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Recently, dielectric capacitors have attracted much attention due to
their high power density based on fast charge–discharge capability.
However, their energy storage applications are limited by their low
discharge energy densities. In this work, we designed novel lead-free
relaxor-ferroelectric

0.88BaTiO3–0.12Bi(Li0.5Nb0.5)O3

(0.88BT–

0.12BLN) ceramics with high breakdown strength and high discharge
energy density. The 0.88BT–0.12BLN ceramics were prepared by
a conventional solid state reaction method. Optimal energy storage
properties were obtained in 0.88BT–0.12BLN ceramics sintered at
1220  C with an impressive discharge energy density of 2.032 J cm3
and a charge–discharge eﬃciency of beyond 88% at 270 kV cm1. The
energy storage properties of the 0.88BT–0.12BLN also displayed good
thermal stability from 20 to 120  C at an electric ﬁeld of 150 kV cm1.
Moreover, the discharge speed behavior was investigated by using
pulsed current. The pulsed discharge current waveforms showed that
all the samples have fast discharge times (less than 0.5 ms) under
diﬀerent electric ﬁelds. This work signiﬁcantly increases the intrinsic

breakdown strength and discharge energy density of capacitors
still limit their application in high-voltage equipment and
compact electronic devices.11–13 It is important to search for new
materials with high breakdown strength and discharge energy
density to meet the increasing demands for more compact
electronic and energy storage devices.
For dielectric capacitors, high maximum polarization (Pmax),
low remnant polarization (Pr) and high breakdown strength are
desired for achieving high discharge energy density and energy
conversion eﬃciency (%). In general, anti-ferroelectric (AFE)
and ferroelectric (FE) ceramic materials are strong candidates.
As for antiferroelectric and ferroelectric ceramics, it is well
known that the energy storage density (W) is determined by the
dielectric constant and the breakdown strength:14
ð Pmax
W¼
EdP
(1)
0

breakdown strength and discharge energy density of BaTiO3-based
materials with high charge–discharge eﬃciency for high power

Wdis ¼

energy storage devices.

h¼
Nowadays dielectric capacitors have attracted much attention
due to their high power density based on ultrafast charge–
discharge capability (<1 ms).1–5 However, their energy storage
applications are limited by their low discharge energy densities.
In modern electronics and electrical power systems, capacitors
with high energy density can reduce the volume, weight, and
cost of electronic and energy storage devices.6–10 So, the low
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ð Pmax

EdP

(2)

Wrec
 100%
W

(3)

Pr

where W, Wdis, E, Pr, Pmax and h are the charge energy density,
the discharge energy density, the electric eld, the remnant
polarization, the maximum polarization and the charge–
discharge energy eﬃciency, respectively. AFE and FE ceramics
are promising for high-power energy storage applications
because of their large dielectric constant. However, the interior
defect of pores during the sintering route and their high
remnant polarization make AFE and FE ceramics exhibit low
breakdown strength (<200 kV cm1) and discharge energy
storage density (<2 J cm3).15–17
In recent years, many eﬀorts have been focused on
improving the energy storage properties of AFE and FE.
According to eqn (2), there are two possible routes to improve
the discharge energy density of AFE and FE ceramics for energy
storage applications: one is to enhance the breakdown strength.
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Another is to increase the limit of integration by enlarging the
diﬀerence between the Pr and Pmax. For example, AFE ceramic
(Pb0.88La0.08)(Zr0.91Ti0.09)O3 possesses a Wdis of 3.04 J cm3, a h
of 92% under near breakdown strength (170 kV cm1).18 Then
AFE ceramic (Pb0.97xSrxLa0.02)(Zr0.75Sn0.195Ti0.055)O3 has
a higher energy density (5.56 J cm3) because of the higher
applied electric eld (350 kV cm1).19 BaTiO3 is an important
lead-free FE material and a widely used capacitor material. As
for BaTiO3-based FE ceramics, some oxides with extra high
breakdown strength are used as additives to enhance the
breakdown strength of BaTiO3-based FE ceramics, such as
Al2O3, SiO2, MgO and so on.20–22 For example, BaTiO3 ceramics
coated with powders of Al2O3 and SiO2 with an enhanced energy
storage density of 0.725 J cm3 with h  80% had been prepared
by Liu et al.20 Huang et al.21 obtained the BST-MgO composite by
spark plasma sintering with the Wdis about 1.5 J cm3 and h 
88.5%. While previous work mainly focused on increasing the
breakdown strength values to obtain larger energy storage
density, less attention was paid to the technique of enlarging the
diﬀerence between Pmax and Pr values. A recent study has shown
that relaxor ferroelectrics exhibit high energy density with a large
diﬀerence between the Pmax and Pr values (high Pmax, lower Pr and
slim hysteresis loop). For example, Shen et al. found that
0.91BaTiO3–0.09BiYbO3 ceramics exhibited an energy storage
density of 0.71 J cm3 at 93 kV cm1.23 Then a series of relaxor
ferroelectric BaTiO3–Bi(M2/3Nb1/3)O3 and BaTiO3–Bi(M1/2Ti1/2)O3
(M ¼ Mg and Zn) ceramics were studied and the energy storage
density varied between 0.7 and 1.81 J cm3.24–28 As a promising
candidate system, relaxor ferroelectric BaTiO3-based ceramics are
playing an important role in the area of energy density capacitors
due to their low Pr, high Pmax and low energy loss. In this work,
a new relaxor ferroelectric 0.88BaTiO3–0.12Bi(Li0.5Nb0.5)O3 solid
solution ceramic achieved a signicantly enhanced dielectric
breakdown strength (>270 kV cm1), discharge energy density
(>2 J cm3) and charge–discharge eﬃciency (>88%). Moreover,
good thermal stability in the wide range of 20–120  C of the
energy storage performance and a fast discharge speed (s0.9 #
0.15 ms) were also observed.
Fig. 1a shows the XRD patterns of the 0.88BT–0.12BLN
ceramics sintered at 1220  C. From Fig. 1a, it is seen that the
0.88BT–0.12BLN ceramics exhibited a perovskite structure
without any appreciable secondary impurity phases, indicating
that BLN can diﬀuse into the BT lattices to form a solid solution
in this composition. Based on Shannon's data, the equivalent
ionic radius of Ba2+ (1.61 Å) in a 12 coordinate environment is
larger than that of Bi3+ (1.11 Å) in the ABO3 perovskite structure.
The equivalent ionic radii of (Li0.5Nb0.5)3+ ions can be calculated
by the following equation: R ¼ 0.5R(Li+) + 0.5R(Nb5+) ¼ 0.70 Å
(ionic radii of Li+ and Nb5+ are 0.76 Å and 0.64 Å, respectively).29
The result shows that (Li0.5Nb0.5)3+ and Ti4+ have similar
equivalent ionic radii. It is understandable that the (Li0.5Nb0.5)3+
ion can occupy the B sites. Moreover, Bi3+ is much larger than
Ti4+ (0.605 Å). It is believed that Bi3+ ions and (Li0.5Nb0.5)3+ ions
are more likely to enter the A-site and B-site in the BT–BLN
ceramics, respectively. From the enlarged pattern of the (200)
peak at about 45 , one can see that the crystal phase of 0.88BT–
0.12BLN ceramics is a cubic phase. The cell parameter and
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(a) XRD patterns of the 0.88BT–0.12BLN ceramics; (b) SEM
micrographs of the 0.88BT–0.12BLN ceramics; (c) EDX elemental
mapping images of the 0.88BT–0.12BLN ceramics, green, O–K; red,
Nb–L; olive, Bi–M; cyan, Ba–L; blue, Ti–K; the bright contrast corresponds to high density regions, suggesting compositional homogeneity related to the original surface; (d) the high-resolution TEM image,
the inverse FFT(white square area) image, and the Selected Area
Electron Diﬀraction (SAED) spots for the [0 0 1] and [1 1 0] zone axes
of 0.88BT–0.12BLN bulk ceramics, respectively.

Fig. 1

volume values for 0.88BT–0.12BLN ceramics are calculated to be
a ¼ 4.0178(9) Å and volume ¼ 64.86 Å3. Fig. 1b and c show SEM
and elemental mapping of the 0.88BT–0.12BLN ceramics. As
seen from Fig. 1b, the grain boundaries of 0.88BT–0.12BLN
ceramics are clear and there is no obvious visible pore. The
original surface and fractured surface micrographs indicate
that the sintered 0.88BT–0.12BLN ceramics are quite dense and
grain sizes are about 1 mm. Previous studies indicate that the
dense microstructure and the small pore size in bulk ceramics
can lead to high breakdown strength.14 In order to conrm the
composition of Ba, Ti, Bi, Nb, and O, elemental mapping
analysis has been carried out at some selected positions of the
0.88BT–0.12BLN ceramics as shown in Fig. 1c. It can be seen
that the Ba, Ti, Bi, Nb, and O elements are uniformly distributed
in the 0.88BT–0.12BLN ceramics. Fig. 1d shows the highresolution transmission electron microscopy (HR-TEM) image
and selected area electron diﬀraction (SAED) pattern of the
0.88BT–0.12BLN bulk ceramics. The HR-TEM image clearly
reveals a lattice fringe. Fig. 1d clearly displays an interplanar
spacing of d ¼ 0.40 nm and 0.28 nm, corresponding to the (100)
and (110) crystal planes of 0.88BT–0.12BLN bulk ceramics. The
SAED patterns of 0.88BT–0.12BLN bulk ceramics viewed along
the [0 0 1] and [1 1 0] zone axes are shown in Fig. 1d. The HRTEM results also supported the XRD analysis.
Fig. 2a and b shows the temperature and frequency dependence of the dielectric constant (3r) and dielectric loss (tan d) of
the 0.88BT–0.12BLN ceramics. The 3r  T and tan d  T curves
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(a) Temperature dependence of the dielectric constant and the loss of the 0.88BT–0.12BLN ceramics measured in the temperature range
from 25 to 300  C; (b) frequency dependence of the dielectric constant and the dielectric loss of 0.88BT–0.12BLN ceramics; (c) Weibull
distributions and the ﬁtting lines of the breakdown strength of 0.88BT–0.12BLN ceramics; (d–f) the unipolar P-E loops and the energy storage
properties of 0.88BT–0.12BLN ceramics at diﬀerent electric ﬁelds.

Fig. 2

were measured at increasing frequencies from 100 Hz to 1 MHz.
From Fig. 2a, it can be seen that the 3r of the 0.88BT–0.12BLN
ceramics exhibits good temperature stability (3r changes with
temperature less than 10%) from 25 to 120  C and then
decreases as the temperature increases from 120 to 300  C. The
emergence of the relaxor behavior is caused by the addition of
BLN to the BT ceramics. The tan d decreases as the temperature
increases from 25 to 300  C and always maintains a low loss.
Previous studies reported that BiM1M2O3 can eﬀectively mitigate the sintering temperature and dielectric losses.24–26 From
Fig. 2b, the 3r becomes smaller as the frequency increases.
Generally, it can be attributed to the dielectric relaxation in
0.88BT–0.12BLN ceramic. The tan d exhibits a relatively low
value of 0.01 at a low frequency from 102 to 106 Hz, and
a sharp increase appears above 107 Hz, which should be
ascribed to the relaxor polarization loss. It indicates that BLN
could mitigate dielectric losses signicantly. The 3r and tan d
values of the 0.88BT–0.12BLN ceramics vary slightly around
1180 and 0.01, respectively. The moderate dielectric permittivity
(about 1000) is favorable for high breakdown strength. In order
to obtain the value of intrinsic breakdown strength, the Weibull
distribution of breakdown strength for 0.88BT–0.12BLN

This journal is © The Royal Society of Chemistry 2017

ceramics is shown in Fig. 2c. The Weibull distribution can be
described by the following equations:11,14
Xi ¼ ln(Ei)


Yi ¼ ln ln 1 



i
1þn

(4)
(5)

where Xi and Yi are the two parameters in the Weibull distribution function, Ei is the specic breakdown voltage of each
specimen in the experiments, n is the sum of specimens of each
sample, and i is the rank of specimens. From Fig. 2c, Xi and Yi
have a linear relationship and all data points t well with the
Weibull distribution and the shape parameter m is larger than
11 for each composition. According to the data given in Fig. 2c,
the breakdown strength of 0.88BT–0.12BLN ceramics is
340 kV cm1. The values of breakdown strength are signicantly
higher than those of other BT-based bulk ceramics. Fig. 2d
shows unipolar P–E loops of the 0.88BT–0.12BLN ceramics that
are measured with 10 Hz triangular signals under diﬀerent
electric elds (Fig. S1†). As shown in Fig. 2d, the unipolar P–E
loops become thick as the electric eld increases. The P–E loops
of 0.88BT–0.12BLN ceramics transform gradually from a saturated loop for pure BT ceramics into slim loops for 0.88BT–
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Comparison of the energy storage properties of 0.88BT–0.12BLN ceramics and BT-based ceramics

No.

Sample

Eb (kV cm1)

Wrec (J cm3)

h (%)

Ref.

1
2
3
4
5
6
7
8

0.8BaTiO3–0.2BiYO3
0.91BaTiO3–0.09BiYbO3
0.90BaTiO3-0.10BiInO3
0.85BaTiO3–0.15Bi(Zn2/3Nb1/3)O3
0.86BaTiO3–0.14Bi(Zn1/2Ti1/2)O3
0.90BaTiO3–0.10Bi(Mg2/3Nb1/3)O3
0.88BaTiO3–0.12Bi(Mg1/2Ti1/2)O3
0.88BaTiO3–0.12Bi(Li0.5Nb0.5)O3

66
93
140
131
120
143
224
270

0.316
0.71
0.753
0.79
0.81
1.13
1.81
2.032

82.7
82.6
89.4
93.5
94
93
88
88

25
23
25
24
26
27
28
This work

0.12BLN ceramics (Fig. S2†). The results show that the ferroelectric properties of 0.88BT–0.12BLN ceramics are dramatically
decreased with the BLN content. These observations indicate
that BLN modication can destabilize the ferroelectric phase in
BT ceramics. Fig. 2e shows Pr and Pmax as a function of the
electric eld. With the electric eld increasing from 40 to
270 kV cm1, the Pr and Pmax values increase from 0.15 and
6.42 mC cm2 to 1.19 and 19.77 mC cm2, respectively. The
0.88BT–0.12BLN relaxor ceramic is more likely to be used for
high Wdis because of the small Pr. Fig. 2f represents the
discharge energy density and charge–discharge energy eﬃciency of 0.88BT–0.12BLN as a function of the electric eld. It
can be observed that discharge energy density increases while
charge–discharge energy eﬃciency decreases as the electric
eld increases. In Fig. 2f, the discharge energy density of
0.88BT–0.12BLN increases from 0.21 to 2.032 J cm3 with the
increase of the electrical eld from 40 to 270 kV cm1. The
charge–discharge energy eﬃciency is determined by the ratio of
the discharge energy density and charge energy density. With
the increases of the applied electric eld, the charge–discharge
energy eﬃciency decreases because of the increases of energy
loss density. For the energy storage eﬃciency, it always keeps
a high eﬃciency (>88%) when the applied electric eld reaches
270 kV cm1. The 0.88BT–0.12BLN ceramics exhibit optimum
energy storage properties with a charge energy density of
2.34 J cm3, a discharge energy density of 2.032 J cm3 and
a charge–discharge eﬃciency of 88% under 270 kV cm1. In
this work, the breakdown strength and discharge energy density
values are considerably higher than those of some other leadfree ceramics, indicating that the 0.88BT–0.12BLN ceramics
are a promising candidate for high power energy storage

Fig. 3

applications. Table 1 compares the discharge energy density
and electric eld performance of our samples with other
promising candidate materials reported previously. The large
discharge energy density (2.032 J cm3) of 0.88BT–0.12BLN
ceramics is almost 1.5 times higher than those of other lead-free
bulk ceramics. Furthermore, a high breakdown strength
(>270 kV cm1) and high energy eﬃciency (>88%) are
concomitantly achieved in the 0.88BT–0.12BLN, which makes it
outstanding as an environmentally friendly material for electrostatic energy storage.
Fig. 3 shows Pr, Pmax and the energy storage properties of
0.88BT–0.12BLN ceramics as a function of temperature from 20
to 120  C under 150 kV cm1. Fig. S3† shows the P–E loops of
0.88BT–0.12BLN ceramics at various temperatures from 20 to
120  C under 150 kV cm1. As is well known, the capacitors
exhibit a heat phenomenon in the application. Therefore,
thermal stability is regarded as one pivotal factor for electronic
materials. So it is important to study the thermal stability of the
0.88BT–0.12BLN ceramics. Fig. 3a indicates that the Pr and Pmax
values decreased from 1.24 to 0.8 mC cm2 and from 13.49 to
11 mC cm2, respectively, when the temperature increases from
20 to 120  C. It can be seen that 3r also decreases slightly with
a temperature increase from 20 to 120  C in Fig. 2a. This relaxor
behavior is caused by the addition of BLN in the BT ceramics.
The polarization response of the 0.88BT–0.12BLN ceramics
exhibits good temperature stability from 20 to 120  C because of
the relaxor behavior. Fig. 3b shows the discharge energy density
and the charge–discharge energy eﬃciency exhibit a good
thermal stability from 20 to 120  C. The discharge energy
density and charge–discharge energy eﬃciency vary slightly
from 0.9 to 0.8 J cm3 and around 84%, respectively, when the

The Pr, Pmax and energy storage properties of 0.88BT–0.12BLN ceramics at diﬀerent temperatures under 150 kV cm1.
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Fig. 4 Pulsed discharge current (a) and time dependence of the discharge energy density (b) of 0.88BT–0.12BLN ceramics under diﬀerent

electric ﬁelds.

temperature increases from 20 to 120  C. These results suggest
that 0.88BT–0.12BLN ceramics have excellent thermal stability
of the energy storage capability.
Fig. 4 shows the discharging speed behavior of 0.88BT–
0.12BLN ceramics under diﬀerent electric elds. A fast
discharge time is required for the high energy density capacitors. The discharge speed and discharge energy density are
measured using a high-speed capacitor discharge circuit
(RC circuit). In this circuit, the discharge energy is measured
using a load resistor (RL) in series with the 0.88BT–0.12BLN
ceramic samples (Fig. S4†). The samples are charged to 50, 100,
1 and 50 kV cm1 followed by discharge across a 205 U load. The
discharge energy density can be calculated as:30,31
ð
W ¼ R i2 ðtÞdt=V
(6)
where i(t) is the discharge current detected by using the oscillograph, R is the total load resistance (205 U), and V denotes the
volume of the measured sample. The experimental discharge
time s0.9 is dened as the time for the discharge energy in the
load to achieve 90% of the nal value from the discharge
proles.18 Fig. 4a shows the dependence of discharge current
waveforms on discharge time under diﬀerent electric elds. It
indicates that all the discharge processes last about 0.50 ms. The
discharge energy density as a function of discharge time under
diﬀerent electric elds is shown in Fig. 4b. The s0.9 of all
samples is less than 0.15 ms. That means 90% of the discharge
energy density can be released in about 0.15 ms. It indicates that
0.88BT–0.12BLN ceramics are very promising for pulsed power
capacitors.

Conclusions
In summary, this work demonstrates signicantly enhanced
breakdown strength and improved discharge energy density of
BT-based ceramics through incorporation of BLN forming
a perovskite solid solution. High breakdown strength and
discharge energy density were obtained in the 0.88BaTiO3–
0.12Bi(Li0.5Nb0.5)O3 (0.88BT–0.12BLN) ceramics prepared by
using a conventional solid state reaction method. XRD and
SAED analysis indicated that 0.88BT–0.12BLN exhibited
a perovskite structure. The 0.88BT–0.12BLN ceramics exhibited

This journal is © The Royal Society of Chemistry 2017

good energy storage properties with high dielectric breakdown
strength (>270 kV cm1), discharge energy density (>2 J cm3)
and charge–discharge eﬃciency (>88%). The great thermal
stability in the wide range of 20–120  C of the energy storage
performance and a fast discharge speed (s0.9 # 0.15 ms) were
also observed. All the results indicate that the 0.88BaTiO3–
0.12Bi(Li0.5Nb0.5)O3 ceramic is a promising lead-free material
for high density energy storage capacitor application.
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