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(Pb,La)(Zr,Sn,Ti)O3 (PLZST) antiferroelectric (AFE) materials have been widely investigated for

advanced pulsed power capacitors because of their fast charge-discharge rates and superior energy-

storage capacity. For practical applications, pulsed power capacitors require not only large energy den-

sity but also high energy efficiency, which are very difficult to achieve simultaneously. To address this

problem, we herein investigate the energy-storage properties of PLZST AFE ceramics with a high Sn

content by considering that the introduction of Sn can make the polarization versus electric-field (P-E)

hysteresis loops slimmer. The results show that an optimum Sn content leads to the realization of both

large recoverable energy density (Wre) and high energy efficiency (g) in a single material. With a Sn

content of 46%, the PLZST AFE ceramic exhibits the best room-temperature energy storage properties

with a Wre value as large as 3.2 J/cm3 and an g value as high as 86.5%. In addition, both its Wre and g
vary very slightly in the wide temperature range of 20–120 �C. The high Wre and g values and their

good thermal stability make the Pb0.97La0.02(Zr0.50Sn0.46Ti0.04)O3 AFE ceramic a promising material

for making pulsed power capacitors usable in various conditions. Published by AIP Publishing.
https://doi.org/10.1063/1.5044712

Today, dielectric capacitors are widely used in radars,

lasers, and pacemakers because of their high energy storage

density, fast charge-discharge rates, low cost, and good ther-

mal stability.1–3 Currently, the main materials used in dielec-

tric capacitors are antiferroelectrics (AFEs), ferroelectrics

(FEs), linear dielectrics (LDs), and relaxor ferroelectrics

(RFEs).4,5 Among these materials, AFEs have the largest

energy storage density because of their double polarization

versus electric-field (P–E) hysteresis loop characteristics

with nearly zero remnant polarization (Pr) and high satura-

tion polarization (Ps). In addition, AFE materials have the

fastest charge-discharge rates due to their unique field-

induced switching effects during the AFE-FE phase

transition.6–9 As a result, the last few years have witnessed

extensive research on (Pb,La)(Zr,Sn,Ti)O3 (PLZST)-based

AFE ceramics.10–19 For example, Zhang et al. used a

spark plasma sintering method to fabricate the AFE ceramic

(Pb0.858Ba0.1La0.02Y0.008)(Zr0.65Sn0.3Ti0.05)O3–(Pb0.97La0.02)

(Zr0.9Sn0.05Ti0.05)O3 with a recoverable energy density of

Wre ¼ 6.40 J/cm3, which is the largest value for bulk dielec-

tric materials reported to date.20 However, the energy effi-

ciency (g) of this material is only about 62.4%, with the

remaining energy transformed to thermal energy. This not

only reduces the energy efficiency of the capacitor systems

but also affects the material behavior because the heat gener-

ated may degrade the energy storage capacity of AFE mate-

rials.21,22 Thus, for practical applications, the AFE material

used in capacitors requires not only large energy storage

density but also high energy efficiency.

Antiferroelectric materials typically exhibit square-shaped

or slim-and-slanted P–E hysteresis loops.23 As shown in our

previous work,18,19 obtaining a slim P–E hysteresis loop is the

key to the efficiency improvement of pulsed power capacitors.

Achieving this objective requires a rational design of the AFE

material. A high Sn content induces a more PbSnO3 segrega-

tion phase, which leads to thermodynamic instability.24 This

causes inhomogeneity in the chemical composition, which

leads to a diffusive AFE-paraelectric (PE) phase transition,

similar to the diffuse phase-transition phenomenon in relaxor

ferroelectrics.25 Thus, for PLZST-based AFE materials, a slim

P–E hysteresis loop may be obtained when the Sn content is

high, and hence, high energy density and energy efficiency can

be realized simultaneously in the single material. However, to

date, the energy storage properties of PLZST AFE ceramics

with a high Sn content have not been reported.

We hereby report on the energy storage properties of

PLZST antiferroelectric ceramics with a high Sn content.

With the optimum Sn content, a large recoverable energy den-

sity of 3.2 J/cm3 and a high energy efficiency of 86.5% are

simultaneously obtained in Pb0.97La0.02(Zr0.50Sn0.46Ti0.04)O3

AFE ceramics. In addition, the variation of both the recover-

able energy density and the energy efficiency in this ceramic

is extremely small over the temperature range of 20–120 �C,

demonstrating an excellent thermal stability of the energy

storage properties. Furthermore, we attempt to correlate quan-

titatively the energy efficiency with the strain energy (Wstr)

change during the AFE-FE phase transition.
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PbO (�99%), La2O3 (�99.99%), TiO2 (�98%), ZrO2

(�99%), and SnO2 (�99.5%) (Sinopharm Chemical Reagent

Co. Ltd., China) were used as starting raw materials to

prepare Pb0.97La0.02(Zr0.50Sn0.39Ti0.11)O3 (PLZST 50/39/11),

Pb0.97La0.02(Zr0.50Sn0.41Ti0.09)O3 (PLZST 50/41/9),

Pb0.97La0.02(Zr0.50Sn0.45Ti0.05)O3 (PLZST 50/45/5),

Pb0.97La0.02(Zr0.50Sn0.46 Ti0.04)O3 (PLZST 50/46/4),

Pb0.97La0.02(Zr0.50Sn0.475Ti0.025)O3 (PLZST 50/47.5/2.5),

and Pb0.97La0.02(Zr0.475Sn0.525)O3 (PLZS 47.5/52.5) AFE

ceramics via a conventional solid-state reaction method. The

powders were accurately weighed according to the nominal

compositions. They are ball milled, dried, and calcined at

870 �C for 2 h, consecutively. The calcined powders were

then ball milled again, dried, and pressed into disks. The

disks were sintered at 1230 �C for 2 h and polished down to

a thickness of 0.2 6 0.02 mm, which were then brushed with

silver paste on both sides and fired at 550 �C for 10 min to

obtain the electrodes for electrical property measurements.

The crystal structure of the ceramics was characterized

by X-ray diffraction (XRD, D8 Advanced, Bruker, Germany)

with Cu Ka radiation. The density was determined by

Archimedes’ method. The microstructure was observed by

scanning electron microscopy (SEM, JSM 6510LV, Jeol,

Tokyo, Japan). The P–E hysteresis loops were acquired by

using a precision ferroelectric measurement system (PolyK

Technologies, USA) combined with a high-voltage power

supply (Trek 610E; Trek, Lockport, NY, USA) at a frequency

of 10 Hz. The energy storage density and energy efficiency

were calculated based on the measured P–E hysteresis loops.

Figure 1 shows the XRD patterns of the ceramics with

various Sn contents measured at room temperature. Only the

perovskite phase can be identified in all ceramics with differ-

ent compositions, and no impurities or secondary phases are

detected. In addition, all ceramics show a tetragonal struc-

ture, as manifested by the characteristic splitting of the (200)

and (002) peaks, as shown in Fig. 1(b). At a fixed Zr content

of 50%, with the increasing Sn/Ti ratio, both the (200) and

(002) peaks shift to lower angles, indicating the increase in

the lattice parameters because of the larger ionic radius of Sn

(0.69 Å) than Ti (0.605 Å).

Figures 2(a)–2(f) present the surface morphology of the

PLZST ceramics with varying Sn contents, which reveal that

all ceramics possess a dense microstructure with an average

grain size of about 2–4 lm and no apparent pores on the

surface. All ceramics have a high relative density (>97%),

as measured by Archimedes’ method. This result confirms

that the fabricated ceramics are dense, which lays the foun-

dation for obtaining a high electric breakdown strength and a

high energy storage density in these ceramics.

Figure 3(a) depicts the room-temperature P–E hysteresis

loops of the ceramics with various Sn contents at 10 Hz.

Based on the hysteresis loops, we obtain the evolution of the

AFE-to-FE phase-transition electric field (EF), the FE-to-

AFE phase-transition electric field (EA), and the electric hys-

teresis (DE ¼ EF � EA); Pr, Pmax, and DP (Pmax � Pr); the

energy storage density (W) and Wre; and g of all ceramics.

These data are presented in Figs. 3(b)–3(d). The quantities

W, Wre, and g are calculated based on the P–E loops via the

following equations:14,26

W ¼
ðPmax

0

EdP upon chargingð Þ; (1)

Wre ¼ �
ðPr

Pmax

EdP upon dischargingð Þ; (2)

g ¼ Wre

W
� 100%; (3)

where E, Pmax, and Pr are the applied electric field, the maxi-

mum polarization, and the remnant polarization, respec-

tively. Typical slim-and-slanted double P–E hysteresis loops

are obtained for all ceramics, confirming the AFE nature of

these ceramics. In addition, as expected, the P–E loops

become slimmer with the increasing Sn content, indicating

an increasing energy efficiency. Simultaneously, both EF and

EA increase with the increasing Sn content, indicating that

the AFE phase is stabilized by adding Sn. The phase stability

of the perovskite structure (ABO3) can be evaluated in terms

of the tolerance factor t, which is defined as27

t ¼ RA þ ROffiffiffi
2
p

RB þ ROð Þ
; (4)

where RA, RB, and RO are the ionic radii of the A-site cation,

B-site cation, and oxygen anion, respectively. In general,

when t> 1 (t< 1), the FE (AFE) phase is stabilized. As men-

tioned above, the ion radius of Sn is larger than that of Ti.

Therefore, when Sn replaces Ti, t decreases, and the AFE

phase becomes more stable. In addition, with the Sn content

increasing from 0.39 to 0.525, Pmax decreases from 44.5 to

11.1 lC/cm2 and Pr decreases from 2.08 to 0.06 lC/cm2.

The spontaneous polarization of ferroelectric materials with

an ABO3 structure is mainly determined by the off-center

displacements of B-site ions (Zr4þ, Ti4þ, and Sn4þ for

PLZST), O ions, and A-site ions, with larger displacement

corresponding to greater polarization.28 When Sn4þ with a

larger ionic radius replaces Ti4þ, the off-center displacement

of the B-site ion is hindered, so that Pmax decreases. The

reduction of Pr is attributed to the improvement of the AFE

phase stability. In this work, the highest room-temperature

energy storage density Wre of 3.2 J/cm3 is obtained in the

Pb0.97La0.02(Zr0.50Sn0.46Ti0.04)O3 AFE ceramic with an g
value as high as 86.5% benefitting from its large Pmax and

small DE.

FIG. 1. (a) XRD patterns of PLZST AFE ceramics with Sn contents from

39% to 52.5% sintered at 1230 �C for 2 h. (b) Fine XRD patterns of these

ceramics in the 2h range of 43�–45�; Ka1 and Ka2 denote the diffraction

peaks from the Cu Ka1 and Ka2 radiations (kKa1 ¼ 1.5406 Å and kKa2

¼ 1.5444 Å), respectively.
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Figure 4 compares the room-temperature Wre and g of

recently reported PLZST-based AFE ceramics for energy

storage applications.12–15,17,18,20,29–33 Some AFE ceramics

exhibit high Wre but relatively low g, whereas others possess

high g but relatively low Wre. In contrast, our high-Sn-con-

tent AFE ceramic Pb0.97La0.02(Zr0.50Sn0.46Ti0.04)O3 exhibits

simultaneously a reasonably large Wre and a fairly high g,

which makes it overall superior to most lead-based AFE

ceramics as demonstrated in Fig. 4 and well comparable with

advanced lead-free AFE ceramics, showing the highest Wre

value of 4.2 J/cm3 but a low g value of 69%.34

In addition to the combination of large Wre and high g,

the thermal stability of energy storage performance of AFE

materials is also important since pulsed power capacitors

usually work over a wide range of temperatures for practical

applications. Therefore, we have also studied how tempera-

ture affects the energy storage performance of our AFE

ceramics. Figure 5(a) shows the P–E hysteresis loops of

PLZST (50/46/4) measured at various temperatures with a

maximum electric field up to 150 kV/cm and a fixed fre-

quency of 10 Hz. The temperature dependences of EF, EA,

Pmax, Pr, W, Wre, and g are summarized in Figs. 5(b) and

5(c). The ceramic exhibits typical AFE double P–E hystere-

sis loops over the temperature range of 20–120 �C, and the

P–E loops become slimmer with increasing temperature.

FIG. 2. SEM images of PLZST AFE

ceramics with different Sn contents:

(a) 39%, (b) 41%, (c) 45%, (d) 46%,

(e) 47.5%, and (f) 52.5%.

FIG. 3. (a) P-E hysteresis loops, (b)

EF, EA, and DE, (c) Pmax, Pr, and Pmax-

Pr, and (d) W, Wre, and g of PLZST

AFE ceramics with different Sn

contents.

FIG. 4. A comparison of energy densities and efficiencies of recently

reported PLZST-based AFE ceramics.
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This can be attributed to the combined effects of the chang-

ing electric dipole interaction energy (Winter) and the strain

energy (Wstr) during the AFE-FE phase transition. The phase

transition from AFE to FE requires overcoming the increased

electric-dipole interaction energy and strain energy. Thus, EF

is proportional to the sum of the electric-dipole interaction

energy and strain energy (Winter þ Wstr).
18 The recovery

from the FE phase to the AFE phase is caused by the

electric-dipole interaction energy that overcomes the strain

energy. Therefore, EA is proportional to the difference

between the electric-dipole interaction energy and the strain

energy (Winter � Wstr). Thus, DE is proportional to twice the

strain energy (DE ¼ EF � EA ¼ 2Wstr).
18 According to Pan’s

theory, the strain in the AFE material is derived from the

change in the unit-cell volume during the AFE-FE phase

transition, which can be expressed as35

DV=Vð Þ ¼ DV=Vð ÞF � DV=Vð ÞA ¼ QhXP2
ind; (5)

where Qh, X, and Pind are the electrostrictive coefficient, the

coupling coefficient between the antiparallel dipoles, and the

polarization induced by the electric field, respectively. The

greater the change in the unit-cell volume during the AFE-FE

phase transition, the larger the strain in the material. The vol-

umes of the FE rhombohedral, the AFE tetragonal (AFET),

and the PE cubic (PEC) phases have the relation: VFE > VPE

> VAFE.36 When the temperature increases, the phase transi-

tion evolves, as shown in Figs. 6(a) and 6(b), and the volume

of the AFE unit cell approaches gradually that of the PE unit

cell. Thus, the strain energy decreases and DE drops. The

maximum polarization Pmax first increases, reaches the apex

at 80 �C, and then decreases with increasing temperature. Pr

remains constant over the whole temperature range of

20–120 �C. The reduced DE and unchanged Pr, together with

the large Pmax, lead to a large recoverable energy density of

2.7 J/cm3 and a high energy efficiency of 90.4% at 60 �C. It is

known from Fig. 6(b) that the PLZST (50/46/4) ceramic trans-

forms from the tetragonal AFE phase to the cubic PE phase

around 150 �C (Tc). In the wide temperature range of

20–120 �C, far below Tc, the AFE phase is quite stable, and

thus, Wre changes only slightly and g remains around 90% as

shown in Fig. 5(c). This indicates that the PLZST (50/46/4)

ceramic is a promising candidate for making pulsed power

capacitors operable in a wide temperature range.

In conclusion, PLZST AFE ceramics with a high Sn con-

tent in the pure perovskite phase are prepared by using the tra-

ditional solid-state reaction method, and the effect of the Sn

content on both the energy storage density and efficiency is

investigated. With the increasing Sn content, the P–E hystere-

sis loops become slimmer, and the maximum and the remnant

polarization decrease gradually. As a result, the energy effi-

ciency g increases continuously, and Wre first increases and

then decreases. The Pb0.97La0.02 (Zr0.50Sn0.46Ti0.04)O3 AFE

ceramic offers simultaneously a large Wre (3.2 J/cm3) and a

high g (86.5%). In addition, its Wre and g vary very slightly

over a wide temperature range of 20–120 �C. All these results

indicate that the Pb0.97La0.02 (Zr0.50Sn0.46 Ti0.04)O3 AFE

ceramic is a promising material for application in advance

pulsed power capacitors.
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