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In this work, a full range of compositions of (1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3 (NZT-BT) (0.0    1.0)
ceramics were prepared by using conventional solid state reaction method at sintering temperature from
1300  C to 1500  C. Sintering behavior, phase composition, microstructures, and energy storage properties were investigated. X-ray diffraction (XRD) analysis showed that the system formed a monoclinic
solid solution when 0 < x < 0.3, a cubic perovskite solid solution when 0.5 < x < 0.9, a tetragonal
perovskite solid solution when 0.94 < x < 1.0. Materials were found to be ferroelectric when x  0.9. The
0.08 Nd(Zn1/2Ti1/2)O3e0.92BaTiO3 ceramic sample was found to possess the largest energy density about
0.62 J/cm3 with charging efﬁciency 90% at a breakdown ﬁeld strength 131 kV/cm.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
With the increasing demands for compact electronics in modern
electronics and electrical power systems such as hybrid electric
vehicles (HEV), medical deﬁbrillators, ﬁlters, and switched-mode
power supplies, high energy storage density dielectric materials
have become a major enabling technology [1e7]. Dielectric materials with high energy density would help to reduce the volume,
weight, and cost of power system [7e12]. It is well known that the
energy storage density (J) is determined by the dielectric constant
and the breakdown strength (BDS):

Z
J¼

EdD

(1)

where J is the total stored energy density, E is the applied electric
ﬁeld and D is the electric displacement. For linear dielectrics, J ¼ 1/
2DE ¼ 1/2εrε0E2, where εr is the dielectric constant of the ceramic
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materials and ε0 is the vacuum permittivity [12e17]. Therefore, J
strongly depends on the εr and E, where E is limited by the
breakdown strength (Eb). In order to reach a high energy density,
characteristics such as high dielectric constant, high breakdown
strength and low dielectric loss are needed for dielectric materials
[18e22]. Conventionally, anti-ferroelectric ceramic dielectrics
synthesized by solid-state reaction method are selected as medium
voltage capacitors owing to their extremely high dielectric constant. However, their applications are limited by several property
degradations, such as the low breakdown strength (BDS) caused by
interior defect of pores during the sintering route and their high
remnant polarization leading to a very small polarization difference
in the polarizationeelectric ﬁeld (PeE) loop [21e24]. This is a
serious problem about the energy conversion efﬁciency in antiferroelectric ceramics. Recently, many efforts have been focused
on improving the energy storage properties of BaTiO3 (BT), SrTiO3
(ST) and Pb(Zr,Ti)O3 (PZT) based ceramic so as to attain high energy
storage density capacitors, such as using compositions with Curie
temperatures (determined from temperature corresponding to the
maximum dielectric constant) well below the operating temperature, optimization of the microstructure, addition or doping in the
glass ceramics and so on [25e28].
BaTiO3 (BT) ceramic plays a key role in the ﬁeld of energy
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density capacitors because of its high permittivity, high breakdown
strength and favorable bias stability. The noble metal Sc has been
used to improve the temperature stability of the BaTO3 ceramics in
energy-storage application, i.e., 0.7BaTiO3e0.3BiScO3 ceramics,
which exhibit energy density of 6.1 J/cm3 at ﬁeld of 73 kV/mm [28].
The substitution of A-site or B-site ion can reduce the remnant
polarization of BT-based ceramics effectively. The properties of
Ba0.4Sr0.6TiO3 (0.37 J/cm3 under 120 kV/cm) and BaTiO3eBa(Mg1/
3
3Nb2/3)O3 (BTeBMN) composite ceramic (1.07 J/cm under 158 kV/
cm) have been reported [29e32]. Pure Nd(Zn1/2Ti1/2)O3 (NZT) sintered at 1500  C exhibiting excellent microwave dielectric properties (a permittivity of ~27.5, a quality factor Qf of ~27,000 GHz and a
temperature coefﬁcient of frequency of (TCF or tf) ~ 53 ppm/ C) is
one of the good candidates to form a solid solution with BT ceramic
due to the similar crystal structure [32]. The ionic radius of Ba2þ
(1.43 Å) is a little larger than that of Nd3þ (1.27 Å) and NZT can
diffuse into the BT lattices to form a solid solution. Due to the
different thickness and breakdown strength, the energy storage
densities of ceramics here are a little smaller than that of some
classic compositions in literature. However, it is a good try to use Nd
to form some novel perovskite solid solutions for capacity energy
storage application.
In the present work, the (1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3
(0.0    1.0) composite ceramics were synthesized by a conventional solid-phase synthesis method. We studied the sintering
behavior, microstructures, and the energy-storage properties of the
Nd(Zn1/2Ti1/2)O3eBaTiO3 ceramics.
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computer, where the specimens were heated at a rate of 2  C/min
from 100  C to 350  C. Polarizationeelectric ﬁeld (PeE) hysteresis
loops were measured at room temperature by a TF Analyzer 2000
(aix ACCT) ferroelectric test system. The electric ﬁeld was applied
from 1 to 140 kV/cm with a triangular wave form under 10 Hz
during measurement.

3. Results and discussion
3.1. Structure of NZTeBT solid solutions
Fig. 1a and b shows the XRD patterns and lattice parameters of
(1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3 (0.0    1.0) ceramics sintered at
optimized sintering temperature, respectively. It is seen that all the
samples crystallized into the polycrystalline perovskite structure
and all the peaks are indexed based on the perovskite structure in
Fig. 1a. As we can see from Fig. 1b, the lattice parameters and phase
transition of (1-x)NZT-xBT (0.0    1.0) ceramics are changed
with x value increased. A complete perovskite solid solution is
formed as x value increased from 0.0 to 0.3, a merging of characteristic reﬂection peaks, such as (011) and (101) peaks into a (110)
peak is clearly observed. It can be seen that a, b and c decreases
with x value increases. Since the ionic radii of Ba2þ (1.61 Å) in 12

2. Experimental
2.1. Preparation of the ceramics
The (1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3 (0.0    1.0) powders
were synthesized by the conventional solid state reaction method.
Proportionate amounts of reagent-grade starting materials of
BaCO3, ZnO (>99%, Sinopharm Chemical Reagen Co, Ltd, Shanghai,
China), Nd2O3 (>99.99%, Sinopharm Chemical Reagen Co, Ltd,
Shanghai, China) and TiO2 (>99.95%, Yutong Chemical Reagents,
Tianjin, China) were weighted according to the stoichiometric
compositions of (1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3 (0.0    1.0).
Nd2O3 powders were calcined at 1000  C for 4 h before weighting.
The mixed powders were milled in absolute ethyl alcohol solution
with zirconia balls (2 mm in diameter) as milling media using
polyethylene jars and planetary mill (QM-1F; Nanjing Machine
Factory, Nanjing, China) for 4 h at a running speed of 150 rpm, then
calcined in air at 1170  C for 4 h. After being crushed and re-milled
for 5 h at 200 rpm to increase reactivity and better homogeneity.
Then the dried powders granulated with 5 wt% polyvinyl alcohol
(PVA) were uniaxially pressed into cylinders (12 mm in diameter
and 5 mm in height) in a steel die under pressure of 150 MPa. PVA
was burnt out at 550  C for 5 h (2  C/min). Samples were sintered in
the temperature ranges from 1300  C to 1500  C for 2 h (3  C/min).
2.2. Characterization
Crystalline structures were investigated by using X-ray diffraction (XRD) with Cu Ka radiation (Rigaku D/MAX-2400 X-ray
diffractometer, Tokyo, Japan). Microstructures were observed on
fractured surfaces with scanning electron microscopy (SEM) (SEM;
Quanta 250 F, FEI). Apparent densities were measured by Archimedes’ method. To determine the dielectric properties, the sintered
samples were polished and coated with silver on both surfaces.
Temperature dependence of dielectric constant and loss was
determined at frequencies between 100 Hz and 1 MHz by means of
a LCR meter (HP 4980, Agilent, Palo Alto, CA) interfaced with a

Fig. 1. XRD patterns (a) and lattice parameters (b) of the sintered (1-x)NZTexBT
(0.0    1.0) ceramics.
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possesses a single perovskite structure, and no appreciable secondary phase can be observed within x  0.6, indicating that NZT
can diffuse into the BT lattices to form a solid solution when x  0.6.
They become closer and closer and ﬁnally become equal to each
other when x ¼ 0.6 (a ¼ b ¼ c ¼ 3.9716(9) Å), which means that the
crystal structure is changed from monoclinic to cubic phase. It indicates that a major phase of BaTiO3 in (1-x)NZT-xBT ceramic when
x  0.6. As x value reaches 0.98, the crystal structure is changed
from cubic to tetragonal phase with a ¼ 3.9867(0) Å, b ¼ 3.9867(0)
Å, c ¼ 4.0128(3) Å.

3.2. Density measurements

Fig. 2. The density of the (1-x)NZT-xBT (0.90    0.94) ceramics as a function of
sintering temperature for 2 h.

coordinate environment is a little larger than that of Nd3þ (1.27 Å)
and the (1-x)NZT-xBT ceramic with NZT phase (monoclinic structure). As seen from Fig. 1b, Crystal structures of the (1-x)NZT-xBT
ceramics belong to cubic phase when x  0.5, and it indicates that
the phase transition from monoclinic to cubic structure with x
value increased from 0.3 to 0.5. It can be seen that the ceramic

Fig. 2 shows the relationships between sintering temperature
and
densities
of
the
(1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3
(0.9    0.94) ceramics. As can be seen from Fig. 2, the bulk
density of ceramics gradually increases and then decreases with
increasing sintering temperature. Namely, it has a maximum value,
which is called suitable sintering temperature (SST). It can be
observed that the SST of NZT-BT ceramics decreases with increasing
NZT content. The results indicate that NZT can lower the SST of
BaTiO3-based ceramics. Due to the density of pure NZT ceramic
(6.89 g/cm3) is higher than that of pure BT ceramics (6.01 g/cm3), so
the bulk density of NZN-BT is decreased with increasing BT content.
From Fig. 2, the density of NZT-BT ceramics is about 5.6 g/cm3 to
5.9 g/cm3 at when 0.9    0.94.

Fig. 3. SEM images and EDS analysis of the thermally etched surfaces of the (1-x)NZT-xBT (0.90    0.94) ceramics sintered at: (a) x ¼ 0.90; (b) x ¼ 0.92; (c) x ¼ 0.94; (d) EDS
analysis of x ¼ 0.92.
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3.3. SEM results

Fig. 4. Temperature dependence of dielectric constant and loss of the (1-x)NZTexBT
(0.90    0.94) ceramics measured in the temperature range from 25  C to 350  C.

Surface microstructure images and EDS analysis of the (1-x)
Nd(Zn1/2Ti1/2)O3exBaTiO3 (0.90    0.94) ceramics are shown in
Fig. 3aed. Evidently, with the content of BT increasing, grain sizes of
samples does not change signiﬁcantly. From Fig. 3aec, the samples
with different NZT concentration are densely sintered and grain
sizes are homogeneous. Grain boundaries are clear, and no obvious
visible pores can be found. The microstructure images correspond
well with the densities analysis of samples. In order to conﬁrm the
chemical component content of these as-prepared ceramics, EDS
analysis has been taken at some selected positions of the
0.08Nd(Zn1/2Ti1/2)O3e0.92BaTiO3 ceramic. Fig. 3d shows the
composition analysis of a surface area (marked as A) and a single
large grain (marked as B). It can be seen that the ratio of all elements in area of A and B are very close to the theoretical values of
0.08Nd(Zn1/2Ti1/2)O3e0.92BaTiO3, indicating that the chemical
compositions are very average in the ceramics. The results of EDS
analysis indicate that the NZT-BT solid solution was formed, which
corresponds well with the XRD analysis above.
3.4. Dielectric properties
Fig. 4 shows temperature dependence of dielectric constant εr
and dielectric loss tand of the (1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3
(0.90    0.94) ceramics at 100 kHz. The curves show no evidence of dielectric peak from room temperature up to 350  C.
Dielectric constant of the samples decreased as temperature and
show negative temperature coefﬁcients of dielectric constant.
Dielectric constant increases with increasing temperature and
shows positive temperature coefﬁcient of dielectric constant when
the temperature reaches to 300  C. To further understand the
temperature dependence of dielectric constant εr and dielectric loss
tand of the (1-x)NZTexBT ceramics, dielectric constant εr and
dielectric loss tand measured in the temperature range
100e150  C are demonstrated in Fig. S1. As seen from Fig. S1, it
can be seen that Curie temperature of (1-x)NZT-xBT ceramics increases from below 100  C to 80  C with increasing BT content.
The dielectric constant and loss tangent of (1-x)NZT-xBT ceramics
around the Curie temperatures are substantially reduced. Dielectric
constant of the (1-x)NZT-xBT ceramics decreased with NZT content.
It is attributed to the lower dielectric constant of NZT. Substitution
of the Ti4þ by Zn2þ in the BT system resulted in weakening of
bonding force between the B-site ion and oxygen ion of ABO3
perovskite structure, leading to a reduced phase transition temperature (TC), which is in consistence with earlier results that TC
shifts to lower temperature with the substitution of the Ti-site by
Zn2þ in BT system [30].
3.5. Ferroelectric properties

Fig. 5. The energy-storage properties of (1-x)NZT-xBT ceramics: (a) the bipolar PeE
hysteresis loops at room temperatures, (b) the unipolar PeE hysteresis at room
temperatures.

Fig. 5 shows polarizationeelectric ﬁeld (PeE) hysteresis loops of
the (1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3 (0.90    0.94) ceramics
were measured with 10 Hz unipolar triangle signal at room temperature. Energy storage behavior of the (1-x)NZT-xBT ceramics
with different NZT content is calculated by PeE hysteresis loops.
With increase of NZT content, PeE loop becomes ﬂattened and
slanted, indicating that the NZT addition weakens the ferroelectric
properties of the ceramics remarkably. As NZT content increases
further, the largest polarization decreases. The samples with higher
NZT content exhibit linear PeE relationships. In general, the largest
polarization of BT-based ceramics is increased effectively by addition of BT. Table 1 shows the maximum polarization (Pmax),
remnant polarization (Pr) of (1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3 ceramics at room temperature. When x value increased from 0.9 to
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Table 1
Maximum polarization (Pmax), remnant polarization (Pr), dielectric breakdown ﬁeld (Eb), discharge energy density, charge energy density and energy efﬁciency of (1-x)Nd(Zn1/
2Ti1/2)O3exBaTiO3 ceramics at room temperature.
x

Pmax (mC/cm2)

Pr (mC/cm2)

Eb (kV/cm)

Discharge energy density (J/cm3)

Charge energy density (J/cm3)

Energy efﬁciency (%)

0.90
0.92
0.94

7.88
11.82
17.69

1.25
0.95
1.53

91
131
72

0.27
0.62
0.48

0.38
0.69
0.62

71.0
89.9
77.0

0.94, the largest polarization of the loop increased from 7.88 mC/cm2
to 17.69 mC/cm2. With the increase of BT content, ferroelectric
properties of (1-x)NZT-xBT ceramic become stronger. Table 1 also
shows the dielectric breakdown ﬁeld (Eb), discharge energy density
(Jd), charge energy density (Jc) and energy efﬁciency (Jd/Jc) of the
NZT-BT ceramics. The charged energy density (Jc) of a dielectric
material is equal to the integral of an area enclosed by charge curve
and y-axis. The discharged energy density (Jd) is calculated by
integrating the area enclosed by discharge curve and y-axis. The
energy loss density is deﬁned as the difference between charged
and discharged energy densities, quantitatively equal to the inner
space of PeE loop. Energy storage, energy loss and energy release of
(1-x)NZT-xBT ceramics were calculated from the unipolar PeE
hysteresis loops as described in Eq. (1). A maximum Jc value of
0.62 J/cm3 is achieved under 131 kV/cm at x ¼ 0.92. The energy
storage efﬁciency of the 0.08NZT-0.92BT ceramic was up to 90%.
4. Conclusion
In the present work, a series of (1-x)Nd(Zn1/2Ti1/2)O3exBaTiO3
(0.0    1.0) ceramics were prepared by using conventional solid
state reaction method. All the ceramic samples could be well
densiﬁed at 1300  Ce1500  C. XRD analysis indicated that a
monoclinic solid solution region was formed in the range
0 <  < 0.3, a cubic perovskite solid solution was formed in the
range 0.5 <  < 0.9, a tetragonal perovskite solid solution was
formed in the range 0.94 <  < 1. The 0.08Nd(Zn1/2Ti1/2)
O3e0.92BaTiO3 ceramic sample was found to possess the largest
energy density about 0.62 J/cm3 with charging efﬁciency 90% at a
breakdown ﬁeld strength 131 kV/cm.
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