5 52 55 4 ] VR
2024 F 4 A

JOURNAL OF THE CHINESE CERAMIC SOCIETY

%4 TE( Vol. 52, No. 4

April, 2024

http://www.gxyb.cbpt.cnki.net

DOI: 10.14062/j.issn.0454-5648.20230756

Nd™" 48785} PLZS JT 4k LA kA A0 AE 1 B G 52

BEE, RO, &

i, RTT, FAR, e, £ % KTH ME4

(NSRS E S e B, WS BI6 XBAERTREIAM B S S side s, WEh sk 014010)

WOE: DR, MERFEORKIAIE, RIS ANPGRS T TR 2 . SRR i A E AR b 4t i
2% 7 Pby.os 1.5xLa0,0oNdy(Zrg 60SN0.40)0.00503 (x=0, 0.02, 0.04, 0.06, 5 A PLI00XNZS)RZkHFHE, A T ek IEE&E M
YR, RERETERE. A HLVERERIFECERE . TRTTSE SRR W PL100XNZS )5 AR IESCAREG KR 4544, B N&' B A m M
1%, Kk AR AR B (B appre) N, WOHLAEBEMEREIG IR . 29 N&™ B 200 x=0.04 I, FEEMIfEREE %N 14.8T-om™,
T BEALR N 85% . LA, 78 LIRSS S SR PLANZS B 8 B AT i 1 FELUAL 25 PE AN T 26 25 B2, 43530 3 360 AJem” il 504 MW e,

HUBCRIRFERR AR, to0 4 281ns. 1%

KA BB R BRI GRS bR obtERE 2
SMERE: 0454-5648(2024)04-1192-08 kg

FESES: TQ174.75 XHRFRERS: A

4% AR AT i8] : 2024-03-12

BEE BT REURT A T L EOR AR, BT
Jea RN AL R S, TR AA
FERER L, R RERCR, miTh R R ST A AL
R E ARSI Tz meE e — ek,
AR L R A 5D A E M f T IE R [ 2 A
2, AR FH.

Dia
W, =[ "EdD (1)
Dinax
W, =] . EdD )
w
n:W—RCXIOO% 3)

Horb: Wi NEBRER L Weee NH RUEREH L 9
NRERERCR; Do NN RE; D, WRIRH
MM RE: E NHEIEBE. SERREMEHIL, KRBk
LR BA SRy FO 32 BUR Bk Bk A AR AT D, 240
IR T S8k FE K A A AR FL 37 (E appre) N, FE
iR R BN, = 5MIn i gk i s Bk v Bk HL A
ARy, AR EBEN, AH TR S e

PbZrOs; 72— F S AU Se Bk AR P e, I FE AT

Wk H I 2023-09-29. BT H: 2023-11-14,

HEWH: BRARRIFIEESEFEREELTH (52102136).

. ELM1999—), T, WA,

WEEE: ZF 0982—), B, @t R,
KEH(1978—), B, W, #HER.

z

LERAR Y] PLANZS MR Rk vt 2 5 78 2% U BLAT S LK N 0

=1

Xz AR 5 4 3R 4S T (Pb,La)(Zr, Ti)O;s
(Pb,La)(Zr,Sn)0; M1(Pb,La)(Zr,Sn,Ti)O5 25 B A & i
RES VE I S Bk AR & . Bl . Wang 50T T
Pbo osLag 02(Zro 55500 45)0.99503 Sk LA P %, HoAtRE
B REIE 104T-cm >, ERERCER N 87%°, Xu S
7 1 PbgosLag 0a(Zro6Sn0 4)0.02Tio 0503 MBS, Hofith B
JEA 5.2 J-em”, fERERCRA 91.2%", ik B 5
%7 PLZT M, HAKREEN 1.4T-cm™, fikfERk
HA T2%, Y1535 44 AT LA AR Sk FL A (AFE) AT R
IAHEER . A PERE R A A R e RE, IR Ak
B i Re R RS . I PR AR T M S AR S5
MEZART XK. AR FiHE MRS,
R, +R,

(R Ry) @
HA: Ras Rgy Ro 20N A BFHE T2£4%, B ALFH
B ERAEE TR, t BUETEER 0.9~1.1,
i<l W, REREMERE, tHUN, e AR E M
Bk . R AT DUETE A LA B LT85 24 R R
BREAHRI RS E M, LB IGERETERE. HATTE
PbZrO; J: Bk HARP G A Sr ekt &1 3R 8E

Received date: 2023-09-29. Revised date: 2023-11-14.

First author: JIAO Ande (1999-), male, Master candidate.

E-mail: 1520620031@qq.com

Correspondent author: LI Yong (1982-), male, Ph.D., Professor.
ZHANG Qiwei (1978-), male, Ph.D., Professor.

E-mail: liyong3062545@126.com; zqw8000@imust.edu.cn



9% 52 G5 4 Rl 5 N B4 PLZS Uk s da e AE A b Ak 0 2 + 1193 -

Ca", Sr*", Ba®", La*", cd*"& "1, A H{BATE PLZS
VA A GriB 4t SITIRTE T B Rk s, BN T i
% E apppe Al 55 IA(BDS), 3£43 7 11.18 J-em™ f
fil RE 235 FE AN 82.2% 1Ak ERCR L, b4k, 7 PbZrO;
R kg, B Az Sn*tE BT W A (TR B
A BAT EE, Sn* AR EREE RIS
Sk F R B R SO AR RE R, PRI M T L v 98
PR b & ik e el 19,

AR TAERIE T Pbogs-1.5xLa00aNd(Zr0,60S1040)0.9950;
(x=0, 0.02, 0.04, 0.06, f&i"5y PL100XNZS)) &k
HRP . I BE/NES A2 0 Nd (r=129 pm)BUR
(R B TR 421 Pb™ (r=149 pm), <A ZDH T
W, PR AR R E T . FFERT T N X A
WREERE . FHEER . RERETERE . 1 FE PR RE AN 78 0 HE 14
EAEAIE

1.1 H@EE&E

DL A0 () PbsO4 (>95.00%, _Ei#F E 253K 7))
La,0;(>99.99%, g EZ5i7]). Nd,O3(>99.99%
B4 TRFD . Z2rO, (399%, EiEEZ5R75)). SnO,
(>99.50%, g [ 25350 1 5 it o JEORE, SR TR AE
VAN A A B & AN NdP 454419 PL100XNZS

IR R AR E R, INEREE R DL
IKCBERANTRERES 240, BT 5 900 CHiKE 2h.
TRE G FIPRIIT B L 07 J5 — UKEREE 24 h, T
BRI 200 HRM, SR AR, B
ROy Bds —E LR A 12 hy, FEIRABEER. 15
JRF REVEMEFIERES 6he ALk B EH
TAENU AR b, B AR T RS AT DI 5
223 Tk HURH S5 0 TR AL S 1) b B AR 4R . PR
AEIRTE 500 CHER Sh &, 78 1160 CHaZE 3h 152
B F o
1.2 FIE

KH X B AT (XRD, Smartlab, H A~
PRI A1) 73 B B BERE S A AL R A e T
W53 (SEM, TESCAN-MIRA3, ##77 TESCAN)W %2
W AR ) R /N s SR Bk F A R Bt
(Precision Rremier II-HVidK, 3 [& Radiant)JI iR Fa %
FF b 6 FLYAT [R] 28(D-E), B IRIZR(1-E); 1A LCR
By HF(E4980A, 35 [ Agilent) 34 M 25 B A
BN RER:; RABEERBENR RS
(CFD-001, g5 FAXES R A FR A =) KB

3k B I 7E 7 P A
2 HER500

2.1 tHEMWS R

B 1 AR E Nd® 45 24419 PL100XNZS P %) XRD
. & 1 AT, PL100XNZS M & fE 20°~70°35
RS S SE R N S s ks Y (AEST TN i S
F—8. £ XRD H, fTHHEBA KA MBI il
Nd B4 FH 5% 51 R F B2, XA R m T
N KRR N TR FRIEE, BB RERD
IR GRS EARN, fE 290, 34°, 48°1 57°474E
JUMITHIE S Nd, g6Zr2.1407.07 FIRTHS AL, UERA
f£ PL4ANZS, PL6NZS /7 A=/ & PUJ7 AH 45 74 1
Nd,03-ZrO, — It Bl

S Q
s o
N = 8 o ST T 9
Qo S F o A o< + <
e JL Q g e g g
A N
> PL6NZS
£ PL4NZS
£
= ﬁ PL2NZS
A A T
|
| | JCPDS 83—4375| II\IdLsczrz.MOzm
JCPDS 62—01|95 Pby geLag 01210 76543005
L 1 L ITEN| o owew o W v ww
20 40 60

20/(°)

Bl 1 ARIF Nd & 452400 PLI00XNZS [4k M XRD 1%
Fig. 1 XRD pattern of PL100XNZS antiferroelectric ceramics
doped with different Nd** content

2.2 THMFSR DA

Kl 2 4 PL100XNZS B &M e . AR 4
XRD ARt A= Fr R0 W 85 1) S B 5 5 v 50T 43 e 1)
FHRT 2 P3N 98.6%, 98.7%, 97.1%, 94.8%.
] 2 AT L, P PR 38 B L U O 45 44
B A% B S 1) A B L. KB4 NE TR
BRI iR RS AR 3R, ~F 38 di R R SE R 4.60 pm,
BN N Z G, BERRR SRR, N
(1.60+0.30) um., %45 52 B Nd> 1145 A\ 7T LAy
PR, AEh TR EMER T Ry, LI
RE2 FE Tt

K] 3 9 PL100XNZS Jx 8k FL 44 [ % 7E 100 kHz /i
HL 205 A FEASURE A IR R A fb it 2, R B e
FloN 25~400 C. K 3 AT, BEEEERARNL,
PL100XNZS [ & (1) FL o B A AT B9y A =597



« 1194 - (RERR Sh22 40

J Chin Ceram Soc, 2024, 52(4): 1192-1199

2024 4F

4

<
83
£
H
O

[~
=3

e

N.

u‘_

o

®

S

Grain size/um

°y
S

Content/%
S
S

2 3 4 5
Grain size/um

(c) PLANZS

(d) PL6NZS

2 RFE Nd* 45741 PL100XNZS [ Bk FiL i 2 2 11 (R Ao 17 35 P
Fig. 2 Microstructure of PL100XNZS antiferroelectric ceramics doped with different Nd**

500 o PLZS 0.10
| —o—PL2NZS

700 ~o—PI4NZS 4 Ry, 0.08
= L : 2
‘g 500 10.06 2
S L 2
Q
© 400 3
i) 2
2 300 B 0.04 ©
3 A
(@)

2001 0.02

100

= 0.00
150 200 250 300 350 400
Temperature/ 'C

50 100

B3 PL100XNZS 42k B g% 100 kHz HIA L3 B 5 A s g
FERH IR A b 28

Fig. 3 Dielectric constant and loss as a function of temperature
for PL100XNZS antiferroelectric ceramics at 100 kHz

a3 5 A B U T R X, P DXORT T B IX 4
TEA RO IN X IR, P& EFERIN AFE, 4/

B A BIE T & X I, AFE M2 A £ ST 7
AH(MCC), XsEHT AFE M1 FE #HA R EH B35
M, AR B AR SREER
FER T i v i e Rl 2R i 2 B4k, K HH PLZS £7

EZAN KB, ez, M PL2NZS,
PLANZS HI PL6NZS 7/ HLH UG hnbh Be %A K
AR, NATBAE, RN BN X %
AREZMAEAE, Hiagtkis.
2.3 fEREMERES R

K] 4a 7y PL100XNZS ik 4P %5 1) D-E Hh 45
A e 2 B AR A 10 Hz. B 4a AT 0L, T
A PL100XNZS Ff i 353 BN Js 2k v 28 v i (|1 25, B
# N BRI, R RS AR E
i B A 11 [ D—E 3BT AR 414 . €] 4b 2 PL100XNZS
SR F AR A R T 2R . B 4b PT L, BT A4
I WREAE S — T RBRERAT 2 AN IE B 5 AR g A 2 A
SRR, R 2 mAAAR, B &
BRPE NCB ARG EIN, R R T
Xof I 14D HL 37 560 20 ST A T, 3R B R R D s ek PRk
HUAH AR FE37 i in. B 4c A PL100XNZS 8k
Ve s (AR, A8 B a7 AR AL IR . IR 4e WAL, B NP
BRI, Eappre MEH - REHAAHLHIY
(Erpare)¥8 0, 1EGAHARHIZ I ZAE AE S0 5 ik
/INo Eare-re M1 Epp-are 3002 BH M 55 s Bk HL AR R 2
SEPEH A



52 55 4 W fEctl S Nd B4R PLZS [k AL AR A Bk BE AN BE 2 AE (1 B2 I « 1195 -
60 PLZS 0.08 ——PLZS
b [ S
@ L PL4NZS -
g 0.04 ——— PL6NZS
o"’ 20 {——PL6NZS < 0.02 N
3 r g : L \A — L
T 0F £ 0.00
.2 L & - )
g 3 -0.02
.§ =20 —— © L
E ol -0.04 N
—-0.06 —
6o I A I A I . L . L 008 ) . A A I
-400 -200 0 200 400 —400 =200 0 200 400
Electric field/(kV-cm™) Electric field/(kV-cm™)
(a) P-E (b) I-E
) 1.0~ @ PLZS
/o/' - @ PL2NZS ° ° )
o300 o — 0.5~ o PLANZS %
E | — = ool ° PL6NZS
Z 200 +EAH,-H: QF 05 B
< ~ Z 05 o
% % Eipame E L
[ —o—AE -T": -1.0
9} - L
5100 |- = sk
L L
- 20k
'\o\ e L o
ob— v v v Ty ;%7 7 I R ST R R
0.0 0.1 0.2 0.3 0.4 0.5 0.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3

Mole fraction of Nd**/%

() Erpare and Epere

In(E)
(d) Weibull distribution

Bl 4 A[F Nd* 452410 PLI00XNZS P & i fig
Fig. 4 Electrical properties of PL100XNZS ceramics doped with different Nd**

7 2 B 37 RS2 M Bk e T (R — > B
o BORUL, A H MR A o R T DURE R A
i IR ST R

X;=InE, (5)
Y, =In(~(In(1-R))) (6)
P=i/n+i (7

Hore n AP 20 R S EREE RS X R Y;
NFAAA R A B AR B RIS
58, FEM/NEIRS AN Efs Exs Es...Ens PUARRE
Wi AR . WA LR X FhHI R A A FE
(ks 28 SRt LN BUME, REN BAE. B 4d 7]
H1, PL100XNZS [k Ho b % i 7 i 365, 415,
487, 493kV-cm™'. & 5a & PL1I00XNZS J &k HLAA [
T I AR AT A, T K o A 2
RNRAE p KT 11, {EW] PL100XNZS J2 ik Hi
Gl F R AR S B R B Nd
B AN, PL100XNZS [ %5358 A Wr i i,
AR TR IR .

K 5a 2 iEid Q) ARB)iHHAZ 2K PLI00XNZS
PRI GRS RE R B, HIE Sa v, R

BRI GRS EN 117 Jem >, 3N Nd™
Je s BB AR RS Birdlom,  ELRTA 253 (1) ik
RERCR I KT 80%. 24 Nd* 152 E 4 x=0.04 I},
Vi e 3R A I K AU B S5 PN 14.8 T-cm ™, X B[
THRERN N 85%. N T it —20 [ ik PLANZS Jx &k H
AL EREICR, B Sb Al Sc RlsaH T
PLANZS P& AR g N D-E #iZk DL H X
Mg Re % T SaERe e . & Sb Al WL, PL4NZS
(1) D-E fEMCHIA~, BB REMEg R MK
F. MR INS 180kV/em i, D-E #iZ T
SRR LT I 2k, R RAE T ROER F -k A AR
LI E] 300 kV-em ' I, HEALE KR FIREK
A5 . P Sc T, oAk e s R FL 13 0
BETRG N, WA RERCRE NS TR AT
ffi PLANZS &M E8HRdR, B 5d T
PLANZS W% D-E HiZef 1-E #hZk. H1& 5d 7]
UL, BEEEEIZ RN, PLANZS B & KA S5 R Kk AR
T 2 ARREAR, 4y AR IS T ) AFE AR
FE()M A= #3% F i FE(DA# AN FEQ). 2 KM
AR G B P B LA B K A R i, SR T g RE
REf3 Tt o



« 1196 - QeI NP J Chin Ceram Soc, 2024, 52(4): 1192-1199 2024 4E
16 100
e J 60 -
~_ 0 o & a0k
12F o =] L
b Q
-~ | So20F
3 92 2 L 200 kV-cm™!
o - J X =4 I 250kV-cm™
< ’ 83 £
-t n T 00 300 kV-cm™
= ] ! 77350 kV-cm”!
Ak \.><. S 40 /" 400 kV-cm!
84 £ 450 kV-cm™!
i 1 . 490 kV-cm™
60
0 || M | I R | 80 1 L | L | L | L 1
0 1 2 3 4 5 6 400 200 0 200 400
Mole fraction of Nd**/% Electric field/(kV-cm™)
(a) W, and n (b) PL4NZS P-E in different electric fleld
16 100
14k T 60 - 0.04
L _ +
12+ - 796 S 40+ -
oo | £ L 002 _
Zof \ / 1o g 2F ] g
S8 . i 1 £ 5 of 000 Z
= 6 . | g r ] =
gg : \%o 0\( 88 g 20F 5
4r P ~ = L -0.02
o T -84 s 0r 1
ol © _60 - ~0.04
| | | | | | | | M| M| IR T T B |

1 1 1 1 1 1 80
200 250 300 350 400 450 500
Electric field/(kV-cm™)

(c) PLANZS W, and 1

—400 -300 —200 —100 0 100 200 300 400
Electric field/(kV-cm™)

(d) PLANZS P-E and I-E

K5 Mhtrettae

Fig. 5 Ceramic energy storage performance

K] 6a FIE] 6b 7335l il N PLANZS 7EA R4
X1 D-E EIFfERe % E S8R K, Milmighl
320kV-em ' HIK 6a A1 6b 7T WL, 7EANE RIS
T, M) D-E B Eon AR R X R R TR, P
kR B 6.18 T-em® RI%F) 4.88 J-em™, fik
RERCR I 87% FF&% 82%, U ZME IR E
PEAE VT2 SN . B 6c AT 6d 4 PLANZS 7
ANIFR B 1Y) D-E FIAA 20 Re 2 FEASCR I, Hidgin
FEN 250 kV-cm ' ANFERE K D-E $R I
Wil 2k, BEEIREEM 40 CHEINF] 100 °C, PRI
MR R BB, X2 BN SR, &
BV RS EUY . MHEIES T, SRS FRE
R R B g, X5 2 B SCkARoE — 80
AN TR L FE BT 40 53 B s 1 it B R AR LE 80% LA |,
BA RUFMRRE .

SEfr b, AR 1) D-E L[R2k THE 1)
Wiee HAREARR AN SEBR G RER E, FONE M)
TR TA] L S e N R R R I R K AR 2 . T
R-L-C  FL 3% 00 5 (19 7 PR P38 B8 0 42 0 S o 92 FH
{H . &l 7a 5 PLANZS P &EANF MY Tk BHJE O e
WHZE, MR A EHELA 200 Q. FeRL R Ak RE
2P (Woio) T DUARIE R H i B4, A sl R0,

R 1%tdt
Wdis = v (8)

Hode 1 ORIMRAR A t R TA] s VO P R AR
PLANZS Wi %AE 300kV-cm ™' FIfEHERSE A 44)-cm™,
i@ ik D-E BT 2 1A 5 R FE R
TEAHIT o JEH FH 90% 10 e 12 25 5 w8 FU A FH 1D e [
to.o SR HE DRI FL I R (PR, PLANZS P B H
HER MR, 1001 28 ns. & 7¢ A 7d 435N
PLANZS &k BARIIR BRIRES TR i 2k,
TE IR L. I |p IR
Pp R 77
|

| = 9

b= g ©)
| XE

P =t 10

D= g (10)

HoA s | IR PEJE TR HLRE (P UEAE s E D HLIZ 0 B
S NHIMRE A, HK/NH 0.007 85cm?. [ HLZ
SR M 100 kV-cm ' #0300 kV-em ', KFLJE
FLRUEME L 300, 1p A1 Pp HBE 2 H S 0, 7E
300 kV-cm ' FRAEH AT IR 1p 4 3360 A-cm
MR 504 MW-cm °. 4% FJTiR, PL4NZS
FE— B A 1R i e MR B AN PR 7S O R Y Sk
MR ERKAEAE BAT BN AT 5.



525 4 Rl S Nd B 2%t PLZS K HIA A HLPEREAD il RETE Ak A B ) - 1197
40 8 100
30 - 7+ 1
T ool [ o — 96
£ 20 6k s
S - L — o 4
< r =L [
Q 10} LT ° 492
= S xX
g r SN 15
3 2l - 88
g -10 _— §ﬁ 3 | ‘/.\.\‘ i
£20r 2r e 84
30 1+ 4
ol ol v 0
-400 -300 -200 -100 0 100 200 300 400 0 20 40 60 80 100
Electric field/(kV-cm™) Frequency/kHz
(a) Different frequency P—-E (b) Different frequency P—E
30 4 100
@250 kV-cm™ ]
—~ B " ]
P 100 C 3k e
S0l 80 C 90 C/’ ~ — |
Q ‘ o r -
< o 60 C 0 / = —" 92
= i 50 C / / S oL J X
.2 40°C / /) = l’—®:l S
£ | / 5 L — - 88
N ok /;/ N — T
3 / — 1
= // ~
£ // ! - 84
3 //
// ' B
// é/
0 / / ob—— 11 T
Electric field/(kV-cm™) 40 50 60 70 8 90 100
Temperature/'C
(c) Different temperature P—E (d) Different temperature W, and %
K6 PLANZS S8k Hife Refase ik
Fig. 6 Stability of PLANZS antiferroelectric ceramics
10 1.8
8r S 300 kV-cm-!
I —— 100 kV-cm™! oL
6 — 150 kV-cm™ =~ |
cem- g
§ L 200 kV-cm™ 3 09 250 kV-cm™!
S 4 250 kV-em™ = ot
st ———300 kV-cm™! 06
03k 200 kV-cm™
L 150 kV-cm™!
0.0 4 100 kV-cm™!
S R E R R R
0 200 400 -100 0 100 200 300 400 500
t/ns t/ns
(a) Discharge current waveforms (b) Energy storage density and time curve
30
25 ——100 kV‘Cmi: 3500 A 500
20 L 150 kV-cm 3000 —wp, 1
F 200 kV-cm™! r — 400
< Br 250 kV-em” o 2500 1z
210 ‘ ——— 300 kV-cm! 5 2000 | o 4300 5
5 5 | S 1soof / 1, %
Y e 2 i o / J200 5
sk 1000 |- o/* il 100
10k 500 -//
L L / b
_15 | . | . | . | . | . I . I
0 200 400 100 150 200 250 300
t/ns Electric field/(kV-cm™)
(c¢) Underdamped discharge waveforms (d) I, and P,

7 PLANZS [k H B % 1) 70 70 Ha il 2k

Fig. 7 Charge and discharge curve of PLANZS antiferroelectric ceramic



« 1198 - QeI NP J Chin Ceram Soc, 2024, 52(4): 1192-1199 2024 4E
é:l: . [12] GE G L, HUANG K W, WU S H, et al. Synergistic optimization of
3 = ‘[//ﬁ antiferroelectric ceramics with superior energy storage properties via

KR AE 4 T PL100XNZS [k Hi b i, I
PRI N WP R MO . bR, ZheEthRELL
FAEEEVERERI MR . BEE N B 2B,
B B ) R R SIS, o 5 R B3, e Ak FE -k
HIAS IR . 24 Nd & BN x=0.04 I, PLANZS
W B3R 1GR RAEBE 25 14.8 T-em ™, fBEERLER N
85%. [FIIF PLANZS J 2k Hi M % B AT A S Rkt P R
(Wgi=4.4 J-em™, tyo=28 ns, Ip=3 360 A-cm?, Pp=
504 MW-cm ), &R BT S AP TR L 2 2k

SE R

(1] ALEAE, 2%, #hT T, 55 THURATAEMEREAT ST ST BLR D).
TR 552241, 2022, 50(3): 608-624.

DU Jinhua, LI Yong, SUN Ningning, et al. J] Chin Ceram Soc, 2022,
50(3): 608—624.

[2] YANG Z T, DU H L, JIN L, et al. High-performance lead-free bulk
ceramics for electrical energy storage applications: Design strategies
and challenges[J]. J Mater Chem A, 2021, 9(34): 18026-18085.

[3] CHAO W N, YANG T Q, LI Y X. Achieving high energy efficiency
and energy density in PbHfOs-based antiferroelectric ceramics[J]. J
Mater Chem C, 2020, 8(47): 17016-17024.

[4] E7H, 5, KKFH, % NaNbO;-CaZrOs-BipsNagsTiOs =G F
Mg A S5 A S A RETERET]. RERR #h 549, 2023, 51(6): 1530-1540.
WANG Zixuan, LI Zhuo, ZHANG Jiayong, et al. J Chin Ceram Soc,
2023, 51(6): 1530-1540.

[5] JAf), %3, BRkYl, %. Tm’ % AgNbO; 8k f b st H Rl ik g
TERERIRZ R[], AR, 2023, 37(6): 34-39.

ZHOU Chuang, CAI Wei, CHEN Dakai, et al. Mater Rep, 2023, 37(6):
34-39.

[6] WANG H S, LIU Y C, YANG T Q, et al. Ultrahigh energy-storage
density in antiferroelectric ceramics with field-induced multiphase
transitions[J]. Adv Funct Materials, 2019, 29(7): 1807321.

[71 XUR,ZHU Q S, XU Z, et al. PLZST antiferroelectric ceramics with
promising energy storage and discharge performance for high power
applications[J]. J Am Ceram Soc, 2020, 103: 1831-1838.

[8] BKE, BEbR, ARZEF, 5. (B SORLVE ) % o i B8 2 B B i fik
BRI BT R B PLZT MR R[], MR R 244, 2019, 47(6):
764-7170.

ZHONG Michang, LU Biao, ZOU Yixuan, et al. J Chin Ceram Soc,
2019,47(6): 764-770.

[9] ZHANG Y J, LIU P, QIN Y F, et al. Ultrahigh energy storage density of
Ca’-modified PLZST antiferroelectric ceramics prepared by the
tape-casting method[J]. J Eur Ceram Soc, 2021, 41(7): 4138-4145.

[10] ZHANG L, PU Y, CHEN M, et al. Novel NagsBiosTiO; based,
lead-free energy storage ceramics with high power and energy density
and excellent high-temperature stability[J]. Chem Eng J, 2020, 383:
123154.

[11] WANG X Z, ZHU Q S, SUN H C, et al. Ultrahigh energy storage
density and efficiency in PLZST antiferroelectric ceramics via multiple
optimization strategy[J]. J Eur Ceram Soc, 2023, 43(9): 4051-4059.

phase structure engineering[J]. Energy Storage Mater, 2021, 35:
114-121.

[13] LIU X H, ZHAO 'Y, SUN N N, et al. Ultra-high energy density induced
by diversified enhancement effects in (Pbgos xLag 02Cax)(Zro75n03)0.99503
antiferroelectric multilayer ceramic capacitors[J]. Chem Eng J, 2021,
417: 128032.

[14] LIU X H, ZHU J Y, L1 Y, et al. High-Performance PbZrO;-based
antiferroelectric multilayer capacitors based on multiple enhancement
strategy[J]. Chem Eng J, 2022, 446: 136729.

[15] LIU X H, L1'Y, HAO X H. Ultra-high energy-storage density and fast
discharge speed of (Pbg.osxLag02Stx)(Zr.9Sng 1)0.99505 antiferroelectric
ceramics prepared via the tape-casting method[J]. J Mater Chem A,
2019, 7(19): 11858-11866.

[16] FLEAKE, %225, BRAKYL, 25 AgNbO; 3 [ ik i ) e il % K Hofi Rtk
RECSCE W TUE R[], Mo T oot S48, 2023, 42(7): 796-804.

DU Mingchao, CAI Wei, CHEN Dakai, et al. Electron Compon Mater,
2023, 42(7): 796-804.

[17] 3E&HW, 8%, 2. ZnO 3T (Pbo.oisBagoslages)(Zro.sSno3Tio.os)Os
B R MBS S R AL A B R PE I RE M (D], LT TR SR, 2023,
42(2): 165-172.

DOU Zhanming, Yang ying, JIANG Shenglin. Electron Compon Mater,
2023, 42(2): 165-172.

[18] #EHE, o, BIFH, 2. &R SE 5 (Pbo gsLag.7St0.07)(Zro o Tio. )O3
S Bk R B RS A RE TR BB RO SE AL [T]. A5 B AC A RL, 2022, 23(4):
29-33.

XU Changsheng, LIANG Wei, LIAO Fuyang, et al. Inf Rec Mater,
2022, 23(4): 29-33.

[19] LIZ Q, FU Z Q, CAI H H, et al. Discovery of electric devil’s staircase
in perovskite antiferroelectric[J]. Sci Adv, 2022, 8(14): eabl9088.

[20] BKRE, RIVEEE, BREA, & BRI Bk AT LR S
HE[1]. YrEREAAR, 2023, 72(9): 269-287.

ZHANG Tianfu, SI Yangyang, LI Yijie, et al. Acta Phys Sin, 2023,
72(9): 269-287.

[21] ™35, LFF, BRalE, 2. (0.96NaNbO;-0.04CaZr0s)-xFe,05 K8k
AL RS R PR T i RE R RE T SL(0]. TEHLAE RE 24, 2022, 37(5):
499-506.

YE Fen, JIANG Xiangping, CHEN Yunjing, et al. J Inorg Mater, 2022,
37(5): 499-506.

[22] SUN H C, XU R, WANG X Z, et al. Energy storage properties of
PLZST-based antiferroelectric ceramics with glass additives for
low-temperature sintering[J]. Ceram Int, 2023, 49(2): 2591-2599.

[23] SUN H C, XU R, ZHU Q S, et al. Low temperature sintering of
PLZST-based antiferroelectric ceramics with Al,Os addition for energy
storage applications[J]. J Eur Ceram Soc, 2022, 42(4): 1380-1387.

[24] LIU X H, LI'Y, SUN N N, et al. High energy-storage performance of
PLZS antiferroelectric multilayer ceramic capacitors[J]. Inorg Chem
Front, 2020, 7(3): 756-764.

[25] XU R, WANG M J, ZHU Q S, et al. Achieving higher dynamic
discharge energy and power density in PLZST antiferroelectrics with
lower quasi-static recoverable energy density via tuning the phase
transition properties[J]. Appl Phys Lett, 2022, 121(8): 082901.

[26] ZHAO M Y, WANG J, ZHANG J, et al. Ultrahigh energy storage
performance realized in AgNbOs-based antiferroelectric materials via
multiscale engineering[J]. J Adv Ceram, 2023, 12(6): 1166—1177.



9% 52 G5 4 Rl 5 N B4 PLZS Uk s da e AE A b Ak 0 2 + 1199

Effect of Nd** Doping on Dielectric Properties and Energy Storage Properties of PLZS
Antiferroelectrics

JIAO Ande, ZHAO Ye, HAN Pei, SUN Ninging, LU Chunxiao, DU Jinhua, LI Yong, ZHANG Qiwei, HAO Xihong
(Inner Mongolia Key Laboratory of Ferroelectric-Related New Energy Materials and Devices, School of Materials and Metallurgy,
Inner Mongolia University of Science and Technology, Baotou 014010, China)

Abstract

Introduction Ceramic-based dielectric capacitors with a high power density are one of the most prospective energy-storage
components, compared with Li-ion batteries and super-capacitors. Unfortunately, the energy-storage density of ceramic-based
dielectric capacitors is one or two orders of magnitude lower than that of the batteries, which is restricted by the property of dielectric
materials. Therefore, developing reliable and high-performance dielectric ceramic is a challenge in the field of dielectric capacitors.
Among dielectric ceramics, antiferroelectic (AFE) material is one of the most promising candidates for energy-storage devices since
they show a high maximum polarization (P,,,,), low remnant polarization (P,), and a regulated AFE-ferroelectric (FE) phase transition
electric field. Recent efforts are made to enhance energy-storage properties of ceramic by component design, ion-doping and material
form construct. However, a superior 7 is always gained at the cost of a high W/, becoming a challenge for synergistically achieving a
ultrahigh W, and a superior 7.

Methods High-purity Pb3;O4 (=95.0%, Sinopharm Chemical Reagent Co., Ltd., China), La,0; (=99.9%, Sinopharm Chemical
Reagent Co., Ltd., China), Nd,0O3 (>99.99%, Aladdin Biochemical Technology Co., Ltd., China), ZrO, (=99.0%, Sinopharm
Chemical Reagent Co., Ltd., China), and SnO, (=99.5%, Sinopharm Chemical Reagent Co., Ltd.) were used as raw materials.
Pby.os 1.5xLa0.02NAx(Z10.60S10.40)0.99503 (PL100XNZS) was selected as a basic system. Nd** with a small ionic radius (i.e., 1.29 A) was
introduced in PLZS to replace Pb* (i.e., 1.49 A) for enhancing electric filed-induced Epp_app. A Pbygog 1 sxL.a0.0oNdy(Zr 60S10.40)0.99503
component was designed and the ceramics were fabricated by a tape-casting method.

The crystallinity, phase structure and microstructure of PL100xNZS ceramics were analyzed by an X-ray diffractometer (Rigaku
Co., Ltd., Japan) and a model TESCAN-MIRA3 field-emission scanning electron microscope (TESCAN Co., Czech). The dielectric
properties of the PL100XNZS ceramics were measured by a computer-controlled Agilent E4980A LCR analyzer. The displace-electric
field (D-E) hysteresis loops and current density-electric field curve were determined by a ferroelectric measurement system (Radiant
Technologies Co., USA). The pulsed charge-discharge behaviors were determined by a model CFD-001 resistance-inductance-
capacitance (R-L—C) electric circuit (Guoguo Technology Co., China).

Results and discussion The XRD patterns show that all the samples exhibit a perovskite structure with an orthorhombic phase. The
SEM images show that a dense and compact microstructure appears in PL100xNZS ceramics. The average grain size is decreased by
doping of Nd*'. The dielectric behavior of PL1I00XNZS ceramics as a function of temperature measured at 10 kHz and 25-400 C
indicates that there are three stages of dielectric constant with the increase of temperature, i.e., the rising, the plateau and the falling
regions, which correspond to the AFE, multicell cubic (MCC) and single-cell cubic (PEc) phases. The maximum polarization
decreases at the same electric field, and the breakdown strength (BDS) increases with the increase of Nd** content due to the
decreased grain size. The antiferroelectric-ferroelectric phase transition electric field (Erg.rg) increases as the Nd** content increases,
because of a stable antiferroelectric phase. The enhanced BDS and increased Eapppe imply a high energy-storage density. The
recoverable energy-storage density and efficiency are critical parameters to characterize the material performance. Herein, the
PL4NZS ceramic can be used as a promising energy-storage material because it exhibits a linear-like D—E loop with a large P, (i.e.,
60 nC/cm?) and a high BDS (i.e., 490 kV/cm). A large energy storage density of 14.8 J/cm? is obtained in PLANZS ceramic with a high
efficiency of 85%. The calculated values of W, and 7 fluctuate slightly in the range of 6.18-4.88 J/cm® with increasing the frequency.
The discharge waveforms of PL4NZS ceramic at different electric fields are investigated at room temperature with an overdamped
R-L-C electric circuit. The maximum value of Wy is 4.4 J/cm® at 300 kV/cm, and the tyq is 28 ns. A large Cppax of 3360 Alem?® and a
high Ppmax of 504 MW/cm® are achieved at 300 kV/em in PLANZS ceramic, indicating that the PLANZS ceramic has a great
competitiveness in high power system applications.

Conclusions The high energy-storage density and efficiency were realized in designed PL100XNZS ceramics fabricated by a
tape-casting technique. The effects of Nd** doping on the microstructure, dielectric properties, ferroelectric properties and energy
storage properties of the ceramics were investigated. The Wi, was 14.8 J/em® with a giant 5 of 85% at 490 kV/cm for PLANZS
ceramic. As the temperature increases, W, and n of PLANZS ceramic increased slightly. Moreover, a high Wy;; of 4.4 Jem’, a large
Comax 0f 3360 A/cm?® and a high Pp,, of 504 MW/cm® were obtained in PLANZS ceramic. It was indicated that PLANZS ceramic
could be used as a prospective dielectric material for energy-storage applications.

Keywords PLZS antiferroelectric ceramics; energy storage density; dielectric properties; discharge performance



