
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Li, Yulin; Yan, Haixian; Wang, Shiqi; Luo, Xuliang; Kurpaska, Łukasz; Fang, Feng; Jiang,
Jianqing; Kim, Hyoung Seop; Huo, Wenyi
Toward predictable phase structures in high-entropy oxides : A strategy for screening
multicomponent compositions

Published in:
Materials and Design

DOI:
10.1016/j.matdes.2024.113497

Published: 01/12/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY-NC

Please cite the original version:
Li, Y., Yan, H., Wang, S., Luo, X., Kurpaska, Ł., Fang, F., Jiang, J., Kim, H. S., & Huo, W. (2024). Toward
predictable phase structures in high-entropy oxides : A strategy for screening multicomponent compositions.
Materials and Design, 248, Article 113497. https://doi.org/10.1016/j.matdes.2024.113497

https://doi.org/10.1016/j.matdes.2024.113497
https://doi.org/10.1016/j.matdes.2024.113497


Toward predictable phase structures in high-entropy oxides: A strategy for 
screening multicomponent compositions

Yulin Li a,1, Haixian Yan c,1, Shiqi Wang d, Xuliang Luo e, Łukasz Kurpaska a, Feng Fang c,*,  
Jianqing Jiang b,c, Hyoung Seop Kim f,g,h, Wenyi Huo a,b,*

a NOMATEN Centre of Excellence, National Centre for Nuclear Research, Otwock 05-400, Poland
b College of Mechanical and Electrical Engineering, Nanjing Forestry University, Nanjing 210037, China
c Jiangsu Key Laboratory of Advanced Metallic Materials, Southeast University, Nanjing 211189, China
d Department of Chemistry, University of Helsinki, P.O. Box 55, Helsinki, FI 00014, Finland
e Department of Applied Physics, Aalto University, P.O. Box 11000, Aalto, FI 00076, Espoo, Finland
f Department of Materials Science and Engineering, Pohang University of Science & Technology (POSTECH), Pohang 37673, South Korea
g Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, Sendai 980-8577, Japan
h Institute for Convergence Research and Education in Advanced Technology, Yonsei University, Seoul 03722, South Korea

A R T I C L E  I N F O

Keywords:
High-entropy ceramics
High-entropy oxides
Phase selection engineering
Phase stability
Composition design

A B S T R A C T

The recent surge in interest in high-entropy oxides (HEOs) as a novel class of ceramic materials can be attributed 
to the remarkable performance enhancements caused by both the complexity of their chemical composition and 
the simplicity of their structure. The extensive range of components presents challenges to the implementation of 
HEOs, rendering it difficult to predict the phase structure prior to the final synthesis. Herein, semi-empirical 
methods based on various parameters, including ΔX, VEC, ΔSmix, ΔHmix and δ, were utilized to determine the 
phase stability of rock salt, spinel, perovskite and fluorite structures. The combination of δ with ΔX, VEC, ΔSmix, 
and ΔHmix, in graphical form, is an effective indicator for determining the phase stability of rock salt, perovskite 
and fluorite structures. The spinel structure is stabilized outside the range of the other three structures. The phase 
formation rules were further verified with two newly designed and prepared HEOs via X-ray diffraction and high- 
resolution transmission electron microscopy. The HEOs show potential for functional applications, e.g., methyl 
orange degradation.

1. Introduction

Phase is a crucial structural parameter, alongside composition, 
morphology, architecture, facet, size, and dimensionality, that plays a 
fundamental role in determining the properties and functionalities of 
ceramics, e.g., oxides [1]. In particular, specific phases in oxides may 
endow oxides with interesting properties and novel applications [2]. 
Great progress has been made in the phase engineering of conventional 
ceramics, including phase selection, synthesis of ceramics with specific 
phases and unconventional phase transformation of ceramics [3,4].

The high-entropy effect was initially discovered by Cantor et al. [5]
and Yeh et al. [6–8]. This effect can be defined as the phenomenon 
whereby the free energy of the solid solution phase can be reduced by 
increasing the mixing entropy, thus promoting the formation of the solid 

solution phase in high-entropy alloys (HEAs) [7,8]. This concept was 
subsequently broadened to include more materials, such as oxides [9], 
borides [10], nitrides [11], and phosphides [12]. High-entropy oxides 
(HEOs) are a class of oxide ceramic systems that use the phase stabili-
zation effect of high configurational entropy to obtain a simple phase 
structure [13]. The initial HEO, comprising five elements, i.e., Co, Cu, 
Mg, Ni and Zn, exhibited a single rock salt phase and was first reported 
by Rost et al. [9]. Analogous to HEAs, the constituent elements of HEOs 
are in equimolar or near-equimolar ratios.

HEOs are divided into transition-metal-based HEOs (TM-HEOs) 
[9,14], rare-earth-based HEOs (RE-HEOs) [15,16] and mixed HEOs 
(TM-RE-HEOs) [17] according to their different components. Moreover, 
the combination of various elements in HEOs allows the formation of a 
variety of main crystalline phases, including rock salt, spinel, perovskite 
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and fluorite structures. The distinctive atomic arrangement inherent to 
each crystalline phase gives rise to a unique set of properties. Rock salt- 
type HEOs have only one Wyckoff site for cations, which are usually 
composed of transition metals [18]. The dispersed structure endows 
rock salt-type HEOs with remarkable chemical stability and reduced 
thermal conductivity while maintaining their mechanical stiffness 
[19,20]. The oxygen sublattice in rock salt-type HEOs functions as a 
buffer layer, mitigating the impact of cationic size differences and 
leading to the random distribution of metal ions at cationic sites [21]. 
This structural feature also permits the even distribution of cations with 
disparate magnetic characteristics within the lattice, whereas the entire 
system exhibits long-range antiferromagnetic order. The fluorite-type 
HEOs also have only one Wyckoff site for the cations, which contain 
mostly rare-earth elements [18]. The single phases of fluorite-type HEOs 
exhibit lower thermal conductivities than Y2O3-doped ZrO2 does 
because of the high phonon scattering caused by multiple cations and 
lattice distortion [22]. Furthermore, they possess superior compatibility 
with the coefficient of thermal expansion of the metal in comparison to 
yttria-stabilized zirconia, which is a notable advantage for thermal 
barrier coating applications [23]. Both spinel and perovskite-type HEOs 
have multiple Wyckoff sites for cations [18]. The complex unit cell of the 
spinel structure is composed of 32 anion sites and 24 cation sites, which 
are arranged in octahedral and tetrahedral cages [24]. This offers sig-
nificant potential for the development of multicomponent systems. 
Owing to their multiple electroactive species and rich chemical valance, 
spinel-type HEOs also achieve excellent Li+ storage capability and 
tunable magnetic ordering [24,25]. The magnetic properties of spinel- 
type thin films have been demonstrated to be amenable to modifica-
tion through the tailoring of crystallinity and crystalline size, thereby 
enabling their adaptation to meet the requirements of magnetic 
recording [26]. Moreover, perovskite-type HEOs have been shown to 
possess better activities and electrochemical stability than single 
perovskite oxides do [27]. The magnetic properties of perovskite-type 
HEOs are significantly influenced by the crystal structure, including 
lattice distortion and tilting of the BO6 octahedra [28]. The presence of a 
multinary transition metal sublattice endows perovskite-type HEOs with 
both antiferromagnetic and ferromagnetic properties. The competition 
between these two properties determines the magnetic behavior of the 
material [28]. However, the multivariate crystal structure presents a 
significant challenge in the synthesis of materials. The massive number 
of possible combinations and the effect of each element on the crystal 
structure render the phase prediction of HEOs a challenging endeavor.

The use of the semi-empirical parameter method to predict the phase 
stability of HEAs has been extensively studied over the last decade. 
Researchers have proposed several criteria for the solid solution phase in 
HEAs on the basis of semi-empirical parameters: (1) the entropy of 
mixing (ΔSmix) ranges from 12 to 17.5J⋅K−1⋅mol−1, and the enthalpy of 
mixing (ΔHmix) ranges from −15 to 5kJ⋅mol−1 [29]; (2) atomic size 
differences (δ) ≤ 6.6 and Ω-parameter ≥ 1.1 [30]; and (3) valance 
electron concentration (VEC) values greater than 8 and less than 6.87 
are favorable for the stability of face-centered cubic (FCC) and body- 
centered cubic (BCC) phases, respectively [31]. The intermetallic 
phase stability of HEAs is greater when the electronegativity difference 
(ΔX) is greater than 0.133 [32]. Our previous research has provided 
evidence to support the efficacy of the semi-empirical parameter method 
for solid solution and intermetallic phases in Co-free HEAs [33,34]. 
Similarly, several studies have focused on predicting the phase stability 
of HEOs. Goldschmidt et al. [35] reported a tolerance factor t (t = (rA +

rX)/
̅̅̅
2

√
(rB + rX)) at which the perovskite phase is prone to be stable 

when 0.75 ≤ t ≤ 1.05. On the basis of the basic unit of the perovskite 
structure, the octahedron BO6, another octahedral factor μ (μ = rB/rO), 
was proposed [36]. It was suggested that 0.75 ≤ μ ≤ 1.05 is the range for 
the formation of the perovskite phase. For the fluorite structure in HEOs, 
a criterion based on the standard deviation of the constituent cation 
sizes was proposed [37]. A single-phase fluorite structure can form in 

HEOs if s > 0.095. However, all of the above criteria apply only to 
specific structures. In addition, the rapid development of HEOs has also 
created a greater demand for the proposal of simple structure prediction 
models.

In the present work, for the stability of different HEO structures, 
simple and general phase stability criteria widely used for HEAs were 
applied. The semi-empirical parameters, including ΔX, VEC, ΔSmix, ΔHmix 
and δ, were calculated to determine the phase stability of the rock salt, 
spinel, perovskite and fluorite structures in HEOs. Two new HEOs were 
synthesized and characterized to verify their phase stability. In addition, 
the two new HEOs have also been identified as having the potential to be 
used as catalysts in wastewater remediation.

2. Methods

2.1. HEO system collection and phase stability criteria

Notably, the criteria for defining high-entropy are not unique and 
can be classified into two main categories: composition-based defini-
tions and entropy-based definitions [38–40]. The composition-based 
definition requires that the concentration of each of the principal ele-
ments (comprising a minimum of five) that constitute the high-entropy 
systems falls within the range of 5–35 at.% [6]. Thus, high-entropy 
systems do not have to have equimolar ratios. Minor elements can 
also be added to high-entropy systems to tune the microstructure of 
materials. The criteria have no requirements on the magnitude of en-
tropy or the presence of a single-phase solid solution phase. According to 
the composition-based definition, nonequimolar quintuple systems with 
low configurational entropy (minimum value is 1.36R) can also be 
classified as having high entropy. The entropy-based definition catego-
rizes multicomponent systems with a configurational entropy exceeding 
1.61R as high-entropy systems [8]. It is also the case that some of the 
quaternary equimolar systems are considered to be high-entropy, given 
that their configurational entropies are higher than the minimum value 
determined by the composition-based definition [41,42]. The single- 
phase structure is not a prerequisite in either of the definitions. Since 
the concept of high entropy in HEOs was introduced from HEAs, the 
definitions of HEOs are not limited to the initial five equimolar elements 
or the single phase [22,40,43–45]. Indeed, the concept of high entropy 
in HEOs has been shown to encompass a broader range of compositions 
than previously thought.

To reach a compromise between the various definitions and expand 
the library as much as possible, the collection of HEO systems in this 
work is governed by the following rules: 1) the multicomponent systems 
should be composed of 4 or more principal elements; 2) the concen-
tration of each element must exceed 5 at% [40]; and 3) the phase 
structure should be a single or mixed phase, which contains at least one 
high-entropy phase. A total of 77 different HEO systems were collected 
from published literature [14,16,17,20,22,24,43,44,46–61]. The defi-
nition of entropy-stabilized oxides has strict requirements. It represents 
a class of materials with configurational disorder that achieve reversible 
transformation between a polyphase mixture and a homogeneous solid 
solution of five binary oxides [9,37]. The solid solutions are inherently 
unstable when any of the constituents are removed under the same 
thermal budget [9]. While some HEOs exhibit high configurational en-
tropy, this does not necessarily imply that they are entropy-stabilized 
systems [15,16]. Notably, the multicomponent systems collected in 
this work are not all entropy-stabilized systems. Since a reversible 
transition phenomenon from single-phase to multiphase has been widely 
observed in HEOs at specific synthesis temperatures [37,62], the phase 
stability of HEOs can be significantly influenced by the synthesis 
methods employed [63]. Thus, the list of HEOs should be extended to 
include multicomponent systems with single or mixed phases, provided 
that the fraction of secondary phases is small. The compositions, phases 
and synthesis methods extracted from the literature, as well as the 
calculated values of the semi-empirical parameters of HEOs, are 
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presented in the Appendix.
The electronegativity difference (ΔX) has been used to determine the 

phase stability of intermetallic phases in HEAs. It represents the chem-
ical properties of the constituent elements in multicomponent systems. 
The substantial electronegativity difference between the solute and 
solvent atoms facilitates the formation of more robust bonds [32]. The 
definition of ΔX is as follows: 

ΔX =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑n

i=1
Ci(Xi − X)

2
√

(1) 

where Ci and Xi are the atomic fraction and Pauling electronegativity of 
the i-th element, respectively, and where X =

∑n
i=1ciXi is the average 

electronegativity in the multicomponent system. The valence electron 
concentration, VEC, is another electron-related parameter that can 
reflect the chemical properties of constituent elements. VEC considers 
the total number of valence electrons, including the electrons partially 
filled in the d-orbital. It is defined by [31]: 

VEC =
∑n

i=1
Ci(VEC)i (2) 

where (VEC)i is the VEC value of the i-th element. The entropy of mixing, 
enthalpy of mixing and atomic size differences are defined by Eqs. (3), 4 
and 5, respectively [29,30]: 

ΔSmix = − R
∑n

i=1
CilnCi (3) 

ΔHmix =
∑n

i=1,i∕=j
ΩijCiCj (4) 

δ = 100 ×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1,i∕=j
Ci(1 − ri/r)

2

√
√
√
√ (5) 

where R is the gas constant, the i-th element is different from the j-th 
element; Ω = 4ΔHmix

AB is the enthalpy of mixing between the interacting 
elements i and j, which is considered the interaction between two 
adjacent constituent cations in multicomponent systems; ri is the atomic 
radius of the i-th element; and r =

∑n
i=1ciri is the average atomic radius 

of HEOs.
Given that the anion exerts a constrained influence on the configu-

rational entropy of HEOs, ΔSmix is determined on the basis of the pro-
portion of cations. The ΔHmix is also based on the interaction between 
cations. In HEOs, cations exhibit distinct oxidation states and cationic 
radii at different cation sites. To facilitate the calculation process, the 
value of δ is based on the atomic radii.

2.2. Experimental details

All chemical agents, including potassium ferricyanide (K3[Fe(CN)6]), 
potassium hexacyanocobaltate (K3[Co(CN)6]), copper(II) acetate mon-
ohydrate (Cu(Ac)2⋅H2O), trisodium citrate dihydrate 
(Na3C6H5O7⋅2H2O), nickel(II) acetate tetrahydrate (Ni(Ac)2⋅4H2O), and 
manganese(III) acetate dihydrate (Mn2(Ac)3⋅2H2O), were obtained from 
Macklin Biochemical.

PBAs (Prussian blue analogs) were first prepared as precursors 
through a facile coprecipitation method. Typically, a certain amount of 
(Cu(Ac)2⋅H2O), (Ni(Ac)2⋅4H2O), or Na3C6H5O7⋅2H2O was added to 100 
mL of ultrapure water, and solution A was marked. K3[Co(CN)6] and 
K3[Fe(CN)6] were subsequently dissolved in 40 mL of ultrapure water, 
and solution B was marked. Then, solution B was added dropwise, and 
the mixture was continuously stirred for 1 h. The obtained suspension 
was left at room temperature for a certain time. After being washed with 
deionized water and ethanol and dried overnight at 60 ◦C, the PBAs were 
obtained. Finally, the PBAs were further annealed under an air 

atmosphere, and HEO-Cu and HEO-Mn were obtained. The amounts of 
raw materials used are listed in detail in Table 1.

The phase structure of the samples was studied via Smartlab 3 X-ray 
diffraction (XRD) with a Cu Kα radiation source and a Talos F200X 
transmission electron microscope (TEM). The chemical compositions 
were studied via X-ray photoelectron spectroscopy (XPS, Thermo-
Scientific ESCALAB 250xi spectrometer) and scanning electron micro-
scopy (SEM, Regulus 8100 field) with energy dispersive X-ray 
spectroscopy (EDS).

For the test of wastewater remediation application, perox-
ymonosulfate (PMS, 0.5 mM, Macklin Biochemical) and methyl orange 
(MO, Macklin Biochemical) were selected as the oxidizing agent and 
target pollutant, respectively. Specifically, the powder material (100 
ppm) was uniformly dispersed in the MO solution (50 ppm), and the 
obtained suspension was stirred for 1 h to achieve adsorp-
tion–desorption equilibrium. Then, PMS was added to start the catalytic 
process, 3 mL of the suspension was removed within a given time, mixed 
with excess sodium thiosulfate (Na2S2O3, Macklin Biochemical) to 
terminate the reaction, and filtered with a 0.22 µm filter membrane. 
Finally, the absorbance of the supernatant was measured with a Cary 
UV–Vis spectrophotometer at 464 nm. All degradation experiments 
were carried out in a 25 ◦C constant-temperature water bath.

3. Results

3.1. Performance of various structures on five parameters

The effects of the semi-empirical parameters ΔX, VEC, ΔSmix, ΔHmix 
and δ on the stability of rock salt, spinel, perovskite and fluorite struc-
tures are plotted in Fig. 1. The values of ΔX for rocaksalt, spinel and 
perovskite have similar distributions, as shown in Fig. 1a. The ΔX values 
of perovskite are slightly higher than those of rock salt, whereas the 
counterparts of spinel exhibit a wide distribution range. Fluorite, how-
ever, displays a markedly low ΔX value. A comparable phenomenon is 
observed in the case of VEC, as shown in Fig. 1b. The maximum value of 
VEC in fluorite is lower than that observed in rock salt, spinel and 
perovskite. The VEC values of rock salt and spinel have analogous dis-
tributions, whereas the VEC values of perovskite are relatively lower 
among these three structures. The ΔSmix values, which are calculated via 
the configurational entropy of HEAs, are relatively randomly distrib-
uted, as shown in Fig. 1c. The ΔSmix values of the perovskites are only 
two distinct values: 12.45 and 19.14 J⋅K−1⋅mol−1. For the ΔHmix in 
Fig. 1 d, fluorite has higher values than the counterparts of the other 
three structures. The highest values of δ are observed in the perovskite, 
as shown in Fig. 1e. In light of the aforementioned observations, a single 
parameter is insufficient for distinguishing the distribution ranges of the 
four structures. A more comprehensive comparison is needed.

3.2. Performance of multiparameter combination

The important role of atomic size differences δ in the phase stability 
of multicomponent systems has been discussed in the fields of HEAs and 
ceramics [64,65]. Therefore, the maps combining δ with ΔX, VEC, ΔSmix 
and ΔHmix are plotted in Fig. 2 to show the comprehensive effect of 
multiple parameters on phase stability.

The ΔX − δ map in Fig. 2a shows that the rock salt, perovskite and 
fluorite structures are distributed independently in three distinct re-
gions. The fluorite and perovskite structures exhibit the lowest and 
highest values of ΔX and δ, respectively, among the four structures under 
consideration. The ΔX values of the rock salt structure are similar to 
those of the perovskite structure, whereas its δ values are between those 
of the fluorite and perovskite structures. The distribution of the spinel 
structure is divided into two regions. One region is analogous to rock 
salt, exhibiting high ΔX and medium δ values, whereas the other displays 
lower ΔX and δ values, akin to a fluorite structure. Similar distributions 
of rock salt and spinel structures are observed in the VEC − δ map. The 
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fluorite structure has the lowest VEC values, whereas the perovskite 
structure is located in the middle region. The fluorite and perovskite 
structures can be distinguished from the rock salt and spinel structures 
in the VEC − δ map. It is difficult to differentiate between various 
structures on the basis of ΔSmix alone. The distributions of fluorite, rock 
salt and perovskite structures become apparent only when ΔSmix and δ are 
combined, as illustrated in Fig. 2c. The distribution region of the spinel 
structure is contiguous with that of the fluorite and rock salt structures. 
As illustrated in the ΔHmix − δ map in Fig. 2d, the fluorite, rock salt and 
perovskite structures are also distributed across three distinct regions. 
The distribution of spinel overlaps with that of rock salt and some 
fluorite structures.

To gain a more accurate understanding of the impact of semi- 
empirical parameters on the phase stability of HEOs, additional com-
bined maps have been plotted. Fig. 3 shows the combined maps of VEC −
ΔX and ΔHmix − ΔSmix. The rock salt, perovskite and fluorite structures 
are distributed in three distinct regions in the VEC − ΔX map. The dis-
tribution of spinel is more extensive. The distribution region of the 
spinel structure encompasses the rock salt structure to a significant 
extent. The distributions of rock salt, perovskite and fluorite structures 
partially overlap in the ΔHmix − ΔSmix map. Despite the proven efficacy 
of the ΔHmix − ΔSmix map in predicting the phase stability of HEAs, this 
approach remains challenging for the determination of structures in 
HEOs.

Owing to the inefficiency of ΔSmix in determining the phase stability 
of HEOs, the maps of ΔHmix combined with ΔX and VEC are presented in 
Fig. 4 for illustrative purposes. In the ΔHmix − ΔX map, only the fluorite 
structure can be distinguished from the other three structures. The dis-
tribution of the spinel structure completely overlaps with that of the 
rock salt structure and partially overlaps with that of the perovskite 
structure. A similar distribution is observed in the ΔHmix − VEC map. The 
regions of the rock salt, spinel and perovskite structures overlap. Among 
the four structures, the distribution of the fluorite structure is the most 

obviously different.
On the basis of the aforementioned observations, it is possible to 

propose ranges of five parameters for the stability of each structure. It is 
more stable for the rock salt structure when 0.132 ≤ ΔX ≤ 0.326, 6.50 ≤
VEC ≤ 9.02, −16.40 ≤ ΔHmix ≤ 2.11 kJ⋅mol−1 and 6.60 ≤ δ ≤ 11.08 %; 
the ranges for the spinel structure are 0.092 ≤ ΔX ≤ 0.394, 5.27 ≤ VEC ≤
9.00, −12.32 ≤ ΔHmix ≤ 6.19 kJ⋅mol−1 and δ ≤ 14.09 %; the ranges for 
the perovskite structure are 0.194 ≤ ΔX ≤ 0.373, 4.50 ≤ VEC ≤ 6.50, 
−30.00 ≤ ΔHmix ≤ 12.60 kJ⋅mol−1 and 12.97 ≤ δ ≤ 19.52 %; and the 
ranges for the fluorite structure are 0.025 ≤ ΔX ≤ 0.115, 2.38 ≤ VEC ≤
3.00, 0.00 ≤ ΔHmix ≤ 22.08 kJ⋅mol−1 and 1.67 ≤ δ ≤ 8.30 %.

3.3. Phase stability of the HEOs

To further verify the rationality of the above observations, two kinds 
of new HEOs were designed, and their phase compositions were also 
researched. A new HEO containing Fe, Co, Ni, and Cu was obtained 
through a facile two-step method. In addition, another Mn-containing 
HEO, which is quite different from the electronegativity of three com-
mon elements (Fe, Co, and Ni), was selected from previous research to 
further verify other parameters (such as ΔX). The compositions of the 
two new HEOs and the corresponding values of the parameters are 
shown in Table 2. After the composition analysis, HEO-Cu and HEO-Mn 
were determined to be (Fe0.1Co0.19Ni0.4Cu0.31)3O4/CuO and 
(Fe0.18Co0.19Ni0.31Mn0.32)3O4/MnO2, respectively. These two new HEOs 
are designed to be within the range of the spinel structure, which is 
outside the ranges of the other three structures, as shown in Fig. 5. 
According to the determined phase stability and compositional design, 
(Fe0.1Co0.19Ni0.4Cu0.31)3O4/CuO and (Fe0.18Co0.19Ni0.31Mn0.32)3O4/ 
MnO2 should have a spinel structure.

Table 1 
The detailed amounts of agents used for the preparation of HEO-Cu and HEO-Mn.

Samples K3[Fe(CN)6] K3[Co(CN)6] Mn2(Ac)3⋅2H2O Ni(Ac)2⋅4H2O Cu(Ac)2⋅H2O Na3C6H5O7⋅2H2O Temperature

HEO-Cu 1.6463 g 1.6617 g − 1.2442 g 0.9983 g 1.5000 g 300 ◦C
HEO-Mn 0.0660 g 0.0660 g 1.0724 g 0.7460 g − 2.0587 g 500 ◦C

Fig. 1. Effects of (a) ΔX, (b) VEC, (c) ΔSmix, (d) ΔHmix and (e) δ on phase stability in HEO.
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3.4. Characterization of the HEOs

The phase stability of HEOs proposed in this work requires verifi-
cation through examination of the phase structures of the newly 
designed HEOs (Fe0.1Co0.19Ni0.4Cu0.31)3O4/CuO and (Fe0.18Co0.19-

Ni0.31Mn0.32)3O4/MnO2. X-ray diffraction (XRD) and transmission 
electron microscopy (TEM) were employed to characterize the phase 

structure of the as-prepared HEOs further, as shown in Figs. 6 and 7.
The XRD pattern of (Fe0.1Co0.19Ni0.4Cu0.31)3O4/CuO is shown in 

Fig. 6a. In addition to the spinel phase (JCPDS No. 88–1937) [66], there 
are diffraction peaks that correspond to the CuO phase (JCPDS No. 
80–1917) [67]. Moreover, as depicted in Fig. 6b, two different mor-
phologies, bulks (bottom-left) and particles (top-right), of the sample are 
observed in the TEM image. The corresponding selected area electron 

Fig. 2. Distributions of δ superimposed with parameters (a) ΔX, (b) VEC, (c) ΔSmix and (d) ΔHmix. (The distribution of structures is indicated by dashed lines of 
corresponding colors, with the exception of points and structures that are overdispersed.).

Fig. 3. Binary factor maps: (a) VEC − ΔX and (b) ΔHmix − ΔSmix.
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Fig. 4. Binary factor maps: (a) ΔHmix − ΔX and (b) ΔHmix − VEC.

Table 2 
The composition (at.%) and parameter values of HEOs.

Samples Fe Co Ni Cu Mn ΔX VEC ΔSmix 

(J⋅K−1⋅mol−1)
ΔHmix 

(kJ⋅mol−1)
δ (%)

HEO-Cu 10.2 19.0 39.6 31.2 − 0.024 9.92 10.63 4.65 1.14
HEO-Mn 17.9 19.2 31.1 − 31.8 0.156 8.50 11.24 −4.97 3.79

Fig. 5. The updated maps of Fig. 2 include the new HEO-Cu (blue rhombus) and HEO-Mn (yellow rhombus).
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diffraction (SAED) pattern indicates the polycrystalline characteristic 
and exhibits two sets of diffraction patterns of the sample, which 
correspond to spinel (blue) and CuO (red). On the other hand, Fig. 6c 
shows a high-resolution TEM (HRTEM) image, which was obtained by 
locally amplifying the TEM image (green dotted line marked area). The 
insets in Fig. 6c show the corresponding fast Fourier transform (FFT) and 
inverse fast Fourier transform (IFFT) of the selected areas. The lattice 
spacing of the sample with the bulk morphology (region I) is 0.296 nm, 
which is attributed to the (220) plane of the spinel. Moreover, the par-
ticle sample (region II) with a spacing lattice of 0.196 nm corresponds to 
the (_112) plane of CuO. Furthermore, to determine the element com-
positions of the as-prepared sample, STEM-EDS was employed, as shown 
in Fig. 6d-f. Metal elements, including Fe, Co, Ni, and Cu, coexist in the 
HEO. In particular, a wider distribution of Cu can be observed than other 
metal elements in Fig. 6i, indicating the special precipitation charac-
teristics of Cu.

On the basis of the above discussion, HEO containing Fe, Co, Ni, and 
Cu is considered to be composed of spinel and copper oxide phases. This 
can be attributed to the difference in ΔHmix values between these ele-
ments (ΔHmix (Fe-Ni) = -2, ΔHmix (Fe-Cu) = 13, ΔHmix (Co-Ni) = 0, ΔHmix (Fe- 

Co) = -1, ΔHmix (Co-Cu) = 6, ΔHmix (Ni-Cu) = 4) [68]. In particular, the ΔHmix 
values of Cu and the other three elements are positive, which means that 
a high ΔHmix of FeCoNiCu-based HEOs is immiscible with Fe, Ni, and Co. 
Therefore, during heat treatment of the FeCoNiCu PBA precursor, in 
addition to the formation of a spinel phase of HEO, the immiscible Cu 
tends to precipitate on the HEO surface and form CuO under an air 
atmosphere.

The structural characterization of (Fe0.18Co0.19Ni0.31Mn0.32)3O4/ 
MnO2 is illustrated in Fig. 7. The XRD results of the sample indicated 
that the sample was composed of two different phases (Fig. 7a). Spe-
cifically, most of the diffraction peaks could correspond to the standard 
card (JCPDS No. 88–1937) [66] of the spinel phase. However, the peaks 
at 12.5

◦

and 25.2
◦

completely match the (001) and (002) crystal planes of 
MnO2 [69], indicating the formation of the second phase of MnO2. This 
conclusion is also verified by the related TEM, SAED, and HRTEM re-
sults. Two morphologies with obviously distinct scales can be observed 
in Fig. 7b. The related SAED pattern also shows two different sets of 
polycrystalline diffraction rings, corresponding to the (440), (400), and 
(222) planes of the spinel phase (blue) and the (222) and (_204) planes 
of MnO2 (green). Moreover, two different regions are selected in the 
HRTEM image, as depicted in Fig. 7d. The lattice spacing of Region I 
obtained from the FFT and IFFT in Fig. 7d is 0.484 nm, which corre-
sponds to the (111) plane of the spinel phase, whereas that of Region II 
is 0.247 nm, matching the (110) plane of the MnO2 phase. Therefore, it 
is reasonable to believe that the HEO composed of Fe, Co, Ni, and Mn is 
composed of spinel and MnO2 phases. This is mainly due to the elec-
tronegativity difference between Mn and the other three elements (Fe, 
Co, and Ni) and the large ΔX value, which allows Mn to easily precipi-
tate to form the second phase MnO2 during the synthesis of the 
FeCoNiMn-based HEO.

Additionally, the XRD peaks of the two HEOs have different in-
tensities, as shown in Fig. 6a and 7a. The intensity differences of the 
peaks between the two HEOs can be caused by the composition varia-
tion. The (444) peak at approximately 80◦ is frequently observed in the 

Fig. 6. (a) XRD pattern, (b) TEM image and SAED patterns (inset), (c) HRTEM results (inset: the corresponding FFT and IFFT patterns of the selected zone), (d) 
HAADF image, and (e)-(i) EDS mapping results of HEO/CuO.
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Cu-containing spinel structure, whereas the (422) peak at approximately 
55◦ is relatively weak [44,52]. In contrast, some Mn-containing spinel 
structures have strong (422) peaks [25,26,70]. The synthesis of high- 
entropy alloy systems and high-entropy selenides derived from PBAs 
has been reported [71,72]. A series of multicomponent oxides, such as 
CoNiCuMnZnFe-oxide, were synthesized via the thermal treatment of 
PBA by Du et al. [73]. Despite the absence of a definitive delineation of 
HEOs derived from high-entropy PBAs, the two oxide systems developed 
in this study can be identified as HEOs on the basis of various studies on 
the concept of high entropy and the definition of HEO outlined previ-
ously. The microstructure characterization of HEOs reveals the presence 
of mixed phases, comprising a primary spinel phase and secondary 

phases of CuO/MnO. The results demonstrate that the desired phase in 
HEO can be achieved through the utilization of the phase stability dia-
grams proposed in the present study.

The complex composition of HEOs lends them value in a multitude of 
potential applications, such as optics [74], energy storage [75–78] and 
catalysis [79,80]. The potential of HEOs as catalysts for the remediation 
of wastewater is attracting increasing attention as a result of ongoing 
efforts to protect the environment [81–83]. The application of HEO/ 
CuO and HEO/MnO2 for wastewater remediation was further evaluated. 
On the one hand, these materials have been applied as catalysts in 
advanced oxidation systems (AOPs) for wastewater treatment. As shown 
in Fig. 8a, MO was only removed by ~ 2.0 %, 2.2 %, and 30.1 % when 

Fig. 7. (a) XRD pattern, (b) TEM image, (c) SAED patterns (inset), (d) HRTEM image with the corresponding FFT and IFFT patterns of HEO/MnO2.

Fig. 8. (a) Time-dependent degradation curves for MO with different systems. UV–visible absorption spectra of MO at different catalytic times in the HEO/MnO2 +

PMS (b) and HEO/MnO2 + PMS (c) systems.
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the HEO/CuO, HEO/MnO2, and PMS catalysts were present alone, 
indicating the low contribution of catalyst adsorption and PMS oxida-
tion to the degradation of pollution. When HEO/CuO and HEO/MnO2 
were added to the PMS system, the systems could degrade 92.7 % and 
92.5 % of the MO, respectively, which verified that the catalyst can 
efficiently catalyze PMS to achieve pollutant removal. In addition, as 
shown in the UV–visible absorption spectrum in Fig. 8b-c, MO presented 
a maximum absorption wavelength of 464 nm. In the HEO/MnO2 + PMS 
and HEO/MnO2 + PMS systems, with increasing catalytic time, the in-
tensity of the absorption peaks decreased continuously, which further 
confirmed the effective removal of pollutants. The above results verified 
that the prepared HEO/MnO2 and HEO/MnO2 have broad application 
prospects in the fields of environment and energy. In the future, more 
HEOs with specific structures can be synthesized to evaluate their 
functional applications.

4. Discussion

The collective effect of multiple semi-empirical parameters on the 
phase stability of HEOs indicates that the atomic size difference δ is the 
most efficient factor in determining the phase structure. In accordance 
with the Hume-Rothery rules, the equilibrium of solid solution phases in 
binary alloys is not constant because of the considerable influence of δ 
[84]. The excess δ hinders the diffusion of atoms and results in the 
disruption of the cation distribution disorder [30,33,85]. Various 
ceramic phases have different tolerances to δ because of their different 
crystal structure characteristics. The lattice distortion resulting from an 
increase in δ causes a phase structure to transition from one stable state 
to another [65,86–88]. As illustrated in Fig. 1, a portion of the HEOs 
retain a stable phase structure despite the considerable δ values, 
particularly in the case of the perovskite structure. This study demon-
strates that the combination of δ with other parameters still offers 
valuable insights. Among the five parameters, ΔSmix has the least sig-
nificant influence on the phase structure of HEOs. This may be attributed 
to the fact that HEOs possess considerable configurational entropy, 
which results in negligible variation in ΔSmix energy across disparate 
phase structures [89]. Furthermore, the majority of HEOs are composed 
of elements in equimolar ratios, as listed in Table. A1, which also con-
strains the distribution range of the ΔSmix values. A similar finding was 
reported by Liu et al. for the crystal structure prediction of high-entropy 
oxide ceramics [90]. Djenadic et al. [16] studied the role of configura-
tional entropy in the stability of the (Ce, La, Pr, Sm, Y)O2-δ system by 
heat treatment at different temperatures. No reversible single-to- 
multiple-phase transition driven by entropy was identified; thus, the 
value of configurational entropy is not the main factor determining 
phase stability. The aforementioned parameters reflect disparate aspects 
of the performance of HEOs, thereby engendering disparate effects on 
phase stability.

In previous studies, ΔX and ΔHmix were found to play crucial roles in 
determining the formation of stable AlB2-type high-entropy borides 
[91]. The electronegativity difference, ΔX, is an important indicator for 
measuring atomic bonding and can directly determine the structural 
stability of compounds. A value of ΔX that is either too large or too small 
results in structural instability and the formation of multiple phases in 
high-entropy borides. In a further report on the phase prediction of high- 
entropy carbides, it was also demonstrated that the stability of carbides 
with a rock salt structure is sensitive to ΔX [92]. It was suggested that a 
small electronegativity difference impedes the formation of a stable 
high-entropy lattice. The ΔX values of the fluorite structure are lower 
than those of the rock salt, spinel and perovskite structures. This is 
attributed to the constituent elements of the fluorite structure, and the 
involved rare-earth metals include La, Ce, Y, Gd, Pr, Nd and Sm. The 
Pauling electronegativity values of these elements exhibit a relatively 
narrow range of variation, with a maximum difference of 0.12 observed 
in Nd and La [39]. To achieve an entropy-stabilized phase in HEOs, 
considering the enthalpy of mixing as a critical factor is essential. A low 

ΔHmix value is usually necessary to ensure that the negative Gibbs free 
energy of mixing can be obtained [93]. Nevertheless, some HEOs display 
large and positive ΔHmix values and sustain a relatively stable phase, as 
observed in Fig. 1. In the case of nonequiatomic high-entropy systems 
containing specific cations, such as Cu2+ and Zn2+, with high positive 
ΔHmix values [9], it is necessary for the ΔSmix to be positive and of a 
sufficient magnitude to ensure that the Gibbs free energy of the solid 
solution phase is negative (ΔGmix = ΔHmix − TΔSmix) [44,65], thereby 
facilitating its formation. If ΔSmix is insufficient for a negative Gibbs free 
energy in a nonequiatomic high-entropy system, thermodynamic insta-
bility of the solid solution phase can occur. It is thus necessary to tune 
the component of the nonequiatomic high-entropy system to achieve a 
large and positive ΔSmix.

It is therefore evident that a reduction in ΔHmix cannot be employed 
as a means of achieving phase stabilization through the removal of the 
aforementioned cations with positive enthalpy. These HEOs with posi-
tive enthalpies require high temperatures (TΔSmix) to obtain a negative 
Gibbs free energy. For example, the synthesis temperature of 
(Hf0.2Zr0.2Ce0.2)(Yb0.2Gd0.2)O2-δ and (Hf0.2Zr0.2Ce0.2)(Y0.2Yb0.2)O2-δ is 
1800 ◦C, which is the highest value of ΔHmix among the systems under 
consideration [22]. In the synthesis of phase-stable HEOs with positive 
enthalpy, it is particularly important to consider the appropriate tem-
perature and configurational entropy.

The chemical bonding types of HEOs are diverse and include cova-
lent, ionic, and metallic bonds [94]. The ionic and covalent bonds be-
tween cations and anions inevitably result in the formation of short- 
range ordered structures due to the increased bond strength of these 
bonds [93]. The configurational entropy is thus reduced by the influence 
of ionic and covalent bonds. The valence electron concentration (VEC) is 
a measure of the valence number of the constituent metals in HEOs and 
can be used as an indicator of metallic bonds [94]. A VEC value that is 
insufficiently high will result in the destruction of structural disorder, 
thereby rendering the attainment of a high entropy effect unfeasible. 
Alternatively, an elevated VEC value also results in phase instability. 
Balasubramanian et al. [95] reported the effects of VEC on the me-
chanical properties of nitrides, carbides and carbonitrides with rock salt 
structures. The rock salt structure becomes unstable when the VEC value 
exceeds 10.5. This is closely related to the d-orbital hybridization state 
of the constituent elements, as reflected by the VEC. The mechanical 
properties of HEOs are also significantly affected by the phase stability, 
as indicated by VEC. The toughness of high-entropy ceramic materials 
can be enhanced within a specific range by VEC [96,97]. Therefore, to 
facilitate the design of high-performance HEOs, determining the VEC 
range for phase stability is highly important.

In addition, the rock salt, perovskite and fluorite structures are 
distributed across three distinct regions in the majority of the maps, as 
illustrated in Figs. 2 and 3. Nevertheless, the semi-empirical parameter 
ranges of the spinel structure are evidently more extensive, and the 
corresponding distribution in the maps is considerably more dispersed. 
The phase stability of the spinel structure is indistinguishable from that 
of the other structures, particularly the rock salt structure, in all the 
maps. This phenomenon has also been documented in other studies 
[90]. This may be attributed to the distinctive characteristics of the 
spinel structure, which renders semi-empirical parameters ineffective in 
accurately predicting its phase stability. Further investigations are 
needed to gain a deeper understanding of the phase stability of the spinel 
structure.

The semi-empirical method provides a straightforward tool for re-
searchers to perform initial composition design. The combination of the 
semi-empirical method with newer composition space exploration 
methods has the potential to significantly enhance the prediction of 
phase stability. The high-throughput (HT) experimental method is a 
convenient approach for examining the phase stability of complex 
multicomponent systems [98–103]. Kumbhakar et al. used the HT 
method to examine the phase structure of CeLaSmPrTbYZr-oxide sys-
tems with fluorite structures [104]. A decrease in the number of 
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components in multicomponent systems can significantly deteriorate 
the stability of the fluorite structure. This report aligns well with the 
findings of the present work, in which the majority of fluorite-type HEOs 
listed in Table A1 present configurational entropy values exceeding 
1.5R, i.e., ~12.47 J⋅K−1⋅mol−1. However, HT methods are usually used 
for the measurement of selected multicomponent systems. The proposed 
phase stability diagrams include the vast majority of multicomponent 
systems that have been reported. Furthermore, it enables researchers to 
make preliminary assessments of the phase stability of novel composi-
tions. In the future, the combined use of phase stability diagrams and HT 
methods will make it easier and faster to design and test the composition 
of new materials.

5. Conclusions

In this work, five semi-empirical parameters, ΔX, VEC, ΔSmix, ΔHmix 
and δ, of various HEO systems were carefully calculated to determine the 
phase stability of the rock salt, spinel, perovskite and fluorite structures. 
The maps of δ superimposed with ΔX, VEC and ΔHmix are efficient in-
dicators for determining the phase stability of rock salt, perovskite and 
fluorite structures. ΔSmix does not appear to have a significant effect on 
the phase stability of these four structures on the basis of the current 
database. The distribution of spinel in all maps is observed to be scat-
tered. The results partially overlap with the range of rock salt structures 
identified via semi-empirical methods. The phase stability ranges 
determined by the semiempirical parameters are as follows: the ranges 
for the rock salt structure are 0.132 ≤ ΔX ≤ 0.326, 6.50 ≤ VEC ≤ 9.02, 
−16.40 ≤ ΔHmix ≤ 2.11 kJ⋅mol−1 and 6.60 ≤ δ ≤ 11.08 %; the ranges for 
the spinel structure are 0.092 ≤ ΔX ≤ 0.394, 5.27 ≤ VEC ≤ 9.00, −12.32 
≤ ΔHmix ≤ 6.19 kJ⋅mol−1 and δ ≤ 14.09 %; the ranges for the perovskite 
structure are 0.194 ≤ ΔX ≤ 0.373, 4.50 ≤ VEC ≤ 6.50, −30.00 ≤ ΔHmix 
≤ 12.60 kJ⋅mol−1 and 12.97 ≤ δ ≤ 19.52 %; and the ranges for the 
fluorite structure are 0.025 ≤ ΔX ≤ 0.115, 2.38 ≤ VEC ≤ 3.00, 0.00 ≤
ΔHmix ≤ 22.08 kJ⋅mol−1 and 1.67 ≤ δ ≤ 8.30 %. The new HEOs 
(Fe0.1Co0.19Ni0.4Cu0.31)3O4/CuO and (Fe0.18Co0.19Ni0.31Mn0.32)3O4/ 
MnO2, which exhibit mainly a spinel structure, serve to verify the phase 
stability determined in this work. Moreover, the two new HEOs 

demonstrated utility as catalysts because of their ability to remediate 
wastewater.
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Appendix 

.

Table A1 
Compositions of HEOs and the parameters ΔX, VEC, ΔSmix, ΔHmix, δ, phase structures and synthesis methods.

High-entropy oxide systems ΔX VEC ΔSmix (J⋅K−1⋅mol−1) ΔHmix (kJ⋅mol−1) δ (%) Phases Synthesis methods Ref.

(MgCoCuNiZn)O 0.231 8.80 13.38 −1.76 9.96 Rock salt Solid-state synthesis [46]
(MgCoNiZn)0.84Cu0.16O 0.233 8.69 13.34 −2.28 10.09 Rock salt Epitaxial growth [43]
(MgCoNiZn)0.82Cu0.18O 0.232 8.75 13.37 −2.01 10.03 Rock salt Epitaxial growth [43]
(MgCoNiZn)0.72Cu0.28O 0.225 9.02 13.23 −0.85 9.65 Rock salt Epitaxial growth [43]
(Al0.31Cr0.20Fe0.14Ni0.35)O 0.132 6.75 11.04 −16.40 6.60 Rock salt Sputtering method [47]
(Mg0.2225Co0.2225Ni0.2225Cu0.11Zn0.2225)O 0.236 8.55 13.14 −2.98 10.24 Rock salt Epitaxial growth [48]
(Mg0.2075Co0.2075Ni0.2075Cu0.17Zn0.2075)O 0.233 8.72 13.36 −2.14 10.06 Rock salt Epitaxial growth [48]
(Mg0.19Co0.19Ni0.19Cu0.24Zn0.19)O 0.228 8.91 13.34 −1.28 9.81 Rock salt Epitaxial growth [48]
(Mg0.1825Co0.1825Ni0.1825Cu0.27Zn0.1825)O 0.226 8.99 13.26 −0.95 9.69 Rock salt Epitaxial growth [48]
(Mg0.1825Co0.27Ni0.1825Cu0.1825Zn0.1825)O 0.225 8.82 13.26 −1.21 9.81 Rock salt Epitaxial growth [48]
(Mg0.1675Co0.33Ni0.1675Cu0.0.1675Zn0.1675)O 0.218 8.83 12.99 −0.80 9.65 Rock salt Epitaxial growth [48]
(CoMgNiZn)O 0.240 8.25 11.53 −4.75 10.53 Rock salt Flame spray pyrolysis [44]
(CoCuMgNi)O 0.254 8.00 11.53 1.50 11.08 Rock salt Flame spray pyrolysis [44]
(CuMgNiZn)O 0.244 8.75 11.53 −3.75 10.09 Rock salt Flame spray pyrolysis [44]
(MgNiCuCoZnCr)O 0.212 8.33 14.90 2.11 9.66 Rock salt Solid-state synthesis [20]
(MgCoNiCuZn)0.8(LiFe)0.2O 0.309 7.94 16.02 1.77 10.02 Rock salt Solid-state synthesis [49]
(MgCoNiZn)0.8(LiGa)0.2O 0.307 6.70 14.53 −5.64 9.82 Rock salt Solid-state synthesis [49]
(MgCoCuZn)0.8(LiGa)0.2O 0.305 6.90 14.53 −2.12 9.32 Rock salt Solid-state synthesis [49]
(MgNiCuZn)0.8(LiGa)0.2O 0.310 7.10 14.53 −5.08 9.41 Rock salt Solid-state synthesis [49]
(MgCoNiCuZn)0.95Mn0.05O 0.228 8.71 14.36 −1.78 9.71 Rock salt Solid-state synthesis [50]
(Mg0.22Co0.22Ni0.23Cu0.21Zn0.12)O 0.241 8.47 13.19 −0.74 10.44 Rock salt Sol-gel methods [51]

(continued on next page)

Y. Li et al.                                                                                                                                                                                                                                        Materials & Design 248 (2024) 113497 

10 



Table A1 (continued )

High-entropy oxide systems ΔX VEC ΔSmix (J⋅K−1⋅mol−1) ΔHmix (kJ⋅mol−1) δ (%) Phases Synthesis methods Ref.

(MgCoNiCu)0.8(LiGa)0.2O 0.326 6.50 14.53 −1.40 10.50 Rock salt Solid-state synthesis [49]
(CoNiCuZn)0.8(LiGa)0.2O 0.273 8.50 14.53 −3.08 6.74 Rock salt Solid-state synthesis [49]
(CoMgMnNiZn)(AlCoCrFeMn)2O4 0.166 7.07 16.56 −6.68 7.65 Spinel Solid-state synthesis [52]
(MgCoNiCuZn)Al2O4 0.117 5.27 9.75 −10.99 4.98 Spinel Solid-state synthesis [53]
(MgTiZnCuFe)3O4 0.211 7.40 13.38 0.64 9.31 Spinel Solid-state synthesis [54]
(FeCoNiCrMn)3O4 0.138 8.00 13.38 −4.16 3.27 Spinel Solid-state synthesis [55]
(MgFeCoNiCu)Fe2O4 0.136 8.00 7.89 5.58 7.04 Spinel Spark plasma sintering [24]
(MgCoNiCuZn)Fe2O4 0.141 8.27 9.75 5.49 7.38 Spinel Solid-state synthesis [24]
(MgMnCoNiCu)Fe2O4 0.152 8.13 9.75 5.60 7.44 Spinel Solid-state synthesis [24]
(MnFeCoNiCu)Fe2O4 0.140 8.20 7.89 6.19 7.39 Spinel Solid-state synthesis [24]
(MnFeCoNiCu)3O4 0.135 9.00 13.38 1.76 3.18 Spinel Solid-state synthesis [24]
(MgCoNiCuZn)Cr2O4 0.137 6.93 9.75 5.14 7.18 Spinel Solid-state synthesis [24]
(MgFeCoNiCu)Cr2O4 0.142 6.67 9.75 4.87 6.88 Spinel Solid-state synthesis [24]
(MgMnCoNiCu)Cr2O4 0.141 6.60 9.75 4.92 6.97 Spinel Solid-state synthesis [24]
(CrFeMgMnNi)3O4 0.212 6.60 13.38 5.12 10.32 Spinel Solid-state synthesis [55]
(FeCoNiCuZn)Al2O4 0.119 5.33 9.75 −9.05 5.65 Spinel Solution combustion method [56]
(MgFeCoNiCr)3O4 0.092 8.80 13.38 3.20 1.05 Spinel Hydrothermal method [57]
(MgCoNiCuZn)0.95Li0.05O 0.278 8.41 14.36 −1.70 10.00 Spinel Solid-state synthesis [14]
MgCoNiCuZnLiO 0.350 7.50 14.90 −1.56 9.96 Spinel Solid-state synthesis [14]
(MgCoNiCuZn)0.98Li0.02O 0.252 8.64 13.93 −1.74 9.97 Spinel Solid-state synthesis [14]
(MgCoNiCuZn)0.96Li0.04O 0.270 8.49 14.24 −1.71 9.99 Spinel Solid-state synthesis [14]
(MgCoNiCuZn)0.94Li0.06O 0.286 8.33 14.47 −1.69 10.00 Spinel Solid-state synthesis [14]
(MgCoNiCuZn)0.92Li0.08O 0.301 8.18 14.63 −1.67 10.00 Spinel Solid-state synthesis [14]
(MgCoNiCuZn)0.90Li0.10O 0.314 8.02 14.75 −1.64 10.00 Spinel Solid-state synthesis [14]
(MgCoNiCuZn)0.80Li0.20O 0.364 7.24 14.87 −1.51 9.91 Spinel Solid-state synthesis [14]
(MgCoNiCuZn)0.70Li0.30O 0.394 6.46 14.45 −1.37 9.68 Spinel Solid-state synthesis [14]
(MgCoNiCuZn)0.90Na0.10O 0.325 8.02 14.75 6.13 14.09 Spinel Solid-state synthesis [14]
(NiFeCoCrAl)O 0.120 7.20 13.38 −12.32 5.76 Spinel Sol-gel methods [58]
(MgCoNiCuZn)0.95Ti0.05O 0.229 8.56 14.36 −4.29 9.82 Spinel Solid-state synthesis [14]
(GdLaNdSmY)CoO3 0.358 6.00 12.45 −20.60 18.01 Perovskite Nebulised spray pyrolysis [17]
(GdLaNdSmY)(CoCrMnFeNi)O3 0.317 5.50 19.14 −8.52 17.48 Perovskite Nebulised spray pyrolysis [59]
(GdLaNdSmY)(CoCrFeMnNi)O3 0.317 5.50 19.14 −8.52 17.48 Perovskite Nebulised spray pyrolysis [17]
La(CoCrFeMnNi)O3 0.347 5.50 12.45 −4.84 19.52 Perovskite Nebulised spray pyrolysis [17]
(GdLaNdSmY)FeO3 0.333 5.50 12.45 0.60 18.38 Perovskite Nebulised spray pyrolysis [17]
(GdLaNdSmY)NiO3 0.373 6.50 12.45 −30.00 18.20 Perovskite Nebulised spray pyrolysis [17]
(GdLaNdSmY)MnO3 0.194 5.00 12.45 0.00 14.36 Perovskite Nebulised spray pyrolysis [17]
(GdLaNdSmY)CrO3 0.249 4.50 12.45 12.60 18.08 Perovskite Nebulised spray pyrolysis [17]
Y(CoCrFeMnNi)O3 0.290 5.50 12.45 −9.84 17.51 Perovskite Nebulised spray pyrolysis [17]
Sm(CoCrFeMnNi)O3 0.314 5.50 12.45 −9.84 17.73 Perovskite Nebulised spray pyrolysis [17]
Nd(CoCrFeMnNi)O3 0.328 5.50 12.45 −8.24 12.97 Perovskite Nebulised spray pyrolysis [17]
GbCoCrFeMnNi)O3 0.299 5.50 12.45 −9.84 17.50 Perovskite Nebulised spray pyrolysis [17]
(CeLaPrSm)O2 0.025 3.00 11.53 0.00 4.76 Fluorite Nebulised spray pyrolysis [16]
(CeLaSmY)O2 0.047 3.00 11.53 0.00 1.67 Fluorite Nebulised spray pyrolysis [16]
(CeLaNdPrSmY)O2 0.039 3.00 14.90 0.00 5.10 Fluorite Nebulised spray pyrolysis [16]
(CeGdLaNdPSmY)O2 0.041 3.00 16.18 0.00 4.75 Fluorite Nebulised spray pyrolysis [16]
(HfZrCeY)O2-δ 0.081 2.50 11.53 11.50 6.63 Fluorite Spark plasma sintering [22]
(HfZrCe)0.75(YYb)0.25O2-δ 0.094 2.50 12.97 19.88 6.28 Fluorite Spark plasma sintering [22]
(HfZrCe)0.75(YCa)0.25O2-δ 0.115 2.38 12.97 20.31 8.30 Fluorite Spark plasma sintering [22]
(HfZrCe)0.75(Y0.125Gd0.125)0.25O2-δ 0.082 2.50 12.97 11.50 6.63 Fluorite Spark plasma sintering [22]
(HfZrCe)0.6(Y0.2Gd0.2)0.4O2-δ 0.075 2.60 13.38 10.56 6.32 Fluorite Spark plasma sintering [22]
(GdLaCeHfZr)O2 0.093 2.60 13.38 11.84 7.12 Fluorite Chemical co-precipitation [60]
(GdLaYHfZr)O2 0.081 2.60 13.38 10.88 6.95 Fluorite Chemical co-precipitation [60]
(HfZrCe)0.6(YYb)0.4O2-δ 0.092 2.60 13.38 22.08 5.92 Fluorite Spark plasma sintering [22]
(HfZrCe)0.75(YbGd)0.25O2-δ 0.095 2.50 12.97 19.88 6.28 Fluorite Spark plasma sintering [22]
(HfZrCe)0.6(YbGd)0.4O2-δ 0.093 2.60 13.38 22.08 5.92 Fluorite Spark plasma sintering [22]
(CeLaPrSmY)O2-δ 0.043 3.00 13.38 0.00 4.25 Fluorite Nebulised spray pyrolysis [61]

Data availability

Data will be made available on request. 
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