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A B S T R A C T

Relaxor ferroelectric (FE) materials have received increasing attention owing to their great potentials for energy-
storage applications, especially for the ones with high energy-storage density, efficiency and thermal stability
simultaneously. A novel lead-free [(Na0.5K0.5)0.97-xLi0.03](Nb0.94-xSb0.06)O3-xBi(Zn1/2Zr1/2)O3 (NKLNS-xBZZ)
ceramics was developed by a solid-state reaction method. The addition of BZZ has induced obvious dielectric
relaxation behavior, as well as improved thermal stability of dielectric response. Furthermore, 0.4 wt.% La2O3

was added into the NKLNS-0.06BZZ ceramic, leading to an increased breakdown strength as a result of the
reduction of grain size, improvement of bulk resistivity and decrease of dielectric loss. A large recoverable
energy-storage density (∼4.85 J/cm3) and a high efficiency (∼88.2 %) as well as an excellent thermal stability
(± 12 %, 25–140 °C) were simultaneously obtained, together with a fast discharge rate (t0.9∼112 ns). These
results suggest that La2O3 doped NKLNS-0.06BZZ ceramic could become an attractive dielectric material for
temperature-stable energy-storage capacitors.

1. Introduction

Increasing attention has been recently concentrated on exploiting
high-performance dielectric capacitors for energy-storage application
owing to the fast development of energy electronics and pulsed power
technology [1–3]. Commonly, the energy-storage performances of di-
electrics such as recoverable energy-storage density Wrec and efficiency
(η) can be calculated by the electric field-induced polarization (P-E)
hysteresis loops using following equations:
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where E is the measured electric field, Pmax is the maximum polariza-
tion and Pr is the remanent polarization [4,5]. A lot of work has been
done on improving Wrec of various dielectrics including anti-ferro-
electrics (AFEs), relaxor ferroelectrics (FEs) and linear dielectrics [6–9].
AFE materials have received wide attention due to their high Wrec ac-
companied by electric field driven AFE-FE phase transition. However,
the large hysteresis of AFE-FE and FE-AFE phase transitions also leads
to a limited η value [10]. For linear dielectrics, relatively low Pmax is
inherently responsible for the lowWrec. Thus, relaxor FE materials with

nanodomains have recently received a lot of interests owing to both
high Wrec and η [11–13].

In the past decades, (Na,K)NbO3 (NKN)-based perovskites have
become one of the most extensively investigated piezoelectric ceramics
due to their excellent piezoelectric and ferroelectric properties [14,15].
Moreover, owing to the high Curie temperature, NKN also show large
potential for high temperature dielectric capacitors [16,17]. Large Wrec

values (over 3−4 J/cm3) were reported in NKN-based lead-free cera-
mics at room temperature after the addition of suitable ABO3 (Sr(Zn1/
3Nb2/3)O3, BiFeO3, SrTiO3, Bi(Mg2/3Nb1/3)O3 and Sr(Sc0.5Nb0.5)O3 and
et al.), in which an enhanced electric field can be applied in addition to
increased dielectric relaxation degree as a result submicron-scaled grain
morphology [18–22]. However, these NKN-based ferroelectric compo-
sitions usually exhibit relatively low η, probably owing to large leakage
current at high fields as well as defects caused by poor sintering.
Nevertheless, the advantage for the high temperature application has
rarely been reported for NKN-based energy-storage capacitors. Hence, it
will be interesting to further improve energy-storage properties with a
special focus on the thermal-stability of energy-storage properties for
NKN-based lead-free compositions.

In order to achieve excellent energy storage properties, Li, Sb, Bi
(Zn0.5Zr0.5)O3 (BZZ) were co-doped into the NKN matrix, where Li and
Zn are helpful for the sintering behavior, Sb and Zr tend to stabilize the
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low temperature rhombohedral phase and Bi-based perovskites are in
favor of the high spontaneous polarization [23–25]. It was reported that
doping Sb5+ into NKN ceramics can induce an obvious normal FE to

relaxor FE phase transition [26]. In addition, the introduction of BZZ
can effectively depress the dielectric peak to enhance temperature
stability of dielectric permittivity [27]. As a result,
[(Na0.5K0.5)0.97-xLi0.03](Nb0.94-xSb0.06)O3-xBi(Zn1/2Zr1/2)O3 (NKLNS-
xBZZ) were specially designed, showing obviously improved energy-
storage properties.

2. Experimental

The NKLNS-xBZZ (x = 0−0.08) and NKLNS-0.06BZZ +0.4 wt.%
La2O3 ceramics were synthesized by a solid-state method using high-
purity raw materials : K2CO3 (≥99.0 %), Na2CO3 (≥99.0 %), Li2CO3

(≥99.0 %), Nb2O5 (≥99.0 %), Sb2O3 (≥99.0 %), ZrO2 (≥99.0 %),
ZnO (≥99.0 %), Bi2O3 (≥99.0 %) and La2O3 (≥99.0 %). All raw
materials were purchased from Sinopharm Chemical Reagent Co., Ltd.,
CN. The initial materials were dried at 120 °C for 24 h to remove the
absorbed moisture. The powders were weighed according to the stoi-
chiometric ratio and mixed in ethanol for 6 h. After drying, the powders
were calcined at 850 °C for 4 h. The calcined powers were ball milled
again with the dopant, 0.4 wt% La2O3 and the binder, 0.6 wt% PVB.
Finally, the powders were pressed into disks of 10 mm in diameter and
sintered at 1050−1150 °C for 2 h. The ceramic samples were polished
to obtain parallel surfaces and coated with silver paste and then fired at
550 °C for 30 min.

The phase structures were investigated by an X-ray powder dif-
fractometer (XRD, D/Mzx-rB, Rigaku, Tokyo, Japan) with Cu Kα ra-
diation and Raman spectroscopy (Raman, LabRAM HR Evolution,
HORIBA Jobin Yvon, FR). The grain morphology of the samples was
observed by a field emission scanning electron microscope (FE-SEM,
SU8020, JEOL, Tokyo, Japan). The high-precision LCR meter (Agilent
E4980A, Santa Clara, CA) was used to measure the dielectric permit-
tivity and dielectric loss as a function of temperature and frequency and
the impedance-frequency spectra. P-E hysteresis loops were measured
by a ferroelectric measurement system (Precision multi-ferroelectric,
Radiant Technologies Inc, Albuquerque, NM). The dielectric breakdown
strength (EB) was measured by a voltage breakdown tester (BDJC-50
kV, Beijing Beiguang Jingyi Instrument Equipment Co. Ltd, Beijing,
CN). The charge-discharge properties of samples were measured using a
specially designed and high-speed capacitor discharge circuit.

3. Results and discussion

Fig. 1(a) shows dielectric permittivity and loss as a function of
temperature and frequency for NKLNS-xBZZ ceramics. Two dielectric
anomalies at 80 °C and 320 °C can be observed in the x = 0 sample, as
observed in pure NKN, corresponding to the orthorhombic-tetragonal
and tetragonal-cubic phase transitions, respectively. With the addition
of BZZ, only a single diffuse dielectric peak can be found within the
measured temperature range. The broadened and suppressed dielectric
peak indicates that the normal FE phase at x = 0 transforms into a
relaxor FE phase (x≥0.02) at room temperature [28,29]. It is com-
monly accepted that the dielectric relaxation behavior of relaxor FEs
can be defined by a modified Curie-Weiss law: 1/εr-1/εm = (T-Tm)γ/C
(T>Tm), where γ is the degree of diffusivity, εm is the is the maximum
value of the dielectric permittivity, Tm is the corresponding temperature
at the εm, and C is the Curie-Weiss constant [30]. Moreover, ΔTrelax is
also an important parameter to depict dielectric relaxation character-
istics, which can be determined by the difference between two Tm va-
lues measured at 1 MHz and 1 kHz [31]. Both parameters (γ and ΔTrelax)
were found to increase obviously with the increase of BZZ content, as
shown in the inset of Fig. 1(a), confirming the enhanced dielectric re-
laxation behavior. This should be related to the introduction of cations
with different valences into both A and B sites of the ABO3 crystal
lattice, leading to the increase of the local random field as a result of the
disordered distribution of different ions. Moreover, it is worth noting
that the improved thermal stability of εr can be achieved at the same

Fig. 1. (a) Dielectric permittivity and loss as a function of temperature and
frequency and (b) the temperature dependence of Δεr/εRT at 1 MHz for NKLNS-
xBZZ ceramics. The inset in (a) shows the variation of γ and ΔTrelax with x.

Fig. 2. (a) Room temperature XRD refinements of NKLNS-xBZZ ceramics, (b)
locally enlarged patterns near 2θ∼46°, (c) Raman spectra at room temperature
for the NKLNS-xBZZ ceramics and (d) the wavenumber of the observed modes
as a function of BZZ content.
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time with the addition of BZZ, as shown in Fig. 1(b). Obviously, the
variation of εr with temperature doesn’t exceed 15 % within the tem-
perature range of 25∼210 °C at 1 MHz in the x = 0.06 ceramic, in-
dicating a large potential for temperature-stable dielectric capacitors.

Fig. 2 illustrates the XRD refinement patterns of NKLNS-xBZZ
ceramics as a function of x. It can be seen that all the ceramics exhibit a
pure perovskite structure without any impurity phase. To confirm the
structural variation of the NKLNS-xBZZ ceramics, Rietveld refinement
analysis was conducted on the XRD pattern of all specimens using the
GSAS software. For the x = 0 ceramic, a typical orthorhombic sym-
metry can be identified, as evidenced by the peak splitting of the (002)
and (200) diffraction lines [32]. Therefore, the crystal structure of
NKLNS-xBZZ ceramics was analyzed using orthorhombic with Amm2
space group. A good fitting profile with Rwp = 7.72 % and χ2 = 1.51
indicates a single orthorhombic phase for the x = 0 sample. With the
addition of BZZ content, the split (200) peaks merge into a single peak,
indicating that the NKLNS-xBZZ solid solutions undergo a transition
from a single orthorhombic phase to a pseudo-cubic phase, as indicated
by both single (110) and (200) peaks for the ceramics of x≥0.02 [33].
Rietveld refinement of NKLNS-xBZZ ceramics (x = 0.02−0.08) was
well executed using cubic with Pmm space group [34]. The refined
lattice parameters for all ceramics are shown in Table 1. It can be seen
that the volume of the perovskite unit cells expands monotonously with
increasing BZZ content because of the substitution of larger B-site ions
such as Zr4+ (0.72 nm, CN = 6) and Zn2+ (0.74 nm, CN = 6) for Nb5+

(0.64 nm, CN = 6) and Sb5+ (0.6 nm, CN = 6) [35,36].
Raman scattering is one of the appropriate techniques to study the

dynamics of the local structure by analyzing the characteristic modes
associated with nanoregions in relaxor FEs [37]. The Raman scattering
spectra and the deconvolution results by using Lorentz function for

NKLNS-xBZZ ceramics are shown in Figs. 2(c)-(d). For x= 0, the peaks
at wavenumbers< 150 cm−1 are related to the translational modes of
Na+, K+ and Li+ cations. The other peaks at about 246 cm−1, 608
cm−1 and 860 cm−1 are related to the BO6 octahedra [38]. With the
addition of BZZ, the peak at around 246 cm−1 becomes weak and
broad. The peak around 90 cm−1 merges into a single peak after the
addition of Bi3+ cations into the A site. These indicate that the cation
disorder of the A site can be enhanced through the multiple-cation
substitution. Moreover, the peaks at around 550 cm−1 and 860 cm−1

become diffuse and weak slightly with increasing x, indicating the in-
creased B-site structural disorder as well after the substitution of Nb5+

and Sb5+ by Zr4+and Zn2+. The simultaneously increased structural
disorder at both A and B sites results in the macroscopic dielectric re-
laxation behavior. After deconvolution by Gaussian-Lorentzian-shape
peaks function, the wavenumber of the Raman-active vibrational modes
as a function of x was shown in Fig. 2(d). It can be seen that 9 Raman
peaks were detected for x = 0 ceramics while 7 Raman peaks were
detected for the ceramics with x≥0.02. According to the XRD results,
this phenomenon should be related to the transformation of the phase
structure. Meanwhile, the BO6 octahedra bands around 608 cm−1 and
860 cm−1 tend to shift to lower frequency with the addition of BZZ. It
means that the increase of BZZ content weakens the interaction be-
tween B and O ions and accordingly increases the degree of diffusivity.

Fig. 3(a)-(e) show SEM micrographs of the as-sintered surface of
NKLNS-xBZZ ceramics at their optimal sintering temperatures and
Fig. 3(f) shows the variation of average grain size with increasing BZZ
content. The average grain size was estimated by a line-intercept
method using Nano Measurer software including 100–120 grains. It can
be seen that the grain size for the x= 0 ceramic is larger than 4 μm and
the microstructure is not dense. With the addition of BZZ, the grain size

Table 1
Refined structural parameters of NKLNS-xBZZ ceramics.

x Space group a (Å) b (Å) c (Å) Volume (Å3) Rwp (%) Rp (%) χ2

0 Amm2 3.9533(2) 5.6235(4) 5.6455(3) 125.51 7.72 5.58 1.51
0.02 Pmm 3.9750(2) 3.9750(2) 3.9750(2) 62.81 10.10 7.56 1.19
0.04 Pmm 3.9783(2) 3.9783(2) 3.9783(2) 62.97 9.97 7.41 1.16
0.06 Pmm 3.9827(2) 3.9827(2) 3.9827(2) 63.17 11.64 8.86 1.54
0.08 Pmm 3.9850(2) 3.9850(2) 3.9850(2) 63.29 13.47 10.58 1.43

Fig. 3. SEM micrographs of the as-sintered surface of the NKLNS-xBZZ ceramics (a) x= 0, (b) x= 0.02, (c) x= 0.04, (d) x= 0.06, (d) x= 0.08 and (f) the variation
of average grain size with increasing BZZ content.
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reduces down to submicron scales. In addition, the average grain size
increases gradually for x≥0.02 because the existence of Zn can produce
liquid phases and thus promote grain growth [24].

Fig. 4(a) shows P-E hysteresis loops of NKLNS-xBZZ ceramics under
10 kV/mm. The x = 0 ceramic exhibits a square-like P-E loop with
relatively large Pmax and Pr, typical of a normal FE characteristic. After
the addition of BZZ, slim P-E loops with small Pr values can be ob-
served. Fig. 4(b) shows the variation of energy-storage performances
under 10 kV/mm with changing BZZ content. Accompanying the
transition from normal FE phase to relaxor FE phase, the values of η and
Wrec increase rapidly from x = 0 to x = 0.02. With further enhancing
dielectric relaxation degree, both η andWrec increase tardily. Maximum
ΔP (=Pmax-Pr) value (≈15 μC/cm2) was obtained at x = 0.06, laying a
good foundation for achieving the optimum Wrec value of ∼0.6 J/cm3.
Moreover, the x = 0.06 ceramic also exhibits a relatively high η value
of ∼92 %, meaning that only a small part of the charging energy can be
dissipated as heat during the discharge process. To explore the tem-
perature dependence of energy-storage performance, unipolar P-E
hysteresis loops for NKLNS-0.06BZZ ceramics under 25 kV/mm at dif-
ferent temperature are shown in Fig. 4(c). Slim P-E hysteresis loops
with small Pr and large Pmax can be seen in the studied temperature
range. Wrec decreases slightly from 2.3 J/cm3 to 2.1 J/cm3 while η
decreases from 89 % to 78 % on heating, as shown in Fig. 4(d). The
reason for the decrease in η is probably attributed to the increase in
oxygen vacancy concentration at high temperatures.

To further improve the energy-storage performance of the x= 0.06
ceramic, 0.4 wt.% La2O3 was added for the purposed to optimize grain
morphology and thus increase EB [39]. Fig. 5(a) and (b) show SEM
micrographs of the as-sintered surface of undoped and doped NKLNS-
0.06BZZ ceramics at their optimal temperatures, respectively. It can be
seen that both samples exhibit compact microstructure. The distribu-
tion of grain size is shown in the insets of Fig. 5(a) and (b). The dis-
tribution of grain size was fitted by Gauss formula using Origin

software. Although a few larger grains exist in doped samples, the
doped samples have smaller average grain sizes and more uniform
grains. Considering the similarity of ionic radius between K+, Na+ and
La3+, La3+ can easily diffuse into the crystal lattice occupying the A-
site in NKN-based ceramics [40]. Point defects may exist in the ABO3

crystal structure after doping La3+, as described by the following re-

action: + +
+ +

La O La O V2 3 4
A B O

A O A2 3
..

5 3 [41]. The generated A-site
vacancies or electrons can combine with oxygen vacancies, forming
defect dipoles, leading to the reduction in the content of independent
oxygen vacancies. Furthermore, grain growth can be inhibited as a
result of the pinning of the movement of grain boundary during sin-
tering process after adding La2O3 [16]. Temperature-dependent di-
electric permittivity of undoped and doped samples is shown in
Fig. 5(c). Tm keeps nearly unchanged, while the maximum dielectric
permittivity slightly decreases with the addition of La2O3 probably
because of the grain refinement. The dielectric loss tanδ of La2O3 doped
samples is lower than that of undoped samples, especially at high
temperature. Fig. 5(d) shows the complex impedance plane Z’-Z’’ plot of
undoped and doped NKLNS-0.06BZZ ceramics measured at 500 °C. The
electric conductivity mechanism can be obtained from the impedance
spectra. Generally speaking, grain and grain boundary affect the elec-
trical process corresponding to two Debye-like semicircles shown in the
impedance spectra. According to the fitting results using an equivalent
circuit shown in Fig. 5(d), the grain boundary is believed to make the
main contribution to the electrical process [42,43]. In addition, the
increase of grain boundary resistivity indicates that doping La2O3 can
efficiently enhance the insulation behavior of NKLNS-0.06BZZ cera-
mics. Fig. 5(e) illustrates the dielectric loss tanδ at room temperature as
a function of frequency for undoped and doped NKLNS-0.06BZZ cera-
mics. It can be seen that tanδ for both samples increases with increasing
frequency. The increase in tanδ should be caused by the dielectric re-
laxation at higher frequency. For the doped NKLNS-0.06BZZ ceramic,

Fig. 4. (a) P-E hysteresis loops measured at 100 Hz under 10 kV/mm, (b) the variation of energy-storage performances with increasing BZZ content, (c) the
temperature dependence of unipolar P-E hysteresis loops of the NKLNS-0.06BZZ ceramic measured at 100 Hz under 25 kV/mm and (d) Wrec and η as a function of
temperature.
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the tanδ is lower than that of the undoped ceramic over the measured
frequency range, especially at higher frequency. An important reason
for the reduction of tanδ is the increase of the fraction of grain
boundary with larger resistivity. When an electric field is applied, heat
will be continuously generated within the dielectric because of the
conductive leakage current and/or dielectric loss. The decreased di-
electric loss would decrease the possibility of thermal breakdown and
thus increase EB of bulk ceramics after adding La2O3. In order to
quantitatively evaluate the EB value of the two ceramics, the Weibull
statistical distribution method [44–46] was used, as shown in Fig. 5(f),
according to the following equations: Xi = ln(Ei), Yi = ln (ln(1/(1-Pi))),
Pi = i/(n+1) where Xi, Yi, and Pi are parameters in Weibull distribution
functions, n is the total number of samples, and Ei is the breakdown
electric field of each sample in the experiments. Ei should be arranged
in ascending order of electric field. The result of the linear regression fit

can be expressed as Y = A + mX, where m is the Weibull parameter. It
is greater than 11, indicating that the analysis result is credible. As a
result, EB values of undoped and doped NKLNS-0.06BZZ ceramics are
41.6 kV/mm and 48.9 kV/mm, respectively. The improved EB should be
ascribed to the combined contribution of decreased grain size, in-
creased bulk resistivity and decreased dielectric loss caused by La2O3

doping.
Large EB values allow high electric fields to be applied. Fig. 6(a)

shows unipolar P-E hysteresis loops of undoped and doped NKLNS-
0.06BZZ ceramics under different electric fields. With increasing elec-
tric field, Pmax increases while Pr remains very small, leading to an
obvious increase of ΔP, as shown in Fig. 6(b). Pmax of the undoped
NKLNS-0.06BZZ ceramic increases from ∼13.9 at 10 kV/mm to ∼30.9
μC/cm2 at 38 kV/mm, while Pmax of the La2O3 doped NKLNS-0.06BZZ
ceramic increases from ∼12.7 at 10 kV/mm to ∼31.5 μC/cm2 at 48

Fig. 5. SEM micrographs of the as-sintered surface of (a) NKLNS-0.06BZZ and (b) La2O3 doped NKLNS-0.06BZZ ceramics, (c) temperature dependent dielectric
permittivity, (d) the complex impedance plane Z’-Z’’ plot measured at 500 °C, (e) dielectric loss tanδ as a function of frequency at room temperature and (f) the
Weibull statistical distribution of undoped and doped NKLNS-0.06BZZ ceramics.
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Fig. 6. (a) Unipolar P-E hysteresis loops at 100 Hz measured at room temperature, (b) Pmax and ΔP (c)Wrec and η as a function of electric field for undoped and doped
NKLNS-0.06BZZ ceramics and (d) energy-storage properties of the La2O3 doped NKLNS-0.06BZZ sample and some other lead-free ceramics [1,18–22,47–51].

Fig. 7. (a) Pulsed overdamped discharge current curves of the La2O3 doped NKLNS-0.06BZZ ceramic under various electric fields. The inset shows maximum current
(Imax), and discharge energy density (WD) as a function of electric fields, (b)WD as a function of time for the NKLNS-0.06BZZ ceramic measured under various electric
fields, (c) underdamped discharge waveforms for the NKLNS-0.06BZZ ceramic measured under different electric fields, and (d) the variation of Imax, current density
(CD = Imax/S) and power density (PD = EImax/2S, where S and E mean the electrode area of the sample and the electric field strength, respectively) with changing
electric field.
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kV/mm. Large Wrec of 3.93 J/cm3 and 4.85 J/cm3 were obtained in
undoped and doped NKLNS-0.06BZZ ceramics, respectively, under their
respective testable electric fields, as shown in Fig. 6(c). In addition, the
energy-storage efficiency of undoped and doped NKLNS-0.06BZZ
ceramics under different electric fields is also shown in Fig. 6(c). It can
be seen that η slightly decreases with increasing electric fields. Within
the applied electric field range, η values of the doped NKLNS-0.06BZZ
ceramic are always higher than those of the undoped ceramic. The
reason may be that the leakage current caused by electric field is re-
duced after doping La2O3. A large η ∼88.2 % was obtained for La2O3

doped NKLNS-0.06BZZ ceramic under 48 kV/mm. Fig. 6(d) compares
the energy storage properties of the NKLNS-0.06BZZ ceramics with a
few other lead-free ceramic samples. As can be seen, there is an obvious
relationship of the mutual constraint betweenWrec and η for these lead-
free ceramics. Wrec and η are commonly located under the diagonal of
Fig. 6(d). For (Bi0.5Na0.5)TiO3 (BNT) based and BaTiO3 (BT) based re-
laxor FEs, large η (∼90 %) can be obtained while Wrec is usually less
than 3 J/cm3. For NKN based ceramics, η is usually less than 80 %. By
comparison, large Wrec and η can be obtained simultaneously in the
studied sample, showing obvious advantages for future energy-storage
capacitors.

The actual charging-discharging characteristic is one of the most
important factors for applications in pulsed power systems. Fig. 7(a)
shows the electric field dependence of overdamped pulsed discharge
electric current-time (I-t) curves of the La2O3 doped NKLNS-0.06BZZ
ceramic. It is clear that the current reaches the maximum value in a
very short time under different electric fields. The WD shown in
Fig. 7(b) can be calculated using =W R I(t)dt/VD , where R of the total
loading resistor is 200 Ω and V is the volume of the sample [52,53]. The
Imax and the maximumWD rise from 1.81 A and 0.073 J/cm3 to 11.86 A
and 1.74 J/cm3, respectively, with the electric field raising from 4 kV/
mm to 24 kV/mm. The value of t0.9 reflects the discharge speed, which

describes the time to release 90 % of the stored energy. The value of t0.9
is about 112 ns, which is smaller than that of some other reported re-
laxor FEs [13,54]. Fig. 7(c) shows underdamped discharge waveforms
under different electric fields, displaying similar discharge perfor-
mances [55]. It is clear that all discharging currents have the same
tendency and the first current peak increases with increasing electric
field. Fig. 7(d) illustrates the change of Imax, CD, and PD. The Imax values
increase from 10.2 A to 50.6 A, while CD and PD increase from 144 A/
cm2 and 2.9 MW/cm3 to 716 A/cm2 and 86.0 MW/cm3, respectively.
High values of Imax (∼50.6 A), CD (∼716 A/cm2) and PD (∼86.0 MW/
cm3) in the doped NKLNS-0.06BZZ ceramic were obtained under 24
kV/mm, indicating an ideal candidate for pulsed power applications.

For ceramic capacitors, good thermal-stability of energy-storage
performance is also an important parameter. The temperature depen-
dence of unipolar P-E hysteresis loops for La2O3 doped NKLNS-0.06BZZ
ceramics measured under 25 kV/mm is shown in Fig. 8(a). Slim P-E
hysteresis loops with small Pr can be seen in the studied temperature
range, while the values of Pmax are relatively stable between 22.6 μC/
cm2 and 24.5 μC/cm2. As a result,Wrec keeps almost unchanged (∼ 2 J/
cm3) and η remains ≥ 80 % on heating, as shown in Fig. 8(b). In the
temperature range of 25–140 °C, Wrec and η vary with changing tem-
perature within 12 %, indicating that La2O3 doped NKLNS-0.06BZZ
ceramics exhibit a good temperature stability. Figs. 8(c)-(d) show the
temperature dependence of I-t curves and WD-t curves measured under
20 kV/mm. It is clear that Imax remains approximately 10 A within the
measured temperature range of 25–175 °C. Meanwhile, WD firstly in-
creases slightly and then decreases, because of the change of dielectric
permittivity with increasing temperature. Nevertheless, WD can remain
in the range of 1.19 J/cm3∼1.34 J/cm3 from room temperature to 175
°C. At the same time, small t0.9 values between 100 and 114 ns can be
detected in the studied temperature range, suggesting a very fast dis-
charge speed. Temperature-stable energy storage properties in the

Fig. 8. (a) The temperature dependence of unipolar P-E hysteresis loops of the La2O3 doped NKLNS-0.06BZZ ceramic measured at 100 Hz under 25 kV/mm, (b)Wrec

and η as a function of temperature, (c) temperature dependence of the pulsed overdamped discharge current curves of the La2O3 doped NKLNS-0.06BZZ ceramic
under 20 kV/mm and (d) WD as a function of time at different temperatures.
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studied sample would provide guarantees for applications over a wide
temperature range.

4. Conclusions

Lead-free NKLNS-xBZZ relaxor FE ceramics were investigated for
pulsed power applications in this work. With increasing BZZ content,
the ceramics transform from a normal FE phase into a relaxor FE phase.
Optimal energy-storage performances (Wrec∼ 3.93 J/cm3 and η ∼ 87.7
%) were obtained in the x= 0.06 ceramic under 38 kV/mm. To further
improve the energy-storage performance, 0.4 wt.% La2O3 was in-
troduced to enhance the breakdown strength through reducing grain
size, decreasing dielectric loss and enhancing bulk resistivity. As a re-
sult, a highWrec of 4.85 J/cm3 and a large η of 88.2 % were obtained at
the same time under 48 kV/mm at room temperature. Meanwhile, the
La2O3-doped NKLNS-0.06BZZ ceramic exhibits a good thermal stability
of energy-storage properties in the temperature range of 25∼140 °C
due to the diffuse phase transition on heating. The charge-discharge
properties ofWD= 1.74 J/cm3, Imax = 11.86 A and t0.9= 112 ns under
24 kV/mm are advantageous for the energy storage applications. The
temperature-stable energy-storage properties and excellent charge-dis-
charge characteristics should make the La2O3-doped NKLNS-0.06BZZ
ceramic become an attractive candidate for future dielectric capacitors
which require ideal thermal stability.
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