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ABSTRACT

Ferroelectrics are considered as the most promising energy-storage materials

applied in advance power electronic devices due to excellent charge–discharge

properties. However, the unsatisfactory energy-storage density is the para-

mount issue that limits their practical applications. In this work, the excellent

energy-storage properties are achieved in (1-x)Na0.5Bi0.5TiO3-xSr0.7Nd0.2TiO3

((1-x)NBT-xSNT) ferroelectric ceramics by a synergistic strategy, where SNT

improves breakdown strength and enhances relaxation characteristic simulta-

neously. A high recoverable energy-storage density of 3.85 J cm-3 and an

energy-storage efficiency of 85.3% under an applied electric field of

305 kV cm-1 are acquired in 0.5NBT-0.5SNT ceramic. Moreover, excellent

temperature stability and frequency stability were also observed. The change

rate of energy density is less than 10%, where the temperature and frequency in

the range of 20–120 �C and 20–180 Hz, respectively. Meanwhile, an ultrahigh

power density of 175 MW cm-3 together with a fast discharge time of 136 ns is

realized at 250 kV cm-1. These excellent performances show that (1-x)NBT-

xSNT ceramics have the potential to be used in pulsed power systems.
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Introduction

With the rapid development of new materials and

energy conversion as well as storage devices in

pulsed power systems, advanced function materials

have been brought into focus [1–9]. Ceramic-based

dielectric materials have been receiving considerable

attentions because of fast charge–discharge speed,

ultra-high power density and excellent stability

[10, 11]. In general, four typical dielectric ceramics are

suited for energy-storage application, including lin-

ear dielectrics (LDs), ferroelectrics (FEs), antiferro-

electrics (AFEs) and relaxation ferroelectrics (RFEs)

[4, 5, 12–14]. Linear dielectric ceramics have high

energy-storage efficiency (g) due to tiny remnant

polarization (Pr), but low maximum polarization

(Pmax) limits their recoverable energy-storage density

(Wrec). For instance, Ca0.5Sr0.5Ti0.9Zr0.1O3 ceramic

exhibits a large g (97%), but the Wrec is just

2.05 J cm-3 [15]. Ferroelectric ceramics are another

class of attractive candidates for energy-storage due

to the high polarization. However, the shortcoming is

high Pr, leading to a large energy-storage loss (Wloss)

during the phase transition and domain wall motion

[16–18]. Antiferroelectric ceramics have good energy-

storage properties owing to large Pmax and small Pr.

Nonetheless, double hysteresis loops and antiferro-

electric-paraelectric phase transition led to a small

energy-storage efficiency and temperature-sensitive

energy-storage, respectively [5, 19–21]. Nowadays,

relaxor ferroelectric ceramics as the potential energy-

storage materials have attracted a lot of interests. Due

to the order-disordering of cations and the random

electric fields (RFS), long-range domains of relaxation

materials are disrupted at the nanoscale and polar

nano-regions (PNRs) are created [22], thereby leading

to a slender polarization–electric field (P-E) hysteresis

loops together with high electric displacement,

excellent stability performance, high power density

and fast charge–discharge rates [23].

Among relaxor ferroelectric ceramics, Na0.5Bi0.5-

TiO3 (NBT)-based ceramics are considered to be the

most competitive lead-free candidate materials

owing to high Pmax (43 lC cm-2). However, low

breakdown strength (BDS) and small hysteresis

characteristics lead to low Wrec [24–26]. Therefore,

many studies have been carried out to improve

relaxation behavior of NBT-based ceramics, resulting

in an enhancement in the energy-storage density. As

reported by Yan et al., introducing Sr2? ion and

(Al0.5Nb0.5)4? complex-ion into BNT ceramic to dis-

rupt the long-range ordering of ferroelectrics and

induce the generation of PNRs. The energy-storage

properties of (1-x)Bi0.5Na0.5TiO3-xSrNb0.5Al0.5O3((1-

x)BNT-xSNA) RFE ceramics were increased via

inducing the PNRs to decrease the Pr and decreasing

the grain size to submicron scale to improve the

relaxation behavior and BDS [27]. Qiao et al. pre-

pared (1-x)Bi0.5Na0.5TiO3-xSr0.7La0.2TiO3 ((1-x)BNT-

xSLT) RFE ceramics, exhibiting a large BDS of

338 kV cm-1 due to grain size reduction, in addition

to enhanced relaxation behaviors by driving Ts to

room temperature. [28]. It is of great significance to

combine fined grains and high densification to

enhance BDS and relaxation behavior of NBT-based

RFEs, resulting in further improved performances for

practical applications [29–31].

In this study, high energy-storage density and

efficiency are achieved in (1-x)Na0.5Bi0.5TiO3-xSr0.7-

Nd0.2TiO3 ((1-x)NBT-xSNT) ceramics by the addition

of SNT. SNT exhibits an obvious effect on decreasing

gain size and domain size, leading to the enhance-

ment of BDS and relaxation behavior. And (1-x)NBT-

xSNT ceramics were manufactured by the tape-cast-

ing method for improving the microstructure and

densification of the ceramics, which effectively

improves the BDS of ceramics and helps to achieve

the desired energy-storage properties [20, 32, 33]. As

a result, the excellent energy-storage property is

obtained at a high electric filed. These excellent per-

formances confirm the potential of the NBT-based

ceramics for dielectric capacitors in advanced power

electronic devices and pulsed power systems.

Experimental details

RFE ceramics of the (1-x)NBT-xSNT (x = 0.2, 0.3, 0.4

and 0.5) ceramics were prepared by tape-casting

technique and sintered via traditional solid-state

reaction method. Firstly, the Na2CO3 (99.8%), Bi2O3

(99.0%), TiO2 (98.0%), SrCO3 (99%) and Nd2O3

(99.9%) were weighted according to the stoichiomet-

ric ratio and ball-milled (QM-3SP2, Nanjing Univer-

sity Instrument Factory, China) in ethanol for 24 h as

the raw powders. The raw powders were dried and

calcined at 850 �C for 4 h. The calcined powders were

ball-milled again for 24 h. Secondly, ethyl alcohol,

tributyl phosphate, Polyvinyl Butyral (PVB) binder
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and Plasticiser (Polyethylene glycol, Phthalate) were

added to the ceramic powders, then mixture were

ball-milled for 18 h to obtain tape-casting slurry. It

took 25 min to remove the bubbles from the tape-

casting slurry by a vacuum defoaming machine (TP-

08, Beijing Orient Sun-Tec Co. Ltd., China). The

slurry was cast on a film-belt substrate with the help

of a continuous tape-casting machine (LY-150, Beijing

Orient SunTec CO. Ltd., China). The obtained thick

film was stacked together (DY-30, Tianjin Science and

Technology Co. Ltd., China) and disposed under a

high pressure to further densify the green-samples

via a cold isostatic pressure technique (U150, Shanxi

Golden Kaiyuan Co., Ltd. China). The samples were

calcined at 500 �C to burn out the binder and sintered

at 1170 �C for 3 h in the crucibles. In order to avoid

the evaporation of Na?, Bi3? in the high-temperature

sintering process, the samples were embedded in the

calcined powders of the same composition. Finally,

the ceramic samples were polished to 100 lm and

sputtered with an electrode area of 3.14 mm2 before

electrical performances tests.

The phase structures of NBT-SNT ceramics were

performed by an X-ray diffractometer (Bruker D8

Advanced Diffractometer, German). The surface

morphology of the ceramics was observed by a

scanning electron microscopy (FE-SEM, ZEISS Supra

55, German). The relative density of the ceramics was

calculated by the Archimedes drainage method. The

domains and piezoresponse loops were measured by

a piezoelectric force microscope (PFM, Bruker, Icon).

Temperature dependence of the relative permittivity

(er) and dielectric loss (tand) was detected via a

computer-controlled LCR meter (TH2828, Tonghui,

China). The P-E hysteresis loops at the frequency of

10 Hz were measured by a ferroelectric test system

(Radiant Technologies, Inc., Albuquerque, USA). The

pulsed discharge current was characterized via the

RLC circuit (CFD-001, Guoguo technology, China)

and recorded by an oscilloscope (TBS 1102B-EDU,

Tektronix CO., China).

Results and discussion

The room-temperature XRD patterns of (1-x)NBT-

xSNT ceramics are characterized in Fig. 1a. All

ceramics exhibit pure perovskite structure with no

apparent trace of the secondary phase [24, 34]. Fur-

thermore, the (111) and (200) peaks gradually move

toward the higher angles as the concentration of SNT

increases, as depicted in Fig. 1b. It implies a con-

traction of lattice constant due to the replacement of

Na? (1.02 Å) ions and Bi3? (1.03 Å) ions by the

smaller Nd3? (0.983 Å) ions [16, 24, 35].

Figure 2 shows the SEM images and the grain size

distribution of (1-x)NBT-xSNT ceramics. The relative

densities of (1-x)NBT-xSNT ceramics are also calcu-

lated, which are 94.9, 96.1, 96.5, 96.7 and 97.3%,

respectively. It is found that the ceramic of x = 0.2

exhibits a loose microstructure with a lot of pores.

With the content of SNT increasing, the densification

of the ceramics increases and the pores disappear.

Moreover, based on SEM images, the size of 200

grains is counted by the Nano Measurer software to

obtain the grain size distribution [35, 36], the average

grain size reduces from 2.53 to 0.96 lm when x

increases from 0.2 to 0.6, and the distribution of grain

size is more uniform. The small grain size and dense

structure are beneficial to gain high BDS verified by

previous reported [28, 37].

Figure 3a–e shows the out-of-plane phase PFM

images of (1-x)NBT-xSNT ceramics. The clear long-

range ordered FE domains can be observed in the

x = 0.2 sample (Fig. 3a). The polarization direction of

the bright regions is opposite to the dark regions,

where the bright regions and the dark regions rep-

resent upward and downward polarization, respec-

tively [38]. The complete ferroelectric domain

structure of x = 0.2 sample is illustrated by the

alternating bright and dark regions. It can be found

that the increase of SNT content has made the con-

trast in PFM images become blurred. FE domains

gradually become smaller and more irregular. This is

Figure 1 (a) X-ray diffraction patterns of (1-x)NBT-xSNT

ceramics in a wide range from 30� to 80�; (b) The spectra were

magnified at (111) and (200) peaks.
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due to the local RFS created by the introduction of

SNT in the NBT, which is caused by structural and

charge inhomogeneity around the substitution ions.

The presence of local RFS has been widely reported

to hinder long-range ordering and produce PNRs

[39]. It is indicated that the introduction of SNT

decreases the size of domains and gives rise to PNRs

[39, 40]. To obtain deeper insight into the behavior

features of domain structure, the piezo response

loops on selected regions of all samples are also

carried out. It is found that the FE domains give

saturated square-shaped phase loops, whereas the

PNRs show pinched loops. In short, the addition of

SNT to the NBT matrix indicates that the long-range

order of FE domains is disrupted and leads to the

appearance of PNRs, thereby resulting in a structure

transformation from FE to RFE.

The temperature dependence of er and tand for (1-

x)NBT-xSNT ceramics was measured at the different

frequencies of 1 kHz-1 MHz is depicted in Fig. 4a–e.

The tand decreases and then increases at higher

temperatures. It is attributed to the oxygen vacancies

getting activated at a higher temperature, resulting in

increased conductivity [41]. Two dielectric peaks are

observed according to the curves, including the

absolute maximum dielectric peak (Tm) and a low-

temperature peak (Ts). For the NBT-based ceramics,

the dielectric anomaly at Ts is attributed to the ther-

mal evolution of the PNRs of rhombohedral (R3c)

and tetragonal (P4bm) structured. Tm is related to a

mixed contribution from the transition of PNRs from

R3c to P4bm structured and a thermal evolution of

PNRs [2, 24, 33, 42–44]. Furthermore, the er and tand
exhibit an obvious frequency dispersion around Ts.

Due to the occupation of the (Na0.5Bi0.5)2? by the

Figure 2 SEM images and grain size distribution of (1-x)NBT-xSNT ceramics: (a) x = 0.2, (b) x = 0.3, (c) x = 0.4, (d) x = 0.5,

(e) x = 0.6; (f)The average grain size of (1-x)NBT-xSNT ceramics.
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Nd3?, the differences in radius and valence of these

cations at A-site give rise to enhance RFS. It can

produce a competition between the long-range driv-

ing dipoles and the translational symmetry, which

tends to enhance the RFS. The PNRs generated by

local random bonds that will give rise to typical

relaxation properties [45]. Ts, Tm and the maximum

relative permittivity (em) gradually decrease with the

content of SNT increasing, as shown in Fig. 4f. This

result suggests the deformation of local lattice and

destruction of ferroelectric long-range order with the

content of SNT increasing, inducing the RFS. The RFS

resulting in a gradual increase in the dynamics of

PNRs and thus can enhance the relaxor behavior

[2, 41].

To characterize the BDS of the ceramics, the Wei-

bull distribution is acquired based on eight samples

of every ceramic. The Weibull distribution can be

calculated by the equations:

Xi ¼ ln Eið Þ ð1Þ

Yi ¼ ln ln 1=ð1 � i

nþ 1
Þ

� �� �
ð2Þ

where Ei and n represent the values of specimens and

the group number of test ceramics, respectively [42].

The results for the Weibull distribution of (1-x) NBT-

xSNT ceramics are shown in Fig. 5a. The graph

shows a good fit of the data points, and all shape

parameters (b) are higher than 13 for each composi-

tion [27, 30]. The breakdown data of all samples fol-

low a good agreement with the Weibull distribution.

The BDS of the ceramics is shown in Fig. 5b. The BDS

increases from 140 to 320 kV cm-1 with the increase

of the x from 0.2 to 0.6. The relationship between BDS

and grain size (G) is computed by using the following

relations:

Figure 3 Out-of-plane PFM images and piezoresponse phase of (1-x)NBT-xSNT ceramics phase: (a, f) x = 0.2, (b, g) x = 0.3, (c,

h) x = 0.4, (d, i) x = 0.5, (e, j) x = 0.6.
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BDS ¼ 1

G
ð3Þ

The higher BDS values are due to their good

insulated property, which may be attributed to the

decrease of grain size [32].

The total energy-storage density (Wtot), Wrec and g
of (1-x)NBT-xSNT ceramics were calculated accord-

ing to the P–E hysteresis loops. The P-E hysteresis

loops of (1-x)NBT-xSNT ceramics as a function of

electric field are illustrated in Fig. 6a. Clearly, the

Pmax and Pr of (1-x)NBT-xSNT ceramics gradually

decrease with the content of SNT increasing. The

decrease of Pmax might be ascribed to translation

between the weakly polar phase and polar phase [16].

The Pr might be determined the amount of irre-

versible electric dipoles without external electric

field, the amount of irreversible electric dipoles lar-

gely depended on the PNRs and grain size [46, 47].

The Wtot, Wrec and g of (1-x)NBT-xSNT ceramics are

summarized, as displayed in Fig. 6b. The g of (1-

x)NBT-xSNT ceramics increases significantly from 61

to 88%, when the SNT content increases from 0.2 to

0.6. Particularly, the 0.5NBT-0.5SNT ceramic pos-

sesses the highest Wtot (4.52 J cm-3) and Wrec

(3.85 J cm-3) and maintains a relatively high g
(85.2%).

To further clarify the energy-storage performance

of 0.5NBT-0.5SNT ceramic, the P-E hysteresis loops of

under varying electric fields at RT and 10 Hz are

Figure 4 Temperature dependence of dielectric constant and dielectric loss at different frequencies: (a) x = 0.2, (b) x = 0.3, (c) x = 0.4

(d) x = 0.5, (e) x = 0.6; (f) Ts, Tm and em of (1-x)NBT-xSNT.

Figure 5 (a) Weibull

distribution function of BDS;

(b) the calculated BDS value

for the (1-x) NBT-xSNT

ceramics.
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shown in Fig. 6c. As electric field increase from 205 to

305 kV cm-1, Pmax increases from 20 to 29 lC cm-2.

The enhanced Pmax and BDS are conducive to

achieving large Wrec in 0.5NBT-0.5SNT ceramic. The

Wtot, Wrec and g of 0.5NBT-0.5SNT ceramic under

different applied electric fields, respectively, shown

in Fig. 6d. It can be observed that the Wtot and Wrec

increase from 2.1 J cm-3 and 1.9 J cm-3 to

4.52 J cm-3 and 3.85 J cm-3, respectively. The g
slightly decreases from 87.5 to 85.2% with the BDS

increasing due to the enhanced conductivity. For

better evaluation of the energy-storage performance

of (1-x)NBT-xSNT, a comparison of the energy-stor-

age performance between 0.5NBT-0.5SNT ceramic

and other NBT-based ceramics are given in Fig. 6e

[2, 22, 23, 26, 28, 30, 31, 35, 48–52]. We can find that

the Wrec and g of most NBT-based ceramics are less

than 3 J cm-3 and 80%, respectively.

Figure 7a shows temperature dependence of P-E

hysteresis loops for the 0.5NBT-0.5SNT ceramic in the

range from 20 to 120 �C at 10 Hz and 200 kV cm-1.

All of the P-E hysteresis loops exhibit extremely slim

profile. The temperature dependence of Wloss, Wrec

and g of the 0.5NBT-0.5SNT ceramic is summarized

in Fig. 7b. A satisfactory thermal stability was

observed in the 0.5NBT-0.5SNT ceramic, the variation

of the Wrec was less than 10% at the test temperature

range. Figure 7c shows the P–E hysteresis loops

under the applied electric field of 200 kV cm-1 in a

frequency range of 20–180 Hz. It can be clearly seen

that the P–E hysteresis loops are almost unchanged.

Figure 7d shows the changing trend of Wloss, Wrec and

g at different frequencies. Correspondingly, the

change rates of the Wrec and g are below 10%.

According to the above analyses suggests that the

0.5NBT-0.5SNT ceramic exhibits excellent energy-

storage performance in a wide temperature and fre-

quency range.

To investigate the actual energy-storage perfor-

mance of the 0.5NBT-0.5SNT ceramic, a pulsed dis-

charge method is utilized to obtain the discharge

energy density. The overdamped discharge current

curves under different electric fields are shown in

Fig. 8a. The pulsed discharged energy density (Wdis)

can be calculated as: [13, 34, 35]

Wdis ¼
R
R
i2ðtÞ
V

dt ð4Þ

where i(t), R and V are the current, load resistance

(200 X) and the volume of the ceramic, respectively.

The time dependence of Wdis under different applied

electric fields is calculated, as shown in Fig. 8b. The

Wdis increased from 0.17 J cm-3 at 50 kV cm-1 to

Figure 6 (a) P-E loops of (1-x)NBT-xSNT ceramics; (b) energy-

storage density and efficiency as a function of x content; (c) P-E

loops under an increasing applied electric field of 0.5NBT-0.5SNT

ceramics; (d) charge energy density, discharge energy density and

energy efficiency as a function of electric field for 0.5NBT-0.5SNT

ceramics; (e) Wrec and g of 0.5NBT-0.5SNT ceramic and

previously reported NBT-based ceramics.
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2.03 J cm-3 at 250 kV cm-1. The parameter t0.9 (the

discharge time that reaches 90% saturated Wdis value)

of 0.5NBT-0.5SNT ceramic is only 136 ns under the

condition of 250 kV cm-1, showing an extremely fast

discharge speed. Figure 8c shows the pulse discharge

current was measured with a load resistance of zero

in the underdamped state. It can be found that the

amplitude of the first peak current (Imax) gradually

increases with the increase of the electric field. The

maximum value is 10.6 A when the applied electric

field of 250 kV cm-1. It shows that the ceramic has

stable discharge behavior.

The current density (CD) and power density (PD) of

0.5NBT-0.5SNT ceramic are calculated by the fol-

lowing formulas [23]:

CD ¼ Imax

S
ð5Þ

PD ¼ EImax

2S
ð6Þ

where S and E represent the effective electrode area

and the applied electric field, respectively. Related CD

and PD also show a similar increasing trend as Imax, as

shown in Fig. 8d. CD and PD reach the maximum

value of 1401 A cm-2 and 175 MW cm-3, respec-

tively, which are better than many energy-storage

ceramics.

In addition, it is necessary to consider the stability

of charge–discharge performances at different work-

ing temperatures. Figure 8e–f displays the discharge

current curves of the 0.5NBT-0.5SNT ceramic at

150 kV cm-1 from 30 to 120 �C. It is obvious that the

Wdis was no significant change and t0.9 fluctuates

between 37 and 43 ns from 30 to 120 �C. Thus, the

0.5NBT-0.5SNT ceramic has a fast discharge speed

and an extremely temperature stability over a wide

temperature range. Figure 8g shows the under-

damped discharge waveforms of the 0.5NBT-0.5SNT

ceramic under the different working temperatures.

The variation of CD and PD is less than 10% over a

broad temperature range from 20 to 120 �C. To fur-

ther describe the advancement of charge–discharge

properties, this work and other reported NBT-based

ceramics are performed in Fig. 8i. The 0.5NBT-

0.5SNT ceramic possesses high CD and PD, which is

which is superior to most previously reported results

[16, 27, 28, 30, 31, 33, 53, 54]. Therefore, 0.5NBT-

0.5SNT ceramic has an excellent charge–discharge

performance with fast discharge rate, large CD and

PD, which also indicates that it has great potential in

practical applications.

Figure 7 The 0.5NBT-

0.5SNT ceramic sample

corresponds to the temperature

stability and frequency

stability under the test

conditions.
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Conclusions

In summary, the lead-free (1-x)NBT-xSNT ceramics

were fabricated by the tape-casting method, and the

energy-storage properties and charge–discharge

characteristics of the ceramics were studied. The (1-

x)NBT-xSNT ceramics exhibit pure perovskite struc-

ture and dense structure. It is found that SNT plays a

key role in decreasing grain size and domain size,

leading to the enhanced BDS and relaxation charac-

teristics. The 0.5NBT-0.5SNT ceramic obtained the

highest Wrec of 3.85 J cm-3 together with a high g of

85.2%. Moreover, the 0.5NBT-0.5SNT ceramic exhi-

bits good temperature stability and frequency sta-

bility. In addition, an ultrahigh PD of 175 MW cm-3

and a giant CD of 1401A cm-2 are acquired in the

ceramic. These excellent performances prove the

great potential of the studied ceramics for dielectric

capacitors, promoting the development of advanced

power electronic devices and pulsed power system.
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