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A B S T R A C T

The energy-storage performance of stable NaNbO3-based antiferroelectric (AFE) ceramics was for the first time
reported in (0.94-x)NaNbO3-0.06BaZrO3-xCaZrO3 lead-free ceramics. A gradual evolution from an instable AFE
phase (x≤0.01) to an orthorhombic AFE P phase (Pbma) (0.01< x≤0.05) was found to accompany the ap-
pearance of repeatable double-like polarization versus electric field loops although poled samples (x<0.01)
own an AFE monoclinic phase (P21). Interestingly, compared with x≤0.01 samples with instable anti-
ferroelectricity, a relatively high recoverable energy storage density Wrec ˜ 1.59 J/cm3 (@ 0.1 Hz) and a storage
efficiency η of ˜30% were achieved in the x=0.04 ceramic. Moreover, a high Wrec of> 1.16 J/cm3 and an
outstanding charge-discharge performance with fast discharge rate (t0.9<100 ns) were generated in the tem-
perature range from room temperature to 180 °C in the x=0.04 ceramic. These results suggest that NaNbO3-
based AFE P-phase ceramics could be new potential dielectric materials for high-energy storage capacitors.

1. Introduction

Increasing demand for efficient energy-storage devices has drawn
considerable attention in recent years [1]. Dielectric ceramic capacitors
exhibit obvious advantages in energy storage properties owing to the
fast charge and discharge rate, superior mechanical and thermal
properties compared with batteries, supercapacitors and polymer ca-
pacitors [2,3]. The recoverable energy-storage density Wrec and effi-
ciency η of a capacitor can be determined according to a polarization-
electric field (P-E) loop during a charge-discharge period using the
following formula: ∫=W EdPrec P

P
r
max , ∫=W PdEloss , and

= +η W W W/( )rec rec loss , where Pmax is the saturated polarization, Pr is
the remanent polarization, and Wloss is the area of hysteresis loop [4,5].
Owing to the existence of high Pmax and low Pr during the process of
electric field induced reversible antiferroelectric (AFE)-ferroelectric
(FE) phase transition, AFE perovskites show obvious advantages com-
pared with FE perovskites and linear dielectric materials [4–9]. Various
types of AFE ceramics have been so far investigated as an effort to
improve their energy-storage density, especially for lead-free ceramics
in recent years due to the pollution of lead oxides [10–14].

NaNbO3 (NN) [14–17], (Bi1/2Na1/2)TiO3 (BNT) [12,13,18] and
AgNbO3 (AN) [10,11,19] are the most widely studied lead-free AFE

materials up to now. Excellent energy storage properties have been
achieved in both BNT and AN-based lead-free AFE solid solutions
[10–13]. Comparatively speaking, the energy storage density of NN-
based AFE ceramics is inferior [14]. Similar to AN, NN is a well-docu-
mented AFE perovskite compound and exhibits an AFE orthorhombic
(AFEO) Pbma space group (P phase) at room temperature (RT) and a
number of other phases with the deviation of temperature from RT
[20]. However, the AFEO P phase in pure NN ceramics was found to
irreversibly change into FE orthorhombic Q phase with P21ma space
group at RT under an external field owing to their similar free energies
between coexisting AFE phases and FE Q phases [21,22]. As a result,
the antiferroelectricity of pure NN cannot be repeatedly used. There-
fore, to effectively take advantage of the antiferroelectricity of NN for
the application of energy-storage capacitors, one critical issue to be
solved is how to adequately enhance the antiferroelectric stability. A
couple of studies have been carried out on attempting to stabilize the
antiferroelectricity of NN and to achieve repeatable field induced AFE-
FE phase transition from the crystallographic point of view [23–25],
more focusing on the electrical field induced strain performances. A
recent study reported an energy-storage density of Wrec˜0.55 J/cm3 at
RT in AFE and FE phase coexisted NN-CaZrO3 (NN-CZ) solid solutions
[14], where such a low Wrec value was partially ascribed to the fact that
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the breakdown strength (EB) was much lower than the driving field of
the AFE-FE phase transition.

As far as the literature survey is concerned, the energy-storage
density of stable NN-based AFE solid solution ceramics has not yet been
reported so far. A reproducible double P-E hysteresis loop has clearly
revealed a stable antiferroelectricity at RT in NN-BaZrO3-CZ (NN-BZ-
CZ) solid solutions in Ref. [25] with much attention to the correlation
between the phase stability and the field induced strain. In this work, a
special focus was placed on the energy-storage properties of the NN-BZ-
CZ ternary system. The composition, temperature and frequency de-
pendence of W and η values were explored in detail. Moreover, the
energy-storage performance of only post-poled samples was evaluated,
considering the fact that an irreversible AFE-FE phase transition should
be involved if the AFE phase is not stable.

2. Experimental procedure

The (0.94-x)NN-0.06BZ-xCZ (0≤x≤0.05) ceramics were manu-
factured by a conventional solid-state reaction method. Commercially
available reagent grade oxide and carbonate powders were used as the
starting materials. The powders were mixed thoroughly in ethanol
using zirconia balls for 6 h according to their compositional formula.
The powder was calcined at 900 °C for 3 h and then ball-milled again for
10 h, and finally pressed into disk samples with a diameter of 10mm
under 100MPa using polyvinyl alcohol (PVA) as a binder. Sintering was
performed in the temperature range of 1350˜1380 °C for 2 h in covered
alumina crucibles after burning out the binder at 550 °C for 4 h. Silver
electrodes were and pasted and then fired on both sides of the samples
at 550 °C for 30min. The compositions with 0≤x≤0.01 and

0.02≤x≤0.05 were poled at RT under a dc field of 15 kV/mm and
20 kV/mm for 15min, respectively.

Dielectric properties as a function of temperature and frequency
were measured by an LCR meter (Agilent E4980A, Santa Clara, CA,
USA). The domain morphology was observed on a field-emission
transmission electron microscope (FE-TEM, JEM-2100 F, JEOL, Japan)
operated at 200 kV. The surface morphology of the samples was ob-
served using a field-emission scanning electron microscope (FE-SEM;
SU8020, JEOL, Tokyo, Japan). Before the SEM observation, the disk
samples were polished and then thermally etched at a temperature of
˜150 °C lower than the sintering temperature for 30min. A precision
impedance analyzer (4294A, Agilent Technologies, Santa Clara, CA,
USA) was used to analyze the temperature-dependent impedance
spectra. The EB measurement was performed at RT by using a voltage-
withstand test device (BDJC-50KV, Beiguangjingyi Instrument
Equipment Co. Ltd., Beijing, China). The temperature dependent P-E
hysteresis loops were measured using a ferroelectric test system
(Precision multiferroelectric; Radiant Technologies Inc, Albuquerque,
New Mexico) connected with a high-temperature probing stage
(HFS600E-PB2, Linkam Scientific Instruments, Tadworth, UK). The
energy release properties of ceramic capacitors were investigated by a
specially designed and highspeed capacitor discharge circuit. For
pulsed charge-discharge test, the sample size is 0.2mm (thickness) ×
4.9 mm2 (electrode area).

3. Results and discussion

Fig. 1 show the grain morphology of (0.94-x)NN-0.06BZ-xCZ cera-
mics sintered at their optimum temperatures. It can be seen that all the

Fig. 1. SEM micrographs on polished and thermally etched surfaces of (0.94-x)NN-0.06BZ-xCZ ceramics sintered at their optimum temperatures: (a) x=0, (b)
x=0.02 and (c) x=0.04.

Fig. 2. (a) The complex AC impedance and fitting semicircles at 550 °C for the (0.94-x)NN-0.06BZ-xCZ ceramics; (b) plots of Z’’/Z’’max versus frequency in the
temperature range 450–600 °C for the x=0.04 ceramic; and (c) the variation of the Ea with CZ content. The inset of (c) is the Arrhenius-type plots of bulk
conductivity for the x=0.04 ceramic.
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studied samples were well sintered with a relative density of> 97% as
proved by the Archimedes method. With the substitution of CZ for NN,
the grain size of the sintered ceramic was found to decrease from ˜3 μm
at x=0 to ˜2 μm at x=0.04 probably because of slightly decreased
sintering temperature from the lattice activation. The EB value was
reported to have an exponential decay relationship with grain size (d),
i.e., EB∝(d)−a because of the high resistivity of grain boundary based on
the formation of the depletion space charge layers at the grain
boundary [4].

The impedance (Z*) is commonly used to clarify the conduction
mechanism, and especially the relaxor behavior induced by defects.
Fig. 2a shows the Z’-Z’’ curves for several samples measured at 550 °C in
the frequency range of 20 Hz-1MHz, where Z’ and Z’’ are the real and

Fig. 3. (a) Weibull distributions and fitting lines of the EB, and (b) the de-
termined EB as a function of CZ content.

Fig. 4. (a)-(f) RT P-E loops measured under different electric fields and corresponding J-E curves under the maximum test electric field for (0.94-x)NN-0.06BZ-xCZ
ceramics, and (g) Wrec and (h) η values of (0.94-x)NN-0.06BZ-xCZ ceramics varying with the magnitude of the applied electric field.

Fig. 5. Temperature dependent dielectric permittivity for unpoled and poled
x=0.01 ceramics; the insets show the P-E loops and the corresponding J-E
curves measured at various temperatures.
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imaginary parts of impedance, respectively. All the studied curves are a
nearly single Debye semicircle arc. According to the fitting results, there
is still a small contribution from grain boundary even though the con-
duction mechanism is mainly determined by grains. Furthermore, with
the addition of CZ, the impedance increases monotonously in the stu-
died composition range. This may be ascribed to the restriction of
forming point defects owing to reduced volatilization of sodium as
sintering temperature decreases with increasing CZ content. Fig. 2b
shows the Z’’/Z’’max as a function of frequency for the x=0.04
ceramic in the temperature of 450–600 °C. Only one peak can be ob-
served, which shifts towards higher frequency with increasing tem-
perature. This suggests that temperature dependent relaxation behavior
is mainly induced by the defects or vacancies in the x=0.04 ceramic.
The activation energy (Ea), which is associated with the potential-en-
ergy barrier, can be estimated by the Arrhenius law [26]:

σ= σ0exp(Ea/kT) (1)

where σ is the bulk conductivity, σ0 is the pre-exponent constant and k
is the Boltzmann constant. Ea can be calculated from the slope of lnσ-
1000/T plots and is in the range of 1.48–1.57 eV for different samples,

as shown in Fig. 2c, meaning a main conduction mechanism from
oxygen vacancies. The increased Ea value with increasing CZ content is
also believed to be in favor of enhancing EB, because the larger Ea may
be attributed to more difficult long-range migration of oxygen va-
cancies, namely oxygen vacancies are steadier.

The Weibull distribution function is usually used for the EB analysis
due to the statistical nature of failure. [27] The values of EB of (0.94-x)
NN-0.06BZ-xCZ ceramics can be evaluated by using the following
Weibull distribution functions:

Xi= ln(Ei) (2)

Y i= ln{ln[1/(1-Pi)]} (3)

Pi= i/(n+1) (4)

where n is the total number of the samples, Ei is the breakdown electric
field for the ith specimen arranging in the ascending order, and Pi the
probability of dielectric breakdown. Xi and Yi should have a linear re-
lationship and the slope is the Weibull modulus m. As shown in Fig. 3a,
all the data points fit well with the Weibull distribution. The shape
parameters m with values more than five were obtained for all the

Fig. 6. Temperature dependent (a)-(c) P-E loops and (d)-(f) the corresponding J-E curves for a few (0.94-x)NN-0.06BZ-xCZ ceramics.

Fig. 7. Temperature dependence of (a) Pmax and Pr, (b) EAF and EFA, (c) Wrec and (d) η values for (0.94-x)NN-0.06BZ-xCZ ceramics.
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studied (0.94-x)NN-0.06BZ-xCZ ceramics, demonstrating high relia-
bility of the Weibull analysis. The Weibull moduli EB values were then
determined through linear regression of the ln(-ln(1-Pi))–lnE relation, as
indicated in Fig. 3b. The average EB was found to increase mono-
tonously with increasing CZ content in the studied composition range,
with values on the order of 12 and 23 kV/mm for x=0 and x=0.05
ceramics, respectively.

The P-E loops measured under different electric fields as well as the

corresponding polarization current density versus electric field (J-E)
curves obtained under each maximum test electric field are shown in
Fig. 4a–f for (0.94-x)NN-0.06BZ-xCZ ceramics. Square P-E loops con-
forming to the feature of a normal FE can be obtained in the x=0
ceramic, indicating an irreversible AFE-FE phase transition. The sharp
current peak on the corresponding J-E loop should be thus related to the
fast domain switching around the coercive field. With the substitution
of CZ for NN, a reproducible double-like P-E loop can be observed in the
composition range of 0.01< x≤0.05, suggesting a stable anti-
ferroelectricity although the AFE phase in these samples before and
after poling is not completely the same in the crystal symmetry (AFEO
Pbma, AFE monoclinic P21) [25]. Moreover, the critical electric field
values for the AFE-FE (EAF) and FE-AFE (EFA) phase transition, which
were obtained according to the position of the polarization current
peaks on J-E curves, increase with increasing CZ content. A large Pr
value of over 10 μC/cm2 was obtained at RT for compositions with
0.01< x<0.03, even though reproducible double P-E loops can be
generated in the x=0.02 ceramic. This should be ascribed to the time
hysteresis effect of the back switching from field induced FE phase to
the AFE phase, corresponding to a negative EFA value in the x=0.02
ceramic at RT. Pr drops significantly at x=0.03, suggesting a possible
enhancement of energy-storage properties. Based on P-E hysteresis
loops, the energy storage properties of (0.94-x)NN-0.06BZ-xCZ cera-
mics under different electric fields are shown in Fig. 4g and h. With
increasing electric field, Wrec increases, while η decreases drastically
especially as the electric field is close to the EAF owing to the hysteresis
between forward and backward switching from the AFE phase to the FE
phase during charging and discharging processes, respectively. Even
though EB increases with increasing CZ content, Wrec increases first,
then reaches its maximum value of ˜1.32 J/cm3 at x=0.04, and finally
decreases with further increasing x. The enhanced energy-storage
properties at x=0.04 should be ascribed to both reversible AFE-FE
phase transition and improved dielectric breakdown strength.

Fig. 5 shows the temperature dependent permittivity values of both
unpoled and poled samples with x=0.01. An AFE phase can be iden-
tified for the virgin sample of x=0.01 in the temperature range be-
tween RT and T1 (the temperature for AFE P to AFE R phase transition).
[25,28] After poling at RT, an FE phase can be achieved, as confirmed
by a square P-E loop in the inset of Fig. 5. The electric field induced FE

Fig. 8. Frequency dependent (a) P-E loops and (b) Wrec and η values for the
x=0.04 ceramics.

Fig. 9. (a) RT pulsed overdamped discharging
current curves of the x=0.04 ceramic at a
fixed load resistance of 200 Ω under various
electric fields; (b) WD as a function of time for
the x=0.04 ceramic under various electric
fields; (c) The temperature dependence of the
pulsed overdamped discharging current curves
of the x=0.04 ceramic under 10 kV/mm; (d)
WD as a function of time at different tempera-
tures. The inset of (a) is the variation of Imax
and WD as a function of the electric field. The
inset of (c) is the variation of t0.9 as a function
of temperature.
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phase would turn back to an AFE phase approximately at T3˜100 °C on
heating, causing an obvious dielectric anomaly as shown by a locally
magnified image in Fig. 5. Double hysteresis P-E loops as well as double
current peaks on J-E curves can be detected only above T3 (for example
at 120 °C and 180 °C), indicating a stable antiferroelectricity. In addi-
tion, it is obvious that EAF increases but EFA decreases upon heating.

For the compositions with x>0.01 with stable antiferroelectricity,
typical double P-E loops accompanying with double current peaks can
be observed in the temperature range from RT to 180 °C, as shown in
Fig. 6. According to P-E loops measured at different temperatures
(Fig. 6), Pmax, Pr, EAF, EFA, Wrec and η were plotted as a function
temperature, as shown in Fig. 7. The value of Pmax decreases gradually
with increasing temperature for all compositions. Accompanying the
increase of EFA, Pr decreases monotonously with increasing tempera-
ture, especially a drastic drop of Pr can be found when EFA changes from
negative to positive fields. As known, the discharge process is more
important for the available energy storage density. Therefore, the in-
crease in EFA with increasing temperature should be in favor of the
discharge energy storage behavior. Differently, the decrease in Pmax is
not beneficial for the energy storage density, particularly for the
x=0.04 ceramic owing to its more stable antiferroelectricity. As a
result, η increases all the time on heating for the studied composition,
Wrec increases slightly for 0.01≤x≤0.03 compositions but decreases
slightly for the x=0.04 ceramic. A large Wrec of> 1.16 J/cm3 was
achieved in the x=0.04 ceramic in the temperature range from RT to
180 °C.

The P-E loops measured under different frequencies for the x=0.04
ceramic is shown in Fig. 8a. With increasing the measuring frequency,
the AFE-FE phase transition and the domain wall motion lag and then
their contribution to the polarization level drops, leading to a reduction
of Pmax. At the same time, the polarization hysteresis increases during
the period of applying electric field, causing a decrease of EFA but an
increase of EAF. As a consequence, both Wrec and η decreases slightly
with increasing the measuring frequency, as shown in Fig. 8b. A large
energy storage density of Wrec ˜ 1.59 J/cm3 together with a relatively
low η of ˜30% was obtained at 0.1 Hz in the x=0.04 ceramic at RT.
Therefore, it is essential in future to largely reduce the hysteresis of the
AFE-FE phase transition in order to enable the NN-based AFE ceramics
to be efficiently used for high-energy storage capacitor applications.

In order to evaluate the actual charging-discharging performance,
the pulsed charging-discharging speed of the x=0.04 ceramic was
measured. Overdamped pulsed discharge electric current-time (I–t)
curves measured at different electric fields and different temperatures
are shown in Fig. 9. The discharge energy density (WD) of the x=0.04
ceramic can be calculated as:

∫=W R I t dt V( ) /D
2

(5)

where R and V are total load resistor (200 Ω) and the sample volume,
respectively. With increasing electric field from 4 kV/mm to 14 kV/mm,
the current peak (Imax) and WD values increase from 3.64 A and
0.037 J/cm3 to 12.58 A and 0.54 J/cm3, respectively, as shown in
Fig. 9a and b. According to the WD-t curves measured under different
electric fields in Fig. 9b, the x=0.04 ceramic shows a fast discharging
speed with a short discharge time (t0.9) ˜40 ns, which describes the
discharge time corresponding to reaching 90% saturated WD value.
When an external electric field of much lower than EAF is applied on
AFE ceramics, a nearly linear and hysteresis-free polarization response
merely from the ionic displacement can be achieved (see Fig. 4).
Therefore, after removal of external electric field, the stored energy
during charging could be released within a short time, accompanying
the fast decrease of polarization. It can be seen that the discharge
current rapidly reaches the peak value in a remarkably short time at
different temperatures under 10 kV/mm, as shown in Fig. 9c. Moreover,
there is no evident change in Imax from 20 to 180 °C. However, a
gradual increase of t0.9 can be achieved on heating, as shown in Fig. 9d

and the inset of Fig. 9c. This should be related to a gradual increase of
the contribution of AFE domain reorientation and even AFE-FE phase
transition owing to a slight decrease of EAF on heating. On the one hand,
the time effect of the back-switching of AFE domains and AFE-FE phase
transition would cause an obviously enhanced polarization hysteresis,
inducing the decline of the discharging speed. On the other hand, both
charge and discharge energy density increase on heating owing to the
increased contribution of AFE domain switching and AFE-FE phase
transition. As a result, an increase in WD from 0.24 J/cm3 to 0.50 J/cm3

is obtained when temperature increases from 20 °C to 180 °C.

4. Conclusions

A series of (0.94-x)NN-0.06BZ-xCZ lead-free ceramics were suc-
cessfully fabricated via a conventional solid-state reaction method.
Obviously enhanced stability of the antiferroelectricity was realized
through the substitution of CZ for NN. Repeatable double P-E loops
corresponding to reversible AFE-FE phase transition were achieved in
compositions of 0.05≥x<0.01, resulting in a drastic enhancement of
the energy storage properties. As a result, a high Wrec ˜1.59 J/cm3

(0.1 Hz) and a relatively η of ˜30% as well as an ultra-fast discharge rate
t0.9 ˜ 40 ns were achieved simultaneously at RT in the x=0.04 ceramic.
Moreover, a highWrec of> 1.16 J/cm3 can be generated from RT to 180
°C in the x=0.04 ceramic. These results demonstrate that the (0.94-x)
NN-0.06BZ-xCZ AFEO P-phase ceramics can be considered as potential
candidate lead-free materials for high-energy storage ceramic capaci-
tors. The application potentials would be largely increased if the hys-
teresis of the AFE-FE phase transition can be effectively reduced by the
compositional modification.
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