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In this work, novel (1 − x)(0.75Na0.5Bi0.5TiO3)-0.25Sr(Zr0.2Sn0.2Hf0.2Ti0.2Nb0.2)O3-xNaNbO3 (NBT-SZSHTN-xNN, x = 0.1, 0.15, 
0.2, 0.25) ceramics were fabricated. The influence of co-doping of NN and high entropy perovskite oxide (SZSHTN) on the 
phase structure, microstructure and dielectric properties of NBT-based lead-free ceramics was investigated. Dense microstructure 
with a grain size of ~5 μm is observed. When x = 0.25, a wide dielectric temperature stable range of −35.4–224.3°C with a low 
temperature coefficient of capacitance of < 10% is achieved, fulfilling the industry standard of Y9P specification. Furthermore, 
excellent energy storage performance with recoverable energy density of 2.4 J/cm3, discharge efficiency of 71%, power density 
of 25.495 MW/cm3 and discharge rate < 200 ns are simultaneously obtained, which shows great potential for high temperature 
capacitor applications.
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1. � Introduction

Dielectric ceramic capacitors are widely used in modern 
electronic devices, such as cell phones, automobiles and 
digital devices, because of their important functions such as 
pulse discharge, filtering and coupling.1–5 The requirements 
of different actual environments of electronic devices ask to 
explore novel dielectric capacitors with high performance.6 
In order to satisfy the trend of miniaturization and integration 
of electronic devices, capacitors are needed to have a high 
dielectric constant (εr). In addition, operating conditions such 
as hybrid vehicles, electric vehicle engines and transmis-
sions and geothermal wells require electronic components 
with wide interval of dielectric temperature stability.3,7–10 
According to the Electronic Industries Association (EIA) 
standard, the temperature coefficient of capacitance (TCC) is 

classified as X7R, X8R, Y9R, etc., where X and Y represent 
the minimum operating temperature of −50°C and −30°C, 
respectively, 7, 8 and 9 represent the maximum operating 
temperature of 125°C, 150°C and 200°C, respectively, and 
R represents the capacitance variation within ±15% under a 
given condition.10 Therefore, it is particularly important to 
explore higher standard temperature stability of the dielectric.

It is well known that materials with good temperature sta-
bility are mostly derived from relaxor ferroelectrics, which 
exhibit broadened dielectric peaks, and the position and 
height of dielectric peaks can be adjusted to maintain good 
dielectric stability over a wide temperature range. Many stud-
ies have been conducted to modify ferroelectrics to break the 
long-range order and obtain relaxor ferroelectrics.11–14 The 
main ferroelectrics are BaTiO3 (BT), Na0.5Bi0.5TiO3 (NBT), 
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K0.5Na0.5NbO3 (KNN), BiFeO3 (BF).2,15,16 Li et al. confirmed 
that the BaTiO3–Na0.5Bi0.5TiO3–Nb2O5 system doped with 
CoO constructed a bimodal model in a wide temperature 
range of −50–350°C with εr = 1365±15% and dielectric loss 
(tanδ) = 1.51%.17 Robert et al. reported high εr of 2150±10% 
in the BNT-BT-xKNN ceramics between 43°C and 319°C.18 
High entropy perovskite oxide (HEPO) originated from the 
idea of high entropy alloy, which is a serial of new materials 
designed by solid solution of five or more elements accord-
ing to the concept of “entropy engineering”.19–21 Zhou et al. 
introduced Sr(Zr0.2Sn0.2Hf0.2Ti0.2Nb0.2)O3 (SZSHTN) into 
the NBT system (NBT-SZSHTN), which exhibited a good 
dielectric temperature stability from 52.4°C to 362°C,15 
confirming that HEPO had an effective influence for tuning 
dielectric properties.

Based on the above-mentioned introduction, in this work, 
NBT-SZSHTN ceramic was selected as the matrix due to its 
good dielectric properties,15 and NaNbO3 (NN) was intro-
duced to investigate the effects on the microstructure and 
dielectric properties. As expected, NBT-SZSHTN-0.25NN 
ceramic exhibited improved dielectric temperature stabil-
ity at −35.4–224.3°C along with low tanδ < 0.01 at 48.2–
303.4°C. And, excellent energy storage characteristics were 
also obtained under an electric field of 293 kV/cm.

2. � Experimental

(1  −  x)(0.75Na0.5Bi0.5TiO3)-0.25Sr(Zr0.2Sn0.2Hf0.2Ti0.2Nb0.2)-
O3-xNaNbO3 (NBT-SZSHTN-xNN, x = 0.1, 0.15, 0.2, 0.25) 
ceramics were prepared by a solid-state reaction method 
using Na2CO3 (AR), Bi2O3 (AR), TiO2 (CP), SrCO3 (AR), 
ZrO2 (AR), SnO2 (CP), HfO2 (CP) and Nb2O5 (CP) as raw 
materials. All chemicals were baked in a drying oven at 
180°C for 24 h, and then weighed according to the stoichio-
metric ratio. Raw materials for NBT, SZSHTN and NN were 
ball milled for 24 h, respectively, and then calcined at 850°C 
for 3 h, 1360°C for 6 h and 850°C for 4 h at a heating rate 
of 5°C/min, respectively. The calcined powder was weighed 
according to the chemical formula and a secondary ball mill 
was used for 12 h. The powder was pressed into discs of 10 
mm diameter and ~1 mm thickness using a cold isostatic 
press at a pressure of 200 MPa. Finally, the green discs were 
sintered in air at 1200–1250°C for 2 h.

X-ray diffraction (XRD) of sintered NBT-SZSHTN-xNN 
(x = 0.1, 0.15, 0.2, 0.25) ceramics was performed using a D/
Max-RB diffractometer (RIGAKU). The cross-sectional mor-
phology of the sintered ceramics after polishing and thermal 
etching at 1000°C for 30 min was studied and analyzed using 
a scanning electron microscope (SEM) equipped with an ele-
mental analysis energy dispersive spectrometer (EDS) (Apreo 
2, Thermo Fisher Scientific Waltham, MA, USA). Dielectric 
properties were tested by an Agilent E4980A LCR meter. 
The polarization-electric field (P–E) hysteresis loops were 
obtained by a PolyK FE analyzer. The charge/discharge prop-
erties are measured by a dielectric charge/discharge test system 

(CFD-003, Tongguo). The ceramic samples were coated with a 
high-temperature silver paste on both sides and fired at 850°C 
for 30 min before determining the electrical properties.

3. � Results and Discussion

The XRD patterns of NBT-SZSHTN-xNN (x = 0.1, 0.15, 
0.2, 0.25) ceramics are shown in Fig. 1. A secondary phase 

Fig. 1.  XRD patterns for NBT-SZSHTN-xNN (x = 0.1, 0.15, 0.2, 
0.25) ceramics.

Fig. 2.  SEM images of the NBT-SZSHTN-xNN ceramics with (a) 
x = 0.1, (b) x = 0.15, (c) x = 0.2, and (d) x = 0.25 and (e) EDS map-
ping of the NBT-SZSHTN-0.25NN ceramic.
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of Bi2Sn2O7 (PDF card No: 56-0646) is detected for all 
the studied compositions, which has been reported previ-
ously.15 Furthermore, no splitting is observed in the dif-
fraction peaks for all the studied compositions, indicating 
cubic phase structure by introducing both HEPO SZSHTN 
and NN in NBT, in agreement to the previously reported 
data.15

The SEM images of the polished and thermal-etched NBT-
SZSHTN-xNN (x = 0.1, 0.15, 0.2, 0.25) ceramics are shown 
in Fig. 2. It can be clearly seen that all the samples exhibit a 
dense microscopic morphology with no obvious pores and 
voids, indicating high density. The grain size of ~5 μm is uni-
form. The EDS element mapping of NBT-SZSHTN-0.25NN 
is shown in Fig. 2(e), which demonstrates the uniformity of 
element distribution and no elemental segregation.

The temperature dependence of dielectric constant (εr) 
and loss (tanδ) of NBT-SZSHTN-xNN (x = 0.1, 0.15, 0.2, 
0.25) at 1, 10, 100 and 1000 kHz are shown in Fig. 3. In the 
temperature range of 50°C–450°C, it can be seen that the val-
ues of εr remain relatively stable over a wide range (~400°C) 
at different frequencies, which is attributed to the broadening 
of two dielectric anomalies (Ts at ~100°C and Tm at ~300°C)  

resulted by co-doping of SZSHTN and NN. The two dielec-
tric anomalies are related to the thermal evolution of local 
polar nano regions (PNRs).15,22–25 Furthermore, as shown 
in Fig. 3, with the increase of NN content, both Ts and Tm 
are found to move to lower temperatures, and the εr at Ts is 
higher than that at Tm in all compositions. Additionally, εr 
at Ts decreases gradually with the increase of NN doping 
concentration, which has also been reported in KNN-doped 
BNT-BT systems.26,27 For the x = 0.25 sample, a broadened 
dielectric plateau is formed in an ultra-wide temperature 
range of 100°C–300°C, which suggests that the doping of 
SZSHTN and NN makes εr of NBT insensitive to tempera-
ture, indicative of good dielectric temperature stability com-
pared with that of other NBT-based systems. On the other 
hand, the tanδ of NBT-SZSHTN-0.25NN ceramics also 
shows good temperature stability, which is found to increase 
significantly only after a high temperature of 350°C. The x = 
0.25 sample has a low tanδ < 0.01 in the temperature range 
of 48.2–303.4°C, which indicates that the doping of NN and 
SZSHTN reduces the temperature dependence of tanδ.

The temperature stability of capacitors is generally eval-
uated by the temperature coefficient of capacitance (TCC), 

(a) (b)

(c) (d)

Fig. 3.  Dielectric constant and loss as a function of temperature for NBT-SZSHTN-xNN ceramics (a) x = 0.1, (b) x = 0.15, (c) x = 0.2 and 
(d) x = 0.25.
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which is described as follows:

	 TCC base

base

=
−C C

C
T , 	 (1)

where Cbase is the capacitance at a base temperature (normally 
25°C), and CT represents the capacitance at any temperature 
in the operating range.28,29 The TCC of NBT-SZSHTN-xNN 
(x = 0.1, 0.15, 0.2, 0.25) ceramics is calculated and plotted in 
Fig. 4. It is found that the TCC values of all compositions are 
quite low in a wide temperature range of –50–400°C. Table 1 
lists the temperature ranges for all the studied compositions 
with TCC < 10% and tanδ < 0.01. Especially, the compo-
sition  of x = 0.25 exhibits excellent dielectric temperature 
stability with TCC < 10% over a wide temperature range 
of –35.4–224.3°C, meeting the industry standard of Y9P. 
Consequently, the favorable dielectric temperature stability 
performance has been achieved at NBT-SZSHTN-0.25NN, 
which demonstrates that the introduction of NN and SZSHTN 
effectively broadens the dielectric anomalies of NBT with 
low TCC and wide temperature-stable range, promising for 
practical applications in high temperature capacitors.

The unipolar P-E loops of NBT-SZSHTN-0.25NN ceramic 
with different electric fields are shown in Fig. 5(a). It could 
be clearly seen that the overall shape of loops is slim and 
Pmax gradually increases with the increase of electric field. 
Also, Pr changes slightly, which is beneficial to the energy 

storage performance. Wrec and η are calculated and plotted in 
Fig. 5(b). The recoverable energy density (Wrec) and energy 
storage efficiency (η) are determined by30–32

	 W Edp
Pr

P

rec

max
= ∫ , 	 (2)

	 η =
+

W

W
rec

rec lossW
. 	 (3)

At an electric field of 293 kV/cm, NBT-SZSHTN-0.25NN 
ceramic reaches a maximum value of 2.4 J/cm3 at Wrec 
with η  ~  71%. Energy storage temperature stability is an 
important performance index for high temperature capaci-
tors. Figures 5(c) and 5(d) display the variation of unipolar 
P-E loops and calculate Wrec/η for NBT-SZSHTN-0.25NN 
ceramics in the temperature range of 20–150°C. The Wrec 
and η values changed slightly over the temperature range of 
20–150°C, with Wrec changing by only ±6% (−6.0 – +0.8%) 
and η by +5.5%, which demonstrates excellent energy storage 
temperature stability.

It is well known that the fast charge and discharge behavior 
is a key performance for ceramic capacitors. The charge/dis-
charge characteristics of NBT-SZSHTN-0.25NN ceramics in 
the electric field of 40–100 kV are shown in Fig. 6. It is observed 
that the discharged current gradually increases with the increase 
of electric field in underdamped curves, with the peak current 
(Imax) of 35.7 A at an electric field of 100 kV/cm (Fig. 6(a)). The 
current density (CD), power density (PD) and discharge energy 
density (Wdis) are calculated by Eqs. (4)–(6) as follows:

	 C
I

SD = max , 	 (4)

	 P
E I

SD =
× max

2
, 	 (5)

	 W
R I t dt

Vdis =
∫ 2 ( )

, 	 (6)

where E, S, R and V are the electric field, electrode area, load 
resistance, and sample volume, respectively.21,32,33 Both CD 
and PD increase with increasing electric field, as shown in 
Fig. 6(b). The maximum values of CD~509.915 A/cm2 and 
PD~25.495 MW/cm3 are obtained at 100 kV/cm electric field, 
respectively. The overdamped discharge curves were tested in 
a closed circuit with a load resistance of 200 Ω, as shown in 
Fig. 6(c). The current increases as the electric field increases 
from 40 kV/cm to 100 kV/cm, and the Imax reaches ~7 A at the 
maximum electric field of 100 kV/cm. The Wdis is also found 
to increase with the increase of electric field, and the maxi-
mum Wdis of 1.93 J/cm3 is obtained at 100 kV/cm, as shown 
in Fig. 6(d). All the discharge processes release 90% of Wdis 
at ~200 ns, that is the discharge time (t0.9), indicating a fast 
discharge speed, which is proved to be a promising candidate 
for future pulse power applications.

Fig. 4.  The TCC of NBT-SZSHTN-xNN (x = 0.1, 0.15, 0.2, 0.25) 
ceramics.

Table 1.  Temperature range for NBT-SZSHTN-xNN (x = 0.1, 
0.15, 0.2, 0.25) ceramics with TCC < 10% and tanδ < 0.01.

Content εr @ 25°C εr tanδ

x = 0.1 1249.18 −10–400°C 58–274°C

x = 0.15 1148.84 −18.9–309.9°C 49.1–295°C

x = 0.2 1128.20 −7.8–262.3°C 49.2–311.3°C

x = 0.25 1082.21 −35.4–224.3°C 48.2–303.4°C
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4. � Conclusion

In this work, the effects of NN and HEPO SZSHTN on the 
phase structure, microstructure and dielectric properties of 
NBT-based ceramics are investigated. XRD results showed 

that with the increase of NN content, the phase structure kept 
pseudo-cubic phase. Dense microstructure with an average 
grain size of ~5 μm was observed by the SEM images. With 
the increase of NN content, the dielectric temperature stability 

(a) (b)

(c) (d)

Fig. 5.  Unipolar P-E loops under different electric fields for (a) NBT-SZSHTN-0.25NN (b) Wrec and η as a function of electric field for 
NBT-SZSHTN-0.25NN. (c) The temperature dependence unipolar P-E loops for NBT-SZSHTN-0.25NN at an electric field of 150 kV/cm. 
(d) Wrec and η as a function of temperature.

(a) (b)

(c) (d)

Fig. 6.  Discharge behavior of NBT-SZSHTN-0.25NN ceramic (a) underdamped discharge curves, (b) current density and power density 
versus electric field, (c) overdamped discharge curves and (d) discharge energy density versus time.
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was improved, which was attributed to the thermal evolution 
of PNRs. The optimized dielectric temperature stability has 
been achieved in NBT-SZSHTN-0.25NN ceramic with a low 
TCC < 10% in a wide temperature range of −35.4–224.3°C, 
satisfying the Y9P standard. Furthermore, high energy storage 
properties of Wrec~2.4 J/cm3, η~71% and discharge behavior of 
CD~509.915 A/cm2, PD~25.495 MW/cm3 were also found in 
NBT-SZSHTN-0.25NN ceramic. Those results indicate that the 
introduction of both NN and HEPO SZSHTN can effectively 
improve the dielectric temperature stability of NBT ceramics 
with excellent energy storage performance, which provides a 
strategy for the design of novel high temperature capacitors.
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