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Fig. 1 Phase composition and local magnification of BNST-XC ceramics at room temperature
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Fig. 2 Surface micromorphology and Raman spectroscopy of BNST-XC ceramics at room temperature



552 B 4 W FHR & BigsNao sTiOs =8k HLFE & 1 st 8RR AE 5 1t e M e < 1177 -
4000 T 0.4 o 0.4
L —_— z L e VA
—10kHz 3500 —10kHz
g 3500+ —100kHz | 03 g I —100kHz ] 03
g 500 kHz g & 3000 —500kHz |~ 8
S 3000 = g =
S x=0.05 Q S | x=0.10 )
o lop & 2 2500 oy 2
F 2500 T8 E B
3 2 8 2000 e
5 2000f-- lo1 & 3 ) o1 8
A Eoo ' 8 1500F:- '
1500 F>0v -
1 000 D P NS et Y 0.0 1000 R b 0.0
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature/ 'C Temperature/'C
(a) BNST-0.05C (b) BNST-0.10C
0.4 0.4
23800 2200
= 2600 -
= ] 2000 f 1
§ Ja00f 0.3 g g 0.3 g
S 2200} — 1 kHz = 5 1800} —1kHz <
o — 10 kHz 102 o —10kHz 102 &
B 2000 H / 100 klz “ 5 £ 1600 —100 kHz 3
8 1800/ —500 kHz 2 8 % ¥—500 kHz 2
2 / A 5 1400 —0.20 A
A 1600F x=0.15 101 A x=0. q0.1
1400 f==2- 1200 ===
120 P e i i e e Bedird 1000 L 3 Niteeemssi I oS oo 0.0
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Temperature/'C Temperature/ 'C
() BNST-0.15C (d) BNST-0.20C
5000 005 103 _}gg [ x=0.20, y=1.90 _—
— x=0.10 -18.0 ¢ e
= 4000} N 206k
g 2 ~ —13.6 [x=0.15, y=1.83
=} [ — L
§ 3000 = = odr /
2 8 & -132 52010, 7=1.76
S 2000 F R = -l165}
2z - = = 198}
B 10005, ~132 [x=0.05,7=1.70
-16.5 |
-19.8 F . ‘ ‘ ‘ ‘ .

100 200 300 400

Temperature/'C

(e) Dielectric temperature spectrum

o 1 2 3 4 5
In(7-T,,)

(f) Relaxation coefficient

¢ is dielectric constant; ¢, is maximum dielectric constant; Ts and T,, are abnormal value of dielectric constant; y is relaxation coefficient.
K3 BNST-xC Fa % (/1 FRL iR o A 5t 75 3R 5

Fig 3 Dielectric temperature spectrum and relaxation coefficient of BNST-XC ceramics

SEMZ AR, — T TS/ iR S ORI, 5
— 7 I T AR R R e . A AR AL 1)
FEERE, WE Ca 3THUREEMIM, NH
HEE M RIRSE PR EZRE T CaTios 1E Nk
LA oA B B AR A HL 5~ 100) . [FIES Ca
MTEUARAETS T A T TR 1) il X kB Bl . AHXS T
T VEAH, TUETREE NI, Kk TR T, 2 82
HAE/N, TEWE Z AR EX RN, A SR
N, BRTFIE AR R R e . R X Ry
P I TR U T2 () SR Atk — B IE W T B AR b R AR R
b Ca BETFBREEMIGM, HhiGEAWIE T
R T EINHER RIS R IR A A, @
ik R B A T s s A B RS AT T R R
T, SR BB A AE LIk s AR A 2GR AR ot

B AR 18], R 1Y) it T4 R H R B 1 A
bl i af T, B Ca I TBASEIA
[FEHTE, MR IR R0 1.7 K8 1.9, Zrsr
EBH T Ca BFHISIN, I AR w43
Ak S A ity P A e A W 189 i ) e

Kl 4 Jy BNST-XC P& 1E x = 0.05 il x = 0.15 19
FF b 72 I 8 0 min BA % 10 min Ji5 1) PFM FHA &
ARG . X T8 FE, B %6AE 3 pmx3 pm
DX 3t 0 1E ) FELE 30V, Z JEEZIX A A0 1 pmx
1 um R XIS A FL . 30V, A ISR ALEE R i Y
T ZE AL AR AL B S 10 o 24 x=0.05 I}, &k FE B 46
LAFAE HACH LS 3 W K AR, X RWIEHRY
TERS, BRIk s, ksl PRus i s,
Hom B ERAK. 52 ABX AR, 2 x=0.15 B, 7E



« 1178 - (RERR Th22 40

J Chin Ceram Soc, 2024, 52(4): 1173-1182

2024 4F

FHL 37 i 0 T S5 R e %% 21 /b e 1 /R R 2k R [X
B, XERY Ca BB EERS T IRRIEAE
FE, A5 NERIIBELE Ll N B ST R . %45
A 2 Hi A TR )t R R A A — 2

B 5a y BNST-xC P4 10 Hz FEd 5 37500

30V

After 10 mins

=005 &

x=0.15 &

—180° I 180°

LT (Bl 26 (P-E [0 2k). B Ca S TR S EMNZ,
AR AR ) 5t B AR AT, DRIk P B — ELTE R
/Ny RN RERE P (B A T 55 R AR R K
M x=0.15 B, MRIERAGRAEMERER B, oA ShEhe
WEN 6.4Tem’, i F N 630kViem, fERERCE

30V After 10 mins

-2 mV

T 0 mV

K4 BNST-XC M x = 0.05 1 0.15 1] PFM AR RRIE L, A5 FFRS R 10 min
Fig. 4 PFM phase diagram and amplitude diagram of BNST-XC ceramics with x=0.05 and 0.15, with a 10 min interval before and

after
60
50
5 40t
Q
<
2 30}
2
§ x=0.05
£ 201 x=0.10
° x=0.15
= ol —— =020
0 1 1 1 1 1 1
0 100 200 300 400 500 600 700
Electric field/(kV/cm)
(a) P—E loops of BNST-XC ceramics
10 100
gl *—"*‘*—*—*—*~*\*
/A 4 80
~ 6} A/“X/V
T -
E A\ \ 4 T 60 o
S v B
= 4t A S
X
/‘Aé/ A=W V=W |49
2F = /e/ ﬂj_VVloss _*_77
—
—(—(—<
ol ﬁ,qj—fﬂ"ﬂ 120

320 480 640
Electric field/(kV-cm™)
(¢) Wrec of BNST-0.15C ceramics

0 160

6.5 @630 kV/em

° *
./ 188

s 6ol .A@wo kV/em 156
= @515 kV/em * ° <
N " @600KViem | g, S
S /
55+ -
* 482
- 80
5‘0 1 1 1 1
0.05 0.10 0.15 0.20
BNST-xC content
(b) W,ec of BNST-XC ceramics
= ST
BF N
6k * BT
= AN N .
“ BNT 3 <
e < KNN 3 N ax
g = NN A
E) al <@ Thiswork‘ . - - AAt .
:é P A‘ - A‘;A
= vV PPN
- . ¢ PS _;:
2t > . &L et
- ® .
50 60 70 80 90

n/%

(d) Comparison chart of Wi,

5 BNSTXC g %A G4 1t

Fig. 5 energy storage characteristics of BNST-XC ceramics



525 4

TR 55: BigsNag sTiO; JE8k i i % (15t BRI 5 il RE 1 BE

1179 -

%) 85%. & 5b NANH BNST-XC B & fitREPERE S
RE, BEE x [HH K, BNST-XC Mi& MMk RERCR —
BLAE ETE, ARG SR 1 it [ i 4 S 80 KR
TAB R B%, BRIAE x=0.15 AbikF i K. B 5c
4 BNST-0.15C P& LEA R ML~ Bk e 1 e
HABBERCR I ARSI E 85% LA E, RN HE 171
10 A e S BT T, RORM T BT RS T
My NIRBRFEENE KRSFHM. B 5d N~
BNST-0.15C P & 5 HAth 44 22 B i B P B X L AL,
M Nz &R EE — et is. 1K
BNST-xC B & fit RePERE 5 it IR X R R, Jd X
LABRERCR . P, IS TS R E T R0, Bl IR L FE
WK, P AEZEEL, UG RERCR B IE ST
522 AHNE LI A P {B AT T B, (R 75 AR5t 74
FE 5 (PP Z [HBEAT VR R4, AN SR 15 B it e

Rtk

1 BNST-xC &M SR RBIRR
Table 1 Comparison Table of Energy Storage Performance
and Relaxation Coefficient of BNST xC Ceramics

Compound Ep Wiee Wiol n P P, y
x=0.05 520 6.3 7.7 82 5817 6.59 1.70
x=0.10 590 6.2 7.4 84 5213 5.63 1.76
x=0.15 630 6.4 7.6 85  48.65 5.03 1.83
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E, is breakdown field strength; W, is effective energy storage density; Wi,
is total energy storage density; # is energy storage efficiency; Py, is
maximum polarization value; P, is residual polarization value; y is

relaxation coefficient.
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Extended Abstract

Introduction Energy storage technology plays a vital role in advanced electronic and power systems. Ceramic dielectric capacitors
show a great potential in electronics, pulse power, and defibrillators due to their ultrahigh power density, fast charging/discharging
speed, and superior reliability. Increasing the energy storage density of dielectric capacitors will boost the development of powder
devices towards miniaturization, lightweight, and low cost. It is thus crucial to improve the energy storage density of dielectric
capacitor. In general, high energy storage properties (ESP) are closely related to a larger maximum polarization (P,,), a smaller
remnant polarization (P,), and a larger breakdown strength (E,). The recoverable energy storage density (W) and energy storage
efficiency (7) are the crucial parameters to evaluate their ESP.

This paper designed and prepared a series of (BigsNag s)o.5(Sr1xCay)o.35Tig.06(AlgsNbg5)9.0403 (BNST-XC) ceramics (x=0.05,
0.10, 0.15, 0.20). The effect of relaxation characteristics on the energy storage characteristics of BNT ferroelectric ceramics was
investigated.

Methods The BNST-xC ceramics were fabricated via conventional solid-state reaction and subsequent tape-casting. The oxides and
carbonates as raw materials were weighed according to a stoichiometric ratio and ground in a planetary mill with a nylon grinding
chamber for 12 h_ After drying, the powders were calcined at 850 “C for 6 h and then ground for 12 h. Subsequently, the synthesized
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BNST-xC powders were mixed with glycerol trioleate, ethanol absolute, butanone, dibutyl phthalate, polyvinyl butyral, and
polyethylene glycol to obtain a slurry. The uniformly mixed slurry was tape-casted on the surface of vacuum adsorbed PET release
film using a model MSK-AFA-IV automatic thick film coater at a casting speed of 0.6 cm/s_After stacking and pressing, the films
were placed in a model PTC LTg,; isostatic pressing machine (EASEN) and pressed at 75 °C. Finally, the green samples were firstly
heated at 600 C for 8 h to remove the organics, and then sintered at 1 180—1220 ‘Cfor 2 h,

The phase composition of ceramic was characterized by a model D/max 2550V X-ray diffractometer (XRD, Rigaku Co., Japan).
The grain size of the sample was determined by a model TM4000 desktop scanning electron microscope (SEM, Hitachi Co., Japan).
The Raman spectra were collected by a model Jobin Yvon HR800 Raman scattering spectrometer (Horiba Co., France) under 532
nm laser excitation. The hysteresis loop was determined by a model Premier II and radiant ferroelectric analyzer (Precision Co., USA)
at 10 Hz; The dielectric performance and frequency dependence were analyzed by a model Agilent E4980A LCR meter and heating
equipment (Tongguo Technology Co., China). A specially designed RLC circuit was used to test the charging and discharging
performance of the capacitor,

Results and discussion From the analysis of phase composition, Sr and Ca ions at a position A, and Al and Nb ions at a position B
completely enter the interior of the lattice, forming a solid solution. The improvement of grain size by B-site (Al, sNbgs)*" ion doping
is beneficial to enhancing the breakdown field strength. The average grain size of the ceramic gradually increases from 1.36 pm to
1.09 um as the Ca doping content increases. From the Raman spectroscopy analysis, the substitution of A-site ions increases an
overall local structural disorder. Furthermore, the transformation of their internal phase structure can be investigated based on the
dielectric temperature spectra of BNST-XC ceramics. The substitution of Ca causes T, and T,, moving towards a high-temperature
region. Also, the dispersion of the peak shape in the dielectric temperature spectrum further proves that the relaxation degree of the
overall material system continuously increases with the increase of Ca ion doping content. To more accurately demonstrate the law of
material relaxation degree, the Curie-Weiss law is used to calculate the relaxation coefficient of the dielectric temperature spectrum.
The flipping of the internal domain structure at the electric field was tested by PFM, further showing the contribution of Ca ions to
the enhancement of relaxation properties.

Conclusions A series of BNST-XC ceramics were prepared by a solid-state reaction method. The relationship between the
relaxation characteristics and energy storage characteristics of BNT based ceramics was analyzed via adjusting the ratio of Sr and Ca
ions. The optimal energy storage performance (i.e., E, of 630 kV/cm, and W, of 6.4 J/em®) was achieved as x=0.15. The energy
storage efficiency reached 85%. At Ey, of 300 kV/cm, the ceramic exhibited a good stability at different temperatures and frequencies
as well as a high power density and an operating current density. It was indicated that BNT based relaxor ferroelectrics could have a
promising application potential.

Keywords bismuth sodium titanate ceramics; relaxation property; energy storage density; energy storage efficiency



