5% 52 5 4 W) JiE SO > B < N Vol. 52, No. 4

I

2024 7 4 A JOURNAL OF THE CHINESE CERAMIC SOCIETY April, 2024

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20230742

ZnO B AT BRIR BEFE e %o Aok RE 1 RE A 520

TS 2 % BE X OB F & A8 F f#
(BPRR S PPRLRL S TR, LR BOFT TR S B8 5000, R IR 252059)

H OE:. REAGSEME T ZEMH 4 T (Sro4NagsBig20Ca0.0700,07) TIOs-X%Zn0 (0RKRZENL, 25 5 A SNBCT-x%ZnO,
JRESBOMEREPTE, JETFLT ZnO 5224t SNBCT M&ELEMAERETEREMITL I . 45 R BT 450 FE & 3 B LA J5 A
NEAMEERY 41, FHRIHBAK AR, ZnO BG40 T SNBCT &S 5E R, HOL T IHAGReERR101R
Fto 24 Zn0 BIEN 0.5%0F, FERTE 468 kV/em HLIZ T HIH 5t BE 5 8 (Woeo) & 5.16 J/em®, B BERR (7)) 88.2%. BT A IR
TCOFHTEESE T A 5y PRI okl b SO, B T IS I RE S R AU, b TR s o AT N M S TEA LI
BRAh, BERIE B RAFRIFE R TERE, O B (W) RS 3 (8 o) 7F 280 kV/em HLIZ R 43520 2.61 J/em® F1 227 ns, [+
B R R AT IR R 1, FENKhIh R R G R R AP AR )

KR AT KEREE; fEREMERE; Bkybemds &
RESES: TQ174 SHRFRARRD: A XEBHE: 0454-5648(2024)04-1183-09 Wit o
[ 4% tH AR AT i8] :  2024-03-11

AR, BEEMAT RN . 2T g R BT BA. I EH IO R R LA
JROBAR S B B, TRBRATAE . OISR R TR B B BT A ik e R THBCRD .
T e TR T N . B R R R DRI KRR Zhu %P RETE STiO; 51 B ik A b, 42

15 SR B A = R s ARz i 1 g e AR AR RO B R 2 & TR AR T, A A T R SRR
H, EHBEAmE AT, HIALFHEER. LR ~f, bW ORIESE A T AR B e PR RE . BT &Y
BEE (R RS A AR It RN A T H AR AR T Sto.7Big 2 TiO; M & 1E 570k V/em 28 T & A 2 fis
TH IR FC RS BN T 92 . o, B TR A BERE FEE (Wioe=4.77 Yo ) Rl R BT it BE AR R (17=85.7%) o
HREEAILDN . DHRBEE. R/MOLEERR. BE  Yang &9 SrTios 3l N T BA AL 58 5 1)
PEUF LA B AR A iy K e 82, #E R/ kRl BaggsCagsZto, Tig O3 (BCZT)RIBIEEF] MnO,, % LA
RGN & 52 98 . TEEEN AN TR, PR LE T 253k 15 1 =i % 398 (Ep=436 kV/cm)
5 AA R S RN AR, B AR SRS (Prax=33.0 nClem?), A F I Wiee A1
FEA HA L ELAG B G S 1)k P A e A R K A A 753 Ak 5.36 J/em® F1 82.2%. Yan 25 7E 5835 SrTiO,
F5t, SrTiO, e % A ST Mk 45k, B & IR 5] N E AL BiFeO; 417G, JEid %S SrTiO;
e (RS FADTRE . 9 BURH R G #RAe e 1 S5 W B T RO M P oK X g T 4 v oA e e e o o
B BOANR R TR IRk R kAR Y, (B TIE B BTN 20 e gl T 23— bbb & n 2
&, SITiO; PRI NI B BUHX UK, HEv= U450, 7£ 0.35BiFe0;-0.65SrTiO; 4173 HH3RAS T Wie
H R, S BB A TR R, I %) SITiOs  ~8.4 Jem® Flp~90% 14k Fefif e Mg o Liu 28148 tH
P EHAT A SR, AR e TR E R TTH EEE S T Sro7Big2TiOs-Bi(NiysNby3)0;

I 2 B AN B P R B T FLA R 14 RE 1Y B R AT RIS ERETERE, EEPIFH T E S T R

e H#H: 2023-09-26. BT H I 2023-10-23. Received date: 2023-09-26.  Revised date: 2023—10-23.

HETH: LAY AR #E4STH (ZR2020ME033, ZR2020ME031); First author: WANG Jiarui (2002-), female, Master candidate.
R A 2 L 5T H (318011906) E-mail: 1596471003@qq.com

F—1EE. FAEEQE02—), &, Wituid. Correspondent author: HAO Jigong (1984-) male, Ph. D., Associate Professor.

MRS MAkTN(1984—), B, 4, EIER. LI Wei (1981-) male, Ph. D., Professor.

= fH(1981—), 5, L, #H. E-mail: haojigong@]Icu.edu.cn; liwei_727@163.com



« 1184 - (RERR Sh22 40

J Chin Ceram Soc, 2024, 52(4): 1183-1191

2024 4E

A G BE BN 7S N A R A X, FE DR 1R
MWk T2, bbb, REFE
(i 5 3k, SE T RIFRIGEREYERE . FEALTE
580 kV/em HIHIZ T, Wi M 723514 5.98 Jem® Fl
98.6%. Yang IS VA-Be st 4 B 45 b4t 1t 7 =
E Sro.sBig2TiOs fifi BEFZE H 5B T AR 404k AN S s
WP RIZERNL, e T MR I B TERE . FF A
7E 550 kV/em B3R, Wiee M 728514 4.17 Jem® 1
92.84%. AR T W3 i 2 R AT A SR )
% T ke R S R R e M & ) SITiIOs FEF
%o fE SITiO; 4k A 4544 Na'. Bi''J5 K
(St1xy-oNayBi,o,)TiOs [EIVAR, HEE AL 2% i 1t Ak
B Ak 2= P [RIVE T SE B T MRS R UF i RetERe . 78
390 kV/iem HI5 T, Wi Mn7514 3.94 Jem®
94.71%. 1& IR TAERZEAE b, 78 A fi4k225] AR
KAL) Ca™*, B i T B & ik BEERE
£ 440 kV/em H3% R Weee £ 17 23514 6 Jem® 192%.
RGBT PR . U S E The s T 2RI &
(IR AREE R, FEVRANRIFIT T SR RS S6t P e i R
G

FEARTAE T, SeREATHIRT 9T B A AL s
(1) (Sr.42Nag 15Big 20Cag 0700.07) TIO3(SNBCT) 2H 73y 5
PRI, S@IE 51N ZnO 1R A B SNBCT P
BEHe g M R BB LR RS, 3 B B i o
Yy MGG REPERE o BLAN, WEFT T ZnO 844 SNBCT
W) e 5 R RO i R R

1 %

1.1 HmEH&

PL SrCOs5 (99%, Alfa Aesar). Na,COs (99.95-
100.05%, Alfa Aesar). BiyO3(99.975%, Alfa Aesar).
CaCOj; (99.5%, Alfa Aesar). TiO; (99.6%, Alfa Aesar)
F1ZnO (99.9%, PrMat) NIERL, SRHUE Gile Bl %
T4 7 SNBCT-x%ZnO (5 & 434, x=0. 0.5+
1.0, 1LS)fEREMIE . Ftb it & boxd R AT FR i
JENEREE G, DUSEALEEBRONERBE N . Bk &
R HIGRIER S 24 ho KBTS TE 950 CHRME 4h
BRI, BfJG 2 UCEREE 24 ho K TASRUTROR R
TINHREER 10% (& 755015 LIGEE(PVA) RIS,
7, ik E EH S ES 10 mm. B 0.5 mm H
AR F. 550 CHEBRRESEAIE, FEATE 1140 “CORIR
2h BN EA . T B RE K B A A P
JJE R AL H A, T R AN 7 s R e K

ZBRERITEE R 0.1 mm A2 47, fE LR IR S B2 2 mm
(1) 4 FA o
1.2 HmBRAE

KH X AT (DS advance, f#[E Bruker)
S MTBE BRI AR SE R, HE T XRD AL R,
JHIE GSAS AR FE AT Rietveld 451 1&. R
F3% & 5348 B 1 243085 (Merlin compact, 1% [ Carl
Zeiss) 7 AT FE b R T I THOW B S . K 8k 2 A AX
(TF Analyzer 3000, & aix ACCT)IRFE & I8k HL
PEfE. KBS HT{(Wayne Kerr 6500B, [
WayneKerr) 7 T i/ H M BE A IR FE 1938 0. SR A
70 HL 2 48 (CFD-003 plus, i A SR )R
(1 70 8 L 1 B
2 HR5t#

K 1a A SNBCT-x%ZnO P& [ XRD . & 1
AL UL, BT ARSI AL T CASL 5 AN AR S Rl 45
¥, B%E ZnO 52« 21038 I, A7 iRk ) 22 % 31,
YLEH ZnO B4 512 T d MK, X2 T EORE 1
421 Zn* (r=0.740 A, CN=6)i3f X 7 SNBCT k%
R T /INES TR AR i (r=0.605 A, CN=6)it %,
1. 54k, BEE ZnO BRERSE 1.0%, HiH
LTS ) 2 A B2 (20=30° I AT g, &
XfEe PDF R F#f e FAHA BN BipTioO; (JCPDS
032-0118), X ] fig it FARM A& 10 Zn™ B it %
i, SIERMEH S B RG22, ARRER A,
— 38 B TitOKE 2 A R HE R R, HE T AR
AT BihTiho . WAk, Ju 7 dk—Loaike
i IMISE KRSy, R GSAS B3 F Rietveld J7
ORI XRD BT TR 1E . RIEERATTZ AT
BT gt U, SNBCT Fi 4143 ) M 465 ¥4 2 LA ST T
FI(C, Pm3m) M, [FIEEAa A& DY 5 (T,
Pdbm). 7EARTAEH, ZnO B It K 51 SNBCT 1)
XRD Bt kA B2k . Rk, FeA13EF 5205 HI(C,
Pm3m ) A1 PU J5 A5 (T, P4bm) ¥ HH 3t 17 25 K9 %5 B 5
XRD 3T FEE(E 1b). XRD K& RE AR 4
2207 BRI Ry MR 277 R R MES/NT 9%, H
WEE Y N T 2.0, FW Rietveld 451545 Rl .
ALLRIL, ZnO $B24)5, FEMIISLITAA(C, Pm3m)/
VYT AH(T, P4bm) I LLAIE 2 . B 1c ¥ SNBCT-X%ZnO
PR EE R SEM M F, o] LU 21 4 AN2H 7 W 1 H
A RIFMROWIES, SRR/ N5, T RS0,
B ZnO W54, BRI AR RSB AB &



F52EH 4 FAEE 5 ZnO BN ERIR B M Ak e ML R I 2 1185
= * Bi,Ti,0,
. = = g = ~
g 2 ¢ & § §
S [ A <
x=1.5
z
7 * %
5| _
£ x=1.0
x=0.5
%0 Jl [ | B A i
Il | 1 1 |
20 30 40 50 60 70 80
20/(°)
(a) XRD patterns (b) SEM images
Ry =5.44% pr:7,9zo/x R, =8.957 ) R,,=8.47% q °)
R=422% R=6.24% R=17.03% R,=6.57%
2| =191 'Bragg position T £=1.266 'Bragg position T | 2=1.660 Bragg position 7' ;°=1.488 Bragg position 7
a 1 Bragg position C I Bragg position C 'Bragg position C 1 Bragg position C
5 3 % x X
E i i i 0 i i 0.5 1 j 1.0 i 15
X X=U. .l X—=1;
i Wi R L aalld L5 - i s

| 4

xik oy H -t

4

1

[ . K ] ] . T

20 40 60 80 20 40 60 80
20/(°) 20/(°)

20 40 60 30 20 40 60 80
20/(°) 26/(°)

(c) Rietveld refinement

Ryyp is the weighted profile factor. R, is the profile factor. #is the goodness of fitting.
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P is the polarization. E is the electric field. W, is recoverable energy storage density. 77 is energy storage efficiency.
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Fig. 2 Dielectric spectra, P-E hysteresis loops and energy storage parameters of SNBCT-x%ZnO ceramics, comparison of energy

storage parameters with SrTiOz-based energy storage ceramics
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Wj is discharge energy density. E is the electric field. Cp is current density. Pp is power density.
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Fig. 5 Charge-discharge properties of SNBCT-0.5%ZnO ceramic
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Extended Abstract

Introduction Dielectric capacitors are used in pulse power systems due to their advantages of high energy storage efficiency, long
storage lifetime, and fast charge/discharge speed. Among the major dielectric materials, ceramic-based dielectrics have a superior
temperature stability and a longer lifetime rather than polymer-based dielectrics. Dielectric energy storage ceramics have attracted
recent attention. Among various dielectric energy storage ceramics, SrTiO; ceramic with a linear dielectric behavior at room
temperature is a promising dielectric energy storage material with a high breakdown strength and a low dielectric loss. However,
SrTiO; ceramic has a relatively low dielectric constant and lacks a spontaneous polarization, resulting in a limited energy storage
density. Therefore, SrTiO; ceramic cannot meet requirements for specific energy storage application. Improving the polarization
strength while maintaining the high breakdown strength through effective structural adjustment can be an effective method to enhance
its energy storage performance. In this paper, we fabricated high-performance (Sry4,Nag5Big29Cag.0700.07)TiO; (SNBCT) energy
storage ceramics with a small amount of ZnO as doping species. In addition, the effect of ZnO doping on the structure and energy
storage properties of the ceramics were also investigated.

Methods SNBCT-x%ZnO energy storage ceramics were prepared by a conventional ceramic preparation process. The raw materials
were weighed and then mixed in alcohol by grinding in a ball mill for 24 h. The slurry was dried and calcined at 950 ‘C for 4 h to
obtain the powders. After further grinding for 24 h, the powders were mixed with polyvinyl alcohol (PVA) binder solution and then
pressed into pellets with 10 mm in diameter and 0.5 mm in thickness. After burning off the PVA, the disk samples were sintered at
1140 C for 2h. The samples used for dielectric performance tests were polished and coated with silver electrodes, and the samples
used for energy storage and charge/discharge performance testing were thinned to a thickness of 0.1 mm, and gold electrodes with a
diameter of 2 mm were sputtered on their surfaces.

The structure of the ceramic was analyzed by a model D8 advance X-ray diffractometer (Bruker Co., Germany). The
microstructure of the ceramics was determined by a model Merlin compact field emission scanning electron microscope (Carl Zeiss
Co., Germany). The ferroelectric properties of the ceramics were analyzed by a model TF Analyzer 3000 ferroelectric analyzer
(aixACCT Co., Germany). The temperature-dependent dielectric properties were characterized by a model Wayne Kerr 6500B
impedance analyzer (WayneKerr Co., UK). The charge—discharge characteristics were analyzed by a model CFD-003 plus pulsed
charge—discharge system (Tongguo Technology Co., China).

Results and discussion ZnO-modified SNBCT samples show a perovskite structure with a cubic phase. A trace of impurity peak
appears in the XRD pattern as ZnO doping amount increases to 1.0%, corresponding to a small amount of the secondary Bi,Ti,O,
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phase (JCPDS 032-0118). All the ceramics show a uniform and dense microstructure.

The ZnO doping has little influence on the microstructure of the ceramics as the average grain size in these compositions
changes slightly.

For the electrical properties, the doping of ZnO weakens the ferroelectric properties of SNBCT ceramics, which is manifested by
a decreased maximum polarization strength P,,,. In addition, the doping of ZnO improves the breakdown strength, thus enhancing the
energy storage performance of SNBCT ceramics. For the sample doped with 0.5% ZnO, a high recoverable energy-storage density
(Wyeo) of 5.16 J/cm® and a high energy-storage efficiency () of 88.2% in a large breakdown electric field of 468 kV/cm are obtained.
Compared with the SrTiOs-based energy storage ceramics, a great energy storage performance of the studied sample is obtained. A
simulation model containing grains and grain boundaries is proposed to explain the enhanced breakdown strength, and the results
show that fine grains with many grain boundaries hinder the propagation of breakdown cracks. For the charge-discharge performance,
the sample doped with 0.5% ZnO shows a discharge energy density (Wy) of 2.61 J/cm® and a discharge rate (tyo) of 227 ns in an
electric field of 280 kV/cm.

Conclusions All the samples exhibited a perovskite structure dominated by a cubic phase, and provided a slim P-E loops. ZnO
doping effectively improved the breakdown strength of the SNBCT matrix, thus enhancing the energy storage performance. The
effective energy storage density (W) of the sample reached 5.16 Jem® and the energy storage efficiency (77) was 88.2% in the
electric field of 468 kV/cm for the sample doped with 0.5% ZnO. A simulation model containing grains and grain boundaries was
established and the extension of breakdown cracks in an external electric field was simulated, which explained the enhanced
breakdown strength. In addition, the sample doped with 0.5% ZnO had a good charge-discharge performance, showing a discharge
energy density (Wy) of 2.61 Jem® and a discharge rate (t9) of 227 ns in an electric field of 280 kV/cm. Meanwhile, the sample
exhibited a good temperature stability. These results indicated that the SNBCT-x%ZnO ceramics could be promising materials for
pulse power capacitor applications.

Keywords dielectric ceramics; strontium titanate; energy storage performance; pulsed charge-discharge



