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Abstract: Compared to polymers and their nanocomposites, dielectric ceramics are considered as promising candi-
dates for the pulsed-power devices because of their excellent temperature stability and good anti-fatigue characteristic.
Nevertheless, relatively low energy storage density is the main disadvantage for dielectric ceramics, which does not
meet the requirement of miniaturization for pulsed-power devices. Therefore, how to improve the energy storage den-
sity of dielectric ceramics has become one of hot topics on the research of functional ceramics in recent years. In this
paper, the basic principle of the capacitor for electric energy storage was introduced firstly and then the research ad-
vances of BaTiOs-based, BiFeOs;-based, (K, sNays)NbOs-based lead-free relaxor ceramics and (BijsNag s)TiOs-based,
and AgNbOs-based lead-free anti-ferroelectric ceramics were reviewed based on our group’s research, in which the
composition design strategies of different material systems were especially summarized. Finally, the opportunities and
challenges of lead-free nonlinear energy-storage ceramics were analyzed, and the coping strategies as well as the fu-

ture development direction were also proposed.
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Fig. 2 Schematic diagram of composition design of BT-BiMeOj; based material system
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Tablel Energy storage performance of some representative BT-based ceramics

Materials Ey/(kV-cm™) AP/(uC-cm™) Wi/ (J-cm™) /% Ref.
0.7BaTi05-0.3BiScOs 225 25 23 — [48]

0.8(0.6 BaTi0;-0.4BiSc0;)-0.2(K; »,Bi; ) TiOs 220 ~33.5 4.0 - [50]
0.91BaTiO5-0.09BiYbO4 93 ~17 0.71 ~87 [52]
0.9BaTiO5-0.1Bi(Mg,;3Nb;3)O; 143.5 ~15 1.13 ~96 [51]
0.88BaTiO;-0.12Bi(Mg,»Ti;2)O; 224 ~19 1.81 ~88 [23]
0.85BaTi05-0.15Bi(Zn,;3Nby3)05 131 7.9 0.79 93.5 [53]
0.88BaTi03-0.12Bi(Li;,Nb;,,)O; 270 13.35 2.032 88 [54]
0.9BaTiOs3-0.1Bi(Zn;;,Zr;,)O5 264 22.1 2.46 - [55]
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Table2 Energy storage properties of some BF-based ceramics

Materials Compositions Marterial forms  Ey/(kV-em™)  AP/(pC-em™) Wie/(J-em™)  0/% Ref.
BF-BT 0.7(0.65BF-0.35BT)-0.3Nb,Os Bulk 90 19.68 0.71 - [60]
0.61BF-0.33BT-0.06La(Mg;,Ti;,,)O; Bulk 130 333 1.66 82 [61]
0.61BF-0.33BT-0.06Ba(Mg;3Nb,/3)O5 Bulk 125 323 1.56 75 [62]

BF-ST 0.4BF-0.6ST Thick film 420 - 6 - [64]
0.4BF-0.6ST+0.5%MnO, Thin film 3600 ~38 ~51 64 [65]
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grain size to submicron scale
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Fig. 5 Schematic diagram of composition design of KNN-ST
and KNN-SSN material system!®***
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(1-x)K sNag sNbO;-xBi(Mg,3Nb;3)O3(KNN-BMN)
BRI 2 RIS 1 0.2 mm I, 0.90KNN-
0.10BMN i &AL B AT K ) AP(AP= 33 pClem?®),
T B A 85 1 Ey(300 kV/em), Wi 1% 5] 4.08 J/em?,
SE HAD T AR B B W 1) 2~3 5.

BT dR Rt SALRT R EA R B, A
SO, SALERD, SR, B BROK. Bl 6 NS
[E6] K 478 225 v R VR YRR e 4 v TR ot LR I, el P AT LA
B, AR e g A AT LR R ) 8 4 R
1M FL AT DLk /D b ) R S AL B, 30 9 P R 1)
P, BEMR R By, SRS EMR AR,

H AT, I VAR e 25 1 e 25 B ) 3 A T 2K
— KR EMYI(CuO. Zn0), FEFEL: R ix B4 1k
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Fig. 6 Comparison of solid state sintering and transition lig-

uid phase sintering!**"!

Y SE B 5 5 5 AR AR P AR 1 D B,
R Best AT, WD SILME R, 5— KRR GIE
SRR B BOR . (E2, BRI BAR T DL — e R
FE B3I s v R S I By, (HER 2
M &N e RE AL . AR BT FEIE SN ZnO
A LUK I P U M T AR A R By, N
0.8KNN-0.2SSN [ % ) Ey, H1JE K ) 295 kKV/em $2 5
F) 400 kV/em, Wi 53] 2.6 J/em®™; fIN CuO 7T LA
B PR P& B 45 IR FE (~940°C), X HAE £ 2
HL 25 A 1l 46 7 TH LB IR KA 34, 7ERE R B 802+
0.05) mm I, B, %3] 400 kV/em, Wy 9 4.02 J/em®!,
o Y R A e 4 11 S R R A 4 ) AR A TR A I
WK, A KR, RS RAK, &
i KN 356 g 5 s 1) 5 KR, BRAIG By SN i
/N, RSB S AL BRI, RS AR i e
28 BTN N B A B R Y TRORE e 4 R R ) . R 3
VA4 T KNN 56 P AR REME RE -

22 TR ERBMR

2.2.1 AgNbO; (AN)E &

T JLAE, AN B AR R — i B B AR B T e 1
fEEM BRI T 2. AN & — R BAg ot
BRI Pbem B %% (0] BEMf] ABO; Y4B EKA™ S5 MM K}, 1E
FER AR I & TR I LB AH(FE), iR E

23 KINN 2 % 1 i R M R
Table3 Energy storage properties of KNN-based ceramics

Materials systems Grain size/um  Ep/(kV-em™)  AP/(uC-cm™) Wieo/(J-cm™) n/% Ref.

KNN 2.26 40 5 - - [85]
0.8KNN-0.2SSN 0.5 295 13.8 2.02 81.4 [84]
0.85KNN-0.15ST 0.3 400 25.8 4.03 52 [85]
0.90KNN-0.10BMN 0.31 300 33.0 4.08 62.7 [86]
0.8KNN-0.2SSN+0.5%ZnO 0.45 400 14.7 2.6 73.2 [90]
0.90KNN-0.10BMN+1.0%CuO 0.49 400 26 4.02 57.3 [91]
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Hh B ALH) NO*SREE AR Sk L, 4 SRR A5
N T2 RALEEIR N ENE) Py, T HLBE R e Ak r -
Bk R A% 3% (Ep) AN L — S Bk AR AR B3 (E ), [F]
51N Ta® 3 ] LA/ b RO, 48 i P e ) 330
PE, T A By, B, BFEN 0.2 mm [FFF S TE
233 kV/em MIAMINEIZIER T, Wi iE5] 4.2 Jem’,
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FlHr R Woee RAEL, O SR T FE AT 5 .
2.2.2 (BigsNags)TiOs (BNT)E[E

BNT & 20 R4 2 0 010 Jo 8 & g s
2, BFFE N 2 3 B R AR e £ s L Ak R A
BAR L LA AL IR B EPO, Sr JL4E, BNT HEfg &
I B A REATR AR A2 3 T2 ki, (H LR R M
(P=38 uC/em?, E=73 kV/cm), [FI 4l BNT #E LLgs
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4l BNT #E LA VEREREAN R o H ATiZAEMA R BT
Bk )y — M 4. B &34
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2
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Fig. 7 Schematic diagram of composition design of AN based
material system!”®
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SITiOs(BNT-ST). (BigsNa s)TiO3-KNbO;(BNT-KN)
SRR . W Gao S5V MR S EHI & T 0.89
(BiosNay5)TiO3-0.06BaTiOs-0.05K sNag sNbO5(0.89BNT-
0.06BT-0.05KNN)Fg &, 7E 56 kV/em HI4MNHIA T,
Weee IEEI T 0.46 J/em® s Ayt — B4R i By, Ding 21
I S % T2, F WP hesh i & T 0.89BNT-
0.06BT-0.05SKNN [ %, & 4 ¥ 0.89BNT-0.06BT-
0.05KNN F# ) E, HEKT 56 kV/iem # & E
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REME By, B& Wi 55 0.68 Jem®. i,
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KF2 Jem®, FEAE 25~180°C ¥ il N HA 1R 17 H i e
PERE . AN, Cao 1 NEIE [ BNT P 5I ST, ¥
BNT P % 118 B AR B B AR 2 & 0, 7B AR Ak i 5
Bt BNT BB A7 8k - Bk ARAR, BRI H AR
KHIAP, HETIFRBE I Wiee(0.65 Jem?®), I Hi%
FEFRT DAFE 30~120°C Y5 Bl P AR FFAR 4T 1 if Re ek o
Nt BB K AP KIRE I Wi, Cao
1P B 5 Prax 17 0.94BNT-0.06BT Fig % AF Ay 3L 444
Kl ARG ST, S8 T 8 Wi 11 0.7(0.94BNT-
0.06BT)-0.3ST P, H: AP =ik 30.8 pClem?, Wiee ik
) 0.98 J/em®, M 5y 82%. % 4 J 45 T AN I BNT
T A Ik HoL B B R ) i e 1 R

3 Hkkk
YRF AT Weee W1y FOREREA AL 24 4 )
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FER 0], 3 — 20 32 vy Jo A B B A 0T I i B R PR R
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Wiee 5 Eo Fl Wiee 5 FIR R, BT BT EE, 23K

R T TOET UM BELE A HL i B AT BT T I fr — 2
ik S T 20 Rk T )

(1) XFF KNN EEREim s, ATtk
R, EHABEMN We~4 Vem’), EEG 2T HEH
En(~300 kV/em), SRTFL 5 AN R (<60%), HHE
VISR, RRPAXTEFEMIRH W A E
TP g R0 T LR B IE PV . A, KNN
BRI E, EEARTH MRS &AL, HRKTE
K 2 AfoRL ) AR K LR M AN 48, I R 9, )
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Hpghim X 2, Mo EliER, T2EESEES
i) Lt R et ), #E R 5T, KNN JE R Y
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(181 Wree R i 325 ) - HHT 100 N FH 40008

(2) BT R, BAAEAFER B, HHERH
AP FELIH Wiee MXTEAR, 10 H I e 25 i B e =
(>1200C), g THEEA =, S8 BT JEFEEAE n F1
B EE R . KRN AL R
Ey (MR 3 — D3 m AP RIEE L Wi, FIFFRTT
REFRAR PSSR . R AP —J7 T v LAFIH A 8¢ B
P75 J 36 0 st PR RE MRS/ AT, 9 — 5 T AT Lhd g
HHAWEA & AP N MBI R &

(3) X}F BNT %, BF %, AN Ff&ims, H
LR R B K AP, B E AR, KRN A%

F&4 AN FIBNT E iR 6k BRI ER ik RE 1% 5E
Table4 Energy storage properties of AN-based and BNT-based |ead-free anti-ferroelectric

Materials Compositions Ey/(kV-cm™) AP/(uC-cm™) Wi/ (J-cm™) /% Ref.
0.89BNT-0.06BT-0.05KNN 99 27.2 0.90 - [100]
0.95BNT-0.05BT+3%Ba0-B,05-Si0, 94.6 31 0.68 71 [101]
0.9[0.92BNT-0.08BT]-0.1BMT 135 ~40 2.00 88 [102]
0.7BNT-0.3ST+0.05MnO, 95 36.92 0.96 74.6 [103]
0.9[0.92BNT-0.08BT]-0.1NaNbO; 70 25 0.71 66 [104]

BNT 0.7[0.94BNT-0.06BT]-0.3ST 90 30.8 0.98 82 [105]
0.6BNT-0.2NN-0.2 Ba(Zr(,Tip5)O; 175 26.61 1.69 78.4 [106]
0.9BNT-0.1KN 104 28 1.17 83 [107]

0.84BNT-0.16KNN 100 - 1.20 71 [108]
[(Bi12Nay/2)0.94Bao.0s]Lao.osZro02TiO3 83.4 33 0.58 - [109]
0.62BNT-0.06BT-0.32(Sr( ;Big3)TiOs 60 ~19 0.5 >90 [110]
0.95(0.8BNT-0.2ST)-0.05NaNbO, 70 27.53 0.74 55 [111]

AN 175 - 2.1 - [94]

AN AN+0.1wt%MnO, 150 ~37 2.5 56 [95]
Ag(NbggsTag15)0; 233 36.1 4.2 69 [78]
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