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A B S T R A C T

A series of high entropy Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Y3+,Nb5+,Ta5+,V5+,Mo6+,W6+) perovskite
oxides were synthesized by using a solid state reaction method. Three multiple-cation solid solutions formed
pure phase compounds, and only two compounds were sintered into ceramics. Microstructure analysis showed
the influence of configurational entropy on phase stability and grain growth. Dielectric measurements showed
that the high entropy ceramics possessed decent temperature stability of permittivity from 25 °C to 200 °C, low
dielectric loss (< 0.002) from 20 Hz to 2 MHz, high resistance and moderate breakdown strength (290 kV/cm,
370 kV/cm). Evidence strongly confirmed that controlling configurational entropy could be a feasible per-
spective to set up highly tunable perovskite structures and explore novel species of dielectric materials.

1. Introduction

Over the past dozen years, high entropy alloys (HEAs) have drawn
particular attention on account of the pursuit for high mechanical
strength, ductility, hardness and better wear/corrosion resistance than
conventional alloys [1–6]. It was found that HEAs possessing unique
and stable structures can be intentionally designed through the control
of configurational entropy, which is defined as followed equation:

= =S x xR lnconfig i
n

i i1 . R is gas constant and xi is the molar content of
the ith element. Apparently, multiplying component and adjusting the
relative ratio between each element leads to an increase of ΔSconfig. Thus,
from a perspective of thermodynamics, the materials are classified into
“low entropy” (Sconfig < 1 R), “medium entropy” (1 R≤ Sconfig < 1.5 R)
and “high entropy” (Sconfig > 1.5 R) systems [7]. Recently, Lei et al.
present the concept “entropy engineering” which means designing mate-
rials through the control of configurational entropy [8].

Inspired by the studies of HEAs, Tsau et al. fabricated a series of
high entropy and medium entropy alloy oxides, which meant an sig-
nificant expansion of concept from HEAs to more other classes of high
entropy materials [9]. From then onwards, there has been an upsurge in
the investigation of high entropy oxides (HEOs) [10–29], high entropy
carbides (HECs) [30–32], high entropy nitrides (HENs) [33–35], high
entropy borides (HEBs) [36,37], and high entropy silicide (HESs) [38].

Then, under the guidance of this new approach (i.e., multiplying five/
more than five elements into cation sublattice), some attractive prop-
erties were developed in the realm of reversible energy storage [11,25],
CO oxidation catalysts [12], magnetic properties [14,19], and me-
chanical properties [16,30–32]. However, a majority of these research
are regarding rock-salt structures. Investigation of other crystal struc-
tures remain to be further explored since the “high entropy” has been
induced to many kinds of crystal structures. Perovskite type oxides
(ABO3) have more complex structures than rock-salt type oxides and
they are more flexible to form high entropy compounds due to the two
cationic sublattice sites (A-site and B-site). Therefore, it will be more
convincing to confirm the effect of Sconfig in such complex structures, so
that Sconfig can be better correlated with the properties.

In this present paper, we report six types of perovskite-based high
entropy oxides (PE-HEOs) Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3

(Me=Y3+,Nb5+,Ta5+,V5+,Mo6+,W6+). Among them, the Ba
(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Nb5+,Ta5+) powders were sintered
into ceramics. The role of Sconfig in phase stabilization was investigated
by creating nine quaternary medium entropy systems. Especially, ac-
cording to the measurement results, we bridged the relationship be-
tween dielectric properties and high Sconfig structures from many per-
spectives and proposed methods for further tailoring properties of the
high entropy parent materials.
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2. Experimental procedure

Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3
(Me=Y3+,Nb5+,Ta5+,V5+,Mo6+,W6+) powders were synthesized by
using conventional solid-state reaction method. Analytically pure reagents
BaCO3, ZrO2, TiO2, SnO2, HfO2, Y2O3, Nb2O5, Ta2O5, V2O5, MoO3, WO3
were selected as the raw materials, weighted in stoichiometric ratios and
milled in the PTFE jars with deionized water as the medium. For the sake of
the formation of uniform mixture, the powders were grinded for 8 h, after
which the dried mixture were calcined from 1250 °C to 1350 °C for 10 h to
ensure that all the complex components reacted completely. Ba
(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Y3+,Nb5+,Ta5+) powders were then
milled twice and pressed into the shape of discs which were 10 mm in
diameter and 1.2 mm in thickness using cold isostatical method.
Subsequently all the pellets were sintered in air for 2 h at a temperature
range of 1480–1630 °C.

The Archimedean drainage method was utilized to measure the
density of the ceramics. X-ray diffraction (XRD, D/max-2200PC,
RIGAKU, Japan) was detected to analyze the phase composition.
Microstructure of two samples were observed by field emission scan-
ning electron microscope (FE-SEM, S-4800, RIGAKU Co, Japan)
equipped with energy-dispersive spectrometer (EDS) for elemental
composition analysis. Before the electrical performance measurements,
the samples should be coated by a silver paste to form an electron. The
dielectric properties were tested via impedance analyzer (Agilent
E4980A, USA). The polarization-electric field (P-E) hysteresis loops
were obtained from a ferroelectric analyzer (Premier II, Radiant, USA).

3. Results and discussion

Fig. 1(a) are the XRD patterns of the Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3

(Me=Y3+,Nb5+,Ta5+,V5+,Mo6+,W6+) powders calcined at 1350 °C.
During the experiments, the powders (Me=Y3+,Nb5+,Ta5+) gradually
form the single-phase solid solutions with the increase of temperature,
while the powders (Me= V5+,Mo6+,W6+) fail to become single-phase
and some second phase emerge. For HEAs, the average atomic-size
difference (δ) which originates from Hume-Rothery solid-solution rule
is calculated by the equation:

=
= =

x R x R1 /
i

N

i i
i

N

i i
1 1

2

(1)

where Ri is the ith element's ionic radius and xi is its mole fraction [38].

When δ≤ 4%, the HEAs become single-phase HEAs [39]. However, for
perovskite oxides, previous reports suggested that the Goldschmidt
tolerance factor (t) is more reliable to determine a single-phase struc-
ture and defined as follow:

= +
+

t R R
R R2( )O

A O

B (2)

where RA, RB and RO are ionic radii of A, B and oxygen site in perovskite
oxides [17]. When A/B site is occupied by multiple ions, ‾RA/‾RB is the
proper value to calculate. Fig. 1(b) shows the tolerance factors (t) and
the lattice parameters (a) of the six powders. Evidently, tolerance factor
is monotone increase. For the components when Me=Mo6+,W6+,V5+,
the tolerance factors of these powders are above 1.03 and second
phases only exist in these three components as well. This result is
consistent with prior reports by Jiang et al. as well [17]. In addition,
compared with the Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3

(Me=Y3+,Nb5+,Ta5+) powders, lattice parameters of the Ba
(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Mo6+,W6+,V5+) increase due to the
existence of second phase. Oxidation state, co-ordination number (CN)
and corresponding cationic radii (rc) of each element are listed in
Table 1.

During the sintering experiments of the three pure-phase PE-HEOs,
the component Ba(Zr0.2Ti0.2Sn0.2Hf0.2Y0.2)O3 cannot become ceramics
even at 1630 °C, which is beyond the expectation. For this component,
electric current assisted sintering methods like SPS (spark plasma sin-
tering) and FS (flash sintering) should probably be considered for the
further studies since these two methods were proved to successfully

Fig. 1. (a) XRD pattern of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Y3+,Nb5+,Ta5+,V5+,Mo6+,W6+) powders calcined at 1350 °C (b) tolerance factors and lattice
parameters of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Y3+,Nb5+,Ta5+,V5+,Mo6+,W6+) powders calcined at 1350 °C.

Table 1
Oxidation state, co-ordination number (CN) and corresponding cationic radii
(rc).

Element Oxidation CN rc [Å]

Ba +2 XII 1.61
Zr +4 VI 0.72
Ti +4 VI 0.61
Sn +4 VI 0.69
Hf +4 VI 0.71
Y +3 VI 0.90
Nb +5 VI 0.64
Ta +5 VI 0.64
V +5 VI 0.54
Mo +6 VI 0.59
W +6 VI 0.60
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sinter some kinds of perovskite oxides which are hard to form dense
ceramics [23,40]. Fig. 2 shows the XRD patterns of Ba
(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Nb5+,Ta5+) ceramics sintered at
1550 °C. PDF standard cards below the patterns indicate that the two
ceramics form pure pseudo cubic phase without any second phase,
considering that the complex lattice distortion is created by multiple
ions in B-site and the Goldschmidt tolerance factors of the two ceramics
(1.03) are above 1 (the value of ideal cubic perovskite crystal). Among
these PDF cards, the one of BaSnO3 matches best because the radius of
tin ion (0.64 Å) is closest to the average radius in B-site (0.674 Å). SEM
micrographs of the Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Nb5+,Ta5+)
ceramics are displayed in Fig. 3 (a) and (b). The grain boundary of the
both samples can be observed clearly and pores are almost invisible
throughout the samples, which correspond to the results of density
calculation (i.e. the relative density of the ceramics reaches 92% and
95%, respectively). Meanwhile, the small grain size illustrate that the
extremely disordered grain interior created by mixing five cations in B-

site restrain the grain growth. To further verify the homogeneity of
element distribution, EDS mappings of the two ceramic samples are
shown in Fig. 3 (c) and (d). For each ceramic sample, all the five ele-
ments uniformly distribute in the same region without any segregation
or aggregation of the elements.

In order to further investigate the influence of configurational en-
tropy on system stability, nine quaternary powders are calcined at the
same temperature at which Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3

(Me=Nb5+,Ta5+) powders become the single phase compounds. As
shown in Fig. 4, all the samples form the second phase, which just
varies in the amount. For the generated second phase, t and δB of these
quaternary systems are calculated at first. However, all the values of δB
are small and some tolerance factors of the systems are less than 1.03,
which is the critical value for forming a single phase in the high entropy
system mentioned above. As the number of elements decrease, the
Sconfig goes down to 1.39 R. At the same calcining temperature, medium
entropy systems fail to compensate for the high enthalpy which is the
driving force for phase separation [18]. These results confirm that high
configurational entropy plays a major role in stabilizing the single
phase structure of the complex multicomponent perovskite oxides. The
tolerance factors (t), lattice parameters(a), the average atomic-size
difference in B-site (δB), and the presence of a second phase in the high
entropy systems and medium entropy systems are listed in Table 2.

The permittivity and dielectric loss as functions of frequency and
temperature of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Nb5+,Ta5+)
ceramics are presented in Fig. 5. It is clearly to see that the permittivity
possesses excellent stability at a wide temperature window and loss
tangent is quite low (<0.002) in a frequency range of 20 Hz-2 MHz. In
light of the former investigation on how configurational entropy affect
thermal and electrochemical stability, it can be deduced that entropy
stability also contributes to the stability of permittivity and loss tangent
since the change of these two parameter can attribute to the phase
transformation and structural stability [11,41]. The relatively low
permittivity of the two ceramic samples is associated with the minor
concentration of titanium content in B-site and the small grain size.
Meanwhile, this result also manifests that B-site sublattice has a large
impact on dielectric properties and carries transport properties for
perovskite oxides [20].

The complex impedance spectrums of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)
O3 (Me=Nb5+,Ta5+) ceramics are shown in Fig. 6. When Me=Ta5+,
there are two distinct semicircles in the spectrum which are simulated

Fig. 2. XRD patterns of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Nb5+, Ta5+)
ceramics sintered at 1550 °C.

Fig. 3. Cross sectional SEM micrographs and related EDS elemental maps for Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 ceramic samples: (a, c) Me=Nb5+, (b, d) Me=Ta5+.
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utilizing an equivalent circuit with two parallel R-C in series. Appar-
ently, the semicircle in high frequency is larger than that in low fre-
quency which confirms that grain boundary resistance (Rgb) is lower
than grain resistance (Rg). This is due to the sever lattice distortion and
strongly disordered grain interiors caused by a complex random ar-
rangement of multiple cations [42]. Therefore, the role of grain in
suppressing the long-range motion of electron is amplified. Yet when
Me=Nb5+, only one semicircle exists in the spectrum which is due to
the close resistance value between grain and grain boundary.

Fig. 7(a) and (b) exhibits the frequency dependence of conductivity
for the two ceramic samples. Extremely low conductivity can be ob-
served from both of the figures which illustrate the role of high mixing
entropy in improving insulation performance (i.e., impeding the hop-
ping of charge carriers) as well. A flat platform before approaching
105 Hz denotes that the conductivity approximates dc values [43]. To
obtain the activation energy of grain (Eg) and grain boundary (Egb),
Arrhenius equation is adopted as below:

= E
K T

exp a

B
0

(3)

where Boltzmann constant (kB) and pre-exponential term (σ0) are two
constant parameters. As shown in Fig. 7(c) and (d), when Me=Ta5+,

the activation energy of grain (Eg) and grain boundary (Egb) are 0.59 eV
and 0.68 eV, and when Me=Nb5+, the Eg and Egb are 0.68 eV and
0.70 eV, respectively. Distinct difference between the Eg and Egb in both
ceramic samples demonstrates that electrons are not able to cluster at
the grain boundary, which benefits to reduce the space charge polar-
ization and the dielectric loss (tanδ) of both ceramic samples [43].

Fig. 8 is the unipolar P-E loops measured at 10 Hz of the two
ceramics. As it shows, the plots are in the slim shapes possessing small
remnant polarization (Pr). With the increase of electric field, the shape
of the P-E loops change slightly which can be ascribed to a large mix-
ture of nonferroelectric elements and the low energy loss. It is note-
worthy that breakdown electric field (Eb) of Ba
(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 (Me=Nb5+,Ta5+) ceramics reach
290 kV/cm and 370 kV/cm, respectively. On one hand, high config-
urational entropy forms a extremely disordered grain interior, restricts
the hooping of carriers in a long range and leads to a high resistance
which benefis for improving Eb [8,44,45]. On the other hand, this kind
of disorder reduces the driving force of grain growth. In terms of the
direct relation between Eb ∝ 1/G−1/2 where G is the grain size, small
size of grain bulk also benefits for a high Eb [46]. Meanwhile, in ac-
cordance to the equation for discharge energy storage density (WD):

=W EdP
P

P

D
r

s

(4)

where Ps, Pr, E denote saturated polarization, remnent polarization, and
electric field, respectively, high breakdown strength is beneficial to
excellent energy storage properties. Indeed, the calculation results show
that the discharge energy storage density of the Ba
(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 ceramics (0.55 J/cm3 when Me=Nb5+,
0.68 J/cm3 when Me=Ta5+) is higher than many lead-free parent di-
electric materials such as BaTiO3 (0.08 J/cm3), Ba0.65Sr0.35TiO3

(0.28 J/cm3), BaZr0.1Ti0.9O3 (0.5 J/cm3), BaTi0.85Sn0.15O3 (0.35 J/
cm3), Ba0.9Sr0.1Zr0.2Ti0.8O3 (0.42 J/cm3) [47–51]. In designing our high
entropy ceramics for energy storage application, further studies should
focus on improving the permittivity and saturated polarization by
changing the relative proportion of each ions or doping other cations in
the parent high entropy materials like Bi and Sr in A-site [52–54].

4. Conclusion

This work verified that the formation of pure-phase PE-HEOs can be

Fig. 4. XRD patterns of the quaternary systems where individual components are removed from the Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 powders calcined at 1350 °C: (a)
Me=Ta5+, (b) Me=Nb5+.

Table 2
The tolerance factors (t), lattice parameters(a), the average atomic-size differ-
ence in B-site (δB), and the presence of a second phase in the components.

Second phase? t a δB

Ba(Zr0.2Ti0.2Sn0.2Hf0.2Y0.2)O3 No 1.001 4.177 13.4%
Ba(Zr0.2Ti0.2Sn0.2Hf0.2Nb0.2)O3 No 1.026 4.115 6%
Ba(Zr0.2Ti0.2Sn0.2Hf0.2Ta0.2)O3 No 1.026 4.119 6%
Ba(Zr0.2Ti0.2Sn0.2Hf0.2W0.2)O3 Yes 1.03 5.221 7.6%
Ba(Zr0.2Ti0.2Sn0.2Hf0.2Mo0.2)O3 Yes 1.031 4.596 8.1%
Ba(Zr0.2Ti0.2Sn0.2Hf0.2V0.2)O3 Yes 1.036 4.361 10.5%
Ba(Zr0.25Ti0.25Sn0.25Nb0.25)O3 Yes 1.031 4.102 6%
Ba(Zr0.25Ti0.25Hf0.25Nb0.25)O3 Yes 1.028 4.181 6.9%
Ba(Ti0.25Sn0.25Hf0.25Nb0.25)O3 Yes 1.032 4.099 5.98%
Ba(Zr0.25Sn0.25Hf0.25Nb0.25)O3 Yes 1.019 4.396 4.47%
Ba(Zr0.25Ti0.25Sn0.25Ta0.25)O3 Yes 1.031 4.079 6%
Ba(Zr0.25Ti0.25Hf0.25Ta0.25)O3 Yes 1.028 4.2503 6.9%
Ba(Ti0.25Sn0.25Hf0.25Ta0.25)O3 Yes 1.032 4.105 5.98%
Ba(Zr0.25Sn0.25Hf0.25Ta0.25)O3 Yes 1.019 4.162 4.47%
Ba(Zr0.25Ti0.25Sn0.25Hf0.25)O3 Yes 1.022 4.12 6%
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preliminarily determined by the calculation of tolerance factor. Cation-
removement experiment showed the existance of the second phase in
the medium entropy powders calcined at the same temperature as the
high entropy powders. Thus, the unique role of high configurational
entropy in stabilizing the single phase structure of complex perovskite
systems was confirmed. In addition, due to the high configurational
entropy, the Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 ceramics possessed some
peculiar dielectric properties such as excellent temperature stability of
permittivity from 25 °C to 200 °C, low dielectric loss (< 0.002) from
20 Hz to 2 MHz, large resistance and moderate breakdown strength

(290 kV/cm and 370 kV/cm). For PE-HEOs, highly disordered grain
interior, severe lattice distortion and slow diffusion effect inside the
grain are the most typical characteristics and the springboard to de-
velop the application areas of them. On the basis of the entropy en-
gineering and the definition of high entropy (Sconfig > 1.5 R), adjusting
the ratio between ions and doping one or several elements in the parent
materials can be further considered to improve dielectric properties. We
hold the view that entropy engineering will be a brand new approach to
design and enrich dielectric materials.

Fig. 5. Temperature and frequency dependence of permittivity and dielectric loss of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 ceramics: (a, c) Me=Ta5+, (b, d) Me=Nb5+.

Fig. 6. Complex impedance spectrums of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 ceramics, (a)Me=Ta5+, (b) Me=Nb5+.
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Fig. 7. Frequency dependence of conductivity (450–575 °C) and Arrhenius plots of ln(f) vs. 1000/T of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 ceramics, (a, c) Me=Ta5+, (b,
d)Me=Nb5+.

Fig. 8. Unipolar P-E loops measured at 10 Hz under critical electric field of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 ceramics, (a)Me=Ta5+, (b) Me=Nb5+.
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