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Fig. 1 Classification of dielectric materials with the corresponding PE hysteresis loops!'®!
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Tab.1 Energy Storage Performance of NaNbO3-Based Ceramics Based on Stable Antiferroelectric Phase Regulation Strategy

Composition Wied (J + cm3) n/% Reference
0.96(0.8NaNbO3-0.2SrTiOz)-0.04Bi(Z1055m05) O3 5.8 923 i
0.84NaNbOs -0.16CaTiO3 6.6 80 (221
0.90NaNbOs3-0.10Sr(FeosTaos)03 11.5 86.2 (241
0.50NaNb0;-0.50NaTa03 2.2 80.1 (251
0.70NaNbOs -0.30(Bips Nags )TiOs 2.47 74 1261
0.94(0.88NaNbO; -0.1251TiO; )-0.06Bi(Znos Taos )O3 5.29 82.1 27
(Nao.91Bi0.09)(Nbo.9aMgo.06)O3 10.9 83 [28]
0.83NaNbO3-0.12Bi(Mg2sNby/3)03-0.05CaZrOs 5.9 85 (29
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Fig. 5 P-E loops and J-E curves of NaNbOs3 ceramics with different domain morphologies'®”!

()W, (D)ROKIERT (o) 9K,

4l 60.76NN-0.24BNT Fa EAN R RUEE RIS
Fig. 6 Domain morphologies of 0.76NN-0.24BNT ceramic at different scales'*!
(a) RIFREERIWEIES; (b) SAED 1E4F; (o) M8 R4LH) HR-TEM B H,

7

S
Va

~ 15 0m

50 nm

[4] 7 (1-x)NaNbOz-xBiFeO; [ %] TEM [&*)
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Tab.2 Energy Storage Performance of NaNbOs-Based Ceramics Based on Domain Engineering Regulation Strategy

Composition Wre (J + cm®) n/% Reference
0.76NaNbOs3-0.24(Bio.sNaos)TiO3 12.2 69 132]
0.90NaNbOs3-0.10BiFeO3 18.5 78.7 (33]
0.7NaNbO3-0.3CaTiOs 5.52 83.3 (34]
0.78NaNbO3-0.14CaTiO3-0.08BiMg2/3Nb1/303- 5.41 86.7 [35]
0.7NaNbO3-0.3Sro.7Bio.2TiOs3 6.83 95.7 (36]
0.85(0.92NaNbO3-0.08Bi(Mgo,s Tios )03)-0.15 6.0 81 -

CaTiO3
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Fig. 8 Structure and energy storage performance of MLCC!*!
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Tab.3 Energy storage performance of NaNbOs based ceramics based on the configuration construction strategy of multilayer
ceramic capacitors (MLCC) devices

Composition Weedd (J + cm3) n/% Reference
0.90NaNbOs; -0.06SrSnOsz -0.04(Naos Bios )TiOs 1.42 40 (38]
0.8NaNbO3-0.04CaZrO3-0.16BigsNag5TiO3 3.7 82.1 (41]
0.67NaNbO3-0.18(Bio.sNao.5)TiO3-0.15Bi(Mgo sHfo.5)O3 12.65 85.5 142]
0.85NaNb03-0.15Bi(NiosHfo5)03 14.1 96. [43)
0.72NaNb0O3-0.16(Bio.sKo.5)TiO3z- 0.12SrZrOs 19.1 89.2 (44]

\ ne BB SENTISER T G ST,
2.4 ORESHARAC IR SR RO R, SR LR AR T P o
M/ RIS S, BN RER SRR, SRAARTE By 920
i L AR (Pow) « (CIORIRRRACER  BI7E T2 AT A, AT A i R B0,
B (P) 5 By, SHFEFETISCIEG We S5 GRS R B B B35 2, A BB 2

www.bsjn.com/astr/zh_Hans https://doi.org/10.68070/48w5k311



PefRiEE (NaNbO3-based) f#kriRe & (HREM:RESE AT FTHE R

2026 4F 8 H

52 i

515

B TITR, CREAMEUEH « AT R R B
FRUEM, Biik&ss MR R AL TE I IRE
ok BEEA TR, XTSI, MMSSEEERE
Wesp10R”, BRE TIRTFRE ¢ «fERIENE
R =35 T 28 BT AR 40,

ETIX—AIZH, Xie HIRHM PR T2
X 0.83NaNb03-0.17SrTiO; (NN-ST) Fa& it T
gERIRE, ST SRR E UL S A G REMERERY
FS4R T W 9a-hR, SR heash)g,
NN-ST B2 (9 F-35 fobn R ST RGN 8.2 pm K& R
Z 1.2um, MR ERED T EREVEREMIEE T
R 128 kV-em $EFFE 207 kV-em™?, HEIE
1K 62%, MRfERER EIRAIEE SIS 176%, 1%
REERFEMUET, W pess T L@ ARG
SRR R AT R RE T

FESL SR |, Wang 55177 SR B “dH 3 -T2
-G 1 2 SR D F 77 58, i — 204248 Na
NbO; Z: e B HIEREIERETE 11, BFFT B SEfE4ll NaNb
Os P& 5]\ BiFe0s-SrTiOs —TrEITAM, BIRK
WM P, ATNRRAZER T, KIREH (A
FE) MHIERREMN, MEEERZEIEFHERERNE; B
JE R REEIR SR EBURE, H— P&

N 608
™ 'Grain Size (fim)

\ Cotints
=

,T_; 2

46 8 10 12 14
. Grain Size (um);

10 um-
—

/< 90.83NN-0.17ST &R SEM EUGFIERERFIE

i 10 um K |

5 A0, 15 20 . 25
Grain Size (ym)

20 um
e s

ki BB BRGE T 2R RRERILE R, i
BRBEERER 100 pm, SEEE S5
FVER, ARERA THRENKRT M7, £2F
BRI, MENTZEZ®EE 221 kV-em™ $27
% 380 kV-cm?, HTE 380 kV-cm™ Ay HLEG RR
F2) 82.1%MIERERR,

AR DA 138 B 1B 2% 5 R 25 e 45 O AROL &5
A F B4 7 —Fh 0.8NaNbO3-0.1Bag sSro.sTiO3
-0.1Bi (MgosZros) O3 M, BEH MRSt ER?
TS HAEE ST, ATl & RIFEELE 720 kV-cm™ B R
1% 6.05J-cmB® i) Wee 5 82%HIn, MEREKIESE
FHEF WE RN : — 5, EEMEG AR S
IO BEARIE PNRs 4258, SRILSIGRIE; B—7
|, M RaEARIH RN R ERK, TERESE.
BIS MR LEEN, BEREEERY, FRZT
ZICRERR MR Bi. Na LEELR, BREESAIKE,
H— IR ERE S, EIRIFR G R —EGRH, &
s A R SE B R RS ik, 2 EEH NN 3
P st iz, ILhERESE S IEREI A R FEL,
FET OISR V2 RIS 1 NN JE R & Y i e
REREEW S 4 iR,

e |
5 10 15 20 25

R L
)

N e |
1.60 - <o .

=

032 14

rec test-max

Fig. 9 SEM images and energy storage properties of 0.83NN-0.17ST ceramics'*’!
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Tab.4 Energy storage performance of NaNbOs based ceramics based on microstructure optimization control strategy

Composition Weedd (J + cm3) n/% Reference
0.83NaNbOs3-0.17SrTiOs 1.6 50 (471
0.84NaNbO3-0.06BiFe03-0.1SrTiO3 5.29 82.1 (271
0.75(0.9 NaNbO3-0.1 CaZr03)-0.25 BigsNagsTiO3 21.0 90 401
0.5NaNbO3-0.5Big sNaosTiO3 12.7 87.2 (48]
0.8(Nao.s4L.ao.06)(Nbo.8sZr0.12)O3-0.2(Bio.sNao 5)0.7Sr0.3TiO3 9.3 82.4 [49]
0.82NaNbO3-0.13Bio.sNao.sTiO3-0.05Bi(Mgo.sTio.5)O3 8.2 88.9 (501
Nao.7Bio.1NbO3 2.4 85.6 (51]
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Research Progress on Enhancing the Energy Storage Performance
of NaNbO3-Based Antiferroelectric Ceramics

Yang Xingjian!, Dong Liang®3*, Li Jinsheng?2, Li Pengfei®**

1. College of Materials Science and Engineering, Northeastern University; 2. College of Resources and Materials, Northeastern
University at Qinhuangdao; 3. Key Laboratory of Dielectric and Electrolyte Functional Material

Abstract: Environmentally friendly lead-free antiferroelectric ceramics exhibit great potential in pulsed power
systems owing to their ultrafast discharge rate and high energy storage density. Currently, NaNbO3-based ceramics
have attracted extensive attention for their capability to achieve high energy storage density, which arises from their
characteristic double hysteresis loops featuring a high maximum polarization (Pmax) and a low remnant polarization
(Pr), i.e., a large polarization difference AP = Pmax-Pr. The conventional strategy-enumeration paradigm of reviews
is transcended in this work. On the basis of the underlying physical mechanism of synergistic regulation of the
tolerance factor (t) and ionic polarizability (), the effects of four categories of strategies-namely, stabilization of the
antiferroelectric phase, domain engineering, multilayer ceramic capacitor (MLCC) architecture, and microstructural
regulation-on energy storage performance are systematically reviewed. Furthermore, future research directions and
perspectives in this field are outlined

Keywords: NaNbO3; lead-free antiferroelectric ceramics; energy storage; doping modification
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