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(b) Phase structure of NN characterized by
different methods

AFE is antiferroelectric; FE is ferroelectric; PE is paraelectric.
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Fig. 2 Phase transition order of NaNbO; (NN), phase structures of NN characterized by different methods and variation of dielectric

constant and dielectric loss of NN ceramics with temperature in the 2 kHz
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Hidik SPS Fehhil & 7 HA AR R Mk Re Eae
(Wyee=6.68 J/em®, 1=90.5%), iX A REJH KT~ SPS ks
YL T SRRLRSE S BN T SR, bR T
TR

A, REERZHE A IR RE T
Emmanuel 2 Y"UHF 5 7 A 7 A F B Dy’ %
Na(Nby g Tao )05 i EEAH &5 16 S At REPERE R . K
WY BIRE B 2% (FE/R 5050, ffsetERemil:
fEBEH N 4.61 Jem®, (EAERCEN 84%. LA,
Wang 25PIL) — 564k & 0.88NaNbOs—0.12Sr7Big,TiOs
NS 5, RGHRET T ASFEN) SmP B A 7 Na*
P HAEREVERERISEI, 7E 200 kV/em KIS R 3k
37 3.58 Jem’ (it BESE T e 82% I FERLR
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%1 NaNbO; £ A (B2 PEARERE & iERE M RE

Table 1 Sintering temperature and energy storage performance of NaNbO;-based A-position doped ceramics

(Sintering
Composition Ey/(kV-em™)  Wie/(J'em™)  #7/% ¢'(at 1kHz) Temperature/'C)/ 'Sample EleCtmdj Reference

(Time/h) thickness/um  area/mm
Nay 7Bip NbO; 351 3.44 85.4 1600 1150/2 200 15.900 [45]
Nag7Ag03NbO; 220 1080-1250/3 [47]
Nay 5K sNbO; 100 0.22 10.0 725 1030-1070/3 3.140 [48]
Nayg 7Big.1Nbg ¢ Tag 103 560 6.68 90.5 1400 1050/0.083 150 3.140 [28]
(Nap 84Bio.08)(Nbo.92Zr0.08)O3 430 4.90 88.0 970 1250-1350/2 100 3.140 [49]
(Nag.91Big.00)(Nbo.94Mgo.06)O3 760 10.90 83.0 900 1200/3 80-100 0.785 [50]
(NagsBio.))(NbgsTio)Os 390 430 90.0 1300 1210-1320/1 100 3.140 [35]
Dy sNag »(NbgTag )O3 478 4.61 84.0 1500 1350/3 180 7.065 [46]
(Nayg 73Bi.0sSmo.01)(Nbg 91 Tag09)O3 214 1.66 83.6 1400 1250-1300/2 150-200 3.140 [51]
0.96Nay gsLag 04NbO3—0.04CaSnO; 250 2.10 62.0 1000 1350-1390/2 150 [52]
0.94(Nag ssSmg 04NbO3)-0.06(BiFeO;) 460 4.00 80.0 800 1080-1120/3 80-100 3.140 [53]
(0.88Nag.04Smg 9,NbO3—0.12Sr¢ 7Big 2 TiO3 200 3.58 82.0 1100 1160/3 100 0.196 [29]

Ey is breakdown electric field strength; W, is recoverable energy density; # is energy storage efficiency; " isreal part of the permittivity.

32 BB BB BN T.5% (BE/RHORE, 150 kV/em K H

NN g% B MR EE N TR Sb™, W€ 2 B R3ME 1 2.16 Jem® (4 AES % . Yang 2507
7w . Bian 275 H SPS Bssthl & 7 AR Ta* &8 W Ta> "HUAR (Nao sBio.1)(Nbyg o Tig 1)O5 B B,
X NN P &M 510 S g RetERe s, I/ & 1) RILB AR Ta JCER 2 BEACAE = HL3% N e B,
Ta HUAR AT AR E B HAH, KER Ta UKL S P& vy d R AT i A TOE e, 2R T B BE MR RE .
R AR BRI . MR G RN 6% (E/R  Qiao ZPIEHF SHTEUREE > Nb IR, KB Sb
380, 15BIIE RS 5 B RIGERE SR 23 1M 0.9 Tem® LR M5 2 0] DR T R il Ao B, Ao Ik
M 87%. Cheng ZCUWIT T 0.88Na(Nb,,Ta)Os—  #H, fEESHEREMSIRTIE 3.4 Jem®, (HEMERERL
0.12Bi(,Sr,TiO; (x=0-0.075)F8 & ik fe tERE, 4 EHH 44%.

&2 NaNbO; £ B IS REBERIGREEE R if et RE
Table 2 Sintering temperature and energy storage performance of NaNbQs-based B-position doped ceramics

. O = (Sintering Sample Electrode
Composition Ey/(kV:em ™) Wie/(J'em™) 5/% &'(at 1 kHz) . . . , Reference
Temperature/ ‘C)/(Time/h) thickness/um area/mm
NaNby 94Ta,0603 160 0.90 87.0 700 1300-1500/2 100 [27]
Na(Nbyg9Sbg.1)O3 350 3.40 44.0 1350-1370/2 200 4.900 [56]
0.88Na(Nby 925Tag.075)03—0.12Big »Sr 7TiO3 150 2.16 80.7 1400 1160/3 100 0.196 [54]
(Nag 3Bio.1)(Nbo.75Tag.15Tio.1)O3 450 6.50 940 1030 1180-1250/2 80 1.770 [55]
33 A BUEABH KB NN Wi, A sl il b A7 A R U A2

HAl, Af7. B fE&HR NaNbOs B MfF X ATREEH T Li & P85 S8 A MEMMTT .
FARERZH, AT LR+ A B AT WSR2 R BRI, R B A B
+5 M A A fi+2 R B fi+4 Mgl e AR fEREERE . Sun PSR AL 7 AS[E] LiTaOs X MO 45 44
3 A B A3 N HIA G, A, fE AN B AL HMERE RIS MARR AT NI, REIME B
Befih b, WNEE = REEm I AERe R ORI Je S RGN, RGN ET Pbem IEZSH M
NEICE AT BRI 7 2 P222, IEAZHIEAR . A& LiTaO; 420 LU T
33.1 Af+1 4, BA+SH  HEl, ST AAL BRI AN, KENB RS SER
BT R L)F B AL E F+5 r(Ta)H S BURNN RIS 5 KK W82 P-E il 28 2 B HL Ak i 38 R 1K
it REME BRI e D, F B R DSt m R ERE N E, Rk, SFF+1 FI+5 0 B A8 7 Bk — IR 708
W% 3 Prox. B0, Mitra ZP R EARE LINDO; 77 (T T 245 ki m He Ak re v Ak .
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3 NaNbO;~(A, B)Os(A J3+1. B A+5)BREMIGLEIR B R ik RE M AL
Table 3 Sintering temperature and energy storage performance of NaNbO;—(A, B)O;(A is +1, B is +5) ceramics

Composition Ey/(kV-em™) (Sintering Temperature/‘C)/(Time/h) Reference
0.84NaNbO;—0.16LiNbO; 90 1180-1260/2 [57]
0.82NaNbO3—0.18LiTaOs 90 1310/2 [58]

332 Afr+2 4, BAi+4 4y Hil, X AL
+2 A B fr+4 M2 HUR NN P L2 AR
JrEZEa, i A BB Ca’'. Sr. Ba’.
(Cap7Big2)™"(Sro7Big2)" (LigsBios)*  (Nag sBigs)* s
(KosBios) %5, B fraf bl Ti*". zr*. Hf".
(MgisNbys)*'s (Mgi3Sbas) '+ (FegsNbos) 2. BR T
TR R, RS AN =20 (— O
A ) BN 2238 AT TR O I 98 7 1)

1) ZufE#R

A Bi+2 Al B f7+4 HrifQa: 2 2 Fhigk
FRSEEERETERE: 1) AN NS A R AR I Bk
HLPAH; 2) 7E NN P& 5] At s 2k R L

WIS —AH AT DARS e SOk FRF I AR 32 2 A
4 CaZrOs. CaTiO;. BaZrO;. CaHfO;. SrZrO; %%,
Wk 4 Pron. WEEME A D, FBRIE RIS
ZF, MR e R P A, fE—EMAS TR
I HE B S PR R R [T 2 o A ORI S5 A LA )
o 2 I o A8 A9 H B A BRI it e A R At RE % B .
4, Shimizu R H AT LUE R BRAR A 2R 71
77 ARG E A, ARG 1 LA AT BERR E I
BRE A5y, FFHIER T (1-x)NaNbO3—xCaZrOs
AR . KIEIE Ca I Zr BF B 44 0] LA
P R HAH, XA T HEE B R S BN A
Bl M fEA TEM RAEKIAEARB 4411

#F4 T NaNbOs-(A, B)O3(A A+2. B A+)MENIRLEIRE R iEREIERE
Table 4 Sintering temperature and energy storage performance of binary NaNbO;—(A, B)O3(A is +2, B is +4) ceramics

(Sintering Sample Electrode

Composition Ey/(kVeem ") We/(Iem™) #/% &'(at 1 kHz) Temperature/C)/(Time/h) _thickness/um area/mm? Reference
0.88NaNbO3;-0.12CaZrO3 650 8.56 80.00 1600 1360-1400/2 100 3.140 [63]
0.97NaNbO3-0.3CaTiO; 560 5.52 83.30 300 1120-1160/2 100 [64]
0.84NN-0.16CaTiO3 500 6.60 80.00 800 1290-1310/2 100 3.140 [26]
0.96NaNbO3—0.04CaZrO; 141 0.55 63.00 400 1370/2 300 [62]
0.825NaNbO;—-0.175BaZrO; 440 5.00 85.00 1000 1320-1330/3 100 3.140 [65]
0.97NaNbO;—-0.3Bi,Cay 7TiO3 360 4.43 79.00 500 1100-1350/2 100-130 0.785 [66]
0.84NaNbO3—0.16CaTiOs 470 5.80 81.00 1150-1240/3 100 3.140 [34]
0.85NaNbO3—0.15Cag7Sm,TiO; 800 9.10 80.10 500 1190-1250/2.5 35 3.140 [67]
NaNbO3;—0.2SrTiO3 300 3.02 80.70 1500 125072 400 12.250 [39]
0.83NaNbO;-0.17SrTiOs 207 1.60 55.00 2000 1300/4 130 5.000 [31]
0.87NaNbO;-0.13Sr(Mg;3Sb3)03 640 6.17 76.72 1365/3 100 3.140 [68]
0.74NaNbO;-0.26Sr(Mg; 3Nb,/3)03 453 4.28 89.30 800 1275/2 [69]
0.90NaNbO;-0.10Sr(Feg 5Tag5)O0;3 790 11.50 86.20 800 1180-1220/3 50 0.785 [70]
0.76(NaNbO3)-0.24 (Srg ssLag 3)TiO3 440 5.80 85.00 1000 1230-1340/2 200 [37]
0.8NaNbO3-0.2Sr, 7Bi, TiO; 288 4.50 90.30 1100 1140/3 [71]
0.8NaNbO3-0.3Bi,Cag 7TiO3 360 4.43 79.00 500 1100-1350/2 100-130 0.785 [66]
0.8NaNbO3-0.2Bay ¢Sr( 4TiO3 320 3.04 88.33 2200 1225-1300/3 100 3.140 [72]
0.82NaNbO;-0.18Ba(Feg sNby 5)O3 450 3.55 84.10 1000 1 140-1240/2 100 0.785 [73]
0.77NaNbO3-0.23BaTiO3 175 1.50 68.20 2000 1180-1230/5 200 [74]
0.92NaNbO;-0.08Bi,;3HfO; 260 4.26 60.00 1440 1280-1320/2 200 3.140 [75]
0.76NaNbO3-0.24(Big sNag 5)TiO3 690 12.20 69.00 1300 1200-1350/2 150 [25]
0.86NaNbO3-0.14(Big sNag s)HfO3 350 3.51 80.10 800 1160-1290/5 150 [76]
0.68NaNbO3-0.32(Big sLig.5)TiO3 485 8.73 80.10 1500 1040-1350/3 120 3.140 [77]
0.82NaNbO;-0.18(Bi;;Li;2)HfO3 560 7.10 85.90 550 1250-1320/3 [78]
0.89NaNbO;-0.11(Biy 5K 5)ZrO; 425 4.40 40.00 700 1310-1330/2 100 3.140 [79]
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NN P& A7 14 1172 68 A AT 06, 1X R WI# R}
HAEAE SR P AR Q Al $B4% CaZrOs 25
P RAFAE R P A, RIBRZ JERE T X
B P OMH. HUE, HOUHRIZRTE iR (120 C)
G, I HBEE B 2 B0 T s R AL B8 AR,
S Bk HL B B L (Y B AR I B WG N . Guo 25101
(1-X)NaNbO;—xSrZrOs M & N 7t %, &I SrZrOs5
(452 T LARS e SOk Ha A, TR 24 &/ x KT 0.04 I,
7E 120 C PR 0.1 Hz FISIA T3R8 17 X0 L i [A]
2. Gao Z1°fE NN H: M54 CaHfO; 414y,
MBREERKT 3% (BERSE), BE T REkH
M, RIS T R AR A 25 .

B )5, Liu 20@d T 2% £ (1-Xx)NaNbOs—
xCaZrO; P % rh =R 1 B A BUH i (3] 28 1 A

Enhancing AFE phase stability

B . BEEB AT ENT &, BENE TS
SRIZ W TR, X AR TS BRI B,
7E 141 kV/em (37 N34T 0.55 Jem® F1 63%[H)
kBB R B RERR . Ib)E, Qi %L CazrOs A
BB 24HEN NaNbO; B, i 5] Ashig
FPEAE 650 kV/em R HLI7 R K43 1 8.56 J/em’ Fi1 80%
(1 e ik e 2 B2 R i BE 5

BRI B 2 5 FE i A RERCR 1S B 1 42
s ER ik AR S A B, Chen P51 R 7 —2
oth P gk L P B R P R LA R R, W 6 Pl
1E4E[Y NaNbOs Fi &, BT s 51 AR il &
Bl AR, AR B EMMREERE. ek
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Introducing relaxor features
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Fig. 6 Pure NN, enhanced AFE phase stability, introduction of relaxation features, evolution diagram of P-E curves and energy
storage performance and P-E hysteresis loop, current density (J)-E curves and W,.. and # values of 0.76NN—-0.24BNT
ceramics at different electric fields and room temperature
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R, (ERCIERE B, 5ING IR AT AT AR X i (]
5 [P JE AT O S A v Bk FLAH ) Bk A R AR e
Yy, DR s i f A FEAE RE R . I8
it 752, Chen Z5PSSR A /MO S T2 2K
HL M L3 La KRR A [FI Ti &1 Bk
Nb & T RIEFMBAT A, RIS T8 %%
JE(6.5 Jem®)FlHh 28 (1% BE R 66%. Qi &1L
(BigsNags)TiO; NE —H 54N NN i ek &
Hh, 78 680 kV/em I R 3R T 12.2 J/em’ [IfikBE
B e 69% I RERR . AN — R RIAEMA R,
sthy 5 5k HL AR A T e O R 2 R A R, X
A5 FLAE AR [ kv L 25 38 5 FH 5 T PT RE S AR
ZRCOD IR Z — .

AT I AE L B Rt BRI ES = 4 4 LAAHT
T it BB 25 RN A RERICR P 2 AT X &R, R
5 FT7m  Zhu ZE47E — S04 0.96NaNbO3—0.04CaZrO;
JEAil EAR N Big sNbo sTiO; M &, I HIs i WP J 4
Pl 2 2 IR KIR LR 77 UAE 400 kV/iem BHIG T
PAFT 3.7 T em” HIREREE T [ 82.1% B RERCR,

KNS RAL IR T —FiR R . Wang Z51010L
NN AFEEAE, 5] N = J62H 43 (BiFeO;-SrTiOs) [ i f#
WP e st S R 1 SR A A& h R AL A e T R, 24
BARGEN 1% (BE/RFEON G T Bl ftset:
BE(Wree=5.29 J/em’. 7=82%). Feng “5I"Eihi4 &
K 0.76NaNbO;—0.24(Big sNag 5)TiO; P % 1) FE
fit BBl NERME AR SITIO; AMARE— P i s

2) =k & ZFipa, ER BRI 2 F 5 M 690 kV/iem T FE
N T BE— B v B R A ik RE B LA RERCR % 270 kV/em, AR EHEACH 2.64 Jem’.
#*5 =JT NaNbOs-(A, B)O3(A A+2. B A+)MENIRLEIRE R iEREIERE
Table S Sintering temperature and energy storage performance of ternary NaNbOs-(A, B)O3(A is +2, B is +4) ceramics
Composition Ey/ | m,; /% (Sinteﬂring . ‘Sample Electrodez: Reference
kV-em ) (Jrem ™) (at 1 kHz) Temperature/C)/(Time/h) thickness/um area/mm

0.8NaNbO3—0.04CaZrO;-0.16BijsNag sTiO3 400 370 82.1 750 1200-1280/2.0 170 [41]
0.84NaNbO3—0.06BiFeO5-0.1SrTiO; 379 529 821 700 1160/3.0 100 12.56 [40]
0.90NaNbO3—0.06BaZrO;-0.04CaZrO3 1.59 300 1350-1380/2.0 200 4.90 [81]
0.97[0.76NaNbO3-0.24(Biy sNay 5) TiO3]-0.03SrTiO3 270 2.64 899 800 1150/2.5 120 [80]
0.85(0.92NaNbO;-0.08Bi(Mgy 5Tig 5)03)-0.155rTiO; 590 6.00 81.0 600 1100-1260/2.0 150 3.14 [82]

333 A f+3 M, B A3 BT, A f7+3 #ir
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(b) Domain structure and P—E hysteresis loops of typical relaxor ferroelectrics
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Fig. 7 Schematic diagram of NN-based relaxor ferroelectrics”!

#F 6 T NaNbO;—(A, B)O3(A J+3. B AH3)HEAIRLEIRE R IEGEIERE
Table 6 Sintering temperature and energy storage performance of binary NaNbO;—(A, B)O;(A is +3, B is +3) ceramics

(Sintering

Sample

Electrode

Composition Ey/(kV-em ") Wee/(Jem™) /% ¢ 5 . . , Reference
(at 1 kHz) Temperature/C)/(Time/h) thickness/um area/mm
0.9NaNbO;—0.1Bi(Mg,/3Nb;3)O03 300 3.400 82.00 750 1100-1270/2.0 200 [83]
0.78NaNbO;-0.22Bi(Mg,/3Ta;;3)0; 627 5.010 86.10 340 1200-1330/2.0 150 3.140 [84]
0.85NN-0.15Bi(Nig ¢7Tag 33)O3 575 5.530 82.00 500 1180-1280/3.0 180 3.140 [85]
0.85NaNbO;-0.15Bi(Zn,3Nby3)O3 220 1.660 73.50 900 1050-1200/2.0 200 7.065 [86]
0.85NaNbO3-0.15Bi(Niz3Nby3)0;3 440 3.300 80.90 570 1200-1260/2.0 150 3.140 [87]
0.85NaNbO;-0.1Bi(Ni»3Nb;3)O3 1050 11.200 90.50 831 1145/3.0 50 0.785 [88]
0.85NaNbO3—0.15Bi(Mg,/3Sby/3)O3 580 4.650 77.00 400 1170-1250/2.0 [89]
0.86NaNbO3—0.14Bi(Niy3NbyTa6)O03 420 3.430 83.30 590 1150-1180/2.0 [90]
0.85NaNbO;-0.15Bi(Nip;3Sby3)0; 460 3.700 77.00 450 1120-1180/2.0 150 3.140 [91]
0.91NaNbO3-0.09Bi(Zng s Tip5)03 250 2200 6270 1000 1030/1.0 200 [30]
0.93NaNbO;3;-0.07Bi(Mgo 5Zr05)O3 255 2.310 80.20 1200 1230-1280/3.5 [92]
0.92NaNbO3-0.08Bi(Mg sTip.5)O3 300 3.120 74.00 1300 1190-1260/2.0 300 0.785 [33]
0.88NaNbO;-0.12Bi(Zng 521 5)O03 340 3.140 84.50 1000 1285-1350/2.0 150 3.140 [93]
0.91NaNbO3-0.09Bi(Zny 5Tio5)O3 200 2.100 76.00 1900 1180-1250/2.0 [94]
0.8NaNbO3—-0.2Bi(Mg sHfy 5)O3 370 3.510 93.77 320 1190-1250/2.0 160 0.785 [95]
0.88NaNbO;—-0.12Bi(Nig 5Zr( 5)O;3 500 4.900 70.00 550 1245-1300/2.0 150 3.140 [96]
0.88NaNbO3—0.12Bi(Sng sNip5)O3 310 2.010 80.30 400 1130-1250 200 3.140 [97]
0.91NaNbO;-0.09Bi(MgysSng5)O3 570 4.930 81.50 700 1180-1250/3.0 150 3.140 [98]
0.9NaNbO;-0.1Bi(Nig sSng5)Os 633 5000 67.80 700 1190-1300/2.0 130 3.140 [99]
0.9NaNbO3-0.1Bi(Zng sSn 5)O3 350 3.140 83.30 900 1200-1300/2.0 100 3.140 [100]
0.8NaNbO3—-0.2Bi(Mg sHfy 5)O3 550 5.900 89.90 320 1190-1250/2.0 [101]
0.85NaNbO3—0.15Bi(Mg sHfy 5)O3 405 3.150  83.10 400 1220/3.0 110 [102]
0.95NaNbO;-0.05La(Mng sNip 5)O;3 200 1.770 77.00 200 1325/6.0 200 7.065 [103]
0.88NaNbO;-0.12Bi(Fe 5S¢y 5)0;3 740 4.320 85.00 400 1130-1150/3.0 100 0.785 [104]
0.88Lag 03Nag.o;NbO3—0.12Bi(Lig sNbg 5)05 300 2020  80.00 1900 1050/2.0 200 [105]
0.9NaNbO;-0.1BiFeO; 995 18.500 78.70 800 1100-1200/3.0 60-80 0.785 [106]
0.88NaNbO;3-0.12(Bi sSro.2)(FeooNbg 1)O;3 983 16.500 83.30 600 1140-1200/3.0 60-80 0.785 [107]
0.88NaNbO;—-0.12(0.55BiFe03—0.45SrTiO;) 970 16.200 82.30 900 1180-1220/3.0 50 0.785 [108]
0.88NaNbO;—0.12(Big¢Nag 1 )(Feo sTip2)O3 873 12.700 82.50 800 1150-1250 [109]
0.9NaNbO;3-0.1(Big sLag s)(Mga;Ta;3)03 440 3.690 78.00 800 1200-1300/4.0. [110]
0.88Nag 9sNbO3-0.12Bi(Al5Y.5)Os 223 4640 8598 1000 1150-1250/4.0 150-250 [111]
0.96NaMgj 12Nby 95:03—0.04BiYbO3 170 0.998 70.00 900 1150-1300/3.0 [112]
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Table 7 Sintering temperature and energy storage performance of ternary NaNbO;—(A, B)O;(A is +3, B is +3) ceramics

o, Ey/
Composition

kV-em™) (Jrem™)

(Sintering

0.8 3NaNb03—O 1 2Bl(Mg2/3Nb 1 /3)03*0.05C3Z1’O3 640
06[090NN*0 1 OBi(Mg2/3Nb1,3)03]*0.4(Bi0_5Nao_5)0_7SI‘OA3TiO3 595
0.96(0.8NaNbO3-0.2SrTiO3)-0.04Bi(Zn.sSn s)Os 573

0.75[0.90NaNbO;-0.10Bi(Mgo sTag 5)05]-0.25(Big sNag )0 -SrosTiO; 800

0.8(0.92NaNbO;—0.08BiNio 67Ta93303)-0.2CaTiO;3 646
0.78NaNbO;3-0.14CaTiO3-0.08Bi(Mg,/3Nb,3)O3 482
0. 6(09NaNb03—0 1Bi(Nio_le‘o}5)03)*0.4(Bio_sNao_5)0_7SI‘0_3TiO3 530
0.88(0.95NaNbO3-0.05Bi(Mgo 5Sn0,5)03)-0.12CaTiO3 646
0.90(0.88NaNbO3-0.12Bi(Nig.sZr( 5)03)-0.10CaTiO3 575
0.88(0.85NaNbO3-0.15Sr 7Big»TiO3)-0.12Bi(Mgo sZto s)Os 640

Wiee/ g Sample Electrode
/% Temperature/ , Reference
(at 1kHz) | . thickness/um area/mm

C)/(Time/h)
11901210/

590 85.00 400 20 80-100 [113]
1 180-1200/

772 83.78 600 20 100 3.1400 [114]
1250-1350/

582 9230 700 20 100 3.1400 [115]
1180-1280/

8.00 90.40 600 20 150 3.1400 [116]
1250-1290/

7.10  90.00 400 30 50-70 0.799 2 [117]
1280-1320/

541 86.70 1000 05 80-120 3.1400 [118]
1220-1260/

6.43  82.00 600 20 150 3.1400 [119]
11701260/

6.35  80.00 700 20 150 3.1400 [120]

5.10  83.00 380 1260/2.0 100 3.1400 [121]

7.59 8130 600 1120/2.0 100 0.7850 [122]
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Extended Abstract

Dielectric capacitors are one of the most important components in electrical equipment and electronic devices, and have attracted
recent attention in the fields of new energy vehicles, advanced propulsion weapons, renewable energy storage, high-voltage
transmission, and medical defibrillators. Dielectric capacitors have ultra-short charge and discharge time, ultra-high power density
and high operational safety, compared with electrochemical capacitors such as batteries, fuel cells and supercapacitors. However, the
low energy storage density of dielectric capacitors limits their wide application. Therefore, it is necessary to develop dielectric
capacitors with a high temperature and a high energy density.

NaNbO;(NN)-based ceramic material is considered as one of the most potential dielectric energy storage materials because of its
wide band gap, lower cost and high polarization. However, there are still some problems in the application of NN-based ceramic
materials, such as low energy storage density and energy storage efficiency, and poor temperature stability. In order to optimize the
energy storage performance of NN-based ceramics, phase structure regulation, micro-morphology optimization, doping modification
(for A-site, B-site, A/ B-site co-doping) are used to improve the energy storage density, efficiency, and frequency/temperature
stability. These optimization strategies provide opportunities for the application of NN-based ceramics.

NN-based ceramics have a complex phase structure, and pure NN cannot obtain double hysteresis loops at room temperature,
which is attributed to the irreversible transition between the antiferroelectric P (AFE P) and ferroelectric Q (FE Q) phases. The AFE P
phase can be stabilized, and the double hysteresis loop with a reversible phase transition can be obtained, improving the energy
storage density and energy storage efficiency via reducing the tolerance factor. In terms of microstructure optimization, advanced
sintering process, suitable sintering additives and preparation process can further improve the energy storage performance of
NN-based ceramics. The advanced sintering process can optimize the microstructure, adjust the grain size and oxygen vacancy
concentration to improve the energy storage performance. For instance, compared with Nag;Big ;NbggTag 05 ceramic prepared via
conventional sintering, the energy storage efficiency of the ceramic sample prepared via spark plasma sintering (SPS) increases from
81.1% to 90.5%. Adding suitable sintering additives can form a liquid phase, and then improve the densification process of ceramics.
Also, the addition of sintering additives can reduce the sintering temperature and play the role of refining the grains, which is
conducive to increasing the resistance of the ceramics and thus increasing the breakdown field. For MnO,-doped
0.95NaNbO;—0.05SrSnO3 (NN5SS) ceramic, the energy storage density can be increased by nearly 14 times, compared to undoped
NNS5SS. The advanced preparation process can improve the density and electrical uniformity, thus improving the energy storage
performance. The viscous polymer processing (VPP) can increase the energy storage density of 0.84 NaNbO;—0.06 BiFeO;—0.1
SrTiOj; ceramics from 2.7 J/em® to 5.29 J/em®, compared to conventional solid phase sintering.

The energy storage performance of NN-based ceramic can be improved via doping modification. Doping modification can
introduce relaxation antiferroelectric properties, showing that long-range ordered antiferroelectric domains are broken to form
micron-sized or nano-sized domains, which have a rapid response to the applied electric field, reduce the polarization lag between
applied or discharged electric fields, and thus obtain a superior energy storage performance. Also, the solution of the second or third
component can introduce relaxation characteristics, and the Ty and T,,, temperature regions with nanodomains and polar nanoregions
can be adjusted to room temperature in the NN-based system, showing the relaxation characteristics and improving the energy storage
performance.

Summary and prospects The energy storage performance can be improved to a certain extent by means of phase structure
regulation, micro-morphology optimization, doping modification, etc.. However, the harsher application environment requires a
higher energy storage performance (i.e., W>10 J/em®, 7>90%). The future development aspects of NN-based energy storage
ceramics involve 1) raw material preparation, i.e., wet chemical method (such as hydrothermal method, sol-gel method,
self-spreading method, etc.) and high-energy ball milling method are used to reduce the particle size of the powder to further improve
the electrical performance; 2) sintering process, i.e., advanced preparation processes (such as SPS, flash sintering, cold sintering, hot
press sintering, etc.) are used to improve the energy storage performance while greatly reducing energy consumption; 3) molding
process, i.e., the process of rolling film, casting and cold isostatic pressing are used to further optimize the microstructure and improve
the energy storage performance; 4) theoretical research, i.e., combined with advanced in-situ characterization techniques (such as
in-situ high resolution TEM, micro-infrared, etc.) and theoretical calculations (such as first-principles, phase field simulation, etc.), a
relationship between process-structure-performance is further explored, and new theories and mechanisms are proposed; and 5)
device preparation, i.e., the device with superior energy storage performance and high stability dielectric materials needs to be
developed.
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