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A B S T R A C T   

After the discovery of the prototypical high-entropy oxide with formula Cu0.2Zn0.2Mg0.2Co0.2Ni0.2O, the research 
on these materials has shown a dramatic boost. While many studies were devoted to exploring their possible 
applications, only few addressed the effective reasons behind their stability. The possibility to achieve a single- 
phase structure is usually hastily attributed to configurational entropy. This resulted in an extensive misuse of the 
terms “entropy-stabilized oxides” and “high-entropy oxides”, often employed as synonyms. However, the 
effective role of entropy in the stabilization should be demonstrated for each system, and even for 
Cu0.2Zn0.2Mg0.2Co0.2Ni0.2O it is still under debate. Moreover, many effects concur to the stabilization, i.e. the 
relative concentration, the valence state and the ionic radii of the cations involved. We will here discuss the role 
of configurational entropy in the phase stability, considering the main classes of crystal structures and providing 
a guide to critically discern between entropy and non-entropy stabilized oxides.   

1. Introduction 

In material sciences, doping, i.e. the introduction of small amounts of 
foreign atoms in a host structure, is the most extensively used method for 
changing and engineering the material properties. How small the 
amount of dopants is, it depends on the class of materials we are inter
ested in. It can be ppm or ppb in classical semiconductors, range in the 
percent level in alloys, up to tens of percent in ceramics. However, the 
identification of the host is always possible and easy: in classical 
chemistry terminology, in these materials we have a solvent and a so
lute, where the solvent is the component that is present in the largest 
amount. 

This rationale was somehow undermined by the concept of high 
entropy alloys [1,2], which are formed by mixing nearly equal or rela
tively large amounts of five or more components (configurational en
tropy for a mixture of a given number of chemical components is 
maximum for the equimolar composition). It is quite obvious that in this 
case the identification of the solvent is almost impossible. High entropy 
alloys have been extensively studied since nearly three decades, with a 
noteworthy flourishing in research in the 2010’s, as the large value of 
configurational entropy, which is achieved in these materials, acts as a 
phase stabilizing term. For example, in a 2004 paper [1], Cantor re
ported the synthesis of a 20-component alloy containing 5 at% of Mn, Cr, 
Fe, Co, Ni, Cu, Ag, W, Mo, Nb, Al, Cd, Sn, Pb, Bi, Zn, Ge, Si, Sb, and Mg. 

In such a system at constant pressure, the Gibbs phase rule would allow 
for up to 21 phases at equilibrium, but far fewer actually formed. High 
entropy alloys may have desirable properties such as better 
strength-to-weight ratios, higher degree of fracture resistance, tensile 
strength, and corrosion and oxidation resistance than conventional al
loys [3–5]. 

The concept of high entropy was extended to oxides by Rost et al. [6], 
who in 2015 reported the formation of a single phase solid solution with 
the rock salt structure with the Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O composition. 
Since then, several other high entropy ceramics have been reported, 
including diborides [7,8], chalcogenides [9], silicides [10] and other 
intermetallics such as half Heusler [11,12]. Moreover, the synthesis of 
perovskite oxides [13], fluorite oxides [14,15], spinel oxides [16,17] 
and many others was also described. 

Despite this huge effort in the search of new high entropy materials, 
the basic understanding of these systems is still in its infancy, and several 
problems are still open. For instance:  

1. The “high entropy concept” implies, in principle, a random sampling 
of the compositional space. However, this is rarely done in the syn
thesis of these compounds, since chemical intuition and solubility/ 
stability criteria (Hume-Rothery and/or Pauling rules) are rather 
followed with the aim of synthesizing single-phase materials. This is 
equivalent to limiting the entire compositional space to a small 
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volume fraction. For example, high entropy spinels are always pre
pared from spinel-forming oxides. Configurational entropy in this 
case definitely acts as a stabilizing term, but it is more likely a bonus 
rather than the main contribution to the Gibbs free energy.  

2. The role of each chemical component in defining the final crystal 
structure is often underestimated. This point may be better clarified 
if we consider, as an example, the Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O ma
terial, with the rock salt structure. From a thermodynamic point of 
view, the synthesis of this material can be thought as divided into 
two steps. In the first step, the three oxides with the rock salt native 
structure (MgO, CoO and NiO) form an equimolar solid solution. This 
process is (at least at a good approximation) isenthalpic, and the 
Gibbs free energy is negative and fully determined by the entropy of 
mixing. In the second step, monoclinic CuO and hexagonal ZnO 
dissolve in the previously formed rock salt solid solution. The 
enthalpy variation for this second process is positive and given by the 
enthalpies of transition of CuO and ZnO from their ground state 
crystal structure to the rock salt structure. It is however well known 
from the equilibrium phase diagrams that the solubility of CuO and 
ZnO in rock salt oxides can be as high as 20% (molar fraction), which 
means that the entropy of mixing is large enough to compensate for 
the positive enthalpy contribution. In this case, it is quite apparent 
that the rock salt structure acts as an “overall solvent” where oxides 
with other crystal structures can dissolve [18].  

3. Strictly related with the above point is the fact that increasing the 
number of chemical components while maintaining the constrain of 
equimolar composition implies that the molar fractions of each of the 
components are decreasing and therefore the solubility limit of each 
of the components can be respected independently of the value of the 
configurational entropy.  

4. The weight of configurational entropy in the Gibbs free energy of 
formation ΔformG = ΔformH-TΔformS is linearly dependent of tem
perature. This implies that solid solutions that are stable at the 
synthesis temperature can be metastable at room temperature. This 
is the case of Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O, which is known to distort 
towards a tetragonal structure when heated from RT to ca. 250 ◦C 
[19].  

5. When high entropy ceramics are employed as catalysts or electrodes 
for lithium ion batteries, where chemical reactivity is desired, the 
quest for stability may be detrimental rather than beneficial. How
ever, high entropy ceramics often show better performances when 
compared to the parent materials also in this respect [20–22]. In the 
science of high entropy materials, this is often related to the so-called 
“cocktail effect”, where inter-element interactions give rise to un
expected behaviour. However, it is not clear if this effect is exclusive 
to the high entropy materials:[23] it may be argued that the prop
erties of every material critically depend on composition. 

In this review, we will critically discuss the role of configurational 
entropy in the phase stabilization of high entropy oxides (HEO). The aim 
of this work is to contribute to the solution of the abovementioned 
problems. For the reader’s convenience, we will start our discussion 
with a detailed calculation of configurational entropy in a solid solution 
having a generic crystal structure; then, some considerations concerning 
the terminology used in the science of high entropy materials will 
follow. We will henceforth review the pertinent aspect concerning the 
phase stability of high entropy oxides, ordering the discussion by classes 
of crystal structure. 

2. Configurational entropy for a solid solution with i 
components 

Some inconsistences are present in the literature concerning the 
configurational entropy of a generic solid solution with a generic 
number of components, and several different ways for calculating the 
configurational entropy are reported [24–26]. This confusion mainly 

arises as the science of high entropy materials was born in the field of 
alloys, where the crystal structures are simple and, generally, just one 
crystallographic site (Wyckoff position) is occupied. The starting point 
we here propose is to recognize that different Wyckoff positions can be 
treated independently. We start with the simplest case, i.e. when the 
compositional disorder involves just one Wyckoff position. Let then ni be 
the number of atoms of type i in the solid solution. We assume that the 
Wyckoff position for the i atoms is fully occupied (the case of occupation 
factor being less than unit is easily derived by letting one of the i being a 
vacancy). Then, the sum 

∑

i
ni = N, where N is the total number of 

Wyckoff positions in the crystal. The number of microstates for the solid 
solution is given by the number of permutations with repetitions: 

W =

(
∑

i
ni)!

∏

i
ni!

(1) 

Using Stirling approximation, taking into account that 1/

∑

i
ni

ni 
is the 

molar fraction of i, and using Boltzmann’s formula for entropy: 

SConfig = kln(W) = − k
∑

i
nilnχi = −

R
NA

∑

i
nilnχi (2)  

Where NA is the Avogadro’s constant and R is the gas constant. For a 
mole of Wyckoff positions 

∑

i
ni = N = NA and ni = NAχi, and then we 

have: 

SConfig = kln(W) = −
R

NA

∑

i
nilnχi = − R

∑

i
χilnχi (3) 

If we now take into account the more general case when composi
tional disorder is on more than one Wyckoff position, we need to 
consider that Wyckoff positions can have different multiplicities. We 
need to repeat the calculations, using a Wyckoff position with multi
plicity p, i.e. that can accommodate a number of atoms that is p times as 
before: 

W =

(
∑

i
pni)!

∏

i
pni!

(4) 

Repeating the calculations as before for a mole of Wyckoff positions 
we get the same conclusion as Eq.3. Let us now consider a compound 
having disorder on two different Wyckoff positions, one with multi
plicity p and the other with multiplicity q. If Z is the number of unit 
formula of the compound in the unit cell, then taking a mole of com
pound means that we have p/Z moles of the first Wyckoff position, and 
have q/Z moles of the second, and therefore the molar configurational 
entropy for this solid solution is: 

SConfig,TOT = − R

(
p
Z

∑

i
χi,1lnχi,1 +

q
Z

∑

i
χi,2lnχi,2

)

(5) 

For example, for a mole of a spinel AB2O4, having disorder on both 
the A and B sites (Wyckoff position 8a and 16d, respectively), p and q are 
equal to 8 and 16, respectively, and Z is equal to 8. Therefore: 

SConfig,TOT = − R

(
∑

i
χi,Alnχi,A + 2

∑

i
χi,Blnχi,B

)

(6) 

The generalization to the case of disorder on any number of Wyckoff 
positions is straightforward: 

SConfig,TOT = − R
∑

j

(
pj

Z
∑

i
χi,jlnχi,j

)

= − R
∑

i,j

pj

Z
χi,jlnχi,j (7)  

Where the outer summation is on the j Wyckoff positions having mul
tiplicity pj, and the inner summation is on the i components. 
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3. Entropy stabilized materials versus high entropy materials 
versus compositionally complex materials 

It is easy to show that configurational entropy, as calculated in Eq. 7, 
is maximized when the i components are present in equal amounts, i.e. 
for equimolar mixtures. Then, for the Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O solid 
solution, SConfig = 1.61R, while for an equimolar mixture of 4 compo
nents SConfig = 1.39R. There is a general consensus towards the defini
tion of “high entropy materials” as materials for which SConfig > 1.5R. 
This is mainly because new properties seem to develop when the entropy 
is above this limit [1,2]. However, large and positive entropy values are 
needed only if the enthalpy of mixing is large and positive (endo
thermic): this is the case of the “entropy stabilized materials” [27]. It can 
be shown that, in several cases, the enthalpy of mixing is negative 
(exothermic), and in these cases, the high entropy does not dominate the 
Gibbs free energy landscape [28]. These “high entropy materials” are 
evidently not entropy stabilized. Fig. 1 schematically represents this 
aspect. In particular, Fig. 1a shows how solid solutions can be catego
rized according to two different characteristics, being the number of 
components (and the value of configurational entropy thereof) and the 
effective role of entropy in the phase stabilization. 

Moreover, there are several effects, such as clustering at the nano
scale, that can significantly reduce the entropy with respect to the 
nominal value given in Eq. 7 [29]. All these cases (i.e. the negative 
enthalpy of mixing, or the reduction of configurational entropy with 
respect to the ideal value) can be included into the so-called “compo
sitionally complex materials” (CCC). Indeed, this term was introduced 
by Wright et al. [30] to group together high entropy, medium entropy 
oxides and non-equimolar oxides (see Fig. 1b). 

4. High entropy oxides with the rock salt structure 

Among the various classes of HEO, those with the rock salt structure 
are unique as not only they are the first to have been reported, and, 
consequently, the most investigated, but also as they display special 
structural properties due to the fact that they always contain Cu2+. 
Moreover, theoretical calculations, carried out employing both entropy 
and enthalpy descriptors and considering several M2+ cations (i.e. Ca, 
Co, Cu, Fe, Mg, Mn, Ni, Zn), pointed out that the (Cu,Co,Ni,Mg,Zn)O 
system is the most prone to form a high entropy material bearing a 
single-phase rock salt structure [31]. Indeed, these calculations show 
that Ca, Fe and Mn-containing high entropy oxides present unfavorable 
enthalpy contributions that are far too large to be compensated by 

configurational entropy, at least at feasible temperatures. 
Copper containing oxides are particularly interesting, as Cu2+ ions 

with the d9 electronic configuration exhibit a strong Jahn-Teller effect, 
and any regular coordination octahedron around Cu2+ would distort 
giving two long and four short Cu-O distances. This is important, as the 
displacement of oxides ions will produce additional entropy, and will 
have an effect on the functional properties of the materials [32]. Local 
structural distortions in Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O have been deeply 
investigated, both by means of lattice dynamics [33], and experimen
tally by X-ray diffraction (XRD) [32] and Extended X-ray Absorption 
Fine Structure (EXAFS) [34]. It can be demonstrated that no other cation 
in Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O has such an effect [33]. Moreover, the 
Jahn-Teller distortion drives a cubic-to-tetragonal phase distortion [19, 
32], which is evidenced by large deviations in the width of some 
diffraction peaks with respect to the ideal case. This effect critically 
depends on the amount of copper in the solid solutions, and it is 
demonstrated that it is larger when the fraction of copper increases up to 
0.24. 

Moreover, Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O has a prominent role in the 
field of HEO as it is believed to possess all the properties that are 
characteristic of entropy stabilized materials: reversible phase transi
tion, formation of a crystal structure distinct from that of at least two 
end-members, positive enthalpy of formation. However, a recent study 
demonstrates that the phase behavior of the five-component rock salt is 
not markedly different than that of four or three-component copper- 
containing rock salt solid solutions having the same ratio of native rock 
salt oxides (MgO, CoO, and NiO) [18]. Fig. 2a, b report the XRD and 
transmission electron microscopy (TEM) for binary Ni0.8Cu0.2O, 
three-cation Ni0.6Cu0.2Zn0.2O and four-cation Ni0.4Co0.2Cu0.2Zn0.2O, 
compared to Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O. All the solid solutions were 
obtained as single phase rock salt with homogeneous cation distribution 
down to the nanometer scale, and all of them are thermodynamically 
stable until down to 850 ◦C. These results implicate that conventional 
solubility limits have a prominent role: in general, dissolution processes 
in the solid state are endothermic and therefore entropy driven. This 
casts doubts on the role of configurational entropy as the leading term of 
the Gibbs free energy of formation of these solid solutions. Moreover, 
this study underlines that the presence of a reversible phase transition 
from single phase to multiphase in high entropy oxides is a necessary but 
not sufficient criterion to corroborate the stabilization by configura
tional entropy. 

The problem of phase stability is evidently crucial when applications, 
such as in the field of electrochemistry or catalysis, are concerned [22, 

Fig. 1. : a) Scheme representing how solid solutions can be categorized according to the number of components (leading therefore to a higher configurational 
entropy) and the presence/absence of entropy stabilization. Copyright 2023 American Chemical Society b) Scheme of compositionally-complex ceramics (CCC), that 
include either medium-entropy and high-entropy ceramics. Entropy-stabilized ceramics are a small subgroup of the CCC. 
(a) Adapted with permission from Reference [28]. (b) Adapted from Reference [30] Copyright(2023), with permission from Elsevier. 
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35–37]. This is particularly true in the case of HEO anodes for Li ion 
batteries [35,38], where it is claimed that the cations act synergically in 
determining superior performances compared to simple oxides [20]. 
Mechanistic studies by means of operando X-ray absorption spectros
copy (XAS) demonstrated a collapse of the rock salt structure upon 
lithiation, and an irreversible redox mechanism, where the reversible 
capacity was ascribed to the alloying/dealloying reaction typical of 
anodes such as ZnO and MgO [39]. However, more recently, it has been 
shown that the original rock salt structure state can be recovered from 
the post-lithiation polyphase in ball mill prepared HEO [40]. 

5. High entropy oxides with the fluorite and related structures 
(bixbyite, pyrochlores) 

One of the first evidences of the formation of high entropy oxides 
bearing the fluorite structure was reported in 2017 by Djenadic et al. 
[14]., where equiatomic single phase materials containing up to seven 
rare-earth cations were successfully synthesized. The rare-earth metals 
involved were Ce, La, Nd, Pr, Sm, Y and Gd. It was observed that, for this 
system, the presence of cerium is mandatory to obtain a single phase 

structure, which can be achieved notwithstanding the number of ele
ments involved. Indeed, equiatomic composition with 3, 4, 5 and 6 
metal cations led to a pure fluorite structure (space group Fm-3m), while 
the 7-component system showed a decreased symmetry compatible with 
the formation of a single phase bixbyite (space group Ia-3). It should be 
noted that, out of all the considered elements, only Ce and Pr oxides are 
usually stable in the fluorite structure, respectively as CeO2 and Pr6O11. 
However, it is well-known from literature that all the other cations show 
extensive solubility in CeO2. In order to investigate on a possible role of 
entropy in the stabilization of these systems, the as-synthesized 
5-component oxide (Ce,La,Pr,Sm,Y)O2-δ was heat-treated at two 
different temperatures, lower than the one employed for the synthesis 
(1050 ◦C). While at 750 ◦C no phase separation was observed, at 
1000 ◦C additional peaks appeared in the XRD pattern, indicative of a 
symmetry lowering from Fm-3m to Ia-3. In any case, no reversible 
entropy-driven transition from single phase to multiphase, expected in 
case of an entropy-stabilized system, was detected, thus allowing to 
conclude that the type of elements, rather than the amount of configu
rational entropy, are the main responsible for the structure stabilization. 

The first high entropy fluorite containing both transition and rare- 

Fig. 2. : a) Powder diffraction patterns for the five-, four-, three- and two-component solid solutions quenched from 1000 ◦C to RT (red lines). The solid solutions 
were heated to 900, 850, 800 and 750 ◦C, and quenched to RT. Asterisks and squares mark the diffraction peaks of CuO tenorite and spinel phases, respectively. b) 
High-resolution transmission electron microscopy (TEM) with corresponding fast Fourier Transform (FFT) and energy-dispersive spectroscopy (EDS) maps for all the 
elements present. Instrumental magnification: 400,000 × . Copyright The Authors, some rights reserved; exclusive licensee Springer Nature. Distributed under a 
creative Commons Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/. 
Figure adapted with permission from ref [18]. 
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earth cations was reported in 2018 [15]. The authors successfully syn
thesized eight pure oxides, seven of which having a configurational 
entropy larger than 1.5 R, being the minimum threshold generally 
adopted to define a high entropy material. However, no additional data 
on the phase stability at different temperatures were provided. 
Conversely, in the same year, Chen et al. claimed the synthesis of an 
entropy stabilized fluorite with composition (Ce0.2Zr0.2Hf0.2Sn0.2Ti0.2) 
O2 [29], though with a small amount of secondary phase evidenced by 
XRD and energy dispersive spectroscopy (EDS). As mentioned above, a 
fundamental prerequisite for a system to be entropy stabilized is that not 
all the oxide precursors should share the same crystal structure. In this 
case, as in most cases for high entropy fluorite systems, this criterion is 
satisfied. Indeed, while CeO2, ZrO2 and HfO2 are usually found in the 
fluorite structure, SnO2 and TiO2 are mostly stable as rutile. Another 
criterion regards the presence of a reversible transition from single 
phase to multiphase upon cooling. The temperature for the synthesis 
was 1500 ◦C. Calcinations at lower temperatures showed the reversible 
formation of new XRD signals, attributed to the formation of a second 
phase. A similar result was reported later by Spiridigliozzi et al. with the 
composition (Ce0.2Zr0.2Y0.2La0.2Gd0.2)O1.7 [41]. Again, a treatment to 
temperatures lower than the one employed for the synthesis led to the 
segregation of a secondary phase that was attributed to bixbyite 
(possibly Gd2O3 or La/Y doped-Gd2O3). Nevertheless, we here note that 
the reversibility from a higher-temperature single phase to a 
lower-temperature multiphase systems is undoubtedly a mandatory 
condition for entropy stabilization, though per se not sufficient. For 
instance, the role of solubility equilibria should be carefully taken into 
consideration before imputing the phase stabilization to the sole large 
configurational entropy value [18,28]. 

It is also worth noting that several medium entropy fluorites, with 
less than five cations or with compositions far from the equimolar, have 
also been successfully synthesized at the same temperature [30], sug
gesting that entropy may not be the main factor governing the stabili
zation of fluorite-related structures. This fact, coupled to the extensive 
chemical variability hosted in these systems, that makes it difficult to 

widely explore all the possible elemental combinations and, conse
quently, to easily determine the stabilizing factors, prompted the re
searchers to search for rationalized criteria to predict a priori the 
formation of a single phase fluorite. Velasco et al. employed a 
high-throughput method, integrating the synthesis of 106 samples, their 
characterization with XRD, Raman and UV-Vis spectroscopy, and ma
chine learning, to explore the system (Ce0.2Pr0.2La0.2Sm0.2Y0.2)O2-δ [42]. 
Of all samples, 91 contained three or more elements. Fig. 3 shows the 
isothermal multicomponent phase diagram at 750 ◦C comprising the 91 
compositions (for details on the interpretation of these plots, the reader 
is referred to Ref [42]). 

Interestingly, only five samples showed the presence of multiple 
phases, while 76 samples crystallized as single phase fluorite and 10 as 
single phase bixbyite. The high-throughput screening showed that not 
only Ce4+, but also Pr, being in a mixed +3 and +4 oxidation state, can 
lead to phase purity, even in absence of cerium. Moreover, it was noticed 
that samples with lower configurational entropy (ranging from 1.1 to 
1.6 R in the present study) can be also stabilized as single phase as long 
as a +4 or a mixed +3 ,+4 cation is present. 

Regarding the possibility to obtain either a fluorite or a bixbyite 
single phase compound, Spiridigliozzi et al. proposed a predictive model 
based on the cationic radii [43]. In particular, the authors found that the 
final structure is linked to the mismatch between the size of the cations, 
expressed as the standard deviation s of the involved cationic distribu
tion. If s > 0.095, a single phase oxide with the fluorite structure is 
obtained. When s is lower than 0.095, the sample crystallizes as a single 
phase bixbyite. A mixture of the two phases is found in correspondence 
of the threshold value. This empirical rule was obtained after investi
gating 18 compositions, all containing in equimolar ratio Ce and other 
four elements among Zr, Y, Yb, La, Gd, Sm, Nd, Pr, Er and Ho. It was later 
demonstrated that this predictor is not strictly related to the presence of 
Ce and that is still valid when the configurational entropy is lower than 
1.5 R, i.e. for Zr-containing compositions such as 
(Zr0.2La0.2Pr0.2Sm0.2Y0.2)O2- δ, (Zr0.2La0.2Tb0.2Sm0.2Y0.2)O2- δ and 
(Zr0.25La0.25Sm0.25Y0.25)O2- δ [44]. The same compositions with Sn or Tb 

Fig. 3. : Isothermal phase diagrams at 750 ◦C for 91 oxides, highlighting which of the oxides yields a single or a multiple phase. a) Isothermal multicomponent phase 
diagram at 750 ◦C comprising 91 compositions for the chemical deviations from the HEO system (Ce0.2Pr0.2La0.2Sm0.2Y0.2)O2− δ. The symbols at the respective 
compositions show the single or multiple phase nature of the samples. The contour color map relates the configurational entropy Sconfig. b) Isothermal crystal
lographic phase map obtained for the chemical space of 91 oxides. Details on how to interpret these phase diagrams can be found in Ref [42]. Copyright The Authors, 
some rights reserved; exclusive licensee Wiley-VCH GmbH. Distributed under a creative Commons Attribution License 4.0 (CC BY) https://creativecommons. 
org/licenses/by/4.0/. 
Figure reproduced with permission from ref [42]. 

M. Fracchia et al.                                                                                                                                                                                                                               



Journal of the European Ceramic Society 44 (2024) 585–594

590

replacing Ce or Zr did not result into pure phases, pointing towards the 
fact that at least one cation with oxidation state +4 and a certain affinity 
towards a fluorite-related structure is necessary for the stabilization. 
Moreover, (Ce0.2La0.2Pr0.2Sm0.2Y0.2)O2- δ and (Zr0.2La0.2Pr0.2Sm0.2Y0.2) 
O2- δ, while both pure as fluorites when synthesized at 750 ◦C, show a 
different behaviour upon treatment at high temperature; the first 
promptly forms bixbyite, expected in case of oxygen vacancies ordering 
[14], while for the second composition this phase transformation is 
suppressed. This clearly evidences that the individual role of each cation 
in the structure stabilization can never be neglected. 

Another class of materials closely related to fluorites is represented 
by the pyrochlores, having general formula A2B2O7, where A sites are 
rare-earth, alkaline or alkaline-earth cations and B sites are transition or 
post-transition cations. The structural stability of the pyrochlores 
structure strictly depends on the ratio between the average ionic radius 
of A and B cations (rA/rB), according to the criterion proposed by Sub
ramanian [45]. If rA/rB is comprised between 1.46 and 1.78, a pyro
chlore structure is formed. If rA/rB is lower than 1.46, the formation of a 
defect fluorite structure is favoured, while for values larger than 1.78 a 
single cubic phase is no more obtained. It has been widely demonstrated 
that this rule is fully valid also for high entropy pyrochlore structures. 
The first compositions obtained presented five rare-earth cations in the 
A site and Zr in the B site, e.g. (La0.2Ce0.2Nd0.2Sm0.2Eu0.2)Zr2O7 [46] and 
(La0.2Nd0.2Sm0.2Eu0.2Gd0.2)Zr2O7 [47], or a progressive number of 
rare-earth elements (from 1 to 7 among Gd, Eu, Sm, Nd, La, Dy, Ho) in 
the A site [48]. Analogously, compositions with one cation in the A site 
and five elements in the B site were reported, namely 
Nd2(Ta0.2Sc0.2Sn0.2Hf0.2Zr0.2)2O7 and Nd2(Ti0.2Nb0.2Sn0.2Hf0.2Zr0.2)2O7 
[49]. Pitike et al. employed first-principle calculations, based on DFT, to 
predict the formation of pyrochlores with La3+ or Nd3+ on the A site, and 
five cations in the B site, pre-selected on the basis of their ionic radius 
and valence state among Hf, Nb, Sc, Sn, Ta, Ti, Zr [50]. The use of proper 
enthalpy and entropy descriptors allowed a screening of promising 
compositions, out of which two La3+- and three Nd3+ - containing 
pyrochlores were successfully synthesized as single-phase. Moreover, 
Monte Carlo simulations were employed to estimate the secondary 
phase composition as a function of temperature and oxygen partial 
pressure. The family of compositionally complex pyrochlores was finally 
extended by introducing multiple cations not only in the A site but also 
in the B site (i.e. Zr, Hf, Sn, Ti) and encompassing both high and medium 
entropy compositions [51]. Teng et al. synthesized 37 different equia
tomic compositions, including 30 high entropy pyrochlore oxides and 7 
high entropy fluorite oxides, 33 of which having a single phase struc
ture, confirming in all cases the validity of the Subramanian criterion 
[52]. It was observed by EDS that cations Gd3+, Eu3+, Sm3+, Nd3+, La3+, 
Dy3+, Ho3+ and Ti4+, Zr4+, Sn4+, Hf4+ are homogenously and randomly 
distributed. The secondary phases were found to be mainly due to Ce4+

and Nb5+. In fact, the first has an ionic radius much larger than the other 
B site cations, while the second has an oxidation state different than +4 . 
This work, along with the previous ones, point out that, similarly to 
fluorites, the pyrochlores also present a vast compositional and chemical 
flexibility, where the phase stabilization is mainly governed by the ionic 
radii (in particular the rA/rB ratio and the mismatch between the ionic 
radii of cations occupying the same site) and the valence of each cation. 
To the best of our knowledge, only in one case the stabilization of the 
pyrochlore was specifically attributed to configurational entropy. Vayer 
et al. synthesized Dy2(Ti0.2Zr0.2Hf0.2Ge0.2Sn0.2)2O7 at 1600 ◦C, obtain
ing a pure pyrochlore, and subsequently heat-treated the sample at 
1400 ◦C [53]. This resulted into a phase segregation among the cations 
of the B site, with one phase mainly containing Ge and two other phases 
containing all the five cations. This single phase to multiphase transition 
was attributed to entropy stabilization, with the enthalpic penalty 
induced by Ge, being the only cation that does not form a single phase 
cubic pyrochlore with Dy. 

6. High entropy oxides with the α-PbO2 structure 

The α-PbO2 structure is particularly relevant to the problem of the 
phase stability of high entropy oxides, as the four component (Ti,Zr,Hf, 
Sn)O2 solid solution [54] is a good candidate for being entropy stabilized 
[28]. This material, which may be defined as “medium entropy”, meets 
both the requirements of i) crystal structure different from that of any of 
the end members and ii) positive formation enthalpy. Indeed, at room 
temperature TiO2 and SnO2 are stable in the rutile structure (tetragonal, 
space group P42/mnm), ZrO2 and HfO2 as baddeleyite (monoclinic, 
space group P21/c), while (Ti,Zr,Hf,Sn)O2 is finally orthorhombic (space 
group Pbcn). Fig. 4a shows the XRD pattern of the sample obtained at 
1400 ◦C, demonstrating the formation of a single-phase material. To test 
reversibility, this sample was then treated from room temperature to 
1200 ◦C, measuring the thermal conductivity and acquiring XRD pat
terns at significant temperatures. The thermal conductivity showed an 
increase until 900 ◦C, compatible with a demixing of the starting com
ponents. Above this temperature, a decrease in the thermal conductivity 
was instead observed, suggesting the progressive formation of the 
orthorhombic single-phase solid solution. Indeed, this hypothesis is 
confirmed by XRD, displayed in Fig. 4b, where it can be observed that 
the peaks related to the single phase orthorhombic (Ti,Zr,Hf,Sn)O2 start 
to reappear above 1200 ◦C, along with the progressive disappearance of 
those related to the raw materials. 

Very recently, attempts have been made to synthesize the five- 
component (Ti,Zr,Hf,Sn,Ge)O2, which is predicted to display the same 
crystal structure and which has the potentiality to be a truly high en
tropy material (in the sense of entropy stabilized). However, up to now 
they are yet not successful [55]. 

7. High entropy oxides with the perovskite structure 

Most of the experimental studies on high entropy perovskites are 
focused on single selected compositions dedicated to some specific ap
plications, such as thermoelectrics [56], proton conductors [57] or 
catalysts [58]. Works explicitly discussing the possible role of configu
rational entropy in the stabilization of the perovskite phases are scarce 
[13,59], while others [60,61] tackle a systematic approach to unveil all 
possible combinations of components based on their valence distribu
tion. We have first to point out that these studies refer to different kinds 
of perovskites (Sarkar et al. on trivalent A and B cations, the other 
studies on perovskites with A2+ and B4+) and different synthetic routes, 
particularly concerning the synthesis temperature, the duration of the 
reaction and the cooling rate. This makes difficult to compare the results 
and to ascertain the common structural features characterising high 
entropy perovskites. 

The first report on high entropy perovskites is provided by Jiang 
et al. [13]. They produced 13 candidates of high entropy perovskites, 
placing either Ba2+ or Sr2+ on the A site, while the B site is shared by five 
cations in equimolar ratio, selected to have Goldschmidt’s tolerance 
factors [62] ranging from 0.95 to 1.05. We here remind that the toler
ance factor is calculated from the ionic radii through the following 
equation: 

t =
rA + rX
̅̅̅
2

√
(rB + rX)

(8)  

Where rA is the radius of the A cation, rB is the radius of the B cation and 
rX is the radius of the anion. 

The single oxide powders were ball-milled, compressed as pellets, 
heated at 1300, 1400 and 1500 ◦C (duration not provided) and cooled in 
the furnace. With only one exception, single phase perovskites form only 
when the tolerance factor lies within 0.98 and 1.02, while no correlation 
is observed with respect to the atomic-size difference (δ), defined as: 
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∂(rB) =
∑5

I=1
Ci

⎛

⎜
⎜
⎝1 −

ri

∑5

I=1
Ciri

⎞

⎟
⎟
⎠ (9)  

Where Ci and ri are the molar fraction and radius of the i-the ion. 
All the produced single phase perovskites have the prototype cubic 

structure. Entropy is considered to be able to play a role in the stabili
zation of a single phase for two reasons. First, moving from a 4- to a 5- 
cation oxide (adding Mn to Zr, Sn, Ti and Hf at the B site), leads to a 
single perovskite phase, which does not form in the absence of Mn. This 
is clearly consistent with an increase of configurational entropy from 
1.39 R to 1.60 R. The stabilizing effect of entropy occurs, however, 
assuming that no further enthalpy contribution is added by increasing 
the molar fraction of each cation from 0.20 to 0.25. Second, the coex
istence of Ba and Sr on the A site, when equimolar Zr, Hf, Sn, Nb and Ti 
occupy the B site, leads a single perovskite phase which is stable in a 
wider temperature range (at 1400 ◦C and 1500 ◦C) compared to when 
only Ba (stable at 1300 ◦C) or only Sr (stable at 1500 ◦C) are present. In 
addition, the mixed Sr-Ba A site leads to a tolerance factor equal to 1.0, 
which is already a factor stabilizing the single perovskite phase, while in 
the case only Sr or Ba occupy the A site, t becomes 0.97 and 1.03, 
respectively. This is a geometrical contribution which can help stabi
lizing the single phase, regardless of entropy. On the other hand, the fact 
that more compositions are single phase at 1300 ◦C, but secondary 
phases are found at higher temperature, is not consistent with entropy 
stabilization. 

Sarkar et al. investigated different high entropy perovskites 
combining five trivalent cations on the A and/or the B sites [59]. The 
perovskites were prepared by spray pyrolysis, followed by a 2-hour 
thermal treatment at 1200 ◦C without quenching. Only few composi
tions form a single perovskite phase, all of them being orthorhombic. 
The closer the tolerance factor t to 1.0, the lesser the orthorhombic 
strain. It is proposed that the high entropy perovskites are stabilized by 
entropy because: i) the (5A0.2)MnO3 system undergoes a reversible 
decomposition into more orthorhombic perovskite phases while cooling 
below a critical temperature of about 900 ◦C; this temperature behavior 
recalls that of the prototype rock salt HEO observed by Rost et al. [6]. 
However, we point out that the demixing of the rock salt phase occurs 
with the segregation of the CuO parent oxide. In the present case, the 
demixing leads to the formation of a multiphase system composed of 
different perovskites with the same crystal structure and likely a com
plex distribution of more cations; ii) a 10-cation system (5A0.2)(5B0.2)O3 
forms a single phase and shows no evidence of decomposition upon 

temperature, while (5A0.2)BO3 and A(5B0.2)O3 systems do not even form 
single phases. The formation of a single phase in the presence of 10 
cations is deemed as a proof of entropy stabilization. 

The above investigations were limited to equimolar combinations of 
cations, sharing in principle the same valence state. In the search for new 
stable high entropy perovskites, Tang et al. [60]. and Ma et al. [61]. 
proposed a systematic approach looking for all combinations of cations 
with different valence granting electroneutrality for the ABO3 perov
skite system. Among many possible combinations of cations and va
lences, Tang et al. limited their study to Ba(5B0.2)O3 perovskites, 
providing a set of 12 valence combinations of B cations from +2 to +6 
valence states and equimolar ratio. Once defined the valence of each 
cation, the perovskite compositions were designed in order to keep the 
tolerance factor t as close to 1.0 as possible. The specimens were fired for 
6 h at different temperatures (1200–1600 ◦C) after mixing the single 
oxide powder via ball milling. They noticed that 0.97 < t ≤ 1.03 not 
only gives cubic perovskites, but also, with only one exception, allows to 
obtain a single phase high entropy perovskite. In addition, they found no 
correlation between the formation of superstructure peaks, index of a 
lower symmetry perovskite, and the cation-size difference. A relation is 
rather observed with respect to the valence mismatch, calculated ac
cording to: 

∂(VB) =
∑5

I=1
Ci

⎛

⎜
⎜
⎝1 −

Vi

∑5

I=1
CiVi

⎞

⎟
⎟
⎠ (10)  

Where Ci and Vi are the molar fraction and valence of the i-the ion. 
Ma et al. continued the work by Tang et al., exploring non-equimolar 

compositions, still focusing on perovskite with A=Ba2+ and 5 cations 
sharing the B site. Among 86 combinations, 12 of them show configu
rational entropy above 1.5 R. It seems that in non-equimolar compounds 
no correlation occurs between the formation of a single phase and the 
tolerance factor, while the correlation between valence mismatch and 
superstructure distortion is confirmed. 

8. High entropy oxides with the spinel structure 

This class of high entropy oxides received large attention in the 
literature [16,63–66]. This is unsurprising, given the number of tech
nological applications involving oxides presenting this crystal structure. 
Particular attention has been given to the use of these oxides as elec
trodic materials for Li- and Na-based batteries [67,68]. The spinel 
structure involves two different crystallographic cationic sites, one 

Fig. 4. : a) XRD pattern of (Ti,Zr,Hf,Sn)O2 sintered for 4 h at 1400 ◦C, compared to some reference patterns. b) XRD patterns of the samples obtained after thermal 
conductivity test under the temperature of 1273, 1373, and 1473 K. 
(a) Figure adapted from ref [54]. (b) Copyright(2023), with permission from Elsevier. 
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tetrahedral and one octahedral, plus one position for oxygen atoms. The 
tetrahedral sites are generally occupied by a divalent cation, while the 
octahedral from a trivalent cation. The presence of two cationic sub
lattices allows the possibility of site inversion, with the divalent cations 
occupying the octahedral site and the trivalent cations occupying the 
tetrahedral sites. Furthermore, some spinels present the possibility of 
deviation from the ideal stoichiometry. Cation site vacancies are pro
duced together with charge-compensating oxygen vacancies in such a 
case. The possibility of these crystallographic disorders allows a further 
contribution to the configurational entropy of the material. 

The majority of literature related to HEO presenting this crystal 
structure is focused mainly on the possibility of creating materials with a 
large number of cations placed on the two available crystallographic 
sites to enhance or modify the functional properties of the material [16, 
66,69]. Limited attention has been paid to phase stability. The spinel 
structure is robust enough to host many different kinds of bivalent and 
trivalent cations without losing stability and giving rise to decomposi
tion processes. As a result, in this class of materials, the phenomena 
representing the hallmark of entropy stabilization, such as modification 
in phase stability resulting from an increase in temperature or in the 
number of components, have never been reported. 

Some insights on the role played by the configurational entropy on 
the phase stability of these materials have been recently presented by 
Riley et al. [70]. The authors have been investigating the phase stability 
of several spinels presenting substoichiometry of the bivalent cations. 
Cationic substoichiometric spinels produce both cationic and anionic 
vacancies that contribute to the configurational entropy of the materials 
but also reduce their phase stability. When treated at temperatures 
below 800 ◦C these substoichiometric spinels evidenced the formation 
of secondary oxide phases. However, single phase spinels can be ob
tained when the same compositions are treated at 900 or 950 ◦C and 
quenched, a behavior similar to the one reported in HEO with different 
crystal structures. An increase in the number of divalent cations from 
one to four increased the stability of such substoichiometric phases, 
allowing to obtain monophasic materials without any segregation of 
divalent oxides even after treatment of 800 ◦C. This influence of the 
number of components has been considered similar to the one presented 
by the rock salts HEO, considered prototypical of this class of materials. 
These results suggested that an increase in the number of components 
can indeed increase the stability even in this class of HEO. 

Several authors evidenced that an increase in the number of cations 
may influence the crystallographic site occupancy [16,64,71,72]. In 
several instances, in fact, it has been reported that the introduction of 
many different cations on the two available crystallographic sites pro
duces complex distributions resulting in partial or total inversion [16, 
73]. Sarkar et al. pointed out that, for the system with nominal formula 
(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)3O4, the cations are not randomly distributed 
in the octahedral and tetrahedral sites, but are rather distributed as to 
give the lowest configurational entropy allowed by the given composi
tion in a spinel structure [73]. This clearly indicates that enthalpy fac
tors, in particular the crystal field stabilization energy, play a leading 
role over configurational entropy in determining the effective cation 
distribution. 

The reported results, however, are still very preliminary and refer 
only to a few specific compositions. More investigations are required to 
be able to draw some general considerations regarding this aspect. 

9. Conclusions 

After an in-depth digression on how to calculate the configurational 
entropy in solid solutions with a generic crystal structure, and a clari
fication regarding the terminology employed in the science of high en
tropy materials, the factors contributing to the phase stability of the 
main oxide crystal structures have been examined. High entropy spinels, 
fluorites, perovskites and pyrochlores present a vast compositional and 
chemical flexibility, with robust structures able to host many different 

elements. In these cases, phase stabilization can be achieved by a sapient 
choice of cations, considering the interplay between their relative con
centration, the valence state and the ionic radii. For fluorites, pyro
chlores and perovskites, empirical rules can be followed to predict a 
priori the effective formation of the desired crystal structure. It can be 
concluded that, overall, configurational entropy does not seem to have a 
major contribution in the phase stabilization for these systems. We shall 
also recall here that entropy stabilization implies that the compositional 
space is sampled randomly, and this is usually not done in the studies 
reported in the present review: indeed, spinel, perovskite and fluorite 
high entropy materials are usually prepared from spinel, perovskite and 
fluorite structure forming oxides. 

A more intriguing case surely regards the prototypical high entropy 
oxide Cu0.2Zn0.2Mg0.2Co0.2Ni0.2O. Considering the Gibbs energy of for
mation at constant T and p for a solid solution, ΔforG = ΔmixH − TΔmixS, 
if ΔmixH is large and positive, the term − TΔmixS is large and negative 
only at high temperature. This mere fact, while explaining the high 
temperatures usually used in the synthesis of these materials, leads to 
the immediate conclusion that entropy stabilization requires meta
stability at room temperature. Indeed, reversible demixing with CuO 
segregation in Cu0.2Zn0.2Mg0.2Co0.2Ni0.2O has been widely assumed as a 
proof of entropy stabilization. However, more recent studies demon
strated that the behaviour of a three-component rock salt solid solution, 
having the same ratio of native rock salt oxides (MgO, CoO, and NiO) 
with respect to the non-native ones (ZnO and CuO), is exactly the same 
of the five-component solid solution. This seems to indicate that con
ventional solubility limits, rather than a true entropy stabilization, play 
the leading role in determining the stability of the Cu0.2Zn0.2Mg0.2

Co0.2Ni0.2O HEO. Finally, we shall recall also the emblematic case of the 
(Ti,Zr,Hf,Sn)O2 medium entropy oxide with the α-PbO2 structure, with a 
crystallographic structure different from that of any end member. To the 
best of our knowledge, this represents a unique case and may indeed be 
stabilized by entropy. A similar high entropy oxide (with more than 5 
cations) sharing this same structure has not been successfully synthe
sized yet. 

The growing interest in this new class of materials has led to a dra
matic boost in the synthesis of new compositions bearing several crystal 
structures. Alongside, high-throughput procedures are rapidly devel
oping, allowing to synthesize tens, if not hundreds, of samples in a 
limited amount of time. Assessing the factors governing phase stability 
in the different classes of crystal structures is mandatory to guide the 
discovery of new pure-phase high entropy materials. As a future outlook, 
this information, coming from both chemical knowledge and matured 
experience, can provide a solid input for theoretical calculations / ma
chine learning techniques, allowing for a rational screening in the vast 
possible compositional space. This information needs to be coupled with 
a variety of local and long-range probes, to get a better understanding of 
the role of entropy in stabilizing the structure and on stability. The 
possibilities of these materials are possibly tremendous, and the present 
research has just opened the gate towards the discovery of new materials 
with engineered properties. 
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