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1 Introduction

ABSTRACT

NaNbOj3-based antiferroelectric ceramics are considered to be popular candi-
dates for lead-free dielectric capacitors. However, the instability of the antifer-
roelectric phase of pure NaNbO; (NN) ceramics under high electric fields leads
to poor energy storage density and efficiency. Therefore, in order to stabilize the
antiferroelectric phase of NN, (1 — x)NaNbO3-xBig ,Sry ;5105 [(1 — x)NN-xBSS]
(x = 0.06-0.20) system was successfully prepared by the solid-state reaction
method. The solid solution transforms from the antiferroelectric phase (AFE) to
the paraelectric phase (PE) with increasing BSS doping. In addition, the Curie
temperature (T,,) changes abruptly from nearly 250 °C to — 120 °C at x = 0.10
and exhibits relaxation behavior. The best performance with a recoverable
energy density (W,,.) of 0.80 J/cm® and efficiency (1)) of 80.2% in this system is
obtained simultaneously at 180 kV/cm in the component with x = 0.10. Fur-
thermore, the 0.90NN-0.10BSS ceramic has good frequency stability. This work
provides a new doping strategy and systematically investigates phase structure,
microscopic morphology, and macroscopic electrical properties of (1 — x)NN-
xBSS ceramics.

growing demand for dielectric capacitors, it is
imperative to investigate novel high-performance

In power electronic systems like pulsed power
weapons, electric vehicles, and aircraft, dielectric
energy storage capacitors play an important role
[1, 2]. Nevertheless, dielectric capacitors have poor
energy storage density, which significantly limits
their commercial application. Additionally, another
aspect to take into account is the environment-
friendly characteristic. Therefore, in order to meet the

and environment-friendly dielectric materials [3].

By integrating the polarization—electric field (P-E)
loops, the total energy storage density (W), recover-
able energy density (W,.), and energy storage effi-
ciency (1) of dielectric materials can be calculated
(1-3) [4-6]:
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Pf
n= Mx“ x 100%, (3)

where E is the external electric field, P,,,, and P,
represent maximum polarization and remnant
polarization, respectively. Therefore, high dielectric
breakdown strength (E,), high P,,,, and low P, are
generally expected to achieve high recoverable
energy density and efficiency.

Traditional linear dielectric materials have extre-
mely high efficiency, but their small permittivity
restricts the growth of energy storage density [7].
Nonlinear dielectric materials, such as ferroelectrics
(FE), antiferroelectrics (AFE), and relaxor ferro-
electrics (RFE), are promising for energy storage
applications [8-10]. Among them, AFEs are consid-
ered to be the leading candidates for energy storage
capacitors due to their high P,,, and low P,.
AgNDbOsz-based (AN) and NaNbOs-based (INN)
ceramics are the most common lead-free AFE systems
[11-13]. The AN ceramics present typical double
hysteresis loops, which are associated with large
polarization in a high electric field. In general, pure
AN reached a relatively high W, of 1.6-2.1]/ cm®
and 7 around 40% [14-16], but its expensive raw
materials and special sintering atmosphere hindered
widespread usage.

NaNbOj; ceramics have the advantages of low cost,
lightweight, and non-toxicity. NN ceramics undergo
a series of phase transitions as the temperature
decreases: Cubic (U, Pm-3m), Tetragonal (T,, P4/
mbm), Orthorhombic (T;, Ccmm), Orthorhombic (S,
Pnmm), Orthorhombic (R, Pnma), Orthorhombic (P,
Pbma), and Rhombohedral (N, R3c) [17, 18], where
U, Ty, Ty, and S are paraelectric (PE) phases, P and R
are the AFE phases, and N is the FE phase [19, 20].
When a large external electric field is applied to pure
NaNbQOj;, the AFE P phase tends to irreversibly
transform into the FE (Q phase, resulting in
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ferroelectric-like square hysteresis loops [21]. There-
fore, pure NN materials have poor energy storage
density and efficiency (W,,.=0.4 J/ cm®, i = 10%) [22].

In order to solve this problem, researchers have
made a lot of ideas about how to stabilize the anti-
ferroelectric phase. In summary, it was found that the
following two main factors affect the stability of the
ferroelectric and antiferroelectric phase: One is to
reduce the tolerance factor (t) that is calculated by
following Eq. (4) [23]:

o (RA + Ro)
= V2(Rg +R,)’ @

where Ry, Rp, and Ry are the average ionic radii of
the A-site cation, B-site cation, and oxygen anion,
respectively. For AFEs, the tolerance factor is usually
less than 1 and lowering the tolerance factor is more
favorable to the creation of antibody distortion. For
instance, the addition of SrZrO; and CaZrO; to NN-
based ceramics reduced the tolerance factor, enhanc-
ing the stability of the antiferroelectric phase
[17, 24, 25]. Pan et al. reduced the tolerance factor
by introducing BiFeO;-BaTiO3; into NN-based ceram-
ics, achieving a high energy storage density of 14.5 J/
cm® and an energy storage efficiency of 83.9% [26].
Another important strategy for stabilizing the anti-
ferroelectric phase is to reduce the polarization rate of
the B-site ions. A low ion polarization rate helps to
enhance ionic bonding, especially by producing
short-range ordered polar clusters, reducing P,, and
improving energy storage efficiency [27]. Therefore,
the strategy of reducing the tolerance factor or
reducing the polarization of B-site ions through
component modification to stabilize the antiferroelec-
tric P phase and therefore increase energy storage
density is an important research area for NN-based
ceramics in the future. In addition, in order to solve
the problem of low energy storage efficiency caused
by the large polarization hysteresis and residual
polarization of NN-based ceramics, researchers have
developed the NN-BiMeO; ceramic system by refer-
ring to the experience of BiScO;-PbTiO; system in the
field of piezoelectricity. The NN-BiMeOj; ceramic
system has weakly coupled relaxation characteristics
and nearly linear polarization response under electric
fields, so its energy storage efficiency can be signif-
icantly improved. For example, introducing
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(BigsLags)(Mga/3Ta; 3005 into NN, resulting in
strong relaxation properties [28]. Pan et al. con-
structed a relaxation strategy by introducing Bi(Ni,,
sNbi/6Ta;,6)03, which significantly improved the
energy storage characteristics of NN-based ceramics
(W,c=3.43 J/cm®, i = 83.3%) [29].

Based on the above studies, Big,Srp,SnO; was
introduced into pure NaNbO; ((1- x)NaNbO;——
xBig 2519 ;5nO3 prepared by solid-state reaction,
x = 0.06-0.20, abbreviated as (1 — x)NN-xBSS).
Firstly, as the doping amount of BSS increases, the
tolerance factor decreases from 0.9633 to 0.9545,
which is beneficial for stabilizing the antiferroelectric
phase. In addition, the hybridization of the 6s” orbital
of Bi and the 2p orbital of O tends to form solitary
electron pairs, which leads to the distortion of the
structure, and then improves the polarization of the
A-site. Secondly, the introduced B-site ion (Sn**) has
a lower polarizability, which is beneficial for
enhancing ion bonds and reducing the residual
polarization intensity P,. The relevant ion radius and
polarization rates are shown in Table 1. Finally, the
addition of cations (Bi®*, Sr**, Sn*") that are not
equivalent to Na™ and Nb°' leads to local charge
imbalances and structural distortions that disrupt the
long-range ordering of NaNbO; ceramics, trans-
forming large-scale domains into polar nano-regions
(PNRs) in favor of improved energy storage
properties.

2 Experimental section
2.1 Sample Preparation

The traditional solid-state reaction technique was
applied to prepare the (1 — x) NN- xBSS (x = 0.06,
0.10, 0.15, 0.20). These raw materials (Na,COj;
(99.99%), Nby,Os (99.99%), SrO (99.99%), BiO3
(99.99%), and SnO, (99.5%) were mixed and ball
milled for 10 h with using ethanol. After drying, the
mixtures were calcined at 1000 °C in the air for 3 h.

Table 1 The ionic radius and polarizability of some A-site and
B-site ions [30]

Tons Na*t st Bt Nt Sntt
Polarizability (A%) 0309 1.3 3.949 3.1 1.798
Radius (A) 1.39 144 131 0.64 0.69
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The calcined powders were milled again and pressed
(130 MPa) into disks with a 15 mm diameter using
polyvinyl alcohol (PVA) as a binder. After burning
off PVA, the disks were sintered at 1300-1370 °C for
2 h. In the meantime, these samples were buried in
the corresponding calcined powders during the sin-
tering procedure, and the double-crucible method
was used to decrease the evaporation of elemental Na
and Bi. Then, the sintered samples were polished to a
thickness of ~ 0.2 mm, they were coated with a sil-
ver paste to characterize their electric properties.

2.2 Material characterization

The crystal structures of the samples were charac-
terized by X-ray diffraction (XRD, X'Pert, Holland)
using Cu-Ko radiation. Crystal structure and lattice
parameters of ceramics were analyzed using Rietveld
refinement with GSAS software. The Raman spec-
trums were achieved using a Raman spectrometer
(Renishaw Ramoscope, Invia) with an excitation
source of 532 nm. The microstructure of the sintered
ceramics was characterized using a field emission
scanning electron microscope (FESEM, the Nether-
lands NOVA NANOSEM 430). The temperature
dependence of permittivity (¢,) and dielectric loss
(tand) from — 150 °C to 300 °C were tested by a
variable temperature dielectric tester (GWJDN-1000,
Jingke, Beijing, China) with a frequency range of
100 Hz to 1 MHz. Using an impedance analyzer
(Agilent 4294 A, Agilent, USA) / equipped with a
cryostat to measure impedance spectrum over fre-
quencies from 1 kHz to 10 MHz. The polarization—
electric field (P-E) hysteresis loops were measured at
10 Hz using a commercial ferroelectric analyzer (TF
Analyzer 3000, aixACCT, Aachen, Germany). The
energy release properties of ceramic capacitors were
investigated via a commercial charge-discharge
platform (CFD-003, Tongguo, Shanghai, China) with
a certain discharge resistance, inductance, and
capacitance (RLC) load circuit.

3 Results and discussion
3.1 Phase and microstructure

The crystal structure of (1 — x) NN-xBSS ceramics are
investigated using XRD analysis, as shown in Fig. 1a.
All the samples display a pure perovskite structure
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and no other secondary phase, proving that the
Big »Srg7SnO5 can well diffuse into the NaNbO; lat-
tice. To further study the phase structure of the sys-
tem, the magnified spectrum near 32.5° and 46.5° is
demonstrated. The average radius of (Big »Sro7)*"
(1.28 A) is smaller than Na* (1.39 A) at the A-site and
Sn** (0.69 A) is larger than Nb°* (0.64 A) at B-site.
However, the peaks of (110) and (200) move toward
low angles with the doping of BSS, which is due to
the lattice volume expansion according to the Bragg
diffraction equation. Thus, the effect of cationic
radius at the B-site on lattice volume is larger than
that at the A-site. The splitting (110) and (200)
diffraction = peaks are observed in  the
0.94NN—-0.06BSS near 32.5° and 46.5°. As the BSS
content increases, the split diffraction peaks merge
into a single peak, respectively, indicating the phase
transition from the orthorhombic phase to the
pseudo-cubic phase. Other NN-based systems
reported similar phenomena [31]. Rietveld refine-
ment is applied to XRD patterns via GSAS software
[32] with orthorhombic AFE phase (Pbma) and
tetragonal PE phase (P4/mbm). The Rietveld refine-
ment plots are shown in Fig. 2a—d. The low-reliability
factors (RWP<1O%, x? < 2.25) indicate that the selected
models are completely accepted. Figure 1b shows the
bulk density, theoretical density, and relative density
of (1 — x)NN-xBSS ceramics. The bulk density can be
measured by the Archimedes method. The bulk
density of (1 — x)NN-xBSS ceramics tend to increase
with the increase of BSS doping, which is due to the
fact that the relative molecular mass of Big,Sry,SnO;
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is larger than that of NaNbO;. When BSS dissolves
into the NN lattice, it will make a certain contribution
to the increase in mass. In addition, based on their
relative density being higher than 95%, proves that all
samples have high densification after high-tempera-
ture sintering.

Using the Raman spectra, the phase structure of (1
— x)NN-xBSS ceramics is further confirmed (Fig. 3).
When x is 0.06 and 0.10, multiple peak features (v4,
v5, v6, v7) are observed in 100-300 cm ™!, which are
AFE P phase characteristics associated with oxygen
octahedral tilts and Nb-O bond vibrations [33]. When
x > 0.15, the peak (v4, v5, v6, v7) merge into a single
peak due to the AFE P phase decreases. In the range
of 300 ~ 450 cm™'(v3), the peak is attributed to the
vibration of the B-O bond. In the range of
450 ~ 700 cm '(v2), the peak is linked with the
oxygen octahedral vibration. Other Raman modes
over 700 cm™'(v1) denote the overlapping bands of
Al (optical) and E (longitudinal optical) [34]. More-
over, as the BSS content increases, the peak value of
v2 decreases, indicating that the average polarizabil-
ity of B-site ions decreases. v2 mode shows the red
shift characteristics because NaNbQOj is replaced by
heavier atoms. Simultaneously, an obvious broaden-
ing of the Raman peaks near 600 cm™'(v2) can be
ascribed to the enhancement of the dielectric relax-
ation behavior and the growth of structural disorder
[35].

The SEM images of the (1 — x)NN-xBSS ceramics
are shown in Fig. 4, all samples were polished and
thermal etching. The images show that the sample

7 100
By
6 [ Bulk Density
[ Theoretical Density ros
51 X
S 4 r90 -z
0 =
-’ %}
z =
g3 F85 £
a =
)] =
=
L 80
1 -
0 75

0.06 0.1 0.15 0.2
BSS content

Fig. 1 a XRD patterns of the (I — x)NN-xBSS ceramics. The magnified patterns of the (110) and (200) peak. b Bulk, theoretical and

relative density of the (1 — x)NN-xBSS ceramics
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Fig. 2 The Rietveld refinement results of XRD patterns of (1 — x) NN-xBSS ceramics. a x = 0.06, b x =0.10, ¢ x = 0.15,

and d x = 0.20

particles are closely arranged and devoid of obvious
pores when x > 0.10. As shown in Fig. 4a—d, the
average particle sizes of the samples are 4.99 pm,
0.81 um, 0.81, and 1.22 um, respectively. With the
increase of doping BSS, the average particle size
decreases first and then increases. Additionally, the
distribution of grain size is more uniform in x = 0.10
and 0.15 than in x = 0.20. The addition of Bi®*, Sr*,
and Sn*" into NaNbO; will increase the lattice strain
energy, which will be conducive to inhibiting the
migration of grain boundaries and thus reducing the
grain size [36]. With the increase of BSS content, the

radius mismatch caused by doped ions or lattice
expansion caused by Bi,O; with low melting tem-
perature leads to the abnormal grain growth [37].

3.2 Dielectric responses

Temperature dependence of permittivity (e,) and
dielectric loss (tand) from — 150 to 300 °C with dif-
ferent frequencies for the (1 — x)NN-xBSS ceramics
are plotted in Fig. 5 (a—d). In the same sample, the
dielectric constant decreases as the frequency
increases. At the same frequency, the maximum

@ Springer
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Fig. 3 Raman spectra of (1 — x) NN-xBSS ceramics at room
temperature

value of the dielectric constant (¢,,) increases and then
decreases with the increase of BSS doping. In addi-
tion, the small peak observed around 0 °C is believed
to be caused by the transition from liquid water to
solid ice (water peak) [38]. Specifically, a sharp
dielectric peak was observed around 250 °C at
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x = 0.06, which is associated with the transition from
the AFE orthogonal P phase to the PE phase, indi-
cating the presence of the AFE P phase at room
temperature [39]. As the BSS content increases, the
dielectric peak suddenly moves near — 120 °C at
x = 0.10, and the T,, decreases below room tempera-
ture indicating that the sample starts to transform
into a paraelectric phase at room temperature, which
is consistent with the results of XRD analysis. In
Fig. 5 (b), a clear dispersion phase transition (at
x = 0.06, the dielectric peak is sharper and at x = 0.10,
the dielectric peak widens) and frequency dispersion
(as the testing frequency increases, the dielectric
constant decreases, and the temperature corre-
sponding to the dielectric peak shifts toward high
temperature) can be observed, proving the existence
of relaxation properties. At x =0.15 and 0.20, the
dielectric peaks cannot be observed in the range of
-150 to 300 °C, but it can be assumed that the
dielectric peaks are below — 150 °C based on the
characteristics of Fig. 5c and d. According to the
classification method of the researcher N. N. Krainik,
NN-ABO; solid solutions can be divided into two

x=0.10 0.81 pm

o
a2

Perc;ntage (%)
5

0.0 04 0.8 12 1.6 2.0 2.4
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| (=
1.2 1.6 20
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Fig. 4 SEM images of polished and thermally etched surfaces of (1— x)NN-xBSS ceramics with compositions of a x = 0.06, b x = 0.10,
¢ x=0.15, and d x = 0.20 and corresponding particle size distribution diagrams
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Fig. 5 Temperature dependence of dielectric permittivity and loss of (1 — x)NN-xBSS ceramics: a x = 0.06, b x = 0.10, ¢ x = 0.15,

and d x = 0.20

categories [40]. In the first category, the doping of a
small amount of ABOj3 into the NN ceramics results
in a sharp high-temperature dielectric peak, and in
the second category, the T, shifts sharply from the
high-temperature to the low-temperature region
when the doping of ABO; exceeds a certain critical
value. From the above classification, it can be seen
that (1 — x)NN-xBSS ceramics should belong to the
second type, whose critical concentration should be
between 0.06 and 0.10. After the doping of BSS
exceeds the critical value, the T, of the sample will
drop abruptly from the high-temperature region to
below room temperature. The dielectric loss of all
samples is less than 0.075 in the temperature range of
-150 to 200 °C, indicating that the stability of the
samples is good in this temperature range.

For further assessment of the degree of relaxation
behavior, the temperature dependence ¢, (at 10 kHz)

above Ty, is matched by the modified Curie-Weiss
law using following formula (5) [41, 42]:

1 1 (T-T,)
C

€r

(T > Tm), (5)

€m

where parameters C and 7y represent the Curie-
Weiss-like coefficient and the value of the diffusion
coefficient, respectively. In general, y=1 in the ordi-
nary ferroelectric state and y=2 in the ideal relaxation
ferroelectric state. As shown in Fig. 6a, the y of the
value increases from 1.64 to 1.71, demonstrating the
enhancement of relaxation behavior in x = 0.10. In
the (1 — x) NN-xBSS system, due to the addition of
cations (Bi’**, Sr**, Sn**) that are not equivalent to
Na™' and Nb5+, the substitution of ions at A and B
sites will lead to local charge imbalance and struc-
tural distortion, thus destroying the long-range
ordered ferroelectric domains of NaNbQOs; ceramics to
form polar nano-regions (PNRs). These PNRs
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Fig. 6 a In(1/ e—1/ ¢,,) as a function of In(T — T,,) at 10 kHz. b The temperature range of A¢/¢25°C less than £ 15%

embedded in disordered substrates will lead to
relaxation behavior [43, 44]. In addition, all samples
present low dielectric loss (tand < 20%). The thermal
stability of permittivity is evaluated by the following
formula (6), which meets Ae/é&ysoc< £15%:

7 (6)

Ae & — exsec

&5°c  Ea5eC

where ¢, and &;5oc represent the permittivity at the
target temperature and 25 °C, respectively. The tem-
perature range of deviation less than & 15% is shown
in Fig. 6b. When x = 0.06 and 0.20, the ceramics
maintain a stable dielectric constant (Ag/&r50c<
+15%) in a wide temperature range (—141-179 °C,
—78-143 °C), which shows that 0.94NN-0.06BSS and
0.80NN-0.20BSS ceramics meet the requirements of
EIA X7R MLCC. When x = 0.10 and 0.15, —18-77 °C
and — 52 to 89 °C satisfy Ae/esec< £15%, respec-
tively. Obviously, with the increase of BSS content,
the thermal stability of permittivity first decreases
and then increases, which is related to the position of
the dielectric phase transition peak. Since the position
of the dielectric phase transition peak is farther from
the room temperature at x =0.06 and 0.20, the
dielectric constant stability has a wider temperature
range.

Figure 7 presents the permittivity and dielectric
loss of the (1 — x) NN-xBSS ceramics as a function of
the frequency at room temperature. The permittivity
and dielectric loss of all samples are close to a parallel
line, which proves that the samples have excellent
frequency stability. Moreover, when the frequency is
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Fig. 7 Dielectric frequency spectra of (1 — x) NN-xBSS ceramics

less than 100 kHz, there are slight fluctuations in the
tand of each component, and when the frequency is
greater than 100 kHz, the tané of each component is
closer to a parallel line. As the amount of BSS doping
increases, the tand first increases and then decreases.
Overall, the tand values of all components are rela-
tively close and remain at a very low value of less
than 0.5%, which is crucial for device applications.
The high dielectric loss may be related to defects in
crystals, which restricts the enhancement of energy
storage. The permittivity initially rises and subse-
quently falls with the increase of BSS content.
Specifically, the permittivity at room temperature is
only 410 in x = 0.06, which increases sharply to a
maximum value of 1010 in x = 0.10, the permittivity
then reduces to 530 in x = 0.15, and the small per-
mittivity value of 320 is observed in x =0.20.
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Medium permittivity and ultra-low dielectric loss are
beneficial to obtain higher energy storage density.

3.3 Ferroelectric properties
and corresponding energy storage
performance

The P-E loops are measured at their E, to assess the
energy storage performance of (1 — x)NN-xBSS
ceramics (Fig. 8a). It is well known that pure NN
ceramics present a large polarization hysteresis,
leading to low energy storage efficiency, which limits
their applications. In this work, the addition of the
nonequivalent cations (Bi**, Sr**, and Sn*") causes a
mismatched strain and local charge imbalance,
resulting in a local random field that can destroy the
long-range ordered structure and give rise to a
relaxation behavior. As a result, the P-E loops of (1
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— x)NN-xBSS ceramics become slimmer than those of
pure NN ceramics [45]. The inset of Fig. 8a shows the
I-E loops for (1 — x)NN-xBSS ceramics, where the
presence of small peaks can be observed near the
breakdown electric field in all samples, associated
with the transition from sub-stable ferroelectric
domains to PNRs upon withdrawal of the electric
field [46]. Another current peak associated with the
AFE-FE phase transition is observed at x = 0.06
because the applied electric field strength of 180 kV/
cm is not sufficient to fully induce the phase transi-
tion of AFE-FE in 0.94NN-0.06BSS ceramic, demon-
strating that doping with a small amount of BSS can
stabilize the antiferroelectric phase. Similar phe-
nomena have also been observed in other low-doped
NN ceramic systems [11]. The current peak observed
at x = 0.10 is associated with the coexistence of PNRs
and ferroelectric domains, indicating a gradual

(b) 15 3.0
2.5
12 - 5
B \ F2.0 —~
£ ; g
) © \ L15 Q
=1 =5
= . =
g 6 Q"‘
g \ © L+
Al o—o\ g
1 a  Lo0s
0 . . . . 0.0
0.06 0.1 0.15 0.2
BSS content
d) 12 100
1.0 =20
o - 80
& ©
£ 0.8 o\ﬁ/
9 S~
2 \ F70 X
£ 0.6 ©. =
B o« \ - 60
©
. ©
0.4 | &
0.2 40

0.10 0.15 0.20

BSS content

0.06

Fig. 8 a P-E loops of (1 — x)NN-xBSS ceramics at their E;. b, d The corresponding P,,,,x, P;, W, and 7 as a function of BSS content.
¢ P-E loops of 0.90NN-0.10BSS ceramic under different electric fields
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alignment of PNRs into long-ordered ferroelectric
domains. As BSS doping further increases, the cur-
rent peak becomes flat and gradually disappears.
This result implies that the increase in BSS doping
leads to the stable presence of PNRs. Figure 8b gives
the P,,, and P, at their maximum electric field,
respectively. In detail, the P,,,, value increases from
7.8 uC/cm? to 11.7 uC/cm?, then decreases to 5.3 pC/
cm?, as well as the P, value gradually reduces from
1.3 pC/cm? to 0.5 pC/cm? with increasing BSS con-
tent. Figure 8c exhibits the P-E loops in different
electric fields when x = 0.10. Slim P-E loops are
observed from 100 kV/cm to 180 kV/cm. In addi-
tion, the electric field dependence W, and n are
calculated from the P-E loops (Fig. 8d). The best
performance of the (1 — x)NN-xBSS system is
obtained when x = 0.10 (W,..=0.80 J/cm?, = 80.2%).
Compared to 0.94NN-0.06BSS, W,,. increased by 57%
and 5 increased by 31% for 0.90NN-0.10BSS, indi-
cating that doping with BSS is beneficial in improving
the energy storage properties of NN ceramics.

The frequency and temperature stability of energy
storage efficiency are critical factors of dielectric
capacitor materials that must be taken into account in
practical applications. To evaluate the frequency
stability of 0.90NN-0.10BSS ceramic, frequency
dependence P-E loops as displayed in Fig. 9a is
measured at 100 kV/cm with the frequency range of
1 to 50 Hz. The P-E loop expands when the fre-
quency is 1 Hz, which is attributed to the slow
changing rate of the electric field and the leakage
current generated by the weak conductivity in
ceramics. Furthermore, the corresponding change of

71 x=0.10

P (uc/cm?)

@100 kV/cm
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the W, and # is shown in Fig. 9b, the W, slightly
changes from 0.30 J/ cm® to 0.31 J/cm?, and the 7 is
between 84.3% and 93.1% with an acceptable varia-
tion of ~ 9%. To evaluate the temperature stability of
0.90NN-0.10BSS ceramic, the P-E loops and the cor-
responding energy storage characteristics of 0.90NN-
0.10BSS ceramic at different temperatures with an
applied electric field of 100 kV/cm and a frequency
of 10 Hz are shown in Fig. 10. There is a slight vari-
ation in the P-E loops from 20 to 60 °C and the P-E
loop expands at 80 °C due to the increase in the
conductivity of the sample as the temperature rises.
As shown in Fig. 10 (b), as the temperature increases,
W, decreases from 0.33 J/cm® to 0.27 J/cm? and g
changes from 89.3 to 82.7% at 20-60 °C. When the
temperature is 80, # reduces to 73.6% due to the
increase in conductivity. Overall, the change in 7 is
within the acceptable range (~ 15%). Therefore,
0.90NN-0.10BSS ceramics exhibit frequency and
temperature insensitivity within the testing range.

3.4 Charge-discharge performance

The charge—discharge performance for the 0.90NN-
0.10BSS ceramic is measured to evaluate the power
density and practical working performance. Fig-
ure 11a presents the effect of electric field on under-
damped discharge characteristics of the 0.90NN-
0.10BSS ceramic. The current peak (I,.,), current
density (Cp=I,,x/S), and power density (Pp=El,,./
25) increase with the raising electric field as shown in
Fig. 11b. As the electric field increases from 40 to
100 kV/cm, I, increases from 28.0 to 84.2 A, Cp

(b) 0.4 100
—os——*
—
034 — — e |50
g F60 S
= 0.2 <
&k
40
0.1
20
0-0 T T T T T
1 5 10 20 50
Frequency (Hz)

Fig. 9 Frequency characteristics of 0.90NN-0.10BSS ceramic a P—E loops and b the corresponding W, and 7 at different frequencies
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Fig. 11 a Effect of electric field on underdamped discharge characteristics of the 0.90NN-0.10BSS ceramic at room temperature.
b Variations of I,,,,,, Cp, and Pp as functions of the applied electric field

increases from 34.3 to 103.0 A/cm?, and Pp increases
from 0.69 to 5.2 MW/cm®. Obviously, L.y, Cp, and
Pp have an approximately positive proportional
relationship with electric field, which indicates that
0.90NN-0.10BSS ceramic has stable discharge char-
acteristics. Overdamped discharge curves as a func-
tion of the electric field (40-100 kV/cm) are
displayed in Fig. 11a. The current reaches the peak
value rapidly and the duration of discharge is less
than 2 ps. The discharge energy density (W,) could be
calculated according to formula (7):

)2
W, :Rfl\(]t) dt, ™)

where V is the sample volume and R is the load
resistor (250.5 Q). The inset of Fig. 12a presents the
variation of Wy, I;;,.x, and the corresponding time (tg o,
the discharging time when 90% saturation value of
W, is released) with the electric field. The I,
increases from 2.5 to 6.5 A and W, raises from
0.033 J/cm?® to 0.189 J/cm® when electric field is from
40 to 100 kV/cm. In addition, tp9 as shown in
Fig. 12b is used to evaluate the W3—T curve of dis-
charge rate and remains at ~ 1 ps in the range of the
tested electric field, indicating the discharge rate
stability of 0.90NN-0.10BSS ceramic under different
electric fields. The stability of the discharge time
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Fig. 12 Effect of electric field on overdamped discharge characteristics of 0.90NN-0.10BSS ceramic

under different electric fields is a desirable benefit for
usage in a pulsed power system.

4 Conclusion

In conclusion, solid-state sintering successfully pro-
duced the (1 — x)NN-xBSS solid solutions with a
pure perovskite structure. Firstly, the effect of doping
with BSS on the phase structure was investigated by
XRD and Raman spectroscopy, showing that doping
with BSS converted the solid solution from an anti-
ferroelectric phase (Pbma) to a paraelectric phase
(P4/mbm). Secondly, as expected, the doping of BSS
can stabilize the antiferroelectric phase. Furthermore,
it was found that the doping of BSS disrupted the
long-range ordering of the NaNbOj; ceramics and
formed PNRs, leading to a relaxation behavior that
favors an increase in energy storage efficiency. The
best performance of the (1 — x)NN-xBSS system was
obtained when x=010 (W, = 0.80]/cm?
n =80.2%). The W, of 0.90NN-0.10BSS ceramic
increased by 57% compared to 0.94NN-0.06BSS
ceramic, as well as the n of 0.90NN-0.10BSS ceramic
increased by 31%, indicating that the doping of BSS is
beneficial in improving the energy storage perfor-
mance of NN ceramics.
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