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ABSTRACT

In this work, we systematically investigated the effects of single-step and two-

step sintering methods on the structural, dielectric and energy storage proper-

ties of pure AgNbO3 lead-free antiferroelectric ceramics. Compared with the

single-step sintered ceramic, the ceramic prepared by two-step sintering method

has smaller grain size, dense and homogeneous microstructure. In addition, the

results of dielectric temperature spectra reveal that the two-step sintering

method hardly changes the phase transition temperature of AgNbO3 ceramics

but greatly decreases the dielectric loss value. Most importantly, the ceramic

prepared by the two-step sintering method displays high breakdown electric

field strength (22 kV/mm), larger recoverable energy storage density-Wrec (2.59

J/cm3) and higher energy storage efficiency-g (45%) as well as excellent tem-

perature stability than those of the ceramic by single-step sintering method.

Furthermore, it also exhibited high power density (PD = 25.7 MW/cm3) and

extremely fast charge–discharge speed (25 ns). Our results provide a simple and

novel way to design high-performance AgNbO3-based energy storage lead-free

ceramics.
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GRAPHICAL ABSTRACT

Introduction

Compared with traditional electricity energy storage

devices, such as lithium batteries, and supercapaci-

tors, dielectric ceramic capacitors are characterized

by high power density and ultrafast charge/dis-

charge rates, and treated as crucial factors for pulsed

power systems [1–4]. The evaluations of recoverable

energy storage density (Wrec) and energy storage

efficiency (g) are based on the polarization–electric

field (P–E) hysteresis loop [3]:

Wrec ¼
ZPmax

Pr

EdP ð1Þ

g ¼ Wrec

Wrec þWloss

ð2Þ

where E is the applied electric field, Pmax is the sat-

urated polarization, Pr is the remnant polarization,

and Wloss is the energy loss density, which equals to

the area surrounded by the hysteresis loop. From

Eq. (1), we can clear see that to achieve high Wrec,

dielectric energy storage materials must have both

large DP (Pmax-Pr) value and high breakdown electric

field strength (EB). Among a large number of

dielectric energy storage ceramics, antiferroelectric

(AFE) ceramics owing to their double polarization

hysteresis loops show large DP (Pmax-Pr) (high Pmax

and low Pr) and Wrec values [5–12]. Unfortunately,

most of the AFE ceramics for energy storage appli-

cation contain lead element [5–10], which is harmful

for human health and environment. Therefore, the

development of new lead-free AFE energy storage

ceramics is extremely urgent.

In 2016, Zhao et al. reported that pure AgNbO3

lead-free ceramics showed typical double P–E loops

(antiferroelectric behavior) and a high Wrec of 1.6

J/cm3 at 14 kV/mm [13]. This finding has triggered a

burst of research activities on AgNbO3 ceramics

[12–19]. So far, the effective method to further

enhance Wrec of AgNbO3 ceramics is A- or B-site

elements doping. For example, Zhao et al. found that

Ta2O5 modified in AgNbO3 led to the EB value

increasing from 17 to 24 kV/mm, and an ultrahigh

Wrec value of 4.2 J/cm3 was obtained in AgNb0.85-
Ta0.15O3 ceramic [12]. In addition, Luo et al. also

reported that Ag0.91Sm0.03NbO3 (ASN) sample

showed excellent energy storage performances of

Wrec = 5.2 J/cm3 and g = 68.5% [14].

It is generally known that sintering method has an

important effect on the structural and electrical

13500 J Mater Sci (2021) 56:13499–13508



properties of ceramics [20–22]. In 2000, Chen and

Wang et al. proposed a novel, low cost and extremely

simple sintering technology, named as two-step sin-

tering method [23]. A number of studies have con-

firmed that two-step sintering method can improve

electrical properties of ceramics by increasing the

density and suppressing grain growth [20, 23–26].

Additionally, the low dwelling temperature in two-

step sintering method can effectively reduce the

volatilization of elements with lower melting point,

such as Na, Bi, K elements [20, 22, 26]. The currently

reported sintering temperature of AgNbO3 ceramics

is mostly between 1050 and 1150 �C [12–19]. How-

ever, the melting point temperature of Ag element

(961 �C) is much lower than the sintering temperature

of the AgNbO3 ceramics. This will inevitably cause

the volatilization of Ag element, thus forming the

defects such as Ag vacancies (V
0

Ag s) which, in turn,

create oxygen vacancies (V��
O s) to maintain electrical

neutrality. Defect dipole such as V
0

Ag � v��
O �V

0

Ag,

therefore, is formed in AgNbO3 ceramics. Moriwake

et al. [27] using first principles calculations found that

the presence of defect dipole V
0

Ag � v��
O �V

0

Ag in

AgNbO3 could also lead to weak ferroelectricity in

the Pbcm phase, which would reduce the energy

storage efficiency (g) of the ceramic [19]. Therefore, it

can be seen that controlling the volatilization of Ag

element is very important to improve the energy

storage characteristics of AgNbO3 ceramics.

In this work, we present a comparative study on

the energy storage performances of AgNbO3 ceram-

ics prepared by the traditional single-step sintering

method and the two-step sintering method. Our

results indicate that the sample prepared by the two-

step sintering method exhibits high breakdown

electric field strength (22 kV/mm), larger Wrec (2.59

J/cm3) and higher g (45%). These values not only are

superior to those in the sample prepared by single-

step sintering method, but also rival those reported in

pure AgNbO3 ceramics [13, 16, 18, 21, 28–34].

Experimental procedure

All the AgNbO3 ceramics were prepared by tradi-

tional solid-state reaction method using high purity

raw materials of Ag2O (99.7%) and Nb2O5 (99.99%).

These raw materials were precisely weighed accord-

ingly the corresponding stoichiometry and then ball

milled at 300 rpm for 24 h. The milled powders were

calcined at 870 �C for 6 h in O2 atmosphere. After

that, the calcined powders were ball milled again for

12 h. The resultant powders were pressed into pellets

of 14 mm in diameter and 1 mm in thickness under

uniaxial pressure of 80 MPa using PVA as binder.

After removing the PVA binder, the pellets by single-

step sintering method were sintered at 1080 �C for 6 h

in O2 atmosphere, and named as AN-S1. For com-

parison, the pellets by two-step sintering method

were heated at 1100 �C without heat preservation,

then cooled down directly to 950 �C for 10 h in air

and then cool down to room temperature. After that,

the sintered samples were annealed at 950 �C for 4 h

in O2 atmosphere, and named as AN-S2. Notably, all

the pellets are covered with powders of the same

composition to reduce the volatilization of Ag ele-

ment during the sintering process. It should be noted

that the samples for measuring energy storage

properties were polished to achieve parallel and

smooth faces with thickness of *0.2 mm and coated

on both sides with Au electrodes with diameter of 2

mm. In addition, the power density of the ceramic

samples was tested by a charge–discharge platform

(Gogo Instruments Technology, Shanghai, China).

The details of structural and electrical properties can

be found in our previous work [35, 36].

Figure 1 XRD patterns of the AN S1 and S2. The inset is the

photograph images of the samples.
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Results and discussion

XRD patterns of the AN-S1 and S2 are indicated in

Fig. 1. Both samples exhibit pure perovskite structure

without no secondary phases. As shown in the inset

of Fig. 1, the color of both samples is yellow. These

results suggest that the AN-S1 and S2 show good

crystallinity. The SEM images obtained from polished

and thermally etched surface of AN-S1 and S2 are

displayed in Fig. 2 a and b, respectively. It can be

clearly seen that both of them show dense

microstructure. The relative density (qr) of AN-S2

sample was deduced by Archimedes method and

found to be 97% of the theoretical value, which is

more than 93% of AN-S1. Additionally, the AN-S2

sample also exhibits smaller grain size and homoge-

neous microstructure as indicated from Fig. 2 a and b

and Fig. S1 of the supplementary materials. Both facts

are helpful for energy storage. The element mappings

performed on the AN-S2 ceramic are present in

Fig. S2(a–c). It is seen that all the elements in the

ceramic are homogeneously distributed.

The temperature dependence of dielectric constant

and loss tangent measured at various frequencies for

the AN-S1 and S2 is presented in Fig. 3. A number of

dielectric anomalies, signaling a series of phase

transitions, have been observed in both samples.

From low to high temperature, the first dielectric

anomaly occurs at about 60 �C, relating to M1

(Pmc21)–M2 (Pbcm) phase transitions. The next

dielectric anomaly observed at around 250 �C asso-

ciated with M2 (Pbcm)–M3 (Pbcm) transition. Finally,

a sharply increased dielectric constant is found

around 340 �C, corresponding to the M3-O phase

transition [28]. Details of the phase transition tem-

peratures for both the samples are summarized in

Table 1. It is worth noting that the dielectric loss

tangent of AN-S2 sample is significantly smaller than

that of AN-S1. In order to show that the AN-S2

sample has a smaller dielectric loss value, the inset

shows the dielectric loss at -25 * 50 �C of both

samples. As a result, the dielectric loss value of AN-

S2 sample (tand = 0.0186 @25 �C 1 kHz) is indeed

smaller than that of AN-S1 sample (tand = 0.0209 @25

�C 1 kHz). The reason for this finding may be that the

two-step sintering method can effectively reduce the

volatilization of Ag element, thereby reducing the

oxygen vacancy concentration in the sample. In order

to verify the above point, XPS measurements (0.1 s)

are conducted on both AN ceramics, as shown in

Fig. S3 of the supplementary materials. It is clearly

shown that the 0.1 s spectrum can be fitted by two

Gaussian peaks; from low to high binding energy, the

peak corresponds successively to oxygen atoms at the

lattice site and oxygen vacancies, which is similar to

previously reported results [19]. Moreover, the oxy-

gen vacancy concentration in AN-S2 sample (22.5%)

is smaller than AN-S1 (29.2%). This result also better

illustrates that the two-step sintering method can

reduce the generation of oxygen vacancies by con-

trolling the volatilization of Ag element. The low

dielectric loss tangent value is an important factor for

sample with high energy storage ability. Therefore,

an enhanced energy storage performance would be

expected in AN-S2.

In order to well study the feasibility for practical

dielectric energy storage applications, the Weibull

distribution analysis plots of the EB values for the

AN-S1 and S2 are given in Fig. 4a. It can be seen that

the data were well fitted linearly, and high b values

suggested the reliability of the Weibull analysis.

Importantly, we can also observe that the average EB

value of AN-S2 sample is much higher than that of

AN-S1 sample, indicating that the AN-S2 sample can

Figure 2 a and b SEM images of the AN S1 and S2.
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be operated at much higher electric field with an

enhanced Wrec value. In general, the breakdown field

strength is closely related to the ceramics

microstructure features [3], such as grain size, den-

sity, secondary phase and so on. Among them, the

grain size and density have strong effect on the

breakdown field strength of dielectric ceramics; that

is, small grain size, homogeneous and dense

microstructure can significantly improve the dielec-

tric breakdown strength [3]. Therefore, it is reason-

able to believe that the high breakdown field strength

of AN-S2 samples is related to their smaller grain size

and higher density. Furthermore, Fig. 4b and c shows

P–E and I–E loops of the AN-S1 and AN-S2 ceramics

measured at room temperature. Typical antiferro-

electric double P–E loops are observed in both sam-

ples. Moreover, four current peaks are seen in the I–

E loops in both samples, with two peaks in both

forward and backward branches. In each branch, the

peak at higher electric field is related to the antifer-

roelectric-ferroelectric phase transition [37] (marked

as EF), while another peak at lower electric field is

associated to the ferroelectric-antiferroelectric phase

transition [37] (marked as EA). In addition, based on

Eqs. (1) and (2), the calculated Wrec and g values for

both samples are present in Table 1. It should be

noted that both the Wrec and g values of AN-S2 are

much higher than those of AN-S1. These results

suggest that two-step sintering method significantly

enhances the energy storage properties of the

AgNbO3 ceramics. To better verify this view, Fig. 4d

comparisons of the g*Wrec of the AN-S2 ceramic

prepared by two-step sintering method studied in

this work with pure AgNbO3 ceramics reported in

published literature [13, 16, 18, 21, 28–34]. It is

Figure 3 Temperature dependence of dielectric constant and loss tangent measured at various frequencies for AN-S1 (a) and AN-S2

(b).The inset shows the dielectric loss at -25–50 �C.

Table 1 Dielectric and energy

storage characteristic

parameters of the AN-S1 and

AN-S2 samples

Sample M1–M2 (�C) M2–M3 (�C) M3–O (�C) Wrec (J/cm
3) g(%)

AN-S1 61 243 350 2.21 35

AN-S2 54 238 333 2.59 45
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obvious that the energy storage properties of the AN-

S2 ceramic are superior to all of them.

Figure 5a shows P–E loops of the AN-S2 ceramic

measured at 20 kV/mm and 10 Hz in the temperature

range of 25–100 �C. It can be found that the double P–

E loops can be seen in the temperature range.

Moreover, the calculated Wrec and g values are pre-

sented in Fig. 5b; the Wrec values firstly slightly

increased to 2.39 J/cm3, and then decreased to 2.13 J/

cm3 at 100 �C. In general, the thermal stability of

energy storage density can be calculated according to

equation [36, 38]:

DW
W25�C

¼ W �W25�C

W25�C
� 100% ð3Þ

where DW and W25�C are the variation of energy

storage density and the value of energy storage

density measured at 25 �C, respectively. The

Figure 4 Weibull plots of the EB values for AN-S1 and -S2

ceramics (a),P-E and I-E loops measured at room temperature for

AN-S1 (b) and AN-S2 (c) and comparison of Wrec and g of the

AN-S2 studied in this work with pure AgNbO3 (AN) ceramics

published in literature (d).

Figure 5 a P-E loops of the AN-S2 ceramic measured at 20 kV/mm and 10 Hz in the temperature range of 25–100 �C, b Wrec and g
values as a function of temperature.
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corresponding thermal stability of energy storage

density is lower than 10% in the temperature range of

25–100 �C. What is more, the g values of 43–52% can

also be kept in the wide temperature range.

In order to systematically characterize the energy

storage characteristics of AN-S2 samples, the

undamped and damped discharge current curves are

presented in Figs. 6 and 7, respectively. From Fig. 6a,

it can be seen that the current peaks increase from

4.13 to 10.08 A as the applied electric field increases

from 6 to 16 kV/mm. The power density (PD) can be

calculated as the below formula:

PD ¼ EImax=2S ð4Þ

where E is the applied electric field, Imax is the value

of current peak, and S is the electrode area. A high

power density (PD) value of 25.7 MW/cm3 is

achieved in the AN-S2 sample. It is worth noting that

the PD value of AN-S2 sample is higher than most of

the reported values so far in different energy storage

materials [39–46] as compared in Fig. 6b. Further-

more, the damped discharge current curves show

that the value of current peak increases from 3.17 to

4.87 A as the electric field increases from 8 to 14 kV/

mm (as seen in Fig. 7a). It is well known that the

energy storage density in the discharge processes can

be calculated as follows:

WDischarge ¼
R
R
iðtÞ2dt
V

ð5Þ

where R is the total resistance (for this work, it is 130

X), V is the total volume of the ceramic, i is the cur-

rent, and t stands for the time. The evolution of

energy storage density in the discharge process as a

function of electric field is shown in Fig. 7b as well.

The results reveal that the energy storage density

gradually increases from 0.04 to 0.1 J/cm3 when the

electric field increases from 8 to 14 kV/mm. On the

other side, it is generally named the t0.9—the time of

90% of the total energy has been discharged as the

discharging time in dielectric energy materials

[35, 45, 47, 48], as also shown by the vertical line in

Fig. 7b. And the t0.9 measured at room temperature is

around 25 ns at 14 kV/mm, which suggests that the

discharge speed is extremely fast in the AN-S2

ceramic.

Figure 6 a Undamped pulsed discharge current curves of AN-S2

ceramic measured at room temperature and various electric fields,

and b comparison of the power density (PD) of the AN-S2 ceramic

studied in this work with other dielectric energy storage ceramics

from published literature.

Figure 7 a Damped pulsed discharge current curves, and

b energy storage density and discharge versus time of AN-S2

ceramic measured at room temperature and various electric fields.
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Conclusions

In this study, the pure AgNbO3 lead-free antiferro-

electric ceramic with improved energy storage

properties was prepared by two-step sintering

method. The ceramic prepared by two-step sintering

method exhibited high breakdown electric field

strength (22 kV/mm), large Wrec (2.59 J/cm3) and

high g (45%) as well as excellent temperature stabil-

ity. The main reason for above excellent energy

storage characteristics may due to the ceramic pre-

pared by the two-step sintering method has small

grain size, dense and homogeneous microstructure.

Furthermore, it also exhibited high power density

(PD = 25.7 MW/cm3) and extremely fast charge–dis-

charge speed (25 ns).
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