV. (e) Stability test of HEOs in two-electrode configuration electrolyzer. (f) Lattice oxygen-participated mechanism (LOM) on
HEOs and binary surface at a potential of 0 V. [332] (Reproduced) Copyright © 2022 Wiley-VCH GmbH.
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applications in recent years [346-349]. Edalati et al. [346] firstly synthesized high-entropy photocatalyst TiZrHfNbTaO;; with dO
electronic configuration by mechanical alloying followed by high-temperature oxidation. This material exhibited predominant pho-
tocatalytic hydrogen production [347] and CO5 conversion activity [348], with high chemical stability, suggesting the high potential
of high-entropy oxynitrides as advanced low-bandgap photocatalysts. Similarly, a five phase TiZrNbTaWO;, with 10 heterojunctions
together with an overall low bandgap realized in oxygen production of 12.1 pmolh~'m~2 under visible light [350].

(2) HEOs as supports for metal-oxide catalysts

The extraordinary thermal stability and abundant oxygen vacancies in HEOs result in their potential to be candidates as catalyst
supports for metal nanostructures, especially for noble metal species that are not stable in harsh environment of heterogeneous
catalysis. Currently, HEOs have been used for stabilizing noble metals with the range from single metal sites, clusters consisting of
several atoms, to nanoparticles.

Low-temperature CO oxidation has long been investigated as a model reaction in the catalysis field for applications in automotive
exhaust treatment and air purification. Despite the advancements, developing catalysts with high CO oxidation activity at low-

Fig. 25. (a) Schematic illustration of dispersion and incorporation of Pd single atoms on the surface and sub-lattice of HEOs after calcination. (b)
The wavelet transforms from experimental data for Pd; @HEOs, PdO, and Pd foil. (c) CO oxidation performance of different catalysts before (solid
lines) and after (dashed lines) hydrothermal treatments.(d) Arrhenius plots of Pd; @HEOs and Pd@CeO; [183]. (Reproduced). Copyright © 2020 U.
S. Government Works.
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temperature and high stability remains a great challenge. Recently, HEOs composing various transition metals with high oxidation
states have been investigated for low-temperature CO oxidation, either as catalysts or supports [351,352]. For example, Chen et al.
[352] developed a metal-tannin coordination assembly strategy to fabricate La(FeCoNiCrMn)O3 HEOs nanoparticles (NPs) with 10
immiscible metal elements. The nanoparticles, ranging in sizes from 10-30 nm and featuring abundant oxygen vacancies, exhibited
enhanced CO oxidation activity compared to single metal-oxide perovskites catalysts. In another noteworthy study, Xu et al. reported a
novel entropy-driven strategy to stabilize Pd single-atom on (CeZrHfTiLa)Ox HEOs as the support. This was achieved through a
combination of mechanical milling and calcination (Fig. 25), leading to the formation of stable Pd-O-M bonds (M = Ce/Zr/La). The
resulting Pd/HEOs sample not only demonstrated superior low-temperature CO oxidation activity but also showed outstanding
resistance to thermal and hydrothermal degradation [183].

In addition, HEOs have been also proven to be highly effective for CO5 hydrogenation reactions when used as metal-supports
[13,14]. A method for in situ generation of CuCoNi nanoalloys on CogMnNiCuZnOy HEOs matrix has been reported, wherein a
sintering-resistant metal-oxide interface with a strong interaction was created by Hy reduction treatment [13]. This resulted in
enhanced CO; hydrogenation performance compared to the binary CoMnOy counterpart catalyst, with CO5 conversion rate of 46 % vs.
30 % after 100 h at 500 °C. The study revealed that in situ grown transition-metal species on high-entropy CosMnNiCuZnOy were more
thermally stable, owing to their maximum entropy motivation. Furthermore, Hou et al. [14] demonstrated that high entropy cubic
Zro5(NiFeCuMnCo)g 50x, when used as a host model, could promote the in situ reversible exsolution-dissolution self-regeneration
process of supported metallic species during multi-redox cycles.

From HEOs as active materials and supports for metal-oxide catalysis, the elements selected are mostly transition metal ions such as
Mn, Fe, and Co, which can exhibit multiple oxidation states. Therefore, HEOs usually exhibit mixed valence states and benefit complex
redox reactions. However, increasing elements involved adds to additional complexity in the reaction mechanism and the structur-
e-activity-selectivity relationship. For hydrogen evolution reactions (HER), CO5 reduction, and reforming reactions, Ni is a star
element for absorption and activation of gas modules [353]. For OER, Co and Ni showed a dominating catalytic activity [354,355]. Zr
and Zn usually contribute to structural stability. Besides, the diversified elements can induce subtle strain at the atomic level, altering
metal-oxygen bond lengths and modulating the adsorption energies of reaction intermediates (e.g., *O, *OH), thereby improving the
catalytic efficiency for OER. The combination of a series of elements to constitute a group of rather continuous overpotential and
activity can realize an overall improved catalytic performance [120].

4.6. Magnetic property

Magnetism is a fundamental physical phenomenon that arises from the motion of electric charges and leads to a broad range of
applications and manifestations, ranging from traditional magnetic memory storage devices to advanced applications in spintronics
and emerging quantum sensing and computing technologies [356-358]. At the atomic level, the magnetic properties of materials are
governed by the behavior of electrons, particularly their spins, which are quantum entities that have no classical analog.

The emerging studies on entropy in magnetism start from HEAs, showing great scope to tune magnetic properties with excellent
mechanical behaviors [359]. Different from HEAs whose magnetic properties are largely dictated by metallic bonding and exchange
interactions between delocalized d-electrons of transition metals, the magnetism of HEOs is more complex in electronic structures due
to the presence of oxygen. Compositionally disordered but positionally ordered lattices of HEOs greatly simplify the ability to create
stable materials with very specific macroscopic magnetic responses and randomly distributed strengths of magnetic exchanges, which
means the coexistence of shifting local variances in spin and coupling types as well as maintained position symmetries. The coordi-
nation geometry, valence, spin state and type of the metal cations hybridized with the bridging oxygen in HEOs are strongly correlated
with the diversity of neighboring ionic configurations, thus allowing a greater access to functional diversity.

(Cop.2Cug 2Mg( oNig 2Zng 2)O was firstly synthesized with long-range ordered antiferromagnetic behavior below Ty, which can be
understood by super-exchange interactions [360,361]. By substituting magnetic elements with other non-magnetic elements, the HEOs
host either an antiferromagnetic order or spin-glass state depending on the amount of magnetic ions. The HEO with two magnetic ions,
(MgNiCuZn)g g(LiGa)g 20, (MgCoCuZn)g g(LiGa) 20, and (MgCoNiZn)y g(LiGa) 20, exhibited a glassy state which can be attributed to
the disconnected magnetic exchange paths because of the reduced content of magnetic ions. The isolated magnetic domains likely gave
rise to a magnetic cluster-glass behavior. The magnetic transition temperatures were also substantially reduced. These results
demonstrated the ability to tune the degree of glassiness in the antiferromagnetic structure of HEOs [362]. Among all elements, change
in the concentration of Cu?*, unique among other elements in this case, usually results in a significant change in the crystal structure
due to its pronounced Jahn-Teller effect and the valence of Co sites, which extends to dilution and disorder of the magnetic lattice
[363]. For other studies of rock-salt HEOs, (Mg,Mn,Fe,Co,Ni)O can realize a stabilization of Mn2t and Fe®* ions [364].

For spinel structure HEOs, it is more capable of supporting a diverse range of magnetic interactions (e.g., ferromagnetic, anti-
ferromagnetic, and ferrimagnetic) between cations at different sites. The optical floating zone growth technique was applied to
synthesize (MgMnFeCoNi)Al;O4 in a cluster spin glass state by Mao et.al. [365]. Mng 2Cog 2Nig 2Cug 2Zng oFe204 synthesized by a
solution-combustion method exhibited ferri- or ferromagnetic properties with a high saturation magnetization at low temperatures (up
to 108 emu/g at 5 K) while a magnetic hysteresis for a sample calcined at 500 °C. In this material, Mn and Fe showed the coexistence of
both 2 + and 3 + valence states [366]. A case study of (CrFeMnCoZn)304 and (CoCrFeNiZn)304 nanocrystalline powders showed that
nonmagnetic Zn>" substitution for either magnetic Co?" or Ni>* would weaken the ferromagnetic ordering and magnetic moments
[140].

For perovskite structure HEOs, (Lag 2Ndg 2Prg 2Smg 2Eug 2)1 xSrxMnO3 (0 < x < 0.5) exhibited a structural transformation from
Pbnm to R-3c¢ with increasing Sr substitution and a prominent ferromagnetic ordering for x > 0.3 [367]. (Lag 2Y.2Prg 2Ndg.2Smg.2)CrOs
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showed an antiferromagnetic transition at about 210 K, and an interesting magnetization reversal and exchange bias effect at low
temperatures [368]. Studies on La(Cr,Mn,Fe,Co,Ni)Os thin film proved continuously tunable critical temperatures of the dominant
magnetic phase and the emergence of exchange bias responses. By varying the ratios of the elements (e.g., Mn) and their associated
spin (S) and exchange (J) values, a range of magnetic phases could be achieved, including antiferromagnetic and ferromagnetic or-
derings, and even induce an exchange bias effect traditionally seen in heterostructured or nanocomposite materials [63].

Ionic and covalent bonding between cations and anions in HEOs can effectively maximize the number of microstates and thereby
host homogeneous distributed multiple cations without disturbing overall crystallinity might be beneficial for magnetic insulator
design. Sharma et.al. [369] highlighted the impact of strain on magnetic properties by epitaxial growth of single-crystal
(Mgo.2Nig 2Feg 2C0g 2Cug 2)Fea04 (which is based on nickel ferrites, a ferrimagnetic material commonly used) on various substrates
(MgO, SrTiOs, and MgAl»04) to realize three states of strain modulation: compressive, tensile and relaxed. Compressive strain (on
MgAl,04 substrate) aligns the magnetic easy axis in-plane along with a reduced out-of-plane hysteresis loop, while tensile strain (on
MgO substrate) aligns it out-of-plane with a pronounced out-of-plane hysteresis loop and higher coercivity in the out-of-plane direction
compared to the in-plane direction. Room-temperature magnetic force microscopy (MFM) revealed that strained films on MgAl,04 and
MgO substrates exhibit stripe domain patterns. Besides, Jin et.al. reported a high-quality ultrathin 10 nm HEO epitaxial film
(CrMnFeCoNi)304 for high-performance ferrimagnetic insulator (FMIs) that exhibited concurrently a superior saturation magneti-
zation Mg (1198 emu e cm_3), low coercivity Hc (90 Oe), and excellent resistivity p (1233Qe cm) as well as readily tunable magnetic
anisotropy (as shown in Fig. 26 (b)). The huge lattice strain in the HEO thin film was believed to change the bond length and bond
angle of chemical bonding between different ions, resulting in tilting the original 180° collinear antiferromagnetic moment and
generating the net magnetic moment (Fig. 26 (g)). The lattice distortion also led to cation inversion and might improved Mg [370].

Studying the effect of a single element on overall magnetic behaviors is crucial yet studies are relatively deficient. A study by Ke et.
al. [371] on (Fe,Co,Ni,Cr,Mn)304 oxide thin films showed that magnetic behavior is primarily driven by Mn>* ions, whose orbital
occupations are significantly influenced by the strain states. The strain modifies the energy levels of the eg orbitals of Mn>*, affecting
their preferred electron occupancy and driving the observed magnetic anisotropy. Studies of (Mg,Cr,Mn,Co,Fe,Ni,Cu,Zn)(Cr,Fe,Al)204
highlighted Cr** in some samples occurring at 300 K, indicating complex spinel configurations [372]. Oxygen vacancy may also
significantly affect the magnetic coupling and further studies are still needed.

Fig. 26. Macroscale and mesoscale of magnetic properties characterization of a series of (CrMnFeCoNi)30,4 thin film with different thickness, from
(a) 6 nm to (f) 90 nm. (g) Schematic illustration of antiferromagnetic moment tilting due to lattice distortion. (h) The exchange Bias curve of 60 nm
films at 10 K. (i) and (j) MFM image of the 10-nm-thin and 60-nm-thick CMFCN film at O Oe, respectively [369]. Copyright © 2023 Wiley-
VCH GmbH.
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4.7. Supercapacitive property

Supercapacitors are widely used in various scenarios that require fast charging and discharging, such as hybrid electric/electric
vehicles [373], renewable energy systems [374], and regenerative braking systems in hybrid and electric vehicles [375] as an elec-
trochemical capacitor energy storage device with high power density, long cycle life and high safety. On the basis of their charge
storage mechanism, supercapacitors can be classified as electrostatic double-layer capacitors (EDLCs), pseudo-capacitors and hybrid
capacitors. EDLCs work on the charge storage mechanism and exhibit electrostatic capacitance, hence creating a double-layer structure
at each electrode-electrolyte interface, while pseudo-capacitors work on reversible faradaic reaction mechanisms and exhibit elec-
trochemical capacitance. Hybrid capacitors adopt both the mechanisms of EDLCs and pseudo capacitors, which are composed of
electrodes with different characteristics based on both chemical and electrical mechanisms. The storage mechanism greatly depends on
the nature of the materials used, either carbon based or redox active metal-based materials.

EDLCs usually consist of active porous electrodes, electrolytes and a dielectric substance that acts as an insulator and possesses
electrical properties [376]. Pseudo-capacitors on the other hand, use electrodes made up of redox-active materials and conducting
polymers, and electrolytes similar to EDLCs. Hybrid capacitors are composed of asymmetric capacitors and composite materials, with
one electrode made from EDLC materials (e.g., activated carbon) and another from pseudocapacitive materials (e.g., metal oxides or
conducting polymers).

High entropy alloys have been widely reported to fabricate supercapacitors with and also other high-entropy materials, such as
carbides [377], antimonide [378], and hydroxide [379]. For HEOs, the entropy stabilization effect contributed to the high stability and
thus prevent segregations, corrosion and degradation, and extend the cycle life. Besides, by structural design and selecting multiple
divalent and trivalent metallic cations in a single unit cell broaden the space of tunning electrochemical energy storage performances.
Different synthesis methods also lead to multi-diversified microstructures of HEOs, thus realizing tunable porosity for improved
electrochemical energy storage performance. As a result, HEOs pave the way for future supercapacitors, maintaining a high specific
capacitance with relative high conductivity and less structural collapse in the process of charging and discharging. The multivalent
elements produce d-band states near the Fermi level and thus provide favorable intermediate intercalation/deintercalation kinetics,
demonstrating promising performance on asymmetric supercapacitors [380]. Based on the characteristics above, HEOs are mostly
applied as electrodes or active material in electrodes in supercapacitors, specifically for pseudo-capacitors and hybrid capacitors. The
HEOs are battery-type materials, where the performance relies on accelerating the electrochemical kinetics processes via nano-
crystallization and elemental doping. The stability deterioration caused by irreversible phase transitions is one of the factors
limiting the application of those materials.

As for electrodes or active material in electrodes, spinel structure is one of the most studied since it supports the coexistence of
divalent and trivalent ions, which enables a variety of redox reactions during the charge-discharge processes. Inverse spinel
(CuNiZnAlFe)304 synthesized through sol-gel method and additional combustion realized a maximum specific capacitance of 2.02 F e
g latascanrate of 5 mV e s~! [381]. Inverse spinel electrode (CuNiFeMnCo)304 synthesized by sol-gel method realized a maximum
specific capacitance of 34.24 F e g~! at a scan rate of 5 mV e s~! [382]. Pristine spinel (CrMnFeCoNi)304 nanoparticles synthesized
using a facile soft-chemical approach were coated on nickel foam as a working electrode and the supercapacitor assembled showed an
enhanced capacitance of 239F e glat a current density of 0.5 A e g~! [383]. Additionally, new attempts of perovskite exploration
emerge, such as La(CoCrFeMnNiAly)1 /5+x)03—5 [384].

The electrochemical performance is highly dependent on crystallite size, pore size and morphology. Therefore, low-temperature
methods such as RCP [385] and sol-gel method [381,382] are preferred to realize a porous structure with a relatively high crystal-
linity. A novel polyacrylamide gel method realized particle size of tens of nanometers and the mole ratio of acrylamide to metal cations
(A/M) significantly influenced the average particle size of the nanopowders [386]. A single-step thermal plasma process also yielded
synthesized particles with an average size of about 24 nm in a fast production rate of 1.5 g e min~! and at a low discharge power (11
kW) [387]. The (MnNiMoCoFe)304 NPs with crystalline size ranging from 13 to 29 nm was prepared by the same method, exhibiting a
specific capacitance of 215F.g1/26.9mA e h e g~ at a current density of 2 A « g~ ! in KOH electrolyte [388]. The polyethylene glycol as
a sacrificial template was used to control the pore structure of HEO (FeCoCrMnNi)304 [389]. The HEO-based electrode with the
highest surface area demonstrated the optimal electrochemical performance with an energy density of 53 W e h e kg~ and a power
density of 400.8 W e kg™. The effect of microstructure design was also demonstrated in (FeCoCrMnNi)304 electrode, in which the
material synthesized via sol-gel methods exhibited improved energy density than the one prepared under reverse co-precipitation
[390,383].

However, further understanding of element selection still needs to be deepened. The basic idea is to select elements with multiple
oxidation states and thus provide rich redox-active sites that benefit pseudocapacitive capacitance. To further improve energy density,
Yin et.al. [390] selected transition metal elements of Fe, Co, Cr, Mn and Ni to prepare spinel (FeCoCrMnNi)3;04 with a high specific
surface area of 63.1 m? e g1 via sol-gel method at a low calcination temperature of 450 °C. A wider potential window of (—1, 0.6) V
was realized for the supercapacitor to operate safely, achieving a maximum capacitance of 332.2F e g~ with an energy density of
103.8 W e h e kg ! and a power density of 225 W e kg~ was obtained at a current density of 0.3 A e g~ .

The introduction of low-valence metal ions can facilitate the formation of abundant oxygen vacancies and active sites [391]. The
(FeCoCrMnZn)304/Nickel Foam (NF) composite electrode was evaluated in a supercapacitor and the overall capacitance reached
340.3F e g ! at a current density of 1 A e g~ in a 1 M KOH electrolyte [392]. Oxygen vacancy was served as the electroactive center of
the redox reaction with an increased concentration of charge carriers for O-H bond adsorption, leading to improved conductivity and
specific capacitance [390].

HEOs composited with graphene fiber electrode presents promising performance in alkaline electrolytes for wearable
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supercapacitors. Due to the poor conductivity, the conducting materials were compared to investigate the effect under different po-
tential windows [393]. It seems that the intergrain/interparticle connection plays a crucial role in the performance of supercapacitors.

In addition, the distinct diffusion effects during cyclic test results in stability behaviors. Nan et. al. studied the ions intercalation
reversibility of Lag 7Big.3Mng 4Fe 3Cu 303 electrode in an aqueous alkaline supercapacitor during the cyclic test [394]. The con-
ductivity is another factor that determines the performance of supercapacitors [395]. The DFT calculation results suggested high-
entropy material possessed a narrow energy band gap, thus a low energy barrier for electron transport.

Inspired by high-entropy materials, a multi-phase material was used to fabricate supercapacitors [396]. The nanoscale multi-phase
electrodes present high specific capacity due to their high electrical conductivities and good ion transport abilities. In summary, HEOs
in the application of supercapacitors could pave the way of balancing between the improvement in capacitance and overall stabilities,
though it might sound contradictory to become active materials and contribute to structural stability. The metallic ions in HEOs
constitute a relatively wide range of oxidation states and thus can be leveraged to form active sites. The oxygen matrix and the ionic
difference between metallic ions contribute to resistance in structural collapse and corrosion since the overall distortion is much more
modulable.

4.8. Structural perspective of the structure-property correlations

The fundamental aspects and applications of HEOs are intrinsically shaped by the high entropy effect on the structure-property
relationship. It is challenging, however, to pinpoint the most impactful aspect of the high entropy effect on specific applications due to
the complexity of their interrelations. For example, thermal conductivity stems from phonon scattering, which are quantized lattice
vibrations [397] and thus has a strong correlation with lattice structures. The entropy stabilization aspect of the high entropy effect
reduces phonon scattering time rather than velocities, and thus facilitates the reduction of thermal conductivity. Furthermore, the
lattice distortion, another aspect of the high entropy effect, creates local stress fields and promotes a wide spectrum of lattice phonons.
The thermal conductivity reduction does not necessarily correlate positively with an increase in entropy. However, regarding electrical
properties, HEOs generally do not exhibit significant improvement in electrical conductivity, as a reduction in photon MFP often
coincides with a decrease in carrier mobility. Nevertheless, HEOs inherently display colossal permittivity, which contributes to their
high-level dielectric behaviors.

Detailed examinations of physical/chemical parameters such as scattering factors for thermal properties and their associated
mechanism could provide valuable insight into the contributing factors’ relative importance.

Besides, several applications of HEOs exhibit striking correlations, all rooted in a common structural origin. A notable example is
the significant lattice distortion, which is primarily caused by atomic size mismatch. This distortion can trigger the symmetry
transformation of average structures and create uneven local structures, promoting the formation of nanostructures such as grains,
domains, and atomic displacements. Moreover, substantial lattice distortion can increase metal and oxygen vacancies, favoring un-
saturated active site exposure for reactant adsorption and electron transfer in catalysis. The structure of HEOs, both in the short and
long range, significantly impacts their functional performance. However, the mechanisms underlying structure features and functional
behaviors still require further investigation. For thermoelectric and dielectric properties, the short-range high atomic disorder disrupts
the long-range domain structure and simplistic phonon vibration, reducing both the polarization value and thermal conductivity.
Specific HEO structure series exhibit relatively superior behavior in certain areas. For instance, pyrochlore structures are promising
candidates for dielectric, energy storage, and thermal resistive properties due to their site complexity and stability. The unique features
of pyrochlores compared to other structures warrant further exploration.

In addition to property-property correlations tied to structural origins, similar chemical processes drive structure-property opti-
mization across diverse application fields. In lithium batteries and catalytic properties, for instance, local distortions, prompted by high
entropy’s chemical disorder, lead to a complex and adaptable site energy distribution that serves as the foundation for ion hopping, ion
transport, and molecular binding. The lithiation and de-lithiation mechanisms of SSBs and LIBs are redox reactions akin to a self-
regenerative catalyst. Notably, during lithiation, specific divalent metals in the transition metal HEO (TM-HEO) react with Li to
form nano-Li»O and nano-M nuclei trapped in the host matrix via a conversion reaction, disrupting long-range order. During de-
lithiation, nano-LiO and nano-M nuclei diffuse back and metal ions re-incorporate into the crystal structure, aided by entropy’s
driving force [123].

Similarly, supported metal catalysts also require transition metal ions and noble metals to serve as active sites for catalytic re-
actions. These are typically designed as components of specific sub-lattice. Nanoparticles, synthesized via the exsolution process,
transform into exsolutions or segregations socketed in the host oxides. The migration of active sites to the surface is a focal point in
catalysis studies. Both the exsolution and dissolution can be voltage-controlled, aligning the reversible charge and discharge processes.

Lastly, particular elements play crucial roles in the design of compositions and structures. The mentioned characteristics of
structures are ultimately attributed to the nature of certain compositions and the interaction of compositions arranged according to
general crystal structures and symmetry. Except for general disorder introduced via elemental diversities, small differences in com-
positions and structures (varies from as small as an atom or cation to clusters containing several atoms or cations) and interactions of
multiple sites with vastly different structures can also behave as crucial contributors to exhibit exceptionally high performance
different from other oxides. For example, Co is proven to play a significant role in achieving high capacity and good cycling stability in
LIBs. Similarly, enhancing the covalency of specific metal-oxygen bonds (e.g. Co-O bond) [73], by introducing elements with less
electronegativity is beneficial for OER catalysis. Another more general example is that the compositional diversity and abundant
oxygen vacancies introduced into the system can lead to variable valence states, which open opportunities for creating complex three-
dimensional lithium-ion transport channels. Additionally, HEOs demonstrated high stability in electrochemical processes, such as de-
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lithiation process and OER, and are gaining attraction in applications such as thermal catalysis, electrocatalysis and photocatalysis as a
host for reactive sites such as nano metallic particles or defects.

5. Summary and outlook

Research interest in HEOs has emerged endlessly in the past decade and HEOs have shown immense potential across various
functionalities and applications, including thermoelectrics, dielectrics and energy storage, thermal barrier coatings, lithium batteries,
catalysis, magnetics, and supercapacitors, etc. Generally, descriptions of these effects are based on the thermodynamics of HEOs
formation and the structural disorder of HEOs introduced by configuration diversity, with the most common reference being the
classical simple Eq. (1).

The high entropy effect plays a crucial role in modifying structures and tuning properties in all high-entropy systems and can be
classified into four aspects: entropy stabilization, lattice distortion, sluggish diffusion, and cocktail effect. Charge compensation further
widens the phase space of HEOs to a huge number of possible compositions. Dislocations, oxygen vacancies and other defects may
naturally exist due to the introduction of metallic species with varying preferred or mixed valence states, constituting the structural
root of diversified properties. At the charge level, oxygen polyhedron distortion and oxygen vacancy affect local metal-oxygen bonding
and charge localization status, depending on the specific valence electron shells of the species involved. At the orbital and band level,
the hybridization of d-p or f-p orbitals determines the band structures of HEOs, such as high bandwidth. The ability of certain metallic
species to adopt mixed valence states enables reversible band structures.

Numerous applied synthesis methods have been applied and developed for fast, efficient and high-quality preparation of HEOs. For
certain fields of applications, there are already a series of nominated methods that have been practiced, depending on different tar-
geted forms or structure needed. On the basis of solid-state reactions method, advanced methods with the assistance of plasma and
flash have been developed to realize a fast production of dense bulks with a controllable grain size and distribution. While for crys-
talline thin film, either PLD or magnetron sputtering is capable of realizing the epitaxial growth. Spin coating of a precursor solution
followed by thermal treatment can also produce thin films but rather textured ones. For nanoparticles in applications such as elec-
trochemistry, sol-gel method, (reverse) co-precipitation and hydrothermal method, etc. are preferred. As for characterizations in
experiments and computations, lattice distortion can be confirmed through a series of experimental characterization methods such as
XRD, Raman and X-band EPR spectroscopy. For further probing at the polyhedron level, geometric analysis considering elemental
occupying preference and unique characteristics at the short range can be based on high-resolution HAADF-STEM images, EXAFS and
XMCD.

While studies of complex HEOs have shown enlightening for several potential applications for property enhancement, numerous
unresolved issues of a very fundamental nature related to structure-property relations demand further investigations. Primarily, the
structure-property correlations discussed to date remain largely qualitative and typically apply to specific material systems. Semi-
qualitative and ultimately quantitative descriptions of certain structural parameters, such as valence bonding, are needed to corre-
late certain properties and identify optimal HEO candidates for specific application fields. The potential fundamental relationship
between configuration entropy and the underlying mechanism of a series of properties (such as thermoelectric, dielectric, energy
storage, and catalysis) is still not well understood or established. Furthermore, to what extent can the degree of disorder be controlled
and the property be tuned flexibly still remains unclear. Existing research results suggest that a homogeneously random distribution of
introduced compositions can be achieved through suitable composition design. However, the realization and influence of topological
order in the short-to-mid range on a series of structure-property behaviors still require further studies. Secondary effects such as
octahedral tilting and atom displacements caused by introducing elemental diversity at certain sub-lattice sites have not been sys-
tematically studied, but could provide valuable insights into the influence of high entropy effect on specific systems.

Therefore, to understand the role of entropy deeply and comprehensively in HEOs, more efforts should be devoted to the mech-
anism study, including visualizing the short-range and long-range structure, exploring the interaction between multiple components,
and discovering more descriptors of both structures and properties rather than only focusing on the synthesis of novel high-entropy
material systems. To be more specific, challenges and opportunities for developing and understanding HEOs can be summarized as
follows:

(1) The current understanding of the high entropy effect largely focuses on configuration entropy, with other potential contributors
demanding further study. More descriptors should be discovered and considered as crucial parameters for interpreting the high en-
tropy effect on the structure formation, physiochemical properties, and applications for HEOs.

(2) Established criteria for the synthesis of HEOs are still empirical and qualitative, calling for further thermodynamic guidance. A
library is needed to be built, which should contain the synthetic methods and the physical and chemical parameters of the systems with
multiple elements.

(3) Advanced characterization techniques including diffraction, spectroscopy, and microscopy would be of great importance to
further improve our understanding of the short range and long-range structures in HEOs. Nevertheless, characterizations of HEO
structures in the shor -range, especially for the oxygen polyhedron distortion and bond length distribution, are still relatively time-
consuming. Moreover, insights of disorder across different ranges mainly focus on long-range homogeneity of element distribution
at certain sub-lattice sites and short-range clustering behaviors of certain elements. The degree of disorder, which typically covers a
few hundred atoms, is not well understood yet. While clustering of certain elements has been identified via EXAFS at the nearest
neighboring shell, and increased doping elements seem to reduce short-range order while preserving long-range order, the mid-range
behavior (potentially acting as a transition from short-range to long-range) needs additional characterizations and simulations.

(4) The computational complexity involved in thermodynamic studies of HEOs leads to challenges in understanding the solubility
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of each metallic element, energy fluctuation in different phase statuses and atomic ranges, as well as the associated chemical potential
of component mixing, among others. Big data or artificial intelligence assisted computation methods should be applied in more systems
to accelerate the identification and mapping of the structures and properties for various HEOs systems.
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