
Substitution of Pb with (Li1=2Bi1=2) in PbZrO3-based antiferroelectric ceramics

Binzhi Liu , Anand P. S. Gaur , Jun Cui and Xiaoli Tan *

Department of Materials Science and Engineering
Iowa State University, Ames, IA 50011, USA

*xtan@iastate.edu

Received 11 August 2023; Revised 13 September 2023; Accepted 7 October 2023; Published 31 October 2023

PbZrO3-based antiferroelectric (AFE) ceramics are promising dielectrics for high-energy-density capacitors due to their reversible
phase transitions during charge–discharge cycles. In this work, a new composition series, [Pb0:93�xLa0:02(Li1=2Bi1=2ÞxSr0:04]
[Zr0:57Sn0:34Ti0:09]O3, with Liþ and Bi3þ substitution of Pb2þ at x ¼ 0, 0.04, 0.08, 0.12, 0.16 is investigated for the microstructure
evolution, ferroelectric (FE) and dielectric properties. It is found that Liþ and Bi3þ substitution can significantly reduce the
sintering temperature and simultaneously enhance the dielectric breakdown strength. An ultrahigh energy efficiency (94.0%) and a
large energy density (3.22 J/cm3Þ are achieved in the composition of x ¼ 0:12 with a low sintering temperature (1075○C).
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1. Introduction

Antiferroelectric (AFE) ceramics have revived much attention
in recent years because of many potential applications, such
as high-energy-density capacitors, high-strain actuators,
electrocaloric devices, infrared detectors, etc.1–4 They are
particularly promising for the next-generation energy-storage
capacitors due to their extremely low-remanent polarization,
relatively high permittivity, high power density and ultrafast
charge/discharge rate.2,5–7 All these applications capitalize on
the electric field-induced AFE-to-ferroelectric (FE) phase
transition. In the macroscopic polarization measurement, the
reversible phase transitions are manifested as double hyster-
esis loops, from which the forward critical field EF and the
reverse critical field EA can be directly read.

Although extensive efforts have been spent searching for
lead-free AFE materials,8–14 PbZrO3-based AFEs still remain
competitive because of their superb properties.2,7,15–22

PbZrO3 is the prototype AFE, but its low dielectric strength at
room temperature, practically lower than the critical field EF,
limits its application in devices. Another shortcoming of
PbZrO3-based ceramics is their large electric hysteresis dur-
ing the phase transition process, where the dissipated energy
degrades the performance of electric devices drastically.
In the literature, the recoverable energy density during dis-
charge is denoted as Wrec; the dissipated energy density due
to electric hysteresis is denoted as Wloss, and the total stored
energy density during charging is denoted as Wst.
Analytically, these energy properties can be expressed as
follows:

Wst ¼
Z Pmax

0
EdP; ð1Þ

Wrec ¼
Z Pmax

pr

EdP; ð2Þ

Wloss ¼ Wst �Wrec; ð3Þ

η ¼ Wrec

Wst
; ð4Þ

where Pmax is the maximum polarization, Pr is the remanent
polarization, and η is the charge–discharge energy efficiency.

The sintering process at high temperature is an essential
step in ceramic fabrication, where the energy consumption
accounts for a large portion of manufacturing cost. To reduce
the sintering temperature, sintering aids, such as Bi2O3, are
often used.23–27 It is expected that the low melting point of
Bi2O3 will assist the sintering process in achieving a high
density at a reduced sintering temperature. On the other hand,
reduced sintering temperatures may limit the full growth of
grains, resulting in ceramics with a smaller grain size.
According to the empirical relationship:

BDS / d�a; ð5Þ
where BDS refers to the dielectric breakdown strength and d
is the grain size, a ranges from 0.2 to 0.4,28–30 a smaller grain
size of dielectric ceramics correlates with a higher breakdown
strength.

Typically, a relaxor has complex compositions with mul-
tiple cations of different valences sharing the same lattice site.
The random occupancy of these cations in the lattice disrupts
the long-range FE order, which creates easily polarized polar
nanoregions, leading to a nearly zero electric hysteresis.31–33

Parallel to this phenomenon, the “relaxor AFE” concept has
been proposed.19,34–36 The disruption of the AFE long-range
order results in the formation of nanometer-sized AFE
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domains, making it easier for the antiparallel cation dis-
placement to flip with reduced hysteresis. Furthermore, A-
site vacancies in perovskite oxides also enhance the relaxor
behavior.37,38 The “relaxor AFE” concept has successfully
led to the development of a series of AFE compositions with
reduced electric hysteresis and enhanced energy efficiency.19

Various chemical modification schemes have been ex-
plored to adjust critical fields and address electric hysteresis
in PbZrO3-based AFEs, such as La3þ, Ba2þ, Sr2þ substitu-
tion for Pb2þ on the A-site and Sn4þ, Ti4þ substitution for
Zr4þ on the B-site.39–42 However, the energy efficiency, η, of
most PbZrO3-based AFE materials still remains mediocre in
the range of 60– 80%. In this work, Liþ and Bi3þ are in-
troduced in an equal molar ratio to a base AFE composition,
(Pb0:93La0:02Sr0:04)(Zr0:57Sn0:34Ti0:09ÞO3, as a sintering aid
and to substitute Pb2þ on the A-site. Multiple benefits, in-
cluding reduced sintering temperature, improved breakdown
strength and enhanced energy efficiency, are simultaneously
realized.

2. Experimental Procedure

The synthesis of [Pb0:93�xLa0:02(Li1=2Bi1=2)xSr0:04]
[Zr0:57Sn0:34Ti0:09]O3 ceramics (Denoted as LB100x hereafter
with x ¼ 0, 0.04, 0.08, 0.12, 0.16) is carried out using the
solid-state reaction method. High-purity raw powders
(>99:9%) of PbO, La2O3, Li2CO3, Bi2O3, SrCO3, ZrO2,
SnO2 and TiO2 are baked to remove the moisture before
mixing. Because of the evaporation nature of PbO during
high-temperature processing, an excess of 5wt.% PbO is
added to preserve the designed stoichiometry. The dry pow-
der is batched according to the chemical formula and mixed
in ethanol on a vibratory mill for 6 h with zirconia media. The
mixed slurry is dried for 24 h, and the powder is subsequently
calcined at 935○C for 4 h, after which the calcined powder is
re-milled for another 6 h and dried for 24 h. The dry powder is
mixed with 10wt.% polyvinyl alcohol binder and uniaxially
pressed into green pellets at a pressure of 150MPa.
The pellets are de-bindered at 600○C for 3 h and then sintered
at temperatures in the range of 1075–1350○C. During sin-
tering, the pellets are buried in the calcined powder of the
same composition to minimize the evaporation loss of PbO.
A double crucible setup is applied to further reduce the PbO
loss and maintain the desired composition stoichiometry
during sintering.

X-ray diffraction (XRD) is performed to analyze the
crystal structure and phase purity of the sintered ceramics on
a Siemens D500 X-ray diffractometer using the Cu-Kα ra-
diation in a 2θ range from 20○ to 80○. The fracture surface of
the ceramics is examined with FEI Inspect 50 scanning
electron microscope (SEM) to reveal the grain morphology
and size. To characterize the domain structure within the
grains, a transmission electron microscope (FEI Titan The-
mis) is used. TEM samples are prepared using traditional

procedures, including polishing, ultrasonic cutting, dimpling
and ion-milling.

To characterize the dielectric and FE properties, ceramic
pellets are polished down to � 0:25mm thickness and sput-
ter-coated Pd films (4mm diameter) as electrodes. The po-
larization versus electric field loops are measured at room
temperature at a frequency of 1Hz using a standardized FE
test system (Precision LC II, Radiant Technologies). The
dielectric constant and loss tangent of the ceramics are
measured using a Novocontrol system at a heating rate of
1○C/min at 1 kHz frequency.

3. Results and Discussion

3.1. Structure of the ceramics

Ceramic of each composition was sintered at several tem-
peratures and the energy storage properties were character-
ized. The optimal sintering temperature was then identified
and found to gradually decrease as the doping level increases
from x ¼ 0 to x ¼ 0:12. The sintered ceramic pellets of all
compositions exhibit a relative density > 95% at their opti-
mal sintering temperatures, which reduced from 1350○C for
the base composition to 1075○C for the composition of
x ¼ 0:12. The XRD patterns of the LB100x series ceramics
sintered at optimal temperatures are shown in Figs. 1(a)
and 1(b). The sintered ceramics of compositions x ¼ 0
through 0.12 are in perovskite phase with tetragonal distor-
tions; for the high-dopant composition x ¼ 0:16 sintered at
1075○C, a secondary phase, La2Sn2O7; is present. La2Sn2O7

might be an intermediate phase during the formation of the
final perovskite phase at the low sintering temperature of
1075○C. As a comparison experiment, x ¼ 0:16 is also

Fig. 1. (a) X-ray diffraction spectra of the LB100x (x ¼ 0, 0.04,
0.08, 0.12, 0.16) sintered ceramics with peaks indexed on the basis
of a pseudocubic unit cell. (b) The enlarged view from 43 to 45○ of
2θ. The ceramic of x ¼ 0:16 is displayed for its spectra collected on
pellets sintered at low (1075 ○C) and high (1300 ○C) temperatures.

B. Liu et al. J. Adv. Dielect. 14, 2350022 (2024)

2350022-2



sintered at a high temperature of 1300○C, and XRD is
performed. As expected, the La2Sn2O7 impurity phase dis-
appears. Figure 1(b) provides a close view of the XRD pattern
in the 2θ range from 43○ to 45○, where the (200)/(020) split
peaks shift to the higher 2θ angle region.19,38 This peak shift
is likely due to the smaller radii of A-site substitutions [Liþ

(1.05Å, this value is estimated by extrapolation for a 12-
coordinated Liþ), Bi3þ (1.35Å)] compared to those in the
base composition [Pb2þ (1.49Å), Sr2þ (1.44Å), La3þ

(1.36Å)].43 The incorporated smaller ions lead to a decrease
in the interplanar spacings because of the more compact unit
cell, which results in the XRD peaks shifting to higher 2θ
angles. The peak shift is accompanied by the merging of the
doublet, which is a sign of the reduction of tetragonality, and
the gradual transition of the crystal structure to the cubic
phase as the (Li1=2Bi1=2)-substitution increases. It is inter-
esting to note that the splitting of (200)/(020) peak in the
composition x ¼ 0:16 does not occur at the low-sintering
temperature of 1075○C but can be resolved when sintered at
1300○C, indicating an almost cubic structure in the pellet
sintered at 1075○C.

Figure 2 shows the representative SEM micrographs of the
fracture surface of as-sintered ceramics. Intergranular fracture
features are dominant and the high density of ceramics is also
verified. The grain size is quantified with the line intercept
method following appropriate statistical methods, and over
300 grains are measured for each composition. The distri-
bution of grain size is overlaid on the SEM micrographs. The
average values are plotted in Fig. 3 and listed in Table 1 to-
gether with sintering temperatures and electrical properties.
The grain size reduces significantly with the increase of
(Li1=2Bi1=2)-substitution. The grain size of the base compo-
sition is 4.98�m, and whilst that of the x ¼ 0:16 composition

is reduced to 1.19�m. In the substitution range of x•0:12,
the grains display a strong faceting tendency. In the compo-
sition x ¼ 0:16, some small spherical particles in between the
large faceted grains are observed. They are very likely to be
the secondary phase La2Sn2O7.

Figure 4 showcases TEM bright-field micrographs of x ¼
0 and x ¼ 0:12, along with their corresponding electron
diffraction patterns. In Fig. 4(a), a large [001]c-oriented grain
of the base composition is imaged. Characteristic AFE
domains in the checkerboard pattern are evident. Incom-
mensurate modulations in the form of fringes are clearly
discernible. The areas a2 and a3 are located in separate 90○

AFE domains, while area a1 is sitting across the AFE domain
wall. Correspondingly, the electron diffraction patterns dis-
play two sets of satellite diffraction spots along orthogonal
directions.44 Incommensurate modulations in PbZrO3-based

Fig. 2. SEM micrographs of the fracture surface of LB100x ceramics. (a) x ¼ 0, (b) x ¼ 0:04, (c) x ¼ 0:08, (d) x ¼ 0:12, (e) x ¼ 0:16. The
grain size analysis is overlaid on the micrograph.

Fig. 3. Sintering temperatures of LB100x ceramic series and the
resulting grain size.
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ceramics are characterized by the presence of satellite dif-
fraction spots that can be indexed as 1/nf110g. The satellite
spots are round and sharp in the base composition (x ¼ 0) and
the value of n is determined to be 6.98 for the selected area
diffraction pattern in Fig. 4(a2), and 7.00 for the diffraction
pattern in Fig. 4(a3). These values are consistent with previ-
ous reports.39,44

In the x ¼ 0:12 composition, the grain size is notably
smaller, consistent with the SEM observation. In the area b1
of the [001]c-oriented grain, two lamellar domains are iden-
tified but no satellite diffraction spots are observed in the
reciprocal space. These domains could possibly be AFE
domains without incommensurate modulations.45 At the
same time, numerous dislocations are observed in this grain,
which can be attributed to the incompatible strain generated
during sintering. Akin to x ¼ 0, the checkerboard AFE
domains are also present on the right side of the grain marked
as b2 and b3.46 The corresponding diffraction patterns exhibit
streaking satellite spots that are much weaker in intensity,
indicating a disrupted long-range AFE order. As a conse-
quence of diffuse and elongated satellite spots, n varies
continuously in a range. This range is 5.24–9.82 for the
diffraction pattern in Fig. 4(b2), and 4.88–11.55 for Fig. 4(b3).

3.2. Ferroelectric properties

The polarization versus electric field hysteresis loops of
LB100x ceramics are shown in Fig. 5, with recoverable
energy density Wrec and energy efficiency η displayed. These
dielectric energy storage properties are also listed in Table 1.
The energy efficiency of all the compositions is above 90%,
and when x• 0:12 the recoverable energy density is higher
than 3.2 J/cm3. With the increase of (Li1=2Bi1=2)-substitution,
the polarization-field (P�E) loops evolve into slimmer
shapes until the appearance of the impurity phase at high
substitution x ¼ 0:16. The existence of the impurity phase in
composition x ¼ 0:16 has a noticeable impact on the exper-
imental measurement reproducibility, so only the most rep-
resentative data is shown here. The composition of x ¼ 0:12
exhibits excellent energy storage performance with an ex-
cellent Wrec of 3.22 J/cm

3, an ultrahigh η of 94.0% and a high
breakdown strength of 210 kV/cm.

It is clear in Fig. 5 that as (Li1=2Bi1=2)-substitution
increases, the phase transition becomes diffuse and gradual. It
gets harder to read the critical fields EF and EA directly from
the P�E loops. In this study, the derivative of P with respect
to E is taken and the fields at the peak of dP/dE are assigned
to be the critical fields. The as-determined EF and EA are
plotted in Fig. 5(f). It appears that EF first decreases then

Table 1. Sintering temperature, grain size, recoverable energy density Wrec, en-
ergy efficiency η, temperature at dielectric peak Tm, dielectric relaxation para-
meters γ and δ of the LB100x ceramics.

Composition Tsinter Grain size Wrec η Tm γ δ
100x ○C �m J/cm3 % ○C — —

0 1350 4.98 3.56 90.3 153 1.53 44.85
4 1275 2.89 3.42 92.6 149 1.48 46.37
8 1175 2.19 3.23 90.4 143 1.74 97.85

12 1075 1.27 3.22 94.0 140 1.84 128.76
16 1075 1.19 2.58 90.0 142 1.82 119.87

Fig. 4. TEM analysis of domain structures in grains along the [001]c
zone-axis in ceramics of (a) x ¼ 0 and (b) x ¼ 0:12. The marked
areas a1, a2, a3 and b1, b2, b3 are used to form the corresponding
selected area electron diffraction patterns.
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increases while EA exhibits a monotonic increase with the
increase in substitution level. Close examinations on the P�E
loops show that the electric hysteresis drops significantly,
which confirms the enhanced relaxor characteristics of the
material. The remanent polarization, assessed by the average
of the positive and negative P-axis intercepts, is observed to
be smaller than 1�C/cm2 for all compositions. Furthermore,
the breakdown strength Eb (displayed in Fig. 5) is enhanced
from 170 kV/cm in the base composition to 210 kV/cm in the
composition of x ¼ 0:12. The enhancement is believed to be
originated primarily from the reduced grain size. These
results indicate that the (Li1=2Bi1=2)-substitution of Pb in
PbZrO3-based AFE compositions are beneficial to multiple
dielectric energy-storage properties simultaneously.

3.3. Dielectric properties

The dielectric constant "r and loss tangent tan δ at 1 kHz as a
function of temperature during heating are presented in
Fig. 6. In the base composition, there are three anomalies in
the "r versus T curve. The dielectric constant increases with
temperature till reaching the peak value at 153○C, Tm, which
is followed by a plateau region till 172○C. Presumably, the
ceramic is in the AFE phase below Tm, and a multicell cubic
phase in the plateau region, after which the ceramic is con-
sidered to be in the simple-cubic paraelectric (PE) phase. The
multicell cubic plateau region only exists in the base com-
position, suggesting this intermediate phase is not stable in
the compositions with (Li1=2Bi1=2)-substitution.

19

The maximum dielectric constant "m;r at Tm gradually
decreases with increase in Liþ and Bi3þ, and Tm slightly
shifts down to the low-temperature range (Tm is listed in

Fig. 5. Polarization vs: electric field hysteresis loops of LB100x series measured at 1Hz at room temperature. (a) x ¼ 0, (b) x ¼ 0:04, (c)
x ¼ 0:08, (d) x ¼ 0:12, (e) x ¼ 0:16. (f) The critical fields (EF for forward transition and EA for reverse transition) are displayed for
comparison.

Fig. 6. Dielectric constant and loss tangent of LB100x composition
series measured at 1 kHz during heating at 1○C/min. (a) x ¼ 0, (b)
x ¼ 0:04, (c) x ¼ 0:08, (d) x ¼ 0:12, (e) x ¼ 0:16.
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Table 1). The broadening of the dielectric peak at Tm suggests
a diffused transition from AFE to PE and an enhanced
dielectric relaxation. The relaxation characteristics can be
quantitatively analyzed using the general Curie–Weiss
law:47,48

"m;r

"r
¼ 1þ ðT � TmÞγ

2δ2
; ð6Þ

where γ is the degree of dielectric relaxation (γ 2 ½1; 2�, when
γ ¼ 1 the equation regresses into the Curie–Weiss law; γ ¼ 2
represents a prototypical relaxor); δ is a parameter to describe
the diffuseness of the phase transition at Tm. In this work, the
data in the temperature range from Tm + 40○C to Tm + 140○C
is fitted to Eq. (6). The fitting parameters are plotted in Fig. 7
and also listed in Table 1. The general trend is that the degree
of the dielectric relaxation and the diffuseness of the phase
transition substantially increase with the content of
(Li1=2Bi1=2)-substitution. This supports the introduced relaxor
AFE behavior with reduced electric hysteresis and enhanced
efficiency. The decrease in γ in x ¼ 0:04 from the base
composition may be attributed to the disappearance of the
multicell cubic intermediate phase. The change in x ¼ 0:16 is
likely caused by the presence of the impurity phase.

4. Conclusions

With the aim of decreasing the sintering temperature, in-
creasing the dielectric strength, reducing the electric hyster-
esis, boosting the energy-storage density and efficiency, a
new AFE composition series, [Pb0:93�xLa0:02(Li1=2Bi1=2)x
Sr0:04][Zr0:57Sn0:34Ti0:09]O3 with varying contents of x ¼ 0,
0.04, 0.08, 0.12 and 0.16 is investigated. The (Li1=2Bi1=2)-
substitution of Pb in PbZrO3-based AFE ceramics
demonstrates multiple benefits. It is found that the sintering
temperature can be reduced from 1350○C of the base
composition x ¼ 0–1075○C for x ¼ 0:12 and 0.16 while
maintaining a high relative density of > 95%. Dielectric
breakdown strength is also improved with (Li1=2Bi1=2)-
substitution. Due to the successful suppression of electric

hysteresis, an ultrahigh energy efficiency (94.0%) is achieved
in the composition of x ¼ 0:12 at a recoverable energy den-
sity of 3.22 J/cm3. These benefits are suggested to be origi-
nated from the prominent relaxor behavior imparted by the
Liþ and Bi3þ aliovalent dopants replacing Pb2þ.
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