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Improved energy storage performance by doping linear dielectrics
into lead-free NaNbQO;s-based ceramics
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Advanced Ceramics Research Center, School of Materials Science and Engineering, Anhui University of Technology, Ma’anshan 243032, China
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NaNbO3-based lead-free dielectric ceramics possess significant application prospects in the field of dielectric capaci-
tors. However, their development is hindered by low recoverable energy storage density (Wrec) and energy storage efficiency
(n). Herein, novel NaNbO3-based ceramics, (1 —x) [0.7Nag 97Smg 91 NbO3-0.3(Srg 7Big 2)(Tig.§Zrg »)O3]-xCaTiO3, were
created by adding CaTiO3 linear dielectric, aiming to improve their energy storage performance (ESP). The phase structure,
microstructure, dielectric properties, energy storage and charge—discharge performances of the ceramics were methodically
analyzed. All components of the ceramics exhibit a perovskite structure consisting of two phases: antiferroelectric P-phase
(AFE P) and antiferroelectric R-phase (AFE R), with the AFE R phase increasing as x rises. All ceramic surfaces exhibit
clear grain morphology. The resultant ceramics have an appropriate dielectric constant and a small dielectric loss, which
are beneficial for improving breakdown field strength (Ey). Finally, at an E}, of 470 kV/cm, 0.85[0.7Nag 97Smg o; NbO3—
0.3(Srg.7Big2)(Tig.8Zrg.2)O03]— 0.15CaTiO3 ceramic achieves optimal ESP: Wi = 3.9 J/em?, n =72.49%. In addition,
it has remarkable stability with temperature and frequency in energy storage and displays ultrafast speed in the charge—

discharge process (f9.9 = 27 ns).

Keywords: NaNbOs3, linear dielectric, energy storage performance, charge—discharge rate

PACS: 77.84.—s,77.22.d
DOI: 10.1088/1674-1056/adefd8

1. Introduction

With the advancement of the electronics industry, the re-
quirements for electronic materials are also increasing. Ce-
ramics for lead-free dielectric energy storage have gained pop-
ularity as high-power density energy storage materials.!!=3]
Various types of lead-free linear dielectric materials, ferroelec-
tric materials, relaxor ferroelectric materials and antiferroelec-
tric materials have been reported successively.!*>! Recently, as
electronic devices have been evolving towards miniaturization,
integration and lightweight design, the demand for higher-
performance energy storage components has been growing
significantly. The high energy storage density of NaNbOj
(NN)-based relaxor ferroelectric ceramics enables them to
store more energy in a smaller volume, which is beneficial
for miniaturizing and enhancing the performance of electronic
devices.!*® They can be applied to power management mod-
ules in portable electronic devices such as smartphones, tablets
and laptops.

The following formulas can be used to determine the di-

electric capacitors’ energy storage density and efficiency: (%10l

P
Wiotal = 0 EdP7 (1)

P
Wiee = Ede (2)
P

TCorresponding author. E-mail: lijiamao@ahut.edu.cn

CSTR: 32038.14.CPB.adefd8

W,
n=-— x100%. 3)

total

Among them, Wioa1, Pm, Pr» Weee, E and 7 represent total en-
ergy storage density, saturation polarization, residual polariza-
tion, recoverable energy storage density, electric field and ef-
ficiency, respectively.

The hysteresis loop of NN-based ceramics exhibits a
square ferroelectric phase hysteresis loop, with significant
residual polarization and limited energy storage performance
(ESP). The polarization strength of linear dielectrics exhibits
a linear relationship with the applied electric field, without
hysteresis, thus achieving high energy storage efficiency.!'!]
Compared to the other types of ceramic capacitors, many

12,131 However,

linear dielectrics typically have a higher Ey.[
extremely low polarization strength and dielectric constant
severely limit their application in energy storage.!!*~1 There-
fore, by combining NN-based ceramics and linear dielectrics,
the breakdown strength can be improved, residual polariza-
tion can be reduced and thus ESP can be enhanced. For in-
stance, Feng et al.l'”! added SrTiO; (a linear perovskite ma-
terial) into 0.76NaNbO3-0.24(Bi( 5Nag 5)TiO3 ceramics. At
a 270 kV/cm of Ep, a Wy of 2.64 J/em? and an ultra-high
n of 89.9% were achieved. Kang et al.'8! investigated that
the NaNbO3-Bi(Zng 5Sng 5)O3 added a linear dielectric mate-
rial SrTiO3 (the added amount is 0.192), exhibited a W of
5.82 J/cm? and a 17 of 92.3%.[1°]
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In comparison to SrTiO3, CaTiOz (CT) has a high
dielectric strength (300 kV/cm) and a low dielectric loss
(~1073).12% In addition, its reported large band gap and di-
electric constant are about 3.4 eV and 175, respectively. !l
These physical properties indicate that CT is a promis-
ing dielectric for enhancing the ESP of NaNbOs3-based ce-
Chen et al.'*?! designed a (1 — x)(0.92NaNbO3—
0.08Bi(Mgq 5Tig.5)03)—xCaTiO3; ceramic system, achieving
a Weee of 5.71 Jlem® at 475 kV/em with a 20% ad-
dition of CT. Zhang et al.'”' acquired a high W of
6.84 J/cm?® in 0.6(0.96NaNbO3—-0.04BiFe03)-0.4CaTiO3. In
our preliminary research, we obtained an W of 3.2 J/em?
in O.7Na1,3XSmXNb03—0.3(Sr0.7Bi0_2)(Ti().ng0_2)03 (abbre-
viated as xSm) ceramics, but its ) was below 70%.[?* There-
fore, by adding linear dielectric CT into 0.7Na;_3,Sm,NbO3z—
0.3(Sr.7Big2)(Tig.8Zr9 )03, we aim to improve its energy

ramics.

storage efficiency, which has never been studied.

2. Experimental details

The  traditional  solid-state  sintering  method
was used to prepare (1 — x)[0.7Nag97Smg o; NbO3—
0.3(Srg 7Big2)(Tig.gZrp.2)O3]-xCaTiO3 [abbreviated as xCT,
x = 0.06, 0.09, 0.12, 0.15] ceramics. Sodium carbonate
(Na;COs3, 99.8%), strontium carbonate (SrCO3, 99%), nio-
bium pentoxide (NbyOs, 99.9%), bismuth trioxide (BiyOs,
99.8%), titanium dioxide (TiO;, 99%), zirconium dioxide
(ZrO,, 99%), calcium carbonate (CaCOs3z, 99%) and samar-
ium oxide (Smp03, 99.99%) were weighed in stoichiometric
proportions and placed in a nylon ball mill jar. Zirconia balls
were used as ball milling media and the mixture was subjected
to ball milling with anhydrous ethanol for a duration of 8 h.
Following the drying of the slurry, it was then calcined for 3 h
at 950 °C in a muffle furnace. The resultant powder under-
went a second ball milling for an additional 8 h. After drying,
polyvinyl alcohol (PVA) was incorporated and the mixture
was sieved through an 80 mesh sieve. The resulting product
was compressed into a cylindrical green body at 200 MPa,
and PVA was discharged at 600 °C for 2 h prior to sintering
at 1240 °C-1300 °C for 2 h. Finally, the ceramic samples
were polished to a thickness of approximately 0.1 mm, and
then silver electrodes were applied to the surface to measure
electrical performance.

Using the Archimedes method, the bulk density (pp,) of
the ceramics was determined. The relative density (pre) Was
calculated as follows:

Pre = P 5 100%, @)

th
where py, was the theoretical density and was obtained by the
Rietveld refinement method. The phase structure of ceramic
samples was investigated by x-ray diffraction (XRD, Ultima

IV, Rigaku) and Raman spectroscopy (Raman, inVia Qontor,
Renishaw). The microstructure was investigated through field-
emission scanning electron microscopy (SEM, MIRA3, TES-
CAN), and the grain size was measured by means of Nano
Measurer software. The dielectric performances were mea-
sured by a precision impedance analyzer (Impedance Analyzer
E4990A, Keysight) in the temperature range of room temper-
ature to 500 °C. The hysteresis loop (P—E) was tested via a
ferroelectric testing system (TF Analyzer 2000 E, aixACCT).
The charge—discharge performance was tested by a dielectric
charge—discharge testing system (CFD-003).

3. Results and discussion

The XRD patterns of xCT ceramics and the magnified
(200) diffraction peaks are displayed in Fig. 1. As illustrated in
Fig. 1(a), all ceramic components have a perovskite structure
and no impurity phases are observed in the scanning range.
This result indicates that CT has effectively infiltrated the NN
lattice to form a solid solution. Figure 1(b) demonstrates that
as the CT content rises, the diffraction peaks progressively
shift towards higher angles, a phenomenon attributed to the
lattice contraction of the ceramic, which results in a reduction
of the unit cell volume. This is because the smaller ionic radius
Ca’* (1.34 A, CN = 12) replaces the larger ionic radius Na™
(1.39 A,CN = 12), Bi** (1.36 A, CN = 12) and Sr** (1.44 A,
CN = 12). The (200) diffraction peaks of the ceramics split,
showing a higher left side and a lower right side, demonstrat-

c. [25

ing that the phase structure is orthorhombic./?>! The specific

phase structure was determined by XRD Rietveld refinement.
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Fig. 1. (a) XRD patterns of xCT ceramics; (b) amplification peak at
46°—47°.

In order to precisely characterize the changes in phase
structure, GSAG software was used to fit the XRD data. Fig-
ure 2 indicates the refined patterns. Table 1 shows the refined
parameters after fitting. The Ry, and R;, of all components are
below 10%, and xz is between 1.370 and 1.569, demonstrating
the reliability of Rietveld fitting. Moreover, the addition of CT
significantly increases the content of AFE R phase, manifest-
ing that CT is beneficial for improving the stability of AFE R
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phase. As the CT content increases, the R phase content grad-
ually increases and remains predominant. However, the phase
structure of the coexistence of AFE P and AFE R phases still

Intensity

exists in the xCT ceramics. In addition, the volume of the crys-
tal cell gradually decreases, corroborating the previous XRD

analysis results.

Intensity

Intensity
Intensity

mmlM ey

Intensity

20 40

60 80 100
20 (°)

26 (")

Fig. 2. Rietveld refinement patterns of xCT ceramics.

Table 1. Refined structural parameters of xCT ceramics.

Lattice parameters

x  Phase structure Phase content (wt%)

R fact
Cell volume (A%) actors

ad) b cA)  a=B=70) Rup (%) Ry (%)  x°

0.0 Pbma 40.26 5.56(9) 15.68(1) 5.53(6) 90 485.34(6) 822 649 1176

Pnma 59.74 7.85(6) 7.85(4) 23.55(8) 90 1453.44(4)
0.06 Pbma 37.76 5.56(0) 15.65(6) 5.54(4) 90 482.73(2) 40 676 1548

Pnma 62.24 7.84(0) 7.84(0) 23.51(0) 90 1445.39(5)
0.09 Pbma 35.61 5.55(6) 15.64(3) 5.54(2) 90 481.77(0) 871 685 1540

Pnma 64.38 7.833) 7.83(0) 23.499) 90 1441.59(5)
012 Pbma 29.65 5.55(2) 15.64(3) 5.54(3) 90 481.46(9) 8.7 650  1.370

Pnma 70.35 7.82(6) 7.82(7) 23.46(8) 90 1437.76(4)
015 Pbma 28.08 5.52(9) 15.63(9) 5.53(0) 90 478.23(1) 83 681 1560

Pnma 71.92 7.81(8) 7.81(7) 23.45(3) 90 1433.45(5)

5.2 100 Figure 4 displays the Raman spectra of 0.7NaNbO;—
—~ 5.1} — 0.3(Srg.7Big2)(Tig.8Zrp.2)O3 [abbreviated as NN-SBTZ] and
na \ 198 X . . . .
5 50k . = xCT ceramics, as well as the Gaussian—Lorentz function fitting
~ A a1 — z . . .
&0 Lo / i §.88_ 96 3 curve at x = 0.06 (fitted using PeakFit software). In Fig. 4(a),
> IF ¢ —a—x =0. =1 . . . . .
= —~-z :8% 3 as x increases, there is no significant change in the number
o 4.8F —r=u. . .
2 ] 94 2 of Raman peaks, implying that the phase structure of the ce-
-
% ) %% 92 % ramics remains stable. However, the peaks between 220 cm™!
1 o=t _ . . . . .
A 46p and 600 cm™~! exhibit a gradual widening and flattening. This
4.5~ L L 190 phenomenon is due to the enhancement of structural disorder
1240 1260 1280 1300

Sintering temperature (°C)

Fig. 3. Bulk density and relative density of xCT ceramics sintered at
different temperatures.

The density profiles of xCT ceramics are demonstrated in
Fig. 3. All density curves initially experience a rise followed
by a decline along with sintering temperature changes. High
density (> 97.5%) is beneficial for improving dielectric and
energy storage properties.

and the weakening of cell polarity.[?®) Compared with NN-
SBTZ, the Raman curve of xCT ceramic shows the same trend
before 700 cm™!, but there is an additional Raman peak at
1100 cm~!. One possible reason for this behavior is that the
substitution of Sm3* (1.24 A) for Na* (1.39 A) in NaNbO;
can cause lattice contraction, resulting in shortened Nb-O
bond length, enhanced bond energy, and a shift in vibration

27,28

frequency towards higher wave numbers.>’?8] As a result, an
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additional Raman peak appears at 1100 cm™'.

(a)

ezots |
bom T

x=0

NN-SBTZ

200 400 600 800 1000 1200 1400
Raman shift (cm~1)

Intensity

(b)

o Experiment data
—— Fitted curve
Gaussian—Lorentz
mode

Intensity

200 400 600 800 1000 1200 1400

Wavenumber (cm~1)
Fig. 4. (a) Raman spectra of xCT ceramics and NN-SBTZ ceramic;
(b) fitting curve of Gaussian—Lorentz model at x = 0.06.
Figure 5 shows the SEM images and relevant grain size
distribution of xCT ceramics. The ceramic grains of all com-
ponents are clearly visible, with distinct grain boundaries and

no obvious pores. These findings imply that xCT ceramics,
which are sintered at 1260 °C, possess a high density, a charac-
teristic that is advantageous for enhancing ferroelectric prop-
erties. This is consistent with the test results in Fig. 3. The av-
erage grain sizes, as depicted in Figs. 5(a)-5(d), are measured
as 3.78 wum, 3.35 pum, 3.28 um and 3.21 pm for the samples
with x values ranging from 0.06 to 0.15, respectively. Clearly,
the average grain size of ceramics demonstrates a consistent
decreasing trend. With the introduction of CT, the content of
Bi gradually decreases. This decline in Bi concentration cor-
relates with a decrease in the presence of oxygen vacancies,
which subsequently inhibits the migration of grain boundaries
and the growth of grains. Furthermore, this phenomenon may
be attributed to the stochastic distribution of diverse A-site
cations (Nat, Sm3*t, Sr?*, Bi*t and Ca?"), which contributes
to an increase in lattice strain energy and further suppresses
grain growth.[>”) A smaller grain size is conducive to achiev-
ing high breakdown strength and improving Wie.*%! In ad-
dition, the grain sizes of xCT ceramics are not uniform, as
displayed in Fig. 5. This is because the ionic radius of Sm>*+
(1.24 A, CN = 12) is smaller than that of Nat (1.39 A, CN
= 12). When Sm3T is doped into NaNbOs, lattice distor-
tion will be generated. Different degrees of local distortion
may lead to a difference in diffusion rate, which in turn affects
the grain growth rate. Figure 6 presents the energy dispersive
spectroscopy (EDS) spectrum of 0.15CT ceramic, indicating a
uniform distribution of elements, with their proportions align-
ing with theoretical values. This uniformity is advantageous
for enhancing ESP.

374 5907 8 Q.10 31 4
Grain size (um)

10 pm
P

[

Fig. 5. SEM images of xCT ceramics and related grain size distribution.
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v v e B

Sm/||Sm

Element Atomic (%)

Na(K) 12.43
Nb(L) 11.77
O(K) 59.92
Bi(M)
Ca(K)
Sr(L)
Sm(L) 0.08
Ti(K) 7.37

0.91

Fig. 6. EDS spectrum and elemental distribution maps of 0.15CT ceramic.

Figure 7 illustrates the temperature-dependent dielectric
constant (&) and dielectric loss (tan §) of xCT ceramics across
various frequencies (1 kHz to 1 MHz). The & of the ce-
ramic gradually decreases with rising temperature, and no
phase transition peak appears in any of the components. This
means that xCT ceramics are mainly in the R phase at room
temperature, with the phase transition point having dropped
below room temperature.3!! None of the components exhibit
a change in phase structure, and they are all coexisting two-
phase structures, which is consistent with the previously men-
tioned XRD refinement results and Raman spectroscopy anal-
ysis results. As x increases, the & gradually decreases. A

larger & will reduce the Ejy, of the ceramic, while a smaller
& will reduce the P, of the ceramic. Therefore, this ceramic
component of x = 0.15 is advantageous for obtaining higher
Wree due to its moderate €. At temperatures above 350 °C, an
increase in frequency for all ceramic compositions correlates
with a decrease in tand. Furthermore, the tand of ceramics
decreases as the doping amount increases at room tempera-
ture. Moreover, all the tand values at room temperature are
below 1%. When x = 0.15, the dielectric loss of ceramics is
the smallest, as shown in Fig. 7(e). Low tan§ is conducive to

reducing energy loss and increasing 1.

500 5 500
(a) £=0.06 —1kHz (b) 2=0.09 —1 kHz
450 ~ 10 kHg 450 ~ 10 kHz
. — 100 kHz {4 - —100 kHz {4
5 400} —1 MHz . 5 400 —1 MHz 2
+ 0 +
£ 3501 3 9 £ s50¢ 3 %
o o=
o 300} 5 o 300¢ B
7 2 B g 2 8
£ 250t < £ 2501 <
8 200F 11 A T 200f 44 m]
a A
150} 150}
0 0
0000 200 300 400 500 100=00"200 300 400 500
Temperature (°C) Temperature (°C)
450 3.0 400 1 kH 3.0 500 [ | m- Dielectric constant 0-010
(d) z=0.15 —1kHz -u- Di i s
S -@®- Dielectric loss
. 400 2.5 < 350 10 kHz 2.5 - 450F (e - 0.008
3 350 2 3 £ 2 T 17 &
g 202 % 300 202 % 400t \ -
g o 0 © 5 2
5 300 g 8 £ 8 {0.006 E
8 155 ¢ 250 1oE g ssof o = 3
£ 250 0% £ 0% 2
5 £ 2 200 A 8 s00f 10.004 A
< 2 05 £ 05 £ o—*
a 177 2 1s0 7R as0)
150} {0.002
0 0.0 °
100=—555 200 300 400 500 10066200 300 400 500 2007506 0.09 0.2 0.5
Temperature (°C) Temperature (°C) x

Fig. 7. (a)—(d) Correlations between & and tand of xCT ceramics and temperature at various frequencies; (e) & and tand of xCT ceramics at

room temperature at 10 kHz.
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500 0.10
+ 400} J0.08
g 2
£ 2
£ 300f 1006 2
S —a—2=0.06 2
o ——2=0.09 g
j_-; 200_ 7.7.’13_0.12 '004 T)
5 x=0.15 =
2 A
o -
A 100}, 0.02

foe:
Po? :

103 104 10°
Frequency (Hz)

Fig. 8. & and tan 6 of xCT ceramics at different frequencies.

Figure 8 displays the & and tand values for xCT ce-
ramics tested at different frequencies. As x increases, the
& shows a decreasing trend. This is because the low polar-
ized ion Ca’* (polarization rate: Ca’t = 3.16 x 107> nm?,
Sm*" =4.74 x 1073 nm?, Sr** =4.25 x 107% nm®, Bi* =
6.12x 1073 nm?) reduces the polarization of A-site, and the
polarity of B-site ions cannot compensate for the loss of A-
site ion polarity, leading to a decline in &. With the increase
in frequency, the & of ceramics remains basically unchanged.
A medium dielectric constant can achieve high Py, and Ej, val-
ues. When x = 0.153, it has an ultra-low tan § (< 0.005), which
is beneficial for reducing heat and achieving superior stability

and high Ej, value.

- (2)

g
&}
S~
)
=
=]
i) 0
3 —0.06
&S ——0.09
5 —0.12
S —0.15
o . . . . .
0 100 200 300 400 500 600
Electric field (kV/cm)
7 80
(c)
T T w,
total i
o 5t 8 60
§ 4l
= {40
=
2r 120
1.
0 1 1 1 1 1
0 006 009 0.12 0.15

x

Figures 9(a)-9(c) show the unipolar polarization—electric
field (P-E) loops of xCT ceramics at room temperature, as
well as the corresponding variations of Py, P;, AP, Wy and 0
with x. At x = 0.15, the ceramic demonstrates optimal ESP:
Wiee = 3.9 Jem3, n = 72.49%. Compared with the perfor-
mance of 0CT ceramic (W = 3.2 J/em?, N = 69%), both Wy
and 1 are improved simultaneously when CT is added to the
matrix, meeting the requirement of improving energy storage
efficiency with linear dielectrics. The Ej, is recognized as the
critical determinant of ESP. To assess the E}, of xCT ceramics,
the Weibull distribution analysis was employed, as depicted in
Fig. 9(d). The relevant calculation formulas are provided as
follows: 32331

X,’ = LIl(E,‘)7

Y; :Ln(Ln(l/(l_ zin)))

where X; and ¥; represent variables in the Weibull expression,

&)
(6)

E; denotes the breakdown strength, i represents the ordinal
number and n signifies the total sample size (n = 8). The
components of the Weibull index (8 > 10) have a linear rela-
tionship, indicating excellent reliability of Weibull distribution
analysis.’* Figure 9(d) shows that the breakdown strength
reaches its maximum value at x = 0.15.

o 24[(b)
[ ¢
O \A/ /
16}
2 \A
=1 12}
;% —a— Py
g St —OfR
'% —— AP
E 4t ./0\.\.—/.
oL , , , X ,
0 0.03 0.06 0.09 0.12 0.15
X
~ 1.0f(d)
T os)
&
S
I —0.5F <
—
< -1.0} z ©=0,8=15.89
= / u =0.06, 3=11.00
.E —1.5} ® 2=0.09, =10.40
~ —20} z=0.12,3=10.31
5 e = v v=0.155=15.91
_2 L L L L
'%.9 6.0 6.1 6.2 6.3
Ln(Ei)

Fig. 9. (a) Unipolar P-E loop, (b), (c) ESP of xCT ceramics at different electric fields and (d) related Weibull distribution.

Figure 10 illustrates the unipolar P-E loops of 0.15CT
ceramic under varying electric fields, as well as the corre-
sponding changes in Pn, P, AP, Wi and 11. When the
electric field increases to 470 kV/cm, P, linearly increases
to 20.89 uC/cm?, while P, slowly increases to 2.66 uC/cm?,

which also leads to a decrease in efficiency. Notably, Py, ex-

hibits a significantly higher growth rate compared to P;. This
implies that as the electric field intensifies, the value of AP
expands. Consequently, the change in Wy is consistent with
AP, with W, escalating to 3.9 J/em?. However, the n de-
clines slightly from 83.44% to 72.49%. This decrease in 7 is

attributed to energy loss, which arises from the intensive resid-
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ual polarization with the increase in electric field. One can de-

the optimal component should reduce residual polarization to

duce that for applications in high-electric-field environments, achieve high 7.
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Fig. 10. (a) P-E loop and (b), (c) ESP of 0.15CT ceramic at different electric fields.
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Fig. 11. (a) P-E loops of 0.15CT ceramic under diverse frequencies and (b) relevant W, and 1; (c) P—E loops of 0.15CT ceramic under

diverse temperatures and (d) relevant W and 1.

The excellent temperature/frequency stability of dielec-
tric performance is a crucial parameter for maintaining the
operational stability of ceramic capacitors. Figures 11(a)-
11(c) illustrate the temperature/frequency-dependent unipolar
P-E loops of 0.15CT ceramic at 200 kV/cm. Meanwhile,
the relevant ESP, derived from Egs. (1)-(3), is presented in
Figs. 11(b) and 11(d), respectively. All samples exhibit slen-
der P-E loops when measuring temperature and frequency.
From Fig. 11(b), it can be observed that the increase in fre-
quency has little effect on W, with a change rate of only
0.5% to 0.7%, and has little effect on 17, with a change rate
of 3.38% to 5%.
0.15CT ceramics is dependent on the stability of frequency
(Wiee = 0.876 £0.005 J/em?, n = 81.17%=+3.02%). Simi-
larly, from Fig. 11(d), the variation in amplitude of Wi is

This analysis suggests that the ESP of

very small within a wide temperature range (30 °C-120 °C),
and the calculated change rate is only between 1.7% and 3.8%,

with a slight decrease in 1 and a change rate between 2.5% and

3.64%. Therefore, the ESP of 0.15CT ceramic is temperature
stable (Wiee = 0.916+0.016 J/cm?, n = 74.84%+2.22%).
The underdamped and overdamped discharge current
curves of 0.15CT ceramic at varying electric fields were char-
acterized to identify its actual charge—discharge capacity. Cur-
rent density (Cp), power density (Pp) and discharge energy
density (W) are key performance parameters of capacitors in
pulse charge—discharge performance, and the calculation for-

mulas are as follows: 2835
1,
Co="g" (7)
. EImax
=" ®)
2
i“(t)dt
W= S ©)

where I,ax represents the peak current, E stands for the mag-
nitude of the electric field, S indicates the surface area of the
silver electrode, R represents the load resistance and V repre-
sents the volume of the test sample. The fast charge—discharge
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characteristics of dielectric energy storage ceramics are also
reflected in their short charge—discharge time. Short charge—
discharge time means that ceramics can complete the charge—
discharge process in a very short time, meeting the demand for
fast response, represented by 7y 9 (the value numerically corre-
sponds to the discharge time at which Wy reaches 90% of its
saturated state).

As depicted in Fig. 12(a), the peak current exhibits an in-
crease with the electric field. At 12 kV/mm, the maximum
discharge peak current is 10.25 A. As shown in Fig. 12(b),
Inax, Cp and Pp at different electric fields show the same

e 2 kv
a — mim
9} — 4 kV/mm 10
—6 kV/mm
~ 6f ——8 kV/mm —~ 8
< 10 kV/mm| <
— 3t A 12 kV/mm| <
=t o— A < 6
e W Y VY g
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trend, steadily increasing with increasing electric field. Ipax,
Cp and Pp at 12 kV/mm reach 10.26 A, 326.4 A/cm? and
39.17 MW/cm?, respectively. The overdamped discharge cur-
rent of R = 200.5 Q under varying electric fields is presented
in Figs. 12(c) and 12(d). As the electric field intensifies, Wy
increases to 0.8 J/cm?, with a charge—discharge rate of 27 ns,
indicating superior charge—discharge speed relative to other
studies. ?+29-35-401 This high charge—discharge rate renders the
material particularly suitable for high-power and pulse power
applications, including hybrid electric vehicles, medical defib-
rillators, spacecraft, satellites and electric weapon systems.

400
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Fig. 12. (a) Charge—discharge current curves with the underdamped characteristic of 0.15CT ceramic and (b) relevant /nax, Cp and Pp;
(c) charge—discharge current curves with the overdamped characteristic of 0.15CT ceramic and (d) the relevant Wy.

4. Conclusion

In this paper, xCT ceramics were prepared using the
traditional solid-state reaction approach. The phase struc-
ture, microstructure, dielectric properties, energy storage and
charge—discharge of ceramics were characterized. At an Ey
of 470 kV/cm, 0.15CT ceramic achieves optimal ESP: W, =
3.9 J/em?, n =72.49%. Compared with 0.01Sm, Ey, is signifi-
cantly improved, ESP is enhanced and efficiency is promoted,
meeting the requirements of using linear dielectrics to in-
crease rates. In addition, 0.15CT ceramic also exhibits a Py of
39.17 MW/cm?, a Cp of 326.4 A/cm? and an extremely rapid
charge—discharge rate, reaching 27 ns. The charge—discharge
performance of this material surpasses that of 0.01Sm. Based
on the above results, 0.15CT ceramic is a potential energy stor-
age capacitor.
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