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Abstract
The 0.65Bi0.5Na0.25K0.25TiO3–0.35Bi0.2Sr0.7Ti1−xSnxO3 (BNKBST-xSn) ceramics were synthesized via a solid-phase reactive 
sintering technique. The effects of doping  Sn4+ ions on the energy storage, dielectric, ferroelectric properties and microstruc-
ture characteristics for BNKBST ceramics were systematically studied. Remarkably, BNKBST-0.02Sn exhibits a superior 
dielectric temperature stability, manifested as the change rate for dielectric constant ∆ε/ε150°C is smaller than 15% during a 
very wide temperature range of 30–400 °C. In addition, BNKBST-0.02Sn ceramic achieves a high energy storage density 
Wrec = 0.81 J/cm3 (under the electric field 80 kV/cm) with an outstanding energy storage efficiency 89.5%, which make it 
reasonable to be applied in dielectric capacitors due to its excellent dielectric thermal stability and energy storage properties. 
The electrical conductivity behaviors of BNKBST-xSn were also analyzed with the assistance of impedance spectroscopy.

1 Introduction

Dielectric capacitor is pivotal component in electronic 
equipment due to its excellent power density property 
which can generate high power [1, 2]. However, the dielec-
tric capacitors often exhibit inferior energy storage density 
which restricts the integration of electronic equipment [3, 
4]. Therefore, it is urgent to prepare high-quality dielectric 
material with excellent energy storage density performance 
to satisfy the requirements of pulse capacitors. Currently, the 
dielectric energy storage materials could be roughly divided 
to four kinds: antiferroelectrics [5–8], glass ceramics [9–11], 
relaxor ferroelectrics [12–16], and polymer-based ferroelec-
trics [17, 18], which are considered to be applied into the 
next-generation dielectric capacitor. Among these energy 
storage systems, relaxor ferroelectrics have attracted exten-
sive attention because of their low remnant polarization, low 
loss, and nonlinear characteristics. According to the equa-
tion of the energy storage density ( J = ∫ E dP ) [19], a large 

maximum polarization (Pmax), a small remnnnt polarization 
(Pr), and combined with a high dielectric breakdown field 
strength (DBS) are required to achieve enhanced energy stor-
age property.

Bi0.5Na0.5TiO3 (BNT) exhibits a high Pmax of 43 μC/cm2 
due to its excellent ferroelectric performance, which makes 
it a promising energy storage candidate material [20–27]. 
Hence a concomitant high remnant polarization of 39 μC/
cm2, a large coercive field (EC), and a high leakage current 
are shown in pure BNT. So, it is necessary to reduce the Pr 
and enhance the DBS to enhance the energy storage prop-
erty of BNT-based systems. Similar to  BaTiO3 (BT)-based 
systems [28–34], it is a classical way to design a binary or 
ternary solid solution by introducing other perovskite sys-
tem into BNT system to form relaxor ferroelectric [35–39]. 
Among them,  Bi0.5Na0.5TiO3–Bi0.2Sr0.7TiO3 (BNBST) 
binary system is a good relaxor ferroelectric [40, 41], which 
make it a good candidate composition for further chemical 
modification.

In this work,  Sn4+ ion-doped 0.65Bi0.5Na0.25K0.25TiO3
–0.35Bi0.2Sr0.7Ti1−xSnxO3 (BNKBST-xSn) ceramics were 
designed and synthesized. The influences of B-site  Sn4+ ion 
modification on the morphology, microstructure, ferroelec-
tric, dielectric, energy storage properties, and conductivity 
behaviors were studied systematically.
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2  Experimental process

Sn4+-doped 0.65Bi0.5Na0.25K0.25TiO3–0.35Bi0.2Sr0.7Ti1−xSn
xO3 (BNKBST-xSn, x = 0, 0.02, 0.05, 0.08) solid solutions 
were synthesized by a solid-phase sintering technique, and 
the experimental flow chart is shown in Fig. 1. The raw 
materials for the experiment are  Bi2O3 (99.99%),  Na2CO3 
(99.6%),  K2CO3 (99.0%),  TiO2 (98%),  SrCO3 (99%), and 
 SnO2 (99%), which are all provided by SinoReagent. First, 
raw powders were weighed accurately according to the 
designed proportion. They were then mixed by a ball-milling 
with ethanol as grinding aid. Subsequently, the slurries were 
poured out and dried. The obtained powders were calcined, 
and the second milling was performed. Then the dried pow-
ders were mold pressed into pellets for sintering.

X-ray diffractometer (XRD; X′Pert PRO MPD, Philips, 
Eindhoven, The Netherlands) was utilized to determine 
phase structure. Microstructures in detail were checked 
using a scanning electron microscope (SEM; JSM-5610, 
JEOL, Tokyo, Japan). An electrochemical workstation 
(CHI660E, CH Instruments, Shanghai, China) was applied 
in testing the impedance data for unpoled ceramics. The 
polarization versus electric field (P-I-E) curves were col-
lected using a ferroelectric analyzer (TF-2000, aixACCT, 
Aachen, Germany). An impedance analyzer (4294 A, Agi-
lent, SantaClara, CA, USA) was used to detect dielectric 
parameters from 25 to 450 °C.

3  Results and discussion

Figure 2 displays the power XRD patterns of BNKBST-xSn 
samples at room temperature (RT). We can find that the dif-
fraction peaks of all ceramic samples with different composi-
tions appear in the same position without obvious deviation. 
It suggests that each sample is composed of a single phase, 
without formation of new impurity phase. Therefore, XRD 
results suggest that  Sn4+ ions have diffused in the BNKBST 
cell structure. In addition, the position of XRD diffraction 
peaks of all samples does not change significantly, indicating 

that the content of  Sn4+ ions did not obviously affect the lat-
tice parameters of BNBST ceramics. Since the absent of the 
peaks splitting, the BNKBST-xSn exhibit the pseudocubic 
structure.

SEM micrographs of BNKBST-xSn ceramics are shown 
in Fig. 3, indicating that all samples exhibit homogene-
ous surface micromorphology with clear grain bounda-
ries between the grains. As the content of doped  Sn4+ ions 
increase, the surface micromorphology of the ceramics 
become more compact and uniform. The insets in Fig. 3 
display the histogram of grain size distribution, and the 
average grain size decreases slightly with the increase of 
doping content. The abnormal growth of crystal grains is 
suppressed after introducing a certain amount of  Sn4+ ions 
at the B-site, which is also reflected in the increase of rela-
tive density, which is 95%, 96%, 98%, and 98% for the four 
compositions, respectively.

Figure 4 reveals the temperature dependence of dielectric 
permittivity (ε′) and loss (tanδ) for BNKBST-xSn specimens 
during a temperature range from RT to 400 °C with the test 
frequency at 1 kHz, 10 kHz, 100 kHz. It can be seen from 
Fig. 4 that as increase of  Sn4+ content, the dielectric constant 

Fig. 1  Experimental flow-chart for fabricating BNKBST-xSn ceramics

Fig. 2  RT XRD patterns of as-prepared BNKBST-xSn
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decreases slightly and the dielectric relaxation behavior 
increases. It can also be obtained that when the tempera-
ture exceeds 300 °C, the dielectric loss increases rapidly, 
which is related to the thermal activation process of carriers. 
In addition, two dielectric anomaly peaks exist on all ε′-T 
plots, marked as TS and Tm. Frequency dispersion can also be 
observed obviously near the peaks. The first TS peak shifts 
toward to high temperature with the increasing of frequency, 
while the second dielectric peak hardly changes, indicating 
that the two dielectric peaks have different dispersion mech-
anisms. The first dielectric peak is usually considered to be 
related with the heat activation process of rhombohedral 
and tetragonal polar nanoregions (PNRs) [42]. The Tm peak 
is attributed to a phase transition process, which indicates 
the tetragonal high-temperature polar nanoregions begin to 
appear during the cooling process [43]. The loss tangent 
tanδ curves exhibit high loss values and significant relaxa-
tion phenomenon at around Ts temperature, which is due to 
the competition between rhombohedral and tetragonal polar 
nanoregions. The tanδ decreases at around Tm temperature, 
indicating the phase has transformed to high symmetry.

Figure 5 displays the plots of ln(1/ε−1/εm) vs. ln(T−Tm) 
of BNKBST-xSn specimens under the frequency of 1 kHz. 

The modified Curie–Weiss relation can be utilized to calcu-
late the degree of relaxation characteristic, shown as follows 
[36]:

where γ is the dielectric relaxation factor (1 ≤ γ ≤ 2), and 
εm is the maximum dielectric constant. Generally, for typi-
cal ferroelectric materials, the dielectric relaxation factor γ 
equals to 1. When the material is transformed into a relaxor 
ferroelectric, the value of γ will increase to around 2. The 
relationship for ln(1/ε−1/εm) and ln(T−Tm) is linear for all 
BNKBST-xSn samples, and the dielectric relaxation factors 
of all components are calculated to be approach to 2, indi-
cating the phase transition occurring at high temperature is 
a relaxation process.

The temperature stability of the dielectric permittivity 
during a wide temperature range is a very important indi-
cator to measure the quality of dielectric ceramic capaci-
tors [44–47]. Usually, 150 °C can be used as the reference 
temperature of high-temperature capacitor, using ∆ε/ε150°C 
to characterize the stability of the dielectric constant of 
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Fig. 3  SEM images and grain size distributions (insets) of BNKBST-xSn
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materials. The temperature dependence of ∆ε/ε150°C curves 
for BNKBST-xSn ceramics over the entire measurement 
temperature range at a frequency of 1 kHz is shown in 
Fig.  6. The dotted frame in the figure represents the 
temperature range with a change rate of 15%. It can be 

concluded that with the increase of doped  Sn4+ ions, the 
temperature stability range widens gradually. At the com-
position of x = 0.02, the dielectric permittivity is steady in 
a very wide range (RT ~ 400 °C), while the ε′ at 150 °C is 
as high as 2390, and the dielectric loss is only 1.1%.

Fig. 4  Temperature-dependent dielectric permittivity and loss of BNKBST-xSn

Fig. 5  The modified Curie–Weiss fit shows a dielectric relaxation fac-
tor of ~ 2 for all the samples, indicating the ceramic is a relaxor fer-
roelectric

Fig. 6  The temperature stable dielectric properties of BNKBST-xSn 
ceramics
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The comparison of dielectric temperature stabil-
ity between BNKBST-0.02Sn ceramic and other similar 
ceramic systems is displayed in Table 1. Compared with 
other systems, BNKBST-0.02Sn ceramic has wider dielec-
tric temperature stability and lower dielectric loss, which 
means BNKBST-0.02Sn ceramic possess potential applica-
tion prospects in the field of ceramic capacitors.

Figure 7 exhibits the electric-induced ferroelectric and 
current (P-I-E) curves of BNKBST-xSn ceramics under 

electric field of 70 kV/cm at RT. It can be clearly seen from 
the ferroelectric hysteresis curves that the loops of all sam-
ples are slim, with low remnant polarization Pr (lower than 
0.5 μC/cm2), indicating that all samples exhibit the features 
of typical relaxor ferroelectrics. As the content of  Sn4+ ions 
increase, the Pmax decrease slightly, while Pr remain almost 
unchanged. These changes indicate that the introduction of 
 Sn4+ ions suppresses the transformation of polar nanore-
gions to ferroelectric domains by applying the external elec-
tric field, leading to the suppression of ferroelectricity.

As shown in Fig. 7, there arises four current peaks in the 
I-E loops for all BNKBST-xSn samples. The generation of 
current peak corresponds the transformation between polar 
nanoregions and ferroelectric domains under the electric 
field. The polar nanoregions gradually grow to ferroelectric 
domains by increasing the electric field, and the orientation 
of the polar regions becomes consistent with the orientation 
of external field. By contrast, as the electric field decreases, 
the directional arrangement of the domains slowly disap-
pears, indicating the presentation of phase transformation 
from ferroelectric to ergodic relaxor phase. With more  Sn4+ 
ions doped, the current peak gradually becomes smoother 
and shifts slightly towards the high electric field, indicating 
that the introduction of  Sn4+ ions leads to the suppression 
of the phase transitions.

Table 1  Comparison of the temperature stable dielectric performance 
of BNKBST-0.02Sn to other ceramic systems

Samples Ref. Temperature range
(°C)

tanδ
(%)

ε′
(150 °C)

BNT-BCZT-
0.1KNN

[48] 66–450 1.3 1633

BNT-BST-0.15 
KN

[49] 30–297 0.3 3484

BNT-BT-0.15CZ [50] 52–490 3 946
BZN-0.97KNN [51] 100–400 2 2000
BNT-BT-

0.15KNN
[52] 40–330 2 2349

BNKT-BST-
0.02Sn

This work 30–400 1.1 2390

Fig. 7  The electric-induced ferroelectric and current curves of BNKBST-xSn
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The effective energy storage density Wrec, total energy 
storage density W, and energy storage efficiency η of 
BNKBST-xSn samples under the electric field of 70 kV/
cm are calculated and shown in Fig. 8. Obviously, as  Sn4+ 
ions increase, the energy storage density for BNKBST-xSn 
ceramics decreases continuously, which is mainly due to the 

decrease in the Pmax of the samples. Nevertheless, the energy 
storage efficiency is almost unchanged (around 90%), indi-
cating the low energy losses during the energy storage and 
application process, which benefits from the small hysteresis 
behavior contributed by the small Pr values of P-E loops.

Figure  9a shows the complex impedance spectra of 
BNKBST-0.02Sn ceramic as representative in operating 
temperature range of 500–700 °C. Generally, the AC com-
plex impedance data can be simulated with an equivalent 
circuit consisted with three RC components, corresponding 
to electrode, grain boundary, and grain from low frequency 
to high frequency, respectively. As shown in Fig. 9a, the 
curve at each temperature appears as a semicircle (Debye 
semicircle), which indicates that only one element affects 
the conductance of BNKBST-0.02Sn, namely the grain 
effect. The diameter of the impedance semicircle decreases 
as the temperature increases, and the bulk conductivity of 
the sample can be obtained by fitting the diameter of the 
Debye semicircle.

The normalized imaginary part of impedance spectra 
(Z’’/Z’’max) as a function of frequency is shown in Fig. 9b. 
There is only one peak in each curve. As the tempera-
ture increases, the peak gradually moves toward the high Fig. 8  Energy storage densities and efficiencies of BNKBST-xSn

Fig. 9  a Complex impedance plots at 540–720 °C, b frequency dependence of impedance plots at 540–720 °C, and c frequency dependence of 
impedance Z’’ and electric modulus M’’ at 600 °C for BNKBST-0.02Sn; d Arrhenius fitting of activation energy for BNKBST-xSn
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frequency. This suggests that the temperature-dependent 
relaxation characteristic is associated with the existence 
of defects or oxygen vacancies in the BNKBST-0.02Sn 
ceramic. Generally, long-range migration of oxygen vacan-
cies can only occur at the frequency below the Z’’ peak. 
In the frequency range higher than the Z’’ peak, ions and 
oxygen vacancies can only migrate within a short distance.

Figure  9c reveals the frequency dependence for the 
normalized imaginary part of impedance Z’’ and electric 
modulus M’’ under 600 °C. Only one peak can be observed 
in the frequency dependent Z’’ and M’’ spectra. The two 
plots almost overlap, and the two peaks appear at a similar 
frequency. This can be explained by the fact that the con-
ductance mechanism of BNKBST-0.02Sn ceramic is mainly 
dominated by the grain effect in the test frequency range.

In general, the activation energy Ea is used to indicate the 
concentration of oxygen vacancies in samples. In order to 
further reveal the relation of defects and dielectric relaxation 
behaviors, Ea is calculated by the Arrhenius law [53]:

where σ means the conductivity calculated from the fitted 
impedance spectrum, k is the Boltzmann constant and σc 
refers to the pre-factor. Figure 9d is the relationship between 
lnσ and 1000/T of BNKBST-xSn ceramic at the tempera-
ture of 500–700 °C. As represented in Fig. 8d, the calcu-
lated Ea values of BNKBST-xSn ceramics are in the range 
of 1.83 ~ 2.13 eV, which is close to that of oxygen vacancy 
migration. Since all ceramic samples have similar Ea val-
ues, indicating that they have the similar energy barriers and 
same conductance mechanism.

4  Conclusions

In summary, the novel BNKBST-xSn ceramics were synthe-
sized via a traditional solid-phase reaction sintering method 
in this work, and the dielectric temperature stability, ferro-
electric properties, and energy storage characteristics were 
systematically studied. After doping  Sn4+ ions, BNKBST 
ceramic still maintains the original perovskite structure, 
but the relaxation behavior is significantly enhanced. As 
the doping contents of  Sn4+ increase, the dielectric peak 
becomes wider. Especially, the dielectric constant of BNK-
BST-0.02Sn ceramic at 150 °C reaches 2390, with the die-
lectric loss of only 1.1%. The rate of change for dielectric 
permittivity around 150 °C in the wide temperature range 
of 30–400 °C is less than 15%, meaning that it has good 
dielectric temperature stability. In spite of the fact that the 
maximum polarization reduces with the remnant polariza-
tion unchanged as the increase of  Sn4+ ions, the breakdown 

� = �
c
exp

(

E
a

kT

)

.

field strength of ceramics increases due to the decrease of 
the grain sizes, thereby improving the energy storage per-
formance of the ceramic. The BNKBST-0.02Sn composition 
reaches the maximum energy storage density Wrec = 0.81 J/
cm3 (under 80 kV/cm) with a high energy storage efficiency 
η equals to 89.5%. The impedance data analysis shows that 
the conductance response of BNKBST-xSn ceramics are 
determined by the grain response. The calculated activa-
tion energy suggests that the resistance of the ceramics and 
the internal defect mechanism are mainly caused by oxygen 
vacancies.
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