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ABSTRACT

High-entropy perovskite ceramics, [Lix(BaSrCaMg)(1-x)/4]TiO3 (x = 0.1, 0.15, 0.2,

0.3), were designed and successfully synthesized by solid-state method. The

effects of Li contents on the phase formation, microstructures, and the origin of

dielectric relaxation of all ceramics have been systematically investigated. The

results show that all ceramics exhibit perovskite structure, and increasing Li

content is conducive to grain growth and the formation of dense ceramics. XPS

and EPR prove that oxygen vacancies increase with the increase of Li content. It

is observed at room temperature that the increase of Li content not only con-

tributes to the improved permittivity but also results in high-dielectric loss. Two

sets of dielectric relaxations are observed in all ceramics. The lower temperature

relaxation is shown to originate from the interfacial polarization, while the

higher temperature relaxation is ascribed to double-ionized oxygen vacancies.

The rapid increase of permittivity at higher temperatures and lower frequencies

can be explained by space charge related to oxygen vacancies.

1 Introduction

In recent years, high entropy is a new material design

paradigm, in which more and more researchers have

designed high entropy materials reasonably and

worked out the corresponding effective strategies.

Inspired by the traditional concept of high-entropy

alloys [1–3], high-entropy oxides with more complex

and diverse crystal structures have become a research

hotspot [4–6]. In particular, high entropy oxides

ceramics with rock salt structure have been first

proposed by Rost et al. [7], and more and more high

entropy oxide ceramics with other structures have

been excavated. In the past several years, the research

on high-entropy oxides has mainly concentrated on

rock salt-type structures [8, 9], etc. Nevertheless,

high-entropy perovskite ceramics can no longer be

ignored due to their good structural stability and
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variety of excellent physical properties [4, 10]. Jiang

et al. [4] successfully prepared high-entropy oxides

with perovskite structure composed of 13 cations by

combing mixed entropy, tolerance factor and atomic

size difference. Sarkar et al. [11] successfully synthe-

sized high-entropy perovskite ceramics in which the

A-site and B-site were substituted by five different

elements, and confirmed the existence of entropy-

driven structural stability in this system. On this

basis, Qi et al. [12] first applied high entropy per-

ovskite oxides in the field of lithium-ion batteries, the

excellent cycle stability and high rate performance

are attributed to the entropy-stabilized structure and

the charge compensation mechanism. Pu et al. [13]

prepared (Na0.2Bi0.2Ba0.2Sr0.2Ca0.2)TiO3 high entropy

perovskite ceramics, which provide new ideas for the

application of energy storage and electrothermal

properties. A broader tolerance factor is a character-

istic of perovskite structure and can be synergized by

ions with different radii and valence states [4]. ABO3

perovskite oxides have been widely applied in many

fields, such as proton conductors [14], dielectric

materials [15–21], ferroelectric materials [22–24].

Perovskite structural variants combined with high-

entropy unique ‘‘four core effects’’ [5], accordingly,

more excellent properties such as dielectric proper-

ties [25], superionic conductivity [26–28], and elec-

trothermal properties [13] are urged to further

exploration.

There are some breakthroughs in the research of

high entropy perovskite ceramics, however, the

research on its dielectric properties is still confined in

a scarce stage. For the traditional perovskite SrTiO3

ceramics, it is well known that the change of substi-

tution-types will lead to the change of carrier relative

concentration (such as oxygen vacancy), thus leading

to the change of dielectric behavior [21]. From the

perspective of defect design, in order to maintain the

charge balance, oxygen vacancies (OVs) or defect

dipole clusters are usually generated in the material,

so as to improve the dielectric property [27, 29].

However, for the high entropy perovskite system,

based on high configurational entropy (DSconf[ 1.5

R) and valence combinations [30–32], the relation-

ships between acceptor elements and OVs were

rarely reported.

Therefore, based on the above defect design anal-

ysis, a novel high-entropy oxide [Lix(BaSrCaMg)(1-x)/

4]TiO3 with perovskite structure were designed and

prepared by solid-state method. In this paper, the

dielectric relaxations to the high-entropy perovskite

systems have been systematically investigated for the

first time. Moreover, the effects of Li content on the

phase structure, microstructure, and dielectric

behavior of [Lix(BaSrCaMg)(1-x)/4]TiO3 ceramics

were systematically studied.

2 Experiment

Analytically reagents Li2O, BaO, SrCO3, CaO, MgO,

and TiO2 were selected as raw materials and weigh-

ted according to the stoichiometric ratios. [Lix(-

BaSrCaMg)(1-x)/4]TiO3 high entropy oxides (x = 0.1,

0.15, 0.2, 0.3, thereafter abbreviated as Li-10, Li-15, Li-

20, Li-30, respectively) were prepared by traditional

solid-state method. The raw materials, zirconia balls

and anhydrous ethanol were mixed and milled for

16 h. After drying, the powders were calcined at 1250

�C for 3 h, then grind again for 1 h. After adding 5%

PVA and grinding for a certain time, the obtained

powders sieving through 60-mesh screen were pres-

sed into a mold with a diameter of 10 mm under the

pressure of 3–5 MPa. The PVA was removed by

holding at 500 �C for 4 h. All samples were eventu-

ally heated at 1400 �C for 3 h for sintering. In par-

ticular, in order to reduce the influence of Li2O

volatilization during sintering process, excess 2%

mole of Li2O is added in the proportioning process

[12], and the volatilization of Li2O is suppressed as

much as possible by buried sintering.

X-ray diffraction (XRD, Smart Lab, RIGAKU,

Japan) was used to analyze the phase structure, and

the step size was 0.02�, The scanning speed is 8�/min,

The scanning range was 20–80�. Scanning electron

microscopy (SEM, EDS, SUPRA-55, ZEISS, Germany)

was used to observe the microstructure of the ceramic

samples. Before SEM test, in order to make the

ceramic surface conduct electricity, it is necessary to

spray gold for 180 s in vacuum. The grain size of

SEM image is calculated by Nono Measure software.

X-ray photoelectron spectroscopy (XPS, ESCALAB,

250Xi, Thermo, America) was used to detect the

valence and content of elements. Electron paramag-

netic resonance (A300-10/12, Bruker, Germany) was

used to analyze the oxygen vacancies. Impedance

analyzer (TH2839, Tonghui, China) equipped tem-

perature measurement systems was used to test AC

impedance, dielectric and AC conductivity in
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frequency range (100 Hz * 1 MHz) and temperature

range (30–650 �C).

3 Results and discussion

According to one of the definitions of high-entropy

alloys, a solid solution with high configurational

entropy ([ 1.5 R) is often referred to as ‘‘high-en-

tropy’’ [30]. When each component element forms a

high-entropy solid solution, the mixing entropy is

calculated by formula (1):

DSconf ¼ �R
XN

i¼1
Ci lnCi ð1Þ

where R is the ideal gas constant (8.314 Jmol-1 K-1),

Ci is the mole fraction of the ith component. With the

increase of x from 0.01 to 0.03, the mixing entropy of

the four ceramic samples varied from 1.57 R to 1.61 R,

indicating that all the ceramic samples met the con-

ditions of high configurational entropy formation.

Figure 1 shows the X-ray diffraction patterns of the

samples sintered at 1400 �C. It can be seen that there

is no impurity peak in the whole XRD pattern, which

indicates that four samples with different Li content

form a single solid solution. Pure cubic structure

SrTiO3 (PDF#01-1018) is detected for all components.

In addition, it is more reliable to use the tolerance

factor (t) for perovskite oxides to determine whether

a single-phase structure is formed [4, 30]. As early as

1926, Goldschmid proposed to use the concept of

tolerance factor to predict the stability of perovskite

structure [4]:

t ¼ RA þ ROffiffiffi
2

p
RB þ ROð Þ

ð2Þ

where RA and RB are the cationic radii at A-site and

B-site respectively, Ro is the radii of oxygen ion [4].

According to previous reports, Jiang et al. pointed

out that t & 1 is a necessary and insufficient condi-

tion for the formation of stable single-phase high

entropy perovskite ceramics [4]. The tolerance factor

of all samples calculated by formula (2) is between

0.91 and 0.94 and less than 1, which suggests that

single-phase high-entropy perovskite ceramics can

also be formed at lower tolerance factors. The mixing

entropy and tolerance factors of all ceramics are listed

in Table 1.

The relative density and shrinkage percentage of

all ceramics sintered at 1400 �C with different Li

content are shown in Fig. 2. The changes of relative

density and shrinkage of materials keep consistent.

The relative density of Li-10 ceramic is 84%, while the

Li-30 ceramic increases to 96.2% with the increase of

Li content. It is well known that Li2O is an effective

sintering aid, and we consider that the increase in

density of [Lix(BaSrCaMg)(1-x)/4]TiO3 ceramics may

be caused by Li2O accelerating the elimination of

pores and promoting the sintering of ceramics

[33, 34]. The increase of ceramic density can also be

observed in SEM (Fig. 3). The contact between Li-10

ceramic grains is not close, heterogeneous distribu-

tion of grain size and there existed voids obviously. It

can be seen from particle size distribution in Fig. 4

that when x = 0.01, the minimum average grain size

is about 3.82 lm, and the abscissa has a larger

numerical range, indicating that the uniformity of the

grain size is poor. When x increases to 0.03, Li-30

ceramic is significantly larger, about 5.83 lm. The

results show that the grain size of ceramics increases

significantly, which may be due to the increase of

Li2O that promotes the mobility of grain boundaries

Fig. 1 XRD patterns of [Lix(BaSrCaMg)(1-x)/4] TiO3 ceramics

Table 1 Mixing entropy and tolerance factors of

[Lix(BaSrCaMg)(1-x)/4]TiO3 ceramics with different components

x Component DSconf t

0.1 [Li0.1(BaSrCaMg)0.225]TiO3 1.57 R 0.9428

0.15 [Li0.15(BaSrCaMg)0.2125]TiO3 1.6 R 0.9358

0.2 [Li0.2Ba0.2Sr0.2Ca0.2Mg0.2]TiO3 1.61 R 0.9287

0.3 [Li0.3(BaSrCaMg)0.175]TiO3 1.58 R 0.9147
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and growth of grains [34, 35]. Meanwhile, the distri-

bution of Li-30 ceramic is uniform, the contact

between grains is close, and the voids are signifi-

cantly reduced, which shows preferable

compactness.

Frequency-dependent (102–106 Hz) permittivity

and dielectric loss measured at room temperature are

shown in Fig. 5. Both the permittivity and dielectric

loss exhibit slightly frequency dispersion. At 100 Hz,

the permittivity of Li-10 ceramic is 234 and the

dielectric loss is 0.35, while the permittivity increases

to 584 for Li-30 ceramic and the dielectric loss reaches

about 0.6. As the frequency of electric field increases,

the permittivity decreases and presents a straight line

at a higher frequency (105–106 Hz) as shown in the

insert of Fig. 5, which shows good frequency stability

in a wide frequency range. While the change of

dielectric loss fails to keep up with the change of

electric field, so the dielectric loss of various com-

ponent is greatly decreased at a wide frequency, and

maintained at the order of 10–3–10–4.

Usually, low-frequency dielectric response is

attributed to space charge polarization [36]. Accord-

ing to the perspective of defect design, the increase of

dielectric loss may be due to the crucial role of

acceptor Li? in [Lix(BaSrCaMg)(1-x)/4]TiO3 ceramics.

The existence of low valence ions leads to oxygen

vacancies in lattices to balance charges [27], which is

induced when substituting a divalent cation ‘‘A’’ (Ba,

Sr, Ca, Mg, respectively) by Li? [25, 37], as expressed

in Eq. (3):

2Liþ þ A2þ ! 2Li0A þ V��
o ð3Þ

With the increase of Li content, more impurity

defects appear in the crystal, resulting in more space

charge in the ceramics, therefore, the higher dielectric

loss in low frequency range may originate from space

charge polarization [36, 38–40].

Due to the existence of acceptor Li, OVs will

inevitably be generated in [Lix(BaSrCaMg)(1-x)/

Fig. 2 Relationship between relative density and shrinkage

percentage of [Lix(BaSrCaMg)(1-x)/4]TiO3 samples with

different x values

Fig. 3 SEM images of

[Lix(BaSrCaMg)(1-x)/4]TiO3

samples. a Li-10; b Li-15;

c Li-20; d Li-30
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4]TiO3 ceramics to maintain charge neutrality, which

are also known as extrinsic vacancies [41]. Since these

OVs are generated for charge compensation, the OVs

concentration cannot be changed by annealing in

oxygen atmosphere [42]. Therefore, to investigate the

changes of OVs in [Lix(BaSrCaMg)(1-x)/4]TiO3

ceramics, the chemical valence state of oxygen ele-

ment was verified by XPS. Figure 6 records the fitting

results of O 1 s peak of Li-30 ceramic, which is

selected as a typical sample because of its best

dielectric properties. The raw data can be ideally

fitted to three peaks, according to the literature

reports, the peaks coordinated in the position

around * 529.1 eV, * 530.2 eV and * 531.5 eV

indicate lattice oxygen, vacancy oxygen and absorbed

H2O related respectively [43, 44]. The existence of

OVs can be significantly observed from Fig. 6.

Moreover, the insert in Fig. 6 shows the proportion

between oxygen vacancies and lattice oxygen for all

Fig. 4 Particle size

distribution patterns of all

samples. a Li-10; b Li-15;

c Li-20; d Li-30

Fig. 5 Room temperature of the dielectric performance of

[Lix(BaSrCaMg)(1-x)/4]TiO3, Insets are the local enlarged scale

Fig. 6 XPS spectra of the O 1 s peak of Li-30 ceramic. Insert is

the proportion between oxygen vacancies and lattice oxygen for

all ceramics
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samples with different Li contents. The ratio of oxy-

gen vacancies to lattice oxygen gradually increases

with the increase of Li content, indicating that more

acceptors increase the OVs of the lattice structure.

EPR is a high efficiency means to detect some point

defects in ceramics materials, which is adopted to

supplied direct evidence of OVs defects in this work

[21]. Room temperature EPR spectrum of all ceramics

is recorded in Fig. 7. The signals at g = 2.004 can be

ascribed to electrons capture on OVs, and the

strength of peak at the signal is significantly stronger,

which means that more OVs are generated [21].

The temperature dependence of the permittivity

and dielectric loss of [Lix(BaSrCaMg)(1-x)/4]TiO3

ceramics at different frequencies are represented in

Fig. 8. It can be obviously found that a favorable

permittivity temperature stability of all samples at

30–150 �C, then increase rapidly with temperature

increasing. This surge in permittivity is particularly

pronounced at relatively low frequencies (\ 10 kHz),

whereas the permittivity is almost independent of

temperature over a broad temperature range from 30

to 600 �C in 1 MHz. Moreover, the permittivity of

each sample exhibits a decidedly dielectric anomaly

with the temperature increasing, and with the

increase of frequency, the critical temperature grad-

ually shifts to higher temperature. The permittivity of

Li-30 ceramic measured in 100 Hz has a peak at 522

�C (Tpeak), as shown in the insert of Fig. 8g. The

dielectric peaks of other three ceramics may appear at

higher temperature due to the limited test tempera-

ture. Interestingly, all samples exhibit giant permit-

tivity ([ 104) at high temperature ([ 400 �C) and low

frequency (* 100 Hz), the permittivity of Li-30

ceramic is close to 3 9 105 near 522 �C.

In addition, a dielectric loss peak near 150 �C can

be observed from Fig. 8, and its position shifts to

higher temperature with increasing frequency, which

indicates an obvious thermally activated dielectric

relaxation behavior [45]. However, the low frequency

dielectric loss curves of all compositions show a rapid

increasing background in high-temperature range,

which is usually caused by the conductivity

[41, 46, 47].

In particular, another dielectric relaxation peak

occurs in the ceramics above 300 �C in 100 Hz, which

indicates that two sets of dielectric relaxations are

observed in ceramics. For simplicity, the low-and

high-temperature relaxations are marked as LTR and

HTR, respectively, as shown in Fig. 9a. It is note-

worthy that the dielectric loss peaks of HTR gradu-

ally moves to a lower direction and the peak intensity

increases significantly. According to the point defect

theory, higher dielectric loss peaks demonstrate that

higher concentration of relaxation units [48]. The

common point of four ceramics is that OVs generated

for insufficient charge compensation are the only

variable, this implied that the LTR and HTR in all

ceramics are mainly related to the OVs. In order to

further reveal the relaxations processes, the Arrhe-

nius formula is adopted to calculate the relaxation

activation energies (Ea) for LTR. Figure 9b shows the

functional relationship between lnfp and 1000/T,

where T can be ideally obtained from the position of

the loss peak in dielectric loss versus temperature

curves, as shown in Eq. (4) [48]:

fp ¼ f0 exp �Ea=kTð Þ ð4Þ

where f0, Ea, and k are the pre-exponential factor, the

relaxation activation energy and the Boltzmann con-

stant, respectively. The observed activation energy

for LTR, range of Ea = 0.869 eV * 0.931 eV, which

approached that the typical value (1.0 eV) of Ea for

OVs in perovskite structure ceramics [49]. Hence, we

considered that the generation of LTR might be

concerned with the migration of OVs in the ceramics

[45].

To better comprehend the LTR mechanism and

analyze the electrical properties of the ceramics, the

complex impedance analysis provides an effective

way to the relaxation process of grain and grain

boundary are shown in Fig. 10a, in which the mea-

surement frequency in the range of 100 Hz * 1 MHzFig. 7 Room temperature EPR spectrum of all ceramics
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at 300 �C. Two semicircles were observed in all

ceramics, which generally indicates the generation of

interfacial polarization. The larger-sized semicircle

corresponds to the response from grain boundary,

while the smaller-sized one represents grain contri-

bution [48]. The size of semicircle radius can roughly

Fig. 8 Temperature dependent

permittivity and dielectric loss

of four ceramics. Insert in

(g) is the local amplification
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judge the insulation of samples, as shown in the inset

of Fig. 10a. The semicircle corresponding to the grain

boundary decreases significantly with the increase of

Li content, indicating that the grain boundary insu-

lation of the ceramics decreases gradually. Besides,

the frequencies corresponding to the inflection points

of the four arcs are 9120 Hz, 7586 Hz, 6607 Hz and

6310 Hz, respectively, which are consistent with the

frequencies of dielectric loss peak shown in Fig. 10b.

Therefore, it can be concluded that the LTR is due to

the interfacial polarization between grain and grain

boundary, which is caused by the motion of OVs

there.

In order to further research the HTR, Fig. 11 shows

the frequency dependence of ac conductivity for

[Lix(BaSrCaMg)(1-x)/4]TiO3 ceramics measured at

400–650 �C. The conductivity increases with the

increase of temperature, which can normally be

explained by thermal activation of defect carriers

(such as localized charge carries or OVs) [50]. Space

charge mobility becomes easier as the temperature

rises, and the charge carriers accumulated near the

phase boundary have adequate energy to pass

through the barrier constraints, resulting in an

enhanced conductivity [51]. When the samples have

an inhomogeneous microstructure, due to the exis-

tence of two different conductive regions, the Max-

well–Wagner polarization or interfacial phenomena

model usually exists in ceramics, which can be ana-

lyzed by ac conductivity [52]. It is worth nothing that

the ac conductivity curve of Li-10 ceramic shows

significant bending phenomenon at about 1 kHz and

shifts to high frequency with the increase of tem-

perature, indicating that the interfacial effect is evi-

dent. However, this bending phenomenon obviously

decreases with the increase of Li content, and only a

weak bend is observed in Li-30 ceramic at about

10 kHz, which indicates that the interfacial effect

decreases gradually [52]. Therefore, it is reasonable to

conclude that the Maxwell–Wagner polarization is

not the main reason for the rapid increase of per-

mittivity at higher temperature. Besides, in the low

frequency region, the conductivity increases with the

increase of temperature, decreases with the decrease

of frequency, and approaches to a constant value,

which can be regarded as the dc r of grain boundary.

Figure 12 shows the variations of dc r with

Fig. 9 a Variation of dielectric

loss of [Lix(BaSrCaMg)(1-x)/

4]TiO3 ceramics with

temperature at 100 Hz. b The

Arrhenius plots of LTR of

[Lix(BaSrCaMg)(1-x)/4]TiO3

ceramics

Fig. 10 a Complex

impedance spectra of samples

measured at 300 �C. Insert is
the amplified high frequency

region. b Frequency

dependence of dielectric loss

for samples at 300 �C
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corresponding 1/T, which can be fitted with Arrhe-

nius law [47]:

r ¼ r0 exp Econ=kBTð Þ ð5Þ

where r0, Econ, and kB are the pre-exponential factor,

the conductivity activation energy, and the Boltz-

mann constant, respectively. The dc r conductivity

can be estimated by ac conductivity data at the lowest

frequency. According to Eq. (5), it can be calculated

that the conductive activation energies of Li-10, Li-15,

Li-20 and Li-30 samples in the same temperature

range are 0.682 eV, 0.753 eV, 0.801 eV and 0.836 eV,

respectively. In fact, the conduction of perovskite

oxides at high temperature is generally ascribed to

the conductive electrons generated by the ionization

of OVs [42], which can be written as:

Vo , V�
o þ e0 ð6Þ

V�
o , V��

o þ e0 ð7Þ

where V��
o , V�

o are double ionized and single ionized

OVs, respectively. For perovskite oxides, whether it is

relaxation activation energy or conductivity activa-

tion energy, it is composed of the activation energy of

OVs. It is reported that the activation energies of

single-ionized and double-ionized OVs range from

0.3 * 0.5 eV and 0.6 * 1.2 eV, respectively [53, 54].

Compare the Econ derived from the frequency-de-

pendent of ac conductivity data with the Ea of dou-

ble-ionized OVs, it can be concluded that the HTR is

attributed to the double-ionized OVs [47].

It is well known that the dielectric relaxation of

many perovskite oxides at high temperature can be

explained by space charge model [55], which illus-

trates that increasing the concentration of OVs will

cause the enhancement of conductivity and dielectric

Fig. 11 The frequency

dependence of ac conductivity

for [Lix(BaSrCaMg)(1-x)/

4]TiO3 ceramics measured at

different temperature. a Li-10;

b Li-15; c Li-20; d Li-30

Fig. 12 Arrhenius plots of the dc conductivity for all samples
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relaxation [51]. Since the dielectric relaxation induced

by OVs is a diffusion-related process and the acti-

vated process is dependent on temperature [56]. OVs

are ‘‘frozen-in’’ in low temperature, but they can be

thermally ‘‘ionized’’ during high temperature [46, 56].

Obviously, OVs-induced conduction occupies a

dominant role in the high temperature and low fre-

quency range, because the mobility and vacancy

concentration, and the inertia of oxygen ions are

higher at elevated temperatures [42, 46, 56]. There-

fore, we consider that the rapid increase of permit-

tivity at higher temperatures and lower frequencies

should be attributed to space charge, which may be

due to OVs and related defects.

4 Conclusion

High-entropy perovskite ceramics [Lix(-

BaSrCaMg)(1-x)/4]TiO3 with the same perovskite

structure were synthesized by traditional solid-state

method and Li contents have significant influences

on the microstructure, OVs defects, and dielectric

behaviors. Both the permittivity and dielectric loss

exhibit slightly frequency dispersion at lower fre-

quencies, while the permittivity display a weak fre-

quency dependence from 100 kHz to 1 MHz. Two

sets of relaxation peaks are observed in all samples,

the LTR is attributed to the interfacial polarization,

while the HTR arises from the double-ionized OVs.

According to the impedance and ac conductivity

analysis, it can be concluded that the Maxwell–

Wagner polarization is not the main reason for the

increase of permittivity. The rapid increase of per-

mittivity at higher temperatures and lower frequen-

cies can be explained by the space charge model,

which is directly related to OVs introduced by the

regulation of Li content.
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