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Fig. 2. (a) Schematic diagram of dielectric capacitor
between two metal electrodes; (b) electric displacement-
electric field (D-E) hysteresis loop of a dielectric material.
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HBARAS O R Y e R AR REMERE. D 1 DRI — ¥
WFFEE A 152 18 i B2 AR BURME R & Wy B i
FIATRBEPFRED, LA R ha idt 22 )2 S5 R T A /
I AL 1 R 2 2507 3, R AR e TR BT T 3K
EYIHEA AR RENERE.

3.1 EHEMRHVAKIER

FEC T8 IR FAGRE MBI 55 v, R BB 224K
R 91 (BaTiO;). 98 MR 81 (NaNbOs). £k iR 48 9l
(Ba,Sr; ,Ti0,) 45w/ b B T U S 3R A Sk
()4 L BRI BB 2% 3 12920 (LR FH = A L B
YUORMMARNE DR 2 I 9K A A b k), I
g BEMERETE SR AR R AR 2. a0, Hu 55 P M
Sun %5 B JE BF 58 T BaTiOs (BT) 44K i 1 Al
BT K2 4EAE R I 45 19 PI/BT 94K 55 b4
BE, & B BTRLF A AT LG 3 4 v A B
(FE= IR 2 200 CHYYE BN BA RIFA iR e
PE), 1 2 A M RO AR B2l PT R — &
PIHETE, (A AERERCRAKIHARAR P12, X 8 R i F
TURLFN SR A W A 22 TR R 1 A L i 802 S 5 S
I L SRR | et T s PR I AU I RN o 2R R G
R, X PP AE R T IOU R 2. o T FE 03 b b
PR S WK LA R R ) o 2R AL DL e i 32
S22, Shend b3 fg T MG A T 2210
FHHEAL, R SRR A B A B o 2
HIPRERE, T 4 Fits. DL PTBRSYIME MLk,
B FIES IR (STO) 1E MR, fygt
PI/STO 91K 5 & Wil . B 58 & SRt 2 1 2 1Y 4
i, A BN AR R AR H A R R RO, I
SE R I DAL RIS, BEORE A I A
W] P, 25 v I 0 AR P, G H OB ) 5 e
Y3 B A R TR R AT AR e v, S35k, an
& 4(h) B, 883 1 7 F 25 A TR ) B R R
SR, R T S A B R AT 2, BEAIR
AR ZR 1 3 A4 R T A8k T ik FL 25 4 PR 1Y
FEHPN . I, $2m 2 G AR A MEREXT T
e A AR B R A RE VR RE 2 OC H 2

580 B B B OB A], I A SE R
AYARIERL, TEAE ] LIS R8O 2 i SR 5 W i 4 2%
PERE, DI ARAT S DG 1Y) /&7 I it RE PR B (61054601 41,
Li %5 06 DI FF IR T M (BCB) MR EWRAK, F
FHZS T BALTNA K B (BNNS) (564 (5.97 eV)
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Pure Vertical Vertical
polymer (S0) nanofibers (S1) nanosheets (S2)
(a) I (c) (d)
- a—
40
Metallization-Al | i K22 (ky) (K)
10 pm
Electric film | 430
—
Kia3(k2) 425
(=)
Random Parallel Parallel 420
E nanoparticles (S3) nanofibers (S4) nanosheets (S5)
z (8) 415
<
Il D
T 410
h) 400 , )
®) ® 4504 4 ; o
350 Fi(Pure PI film) C;(PI capacitor)
F5(PI-STO film) Co(PI-STO capacitor) g v 40.5
300 440 4 F3(BNNS film) C3(BNNS capacitor) e 102 jasi y
=1 B —
Tnax/K 4
950 ax/ 308 5104 2
- - 619 ' 5]
§ 200 586 X o0 | 10-+ 103 3
150 549 2 8 W
512 & 410 <40z 7
100 0
474 e I
10-* 5 40.1
50 137 400 % Q
0 4 ’ 400 390 - A4do
\ 2 4 6 8 10 10-5
o/og 380 - —0.1

F1FF3CCoC3F FoF3C1CoC3Fy Fo F3Cy CaCy

BNNS capacitor

Bl 4 (a) PI-STO 44 K& A Wi 45 11l 28 g 2 1B 24 L3750 B 200 kV/mm, 400 K I8 B 454 T TAERE, d1 (b) 26 PL, (c) B H
UKL 4E, (d) T EMK R, () BEPLANKIBORL, (f) FATAREFE, (g) SPAT AR ) S TE A 4 K 52 A 3 I o) 45 0O AN [R] HL 28 4 RO RS
TLEE AR (h) WIS AL 25 25 A 1 B KIRLEE T TSR 6, ML TR o, B R B (1) 6 FMEBLT, e KIE T, (L6 %), i
UL T 8 (G 5) A BBHIFE tans (RES) MM RE LI

Fig. 4. (a) Schematic illustration of a real capacitor made by winding the PI-STO nanocomposite film. When working under an ap-
plied electric field of 200 kV/mm and a surrounding temperature of 400 K, the steady-state temperature distributions in different
capacitors made by film nanocomposites filled by (b) pure polymer, (c) vertical nanofibers, (d) vertical nanosheets, (e) random nan-
oparticles, (f) parallel nanofibers, and (g) parallel nanosheets. (h) Maximal temperature Ty, inside the film capacitor as function of
the thermal conductivity component r, and electrical conductivity component o.. (i) Comparisons of the maximal temperature T,

(red bar), breakdown strength deterioration factor 3 (blue bar), and dielectric loss tané (black bar) among six circumstances™.

FE S (300 W/m-K), ¥ BNNS B A BCB
IEHFT SRR R G . GB AR BN 10 vol% B,
EAMRIR A4l BCB FRET 1SR4,
AH R M, 7E 200 MV /m 3758 T ) B 5 45 #E M\ 4l
BCB ) 18% FF# % 3%. 1€ 150 °C Fl 400 MV/m
T, PAmEA 2 J/em® BRI, HAKRER

F o AR TF 90%. WHFR LR, FaHBRIY BNNS 449K
AT ATE RS W Rk b g | NIRFGA B RE SR, A 350
il P-F & 4F, WIEHfR e = k1, dEmian sl
T, W BEAR A R BFE. [RIET, R TR
BNNS H AL 94K 52 A bR T e 48 7
£ 1.8 W/(m-K), 847 v B i Bl kg T A

R T N ZR G0 M 5 RN A AT SR B A H A
e, TR B, X 99K 52 6 b Rk T filf eV g 1Y 52
M, Ai 55 0 DL PLAE N SRR A PR, 2 il k4
E AL ALO;s (e, = 95, E, =8.6¢V), A fbih
HfO, (e, = 25, E, = 5.8 V), BNNS (¢, = 4, E, =
5.97 eV) A LEL TiO, (e, = 110, E, = 3.5 V)
YERAORILTEA, §4 T —RINNGKRE A B
W R, B AR SR b A AR
AT B A 1G IT J 2E hn; BAA T A H R O N
K IEUARL AR ] SR A RO R A A AR L A
HEAT AR W5 2 0. R REHL, 7E 150 °C A,
B 20 K S FEAH AT BR 3G fn, PI/Ti0,, PI/HEO,,
PI/BNNS Fl PI/ALO, 44Kk & & A1 R AR T L
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AR T4l PL o A FEAR T 41.1%, 83.2%, 89.9%
1 93.9%. 1525 T ALO; BITEHT R, P1/ALO; 44K
A MORLRY L R A FE R 2 R 0 3G AT SR IR
FEE S KO, HAEAT fem A RB AR . FAUfli <
WALHL R (TSDC) W Fn Bk Bk A S AR R 3k — 2
W] T AT A AR AR RE 1 5 LA Al R ERE DG,
LB B A 3G i 5, SE i SRR E S AR
AR LR, Q0E 5(d) Fis. ZERIR T, BA B 5hE
W BB P1/ALO4 F1 PI/HFO, EL A 57 0 ik RE
R, WIS T HAA T A HE S0 PI/TIO,
BAPPEL, SERT T AE SR T ORI SR AR AT B SR
G TR FEH.

5 ALO, 4K kL (AL,O; NPs) AL, HA
KAZHE ALO; 49K 4 (Al,O; NWs) fil Al,O,
Yk R (Al,05 NPLs), ANMUAT LR & 82 A # R
PUBGERE, bR — AR AR S WA B =il
FL PR RE I RE R BE . Li A5 000 1] FH 2K B 1l 25 (R £F
ARRFNRIRE ALOs GKH A, 437 5 BCB 288k
RE31S «BCB/ALLO; NPs, -BCB/Al,O3 NWs,
c-BCB/AL,O; NPLs = Fi g4 K& & L. BF5E &
P, A% T Al,O3 NPs 1 Al,O; NWs, Al,O; NPLs
A AR S R AW SR, 7E 150 C T,
c-BCB/Al1,05 NPLs Hi5 277301k 489 MV /m, it

(b)

T BCB/AL,O5 NWs /i 385 MV /m il cBCB/
AL,O; NPs (1) 334 MV /m. | A B0 AT LA &
P, 5 NPs fll NWs A b, NPLs X i 840 19 4 K
HATHE @ )y, o R R il & 28 7.
AN, NPs Fl NWs 7 J& [ A0 Ak L 37 5 FE 4 v
R 2842, T NPLs 54 F Tl AE AN
HL3 T 1 R 3 fL A o A AN B A, S B
AlL,O3 NPLs 1] LUFE R A P 8 51 AR B fg
G, M I 25 BRI = R = N T FL I, RS B R
R SHFE. 76 150 °C F1 450 MV /m F, B2k
FRAYBON 7.5 vol% i) BCB/ALO; NPLs 44K &
A MORFEA A 4.07 J/cm® BT RE R A
M BB AR Rk 82%.

AR T BRI GK SR T DL B BRI R A
LR R T B R S URE, R S AERERCE, (X TR
B MR B EOR B BB 2 B B R KSR R
TR S A B RE a2 PR R, Li 55 O B
T AN HE B R A L5 B 1) BNINSs i A HELH B
9 BT 49k ki (BT NPs) #L38, #1457 PEI/BT
NPs/BNNSs =Je#REZEHEL lid 477 BT NPs
H1 BNNSs Hufl, 49K A #RH = R A% BE 1 AR A5
B THKRAEEE. 24 BT NPs f1 BNNSs (1425 75 &
3 3A 1.27 vol% Fil 6.05 vol% i}, 44K 52 &kt

(c)

0.030 — 100
48F @1wms . LR 1} ewoc = v =t . o B
4 PI/BNNS _-~710.025 R LN ~e_ 180 g
£ 44F o PI/ALO; - ol %. 47 ewoc 7\. o g
g sol Y PI/HfO, P _.-+0.020 § ER N E ‘E =PI o \ 4 160 g
g 5T ¢ PUTIO o ol X <~ &7 $5 3} -~ PI/BNNS l4o ©
S 3.6+ - 2 oo o - PI/ALO; I 4 )
o £ °F —-1r . o> —¥- PI/HfO, L 120 &
£ 3.2 Sz B, 8 5E 2F e PITIO, =
3] s =2 L) =R {0 o
E 2 ES ] » Pl 314 6.45 S g 3
© 2.8} - lo.005 A 3 » A 5% BNNS 418 10.99 23 3
A ———=t—% " 23 7% ALO; 422 1149 a g
2.4r '14—4—4—4—-43 2 gl v 5%HfO, 397 10.62 « H
sl ‘ . —f 10 ~Aa - ’ ' ¢ 1%TiO; 340 926 of =1 L ) g
: 0 2 4 6 8 10 5.50 5.75 6.00 6.25 6.50 50 100 150 200 250 300 350 400
Filler content/vol% InE Electric field/MV-m~!
(d)
300 I 10-5 300 I 10-5
- -6 T — -6
T 250 1070 L 7 950 i 1072 1
E ]
5 10-7 ° E E 10-7 ©
E 200 N E 200 E =<
< 10-8 2 < < 108 &
2 Rt =t g
a
& 150 100 § & 190 & 100 §
2 FE— 2 -
£ 100 10710 5 £ 100 g 10-10 %
< o
& o £ & & o-u &
50 O 50 o
| (e U s S PR S il 10712 - B (i 10712
01 2 3 4 5 6 7 9 01 2 3 4 5 6 7 8 9 01 2 3 4 5 6 7 8 9
Al,O3 content/% HfO, content/% TiO, content/%
K5 (a) fE25 °C A1 kHz T, PTAKESAPRH A U BORERAE R & & 19728 4k; TR PT 99K G EHE 150 C T (b) Wei-

bull f 5752 BE AN () fERETERE; (d) 150 C &, BHLIHL I BE 40 3 Bl AlyOs, HEO, A TiO, BURL & 5 A0S v 3 19 2% 1 )
Fig. 5. (a) Dielectric constant and loss of the PI nanocomposites as a function of filler content at 25 °C and 1 kHz; (b) Weibull

breakdown strength and (c) energy density performance of PI and the PI nanocomposites measured at 150 °C; (d) simulated cur-
rent density distribution as a function of Al,O4, HfO,, and TiO, filler content and the applied electric field at 150 °C[.
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7E 150 C TR RE R % A H] T 2.92 J/cm?,
o 547 MV /m, 435 e R h PET#E & T
83% F 25%.

3.2 {RIBZLLHIGKIER

5D SRR BB 24 A H], Thakur 55 02 %
PRAB 2t /D 4K UKL (< 0.5 vol%) BRI AT i 3 41
UK G AR A LR B AR R 45 R 3R
W], TER D RO R BRSO, GkRi 15
RAEWILAREIY N2 2w X5, 9Kk o2 R
HHE TG AR T, X SE A T i RS B 22 0,
/N, TEAM SR T 4 7 A s il A 7Rt
BARWHIT, smie b XA R G 20, Wi
% A HL B, InAE PET B 22 R B B0
0.32 vol% M4 20 nm [ Al,O,, 9K E A F1 K
A L BOE N E 5, A4l PELETE T 55%. 1t
Gh, B ERA G I AR AR R A AR SR
PR E AR K. HaFiE R, BARDE
ALOs MIIASR S T A s ORI Re %, (EXT &
G MR T 2R R BESCR S IR AN K.

NETAEREAY PEL #4455 A SRS
oy TR HC A 9 %) 4 B DA T 5L A TG ) H S 0 A (O
Zhang % 1 R JHm T, #5045 MABICR G YR I7
itk (PEEU) REA, 99K AL O; DR T —
P S B T B A4 RE M RE I PEEU/ALO,
Yk E A RRE. TFFE A, RN 452K ALO,

(a) / Spi web

B

Spider dragline .siik-_

(b)

| BN-BOB DAPES

Hahn 7R EE RN T ER A IR G T AU, B
TR XN R R, 5 ALO, T
AT EAU A 0.21 vol% I, 52 AR %L
IKF)T 7.4, BB E T4 PEEU Y 4.7. tAb, i
) Al Oq 5516 T B T B 732 shBE 1 A BR 1,
AR T R sl 09 71 8 AR, $e T IRBABIFREZR,
WA SR EREAR T b L AR 1525 T RIR B2
P& A F ORI Y R SRR, 7E 150 °C
T, PEEU/ALO; & GBS 1 ik 5 J/cm? (1)
L RE R BE, JFORE T R T 90% 1Y FE il B s5CR.
B AR LI, AR B AT RN A
KR EYIARERL, ek R &4 TFE/HFP/
VDF(THV) I ADE R (£ 0.5 vol%) Al,O5 44
KA AR 6%, B SR AT DL G 2 AT S T = 3 R L
PAFE, (HEXTE A BN F P REAI JC I AR H.

3.3  FREEUERIKIER

XF TR E G AR, A HLICHLAR Y 5L 451
[FIRERE I AW iPERe, T R ik
VRN 22 5, 25 50 0 8 AL 2 AR e AN s
R, 0 3 A MR T S PR RE R LR RE YR
Rif [66-77 Xu 45 [76) 37 Wk 22 % o5 il T B R A
SEVERBIN G &, BT Wk 22 (19 o AR S50, K
BER R IR (DAPES) 5 BCB #&1fi i) BN 44k
FAAE, WE 6 Fs. X R AR 45 H A RO TN
KEGPPRHG S 2t , 23 m 1 AR T

Py Ty
\ \i(:\f; / //}_[
&\ W)

\ /\_/\ = ’B-sheet/

Solution
casting

Heat
curing

BN-BCB@DPAES

Bl 6 (a) k22 Ak 22 19 8345 4 (b) BN-BCB@DPAES & &4 ki T 2 17

Fig. 6. (a) Spider silk and the hierarchical microscopic structure of the spider silk; (b) schematic of preparation process of BN-

BCB@DPAES films!™.
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25 RN A REPERE. 7€ 150 °C A 400 MV /m
T, AR A E] 2.7 J/cm?®, [HEHEAE 90%
DL I RERBRICR. BLAbh, RIEEMA T A 5k %
Yk EAFRHA 2R, A BY TR IR R AHE
SHFE. Zhou 55 77) 3 i R P FE AL TR BRI 2 XF
HALEE (MgO) gkkiF T R m U REfLAb B, %
DI 2 S5 RN (PP) IR AR MAHZ . Th
REJZ AN Bl T 38 i 2 AR TR e B 1 e iR T el
SHFE, FEF PR TR GRS THRES
AR/ s R B, 154E 400 MV /m 1120 °C F,
PP-mah-MgO & & #EHELAT 1.66 J/cm?® HLHLRE
HEE, HAGRERCR KT 90%, 246 PP MY 6 %
Z%.

ZE L, Gl B4 A IS 1 TCHLANK BT A,
AT LIS 27 S i = S R R e i RE SR B &

WAL G A BORL, BLICHLE TS R 5571 58 L |

RAFIBE  ARAE RS YRR I o A RS A5
THA5HE, #O AR 5 LA TR RL A T P R F % 2
FIFEHL PR AT 3 B LA RN

3.4 SERGEMMKE S BN R

HREILRE &M EHE L, Wang 5 8 £
() = BIA A S5 P R IE SEAE £ /5 A L 0 TR B
T I AN [ 2 ] A R R0 25 SR Y F g o A, ]
DUBE A A il s L U, 4 =ik 22 s, AR R
Hb P it B (5900,

FF I, Li 01 LI#B4% BT NPs 19 -BCB &
I HL 2R R ZE, FIH S 42 0 BCB/BNNS
YER A2 (BNNS 35S & [ 5E R 10 vol%), il %
HA = WA S5 Y SSN-z 52 & Wi (2 g i) J2
BT NPs [ &). W52 &8, BE%& )2 BT NPs
TP, RS, AR AR
PRREAE 0.25%—0.28%. X4 BT NPs & 25 vol%
IF, 7E 150 °C #1366 MV /m 1EH T & & M Y ik
BB A #) 3.6 J/cm®, MR RER A KT
80% MY FLH AL, W Fp 5k Kk SIHLHI RN P-F %00
HILE A2, -BCB/BNNS 1 ) = B4 451
(52 REA A5 B = FELAR / LAY T A T [ () 34 22 5
JEIFAE R BB I 5 | ATRBGABFREZL, (X GE
03] R A A LA B T A B R R AR SRR T
(LG, A T RRARAA R T Hh 3 0 P A E . [
FEHE, Chi 55 PR ZREEEKIR DY (BZT-BCT) 4F
4:1) PLIEAE I E A HUZ, 2% BN (548

GZVERNINZ, filg =R E G, 502
) BZT-BCT/P1 & A WA L, —BVRZ5H 1R
AR R A RE T RE RS 2

AN TFALG N = IR 9RE S MR, Azizi %
FIFHAL S AHDURR (CVD) AR R85 10 77 a4
ToHL h-BN 94K 4 2 22 55 % 3| PEI W, JE 1%
h-BN/PEL/h-BN =BG Z5H 52 40158 02 (i b
BN Wf£7E, Au/PEI S A A H 2 M 2.93 eV
Hnz 5.1 eV, BEFELT PED HE SR T 1Y
HL AT S URE. BDEEAE 200 C F (PELY T, =
217 <C), h-BN/PEI/A-BN {5 LA ik 1.2 J/cm?
it RE 2 B2, (RN REASCRAR AR 5 T 90%. TRtk 5E
fih I, Zhou & 93] et b 77, SR FH A5 B ARG B
L2 SARDURR (PECVD) HiRS28 TER &Y
F IR PR TR AL RE (Si0,) 2, W 7. %2
F4) VL AT 3 ok 4 15 S AR R A 0 o R 4.
FIHTHL A i L SR 5 WD IEER R TTUAR S10,, Hif
Jri W2 [B] LA 43 A, % B Si0, J2 AT LA 25 4 il &
U= T B R /A BT ST A Y 2 T R A, A
SR T LAY NS LA AR s IF H Si0, 211
FEAESEAS Au/BOPP Fi i ik () i 7 F1 48 704 2257
HIM 3.9 eV fl 1.3 eV BN 2 Au/SiO, 5t 1 4k 11
4.3 eV H 4.7 V. Horp | B e B 22 1 5 n 1B 3%
FEAIK T BOPP (AR S T A i 40 FE, (1576
120 °C ' BOPP-SiO, # i B A & ik 1.33 J/cm?
MR e R, HLARRERCRAN & T 90%. 754, T
Pox T HAD & 4+ R AW FAEG H, 40 PEL PC,
PEN, FPE, PI %, HATRLF AL T 5.

4 2AENEBRRAEN

REUI T EEALSG BEE AR DLK
PERE . B MR BB ARG, [RIRE (25 5 i 2
fiE -9 AR TR E G B TR, RE Yk
AR B AT AP R 25 nT PR AN ol i, R A 2
PAFEREE R 2R A WA EL. THNERREEGY
(4 3 F L5 AR BT 71 JBE LA S b2 28 B0k 26 T A 7 1
B [ JEURT S

4.1 REYRFESELIEIT
HRAE 72 57 B - R 5K
imk R > Nja;, (17)

e+ 2 _3750

J
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Fig. 7. (a) Schematic of the roll-to-roll PECVD; (b) cross-sectional scanning electron microscope image of the coating layer on poly-

mer film; (¢) element concentration from energy dispersive X-ray spectroscopy scanned across the coating layer deposited on poly-

mer film; (d) charge-discharge efficiency and discharged energy density of BOPP and BOPP-SiO, films with 180 nm coating layer

on each side of the polymer measured at 120 °C; (e) maximum discharged energy density of the various dielectric films before and

after coating achieved at above 90% charge-discharge efficiency measured at 150 C13l.
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Fig. 8. (a) Chemical structures of ArPU, ArPTU and PEEU; (b) chemical structures of SO,-PPOy;, and SO,-PIM.
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SPECIAL TOPIC—Centennial ferroelectricity: New materials and applications

Research progress of polymer based dielectrics for high-
temperature capacitor energy storage’
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Abstract

Dielectric capacitors are widely used in modern electronic systems and power systems because of their
advantages of fast charge discharge speed and high-power density. Nowadays, the new products related to
renewable energy, such as hybrid electric vehicles, grid connected photovoltaic power generation and wind
turbines, downhole oil, gas exploration, etc., put forward higher requirements for the energy storage capabilities
of dielectric capacitors in elevated-temperature. In this review, the research progress of the polymer-based
dielectrics for high-temperature capacitor energy storage in recent years is systematically reviewed to offer
benefits for further study. Firstly, the physical mechanism of energy storage of dielectric materials is introduced,
and several conduction mechanisms of dielectric materials are summarized and analyzed; then, several strategies
to improve the high-temperature energy storage performance of polymer dielectrics are presented, including the
nanocomposite modification and design of layer-structured polymer composites, and the molecular structure
design and chemical crosslinking treatment of dielectric polymer. Finally the scientific and technological
problems in the application of dielectric polymer and their nanocomposites for high-temperature capacitor

energy storage are discussed, and a possible research direction in the future is prospected.
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