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Fig. 4. (a) Schematics of symmetric A-B-A and B-A-B types of sandwich structure; (b) different energy storage density 9 and

(c) failure probability versus electric field P of A-B-A and B-A-B types of structure.
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Fig. 5. Schematic of (a) a five-layer dielectric composite film%2, (b) a symmetrically gradient dielectric film/®l , and (c) an asymmetri-

cally gradient PEI-PEI/P(VDF-HFP)-P(VDF-HFP) film/%7.
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Fig. 6. Sandwich structure composite films prepared by (a) flow casting®! and (b) representative SEM image of PMMA /PVDF-
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Fig. 7. (a) Hot-compression molding process of FPE-P(VDF-HFP)-FPE sandwich film and SEM imagel. (b) electrostatic spinning
preparation of P(VDF-HFP) and BT/P(VDF-HFP) multilayer film and its SEM imagel™.
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SPECIAL TOPIC—Electrical/thermal properties of nanodielectrics

Research progress of flexible energy storage dielectric
materials with sandwiched structure”
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1) (Department of Materials Science and Engineering, Liaocheng University, Liaocheng 252059, China)
2) (School of Chemistry and Biological Engineering, University of Science and Technology Beijing, Beijing 100083, China)

( Received 16 April 2023; revised manuscript received 24 June 2023 )

Abstract

Polymer dielectric materials show wide applications in smart power grids, new energy vehicles, aerospace,
and national defense technologies due to the ultra-high power density, large breakdown strength, flexibility,
easy processing, and self-healing characteristics. With the rapid development of integration, miniaturization and
lightweight production of electronic devices, it is required to develop such a storage and transportation
dielectric system with larger energy storage density, higher charge and discharge efficiency, good thermostability
and being environmentally friendly. However, the contradiction between dielectric constant and breakdown
strength of dielectric materials is the key factor and bottleneck to obtain a high performance dielectric material.
It is accepted that controlling charge distribution and inhibiting charge carrier injection are important to
improve the energy storage characteristics of polymer dielectrics. In recent years, the materials with sandwiched
or stacking structures have demonstrated outstanding advantages in inhibiting charge injection and promoting
polarization, allowing polymer dielectrics to have increased permittivity and breakdown strength at the same
time. Therefore, from the perspectives of material composition, structural design, and preparation methods, this
study reviews the research progress of polymer dielectric films with sandwiched structure in improving the
energy storage performance. The influence of dielectric polarization, charge distribution, charge injection,
interfacial barrier and electrical dendrite growth on the energy storage performance and the synergistic
enhancement mechanisms in such sandwich-structured dielectric materials are systematically summarized,
showing good development and vast application prospects.

In brief, introducing easy polarization, wide-gap and deep-trap nanofillers has greater designability and
regulation in the dielectric and breakdown properties. In addition, using the hard layer as the outer layer can
reduce charge injection more effectively, resulting in a high breakdown resistance performance that is easy to
achieve. The sandwiched structure design also possesses advantages over other methods in maintaining good
flexibility and dielectric stability of dielectric materials, thus having become a hot-topic research area in recent
years. In the future, it is necessary to combine low conductivity and high thermal conductivity of dielectric
polymers to realize high temperature energy storage and efficiency. Researches on recyclable, self-repairing
sandwiched insulating films are good for the service life and safety of electronic components and will further
expand the application scope of dielectric polymers. Finally, effective evaluation of dielectric with sandwiched
structure and energy storage performances through simulation and theoretical modeling is very helpful in
revealing the breakdown mechanism and thermal failure mechanism, and also in theoretically guiding the design
of polymer dielectric materials.

Keywords: flexible, sandwich, energy storage, dielectric, research progress
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TR KRR BTR- P

REELF RN AESEN PR S H
Be Bt B 1a7 Bk X i 1 o i B 1 BE B 22 I

KA HEH

FHREH  TEHENR

MY Ak EmERED WA

(PHZASH AR, B I F R RSS2, P92 710049)

(2023 4E 4 A 8 HIK#; 2023 4 7 A 26 HULEMERR)

H A DL A I H 2 8 0 i R R BB R R T 2 S 25 Ak, i DA R AT s A R R R T A 4R 1 T
SRR e A I e R A R R BE R 4B 4% 9 K SEDRE T R A T R 38 A O H A T PN S B B S HOR R 4 R A B
iz b AR, AR P B B 11 BE 2 R % B 5 At A M B IR 1) o e OC R AT E— 2B S A SO LR R B AR =
A HLAY T TS B053 A [ B H e B B A A2 10 it B S R RE AR IR O AT T B 4 SRk IR R 7E 150 °C R AR
FEL 23 T HL A 8 2Rt - HL 3 08 B [ 4R 10 0 S 285 SR 5 S0 A &, IR T B A5 R0hE . R TR G BiE S B ok 2 4 Ay
JO I B2 SR I, 1R R B B 255 B RN I IR B B RE K, S PRI 3R T B R L P T %% R H AR RE, BT
B 5 2% N TR AR . 7E 150 °C A 550 kV /mm AMifi 3758 T, 1.0 eV SR FE BFRE LN 1x10% m 3 5L JE B 25
FE B 9K B 6 LA ST AR I A %85 B R TS L AR 43 30 4.26 T /em® F 98.93%, A Lt 4l 5 ik FE IV i £ 4y
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DA, X TLMEREY A, URlLfiih
U=1/2e0e,E*, Hth ey WEZSNHHEEL, e, HH
AR FEXT A H R R A R SRR n =
Uo/ (U, + Ulss), FoH Uso RAAERER L, U, J2
BB . M U, Ml Uy 7T LGSR AT
B HLA RS K T -HL 7R B (D-E) M2 i FR 15
DRI, P T HL 25 25 1Y) e o % B — T T D3 A 4 5
LA BT A A FEL S B s M it L 5 B 68 ) — T
AT LA I R AT H e A Y R R AR

T 8 558 FEL 25 i 110 i 8 2 88 R 7 PR B3R G
R T FERN R RGN, R 2R AR S T
k. Chi 55 1 DURB#E WV (polyetherimide, PEI)
F R, #1485 T B4R BaTiO; 40 K 4 4k BT NFs-

*ERARRREILS (S 52077162) . BIR HARRHFI S Z A5 P E TRV IR B34 (S U1830131) Al )
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Si0, #FeLE BT-2@Si0,/PEL 4K E A A .
24 BT NFs B E#N 500 nm 247, BT-2@Si0,/
PEL & & # kR 25 558 4 629 kV /mm, Jift HL fiE
WA 15.4 J/em®, FEHCERCE R 86.1%, JrE I
LS RIS REPERE. Yuan 25 00 FERSYTHIRAS R
A m TR T2 SR 4 8 PELE A H
A5, Horp i SRR T 42 SR S e
HLI B FF R T XA A A B R s
REIFEBIRES (29 1.5 eV), TTLIASERTHE S A
T RE PEBE. 7E 150 °C, n KT 90% B, H U,
TE 3.4—4.5 J/em?® Z[A], 7E 200 °C, n KT 90% K,
RAHANRE) U, 588 L 3.0 J/cm?. I HiXsesy
T2 SR A PEE e Ml PRS2 AR R
BYZ LA, v m B A A T
TR T IABRETERE. Ren 45 M 3 3o V4 T 5 1 1 1l 4%
T ARG ERHB A1) PEL 2 488 0158 & P,
ST PEI 99K A AR if BE R BT 40 K 1
BHE BRA FH A HAT 5 A FH B 4K 3
R HA BRI, A IR A R I
PFE, [HRGOKE A AT n 755 R E T
B, {HUR EAT AR v R B g R DR 2 BRI 44 oK
HAM RIS U e, Bk, A b %N
HL B RO G20 B ZrOy 2K 2 G A1 BB H 48
E U, B2A R ECH 3% 1) ZrO,/PEL 4K
EAMERI 6.15 J/cm3 1Y £ K L BE i 2%
&, el PEL & 57.7%. H1F AL O; 4PKFIF (nano-
particles, NPs) HAT R AFH) SHE R ENE, Fan
A 12 Sl R R 4 T ALO5 NPs/PEL 44K
RAMEL B2 TIESECH 3% Al,O5 NPs [#) PEI
YK A RIEI I 6.68 J/cm?® BHE U, I H.
T 150 °C B, A 84.77% B e i A%, Chen
S B — A RALINAN K B (h-BNNS) fb22 S AT
FF| PEL . -BNNS HA BB, 7] IR
TE R 22, il ok [ F AR /FEL A 5T 5 T AR A
A, BEAR AN K S A T 11 T U HEL 97 %% B2, DT PR AL
HL AR, T H R AR S 0 S 3k, T LA K
i P R 2 HG P B A ARE HC. At i-BNNS/PEI
YK AR RE I R Y 6 BB R N AR B
. £E 500 kV/mm Al 150 °C F, M GER %R
3.43 J/em?, i n 4 90.1%.

A SCLL AR R 5 PEL 40K 52 A LAY
B B4, XLz (bipolar charge
transport, BCT)!M 3l 256 % [E e i (23R

Wa-S G s 2 ad A 1), S RMER B WA E
FL A B PP 8 0 A e B R £ Bk R 3 i E 5
REAR Y. (15 L i e B B 2 JEE M TR [ B RE 0T 40
KA B T R s | T R T AT
BRI MEIBLEEL, S it sy il o5 fiff BE P RE L 728 4 AU T
KRR T ES AR Y S A

2 F R K LA e Bk K
By fi e 5 R AR A

K125 1T 25 SE AR Bo0 A1 B BIF H Aoy Bk R A iz
AR I G A TR RE SR RERC R /R T . LESh
Ht S BIE T, Rp B8O 2 7 B AR A Pk v
a7, BT AR A A TV RS Bl 0T A R /HLAY B
[T = G D i b st SR IR 9 -2 B G A
FEL A B PR 70 14 L O 8 R T P SR B 1 R S LAY Jo
A AR RE A R, R A BT A Y FL T 2 (2
A, S ECE 2 A A B LA /R A SR S I
LRSS R A S AL 4 L R AR S R IR O, LA Y
EREPEREW] . T . 200 TR A B B iz
iR 2 BB PF A RAE, S BRESRTR I, 3
T AREARER S ERG, BER LAY S PR 2 51
MR NI IF B PR ARA R b 2 — e i
i, S AR N ESTE — 5 it HL 7 7 T A
FREL 370, 1S P 3 2 A A o LA S e ) L A
A, AT/ I L A S ) FEL S5 R DRI v L o 44
R ELA Y JBE PRI S 114 S 6 0 2 R A TR o F RE RO Fi
Th il T HL 2 A 006 RE 1 AE 1017, A SCLL BCT
R O A, £ 25 FEAE K003 A B BIF H Ay B R A a2

Electron .
injection Electron hopping

Exponential
distribution of
electron traps

UT(e) y
i
I

1 1
Recombination

I
UT(h)|

Hole hopping Hole
injection

Exponential
distribution of
hole traps

B1 45500 A i B e A b R i o 5 R 10 f B 15 R RE AR
BRE A
Fig. 1. Schematic diagram of energy storage and release

model.

027301-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 2 (2024) 027301

AR, MR T PEIYCKE & A kG R
REITFEAEA T AT

8Nt F A B, F B /H A JoT ST R A
AR5 B AR, AT AR R
I, AT ARSI, AT A STERA BTN
T2 TE B FL I 2 R s L T B T I
PR L U B8 44 2 52 SR i JEE B Y8 i s s ]
SERIRZIR, PRI, FRAR I B HL A B P R 1Y) L R
ZS LI Jin(e) il Jin(h) ] LA R A 18]

) 0.4) = AT2 . (e) Sch\Y,
jm(e)( ) ) exp ( ks exp kT )
1

; Uin(h Usep (d, t
Jin(wy (d,t) = AT exp (ch(T)> exp <]1;B(T)) ,
2

o, A BHAETERR R, T HIRE, we) P wiym)
439 R B4R RN BRI 5 H A o LT & kg Ry B
IRBE 2 W EL, ug, N FEEIAARREAR, ¢ Rt fin i R
BFIE), d ik IR . R A A R LA ik 5K
H U, = (eE/(4mege,)) />

TEHLAN 5T N AR A TE— o3 R B o 4 iy ]
ARG, XL AR A BTN E AT DL A
31, I H—26 fy S B B ] ) 2 T e 5 . T LA
HH . PRI R R R Ty, B i sh iy
EE T e S a1 b7 5 (AN B T = O H = R e i
M BSFERGER T RAES. % IELL LM
&L, AR R BOREE RS IR 1 i v I 2% B R
o723k 19]

. One
Jete) (@:1) = ena(opptnoe) E (2,1) =Dy =52 (3)

Onmn)

MO ()

Hordr Jc(e) il Jom) 35 R B A S AR S AR
BEHE, ey T magqny S5 FE B B TR AT B
AT B2 TR e 1 poqny 43 1 12 6 B2 i
TR IIERER, Doy 1 Dy, 53 314 0T 3y -0
AT 28 7RI 3. 3 e 2 PR ik e A el DA ]
Dieny = to(enksT'/e.

BB Tz i R b, MR B BA B 4R
T, RAEHE B e 5 2 T R B T ik
REMBEBE. TER I FIFEREPHS, S8 —4 A
AR I R R R P B RE D, TE R IR FA B REZL LA
A AR TTI BB AT 5 B RE S0 5 B 2 1

Jemy (z,1) = ennm)thopn) E (7, 1) —eDpy

5 B EBIFE EEABEA I RESA ¢, R I 2o A1 B B
ek an s 2

UT(e,h
Nr(en) (Ur(e,ny) = Nto(e,n) €Xp (— kB;(C( )h)> ;
e,

UT(e,h) = UTmax(e,h) s (5)

b wpey Bl gy 23 5100 HL B BRI 23 X B B )
REZR, urmax(e) T trmaxny 2301 A S0 TR 1Y) FL T~ Fa B AT
IR A BRI BEDL. Nroge) F Nrogwy 3901 K L HS
TR RS S B B BE, Nipgey AT Ny 235
HRED wre) Fl gy Al Y FL 6 B4 HE 25 X B
BB RE, Teey B Temy 430 0 L FE BIF RN 23 X B
IFRE LR SEL

O T A B AR A B, FERLA T BT
Pl Iz i A b DR AR, S B0 TR T
K. B0 T A B - b 1 2ok 2 55 A S5 oA S ) e
SR K. BRI B P REG R ER# 22, 7T LLA
I Bk ER #2255 85053 A1 B B v H 9 B R s O
JE npgey Al gy HISCHR 20

T (e,h)

Ntoen)

sin (nTote)) (RT/TC(e’h))> ur (h)> (6)
) max (e, )

Unop(eh) = min( — kT, C(e,h)1n<

nT/TC(e,h)

FC, o) 1 thop(ny A HL T 125 7 110 B G
Hp.

LT 0T B BRI 6 B 5 B A R P S O
B 1 AT O, DR T 1 K BB 1) B T 2 %
Zﬁj’g [21]

)\hop (e,h)

- () —-1/3
= { Nrtem |1 —exp | — ——= o
{ T( ,h>[ p( kBTC(c,m) H "

T, Aoy 1 Aoy S 85H HL T2 7 1 T 278
BRI

AT FE RS R A T (0 W B 4 PG
B, TR, AR B S0 T LA F
FHTE R AR 2

K}

Uhop(e,h
Hhop(e;n) = 200 Anop(e,h) EXP (_ij)>

E Anop(e
x sinh (e 2]:];;& ’h)) ; (8)

/E\: EF‘, Hhop(e) %ﬂ Hhop(h) ﬁ”%”j‘] %?*ﬂ?ﬁ/ﬂt E‘Jﬁiz
A,
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SNSRI, 2 — s
HI MRS, R30Sk m] Bl
L VAR (=1 & i1 =1 e ST e R i T e e
JCE LS BB S LS O R SR AT

T (e,h)
—_— 9
L+ Teen /T ®)

4 G LG BB I (AR, I BB 23R
RS2 N RE ORI G B R AR ST . TR
AMEGR FRsd T, BTSSR EE S,
Pt 2% g 245 3 )~ R A i A~ 1E T R
mjj [19]

NM(e,h) =

ONT(e 1 djc(e
Te) 22l —Rennr@eynrmy,  (10)

ot e Ox
on 1 9jc
aTt(e) +o a;) = —Renrenrey, (1)

Hrp, Ry, R THIERZEINE SR BE6HK
BERIK: Ropy= e(ttnop(e) THnop(n)) / (80€r)-

YRR R A LT R B AR AR /R A B
TS, EH A 0T P AR R B HL T, B s
I ] FEL g, 3X 2 R BOHL A T N AR A F 3 A R
A5 ORAF BRI BT R TR L, SR A FR T
XAMA T B TR A, THAA T BRI Ay [19)

g =~ ), (12)

KA AL TR B AT IR B R B =
—V . HLAY BT H AR S LU 2 B

jtotal (1‘, t)
=e (nM(e) ($7 t) Hhop(e) + 'M(h) (l’, t) Mhop(h)) E (LC, t)
+ eoer - OF (z,) /0t (13)
SAPIE IR LT 45 =M, A
0 W bR, A5 PR KRB T B 2
0, TEXA A rp, A Biss & P e i - Tl A e,
W F A JOT 7 s e N = A R L, R DA AR
3 D-F M, it 8 D-E Rl n] LIS 2 g R s
JE R RE R A e AR, R RER TS
e Y HUAE P AT 2 FE i AR

3 mMHEXf DEELAFEERE
125 Rt

Sk 65 UE 48 55053 A B B R £ B9k Ry 3 A AR g T
SEPE, e 4l PEL W farfiis S50, 4l PEL Y

R BN D-E 28 A7 B 25 S 5 S a6 L ik
FIXRF . PR 5 SCR S50 A5 1 — B, 7RI )
Tt an Pl 2(a) s 018 5 LR A B R H B %
EmanE 2(b) Fras i =M HE R D-E B2, A
SCHE B R R T 5 4 0 BRI S AR 1 24
BB M FEUE. KPR E N 5 pm, Jfa ™
B VR R JE BE - 34 43R 200 7. F T HL A <P
DT MAE CFL EME, B EAK At 58 T
TR AT /N TR Az, 505 AL
EE L, I At BEEN 1x10°6 s, 3l BU0E i 5
A LAR 2146 PEL FIAEAS [F) FEL 758 BT %) e B3
D-E [nlZk.

(

o

) (b

=

Voltage
Voltage

1

1
>
0 30 60 0 0.05 1.00
Time/s Time/s

Kl 2 (a) fHERENIE; (b) =MAHRENIE
Fig. 2. (a) Constant voltage waveform and (b) external tri-

angular voltage waveform.

HRHE SCHR [10, 22] SC90%, 43t (6) 2]

DLl PEL &6 B SR B BIFRE R 0.62 eV,
W (7) AT DL AR SR B R 1.605 x
10% m 3, SCHGIN AN B T2 SR LA 3. & 3(a)
9150 °CF, 4l PEI AR H BH R Fifi 1 i i 7568 B
#7254k, € 3(b) b4l PEL # D-E [RIZ 45 B4%
&l 3(c) KA (Do) FIERAHLAIFS (D)) X
FLZ5 3. 1 3(a) H, B AR, PEL B
FL BE 6 2 IR T B g, IR, THR s R 5 5
YR85 R —2, WUERA T i3855 A5 I Bk i for Bk R A
BRG] SR 1K 3(b) i, B ARG K,
D-E M Bl AURBE K, X it 7E S At
T, PEI Mfig BE 1 i & KR T . 18] 3(c) BEIR T
400 kV/mm F1 500 kV/mm B} PEL ¥ D, 1 D,
FITH AL R SR 25 BT X L. XF He g SR Ry, 7
400 kV/mm B}, D, .. 05 EAE5 LIAE IR 2N T
10.45%, D, ({5 BAH 5L H 12 22/ T 2.13%.
£ 500 kV/mm B}, D, D5 EAHS5 S E 1) RZE/]N
F 12.42%, D, 5 BEAE 5 L5 (E W 22 /0 T
11.04%. Z55RFH, AL T —FI R A
HL A S5 e VL it BE T BE (R RO 5.
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0.020

Electric field/(kV-mm~—1)

I 101 L(a) B Sim. Lg: (b) 700 KV-mm-! 0.024 1 Dinax-a00 B888 D 400 (c)
& OExp.| O 200 KVomm~-1 R Dnax-500 88 D, 500
= < 0015} : 7 |
> 108F < g 0.018
" : g
= O g o
Z 1027 ? g 0.010F = 0.012f
g Do | 2 S
L = mm-1 £

g 100 © 0.005 300 kV-mm < 0.006 |
= 8 400 kV-mm~1
> 100} 2 500 kV-mm~!

. . . . £ 0 . . . o

50 100 150 200 M 0 100 300 400 500 Sim. Exp.

Electric field/(kV-mm~1)

B3 (a) 4l PELJBE g 5286 T 4k 1022 5 05 B H 3 B9 R BUR B2 (b) 05 EOT 5 4 PEL#RAE A W% T B iUz A8 R k-1
SRE ML (c) e R LA AR A L (L S 07 FLA5 2R 5 S0 g0 25 21 1022 X |b

Fig. 3. (a) Comparison of experimental volume resistivities!'*??

I and simulation results of pure PEI film; (b) simulation results of the

10,22

D-E loops of pure PEI film under different electric fields; (c) comparison of simulation results of D,,,, and D, and experiments!!022.

H LA™ T 9 i e 2 B 0 AT, 4 F A TR
A HLH EUER S it L S5 B T DRSS H A B A R
. YUK T AT AR 1) L 2R T
PR, FELA Y T PN IR J8 A8 R BT 1 A T DX 38, AT
TGRS A AR AR B, 42 55 F A BT A H
HRC 2 5y —Jy AT A ] fer v AFNAE RS,
e LA I I o 2 i, RN B 1 T AR F 0
JE PO R, 7R FLA T B 4 A R E U K
REaT LA ek B A R A RE TR RE . B D oE R
B, TE R AR B 2 R BURF S R B A N
T 114 74 B 7 20 01 o B 285 2 126271, 0AR 0 K ORI
FRIN] LIS B BE LR, I FLBUB AR BORH Y 5 2%
ST LR TR B R R R TR B R
(8) 5 AT () H far 25 3 (9) =UAHSRe AT LAAS 31 9
W SRR AT LTI B B R R L R Y
ARG (6) M (7) 2K, WL PEI 40k E
B LA IO PN 3 e R I B BB 2 A o R 2% 32 1) 3K
Y. BEE R LT, A B 2 s o I
AN RE. BRI, AR T, AT LA I S Y
Y. LR G AT DEFE P DI, SR 102224 5
SESBUSAE T BB U BN 3% 10%0—
1x10% m?, S IRFEBFREMNIX BN 0.8—1.0 eV. £k
e BRI B 100—150 °C, ANt f 708 iR E
4 100—600 kV /mm, JE i an &l 2(b) Bz 1) =
LIRS, [ B FLAY T it R e . B
Sk B B B RN B DR B BIF RE A S0, AN [ i
FURTF L 58 B T PET 94K 52 A5 HL A I 1) oo T s
REVEREUES T 05 BAFAE . 8 L AR, ansk 1 s itts
BESHBE, FFREE T PEIYKE S B
HLU 2 B . D-F [mI 2k | ik Ha B o 2 3 R 7 Bl Fh A5
FI {5 BT .

® 1 ARBUME PR A BEER iz 19 PEL 945K 52
B HIA B AR SR AR I SR A

Table 1. Parameter setting of energy storage and
release model for PEI nanocomposite dielectric with

exponentially distributed trap jump transport.

2 B
I/ °C 100—150
SR RE /m 3x10%—1x10%7
I IRIE AR eV 0.8—1.0
O IB RS E/K 1200

100—650 (100 °C)
100—600 (125 C)
100—550 (150 °C)

SR R /(kV-mm )

4 6B AE AR TG BF R X6 AR M AR
By % v A

4.1 MNARESBENREMSEXN=ZREBE

T D-E B4R =0

Hy itk — 2 T A ARG BES 5 PEL KR
G A BT RETERE M AR TR, 75225 I 5T A
TR B RE SR e B 2 B X = i N PRI AR B &
HLA T D-F [ pgs2mpLifl. B S1 45 1 T 1E 100,
125 #1150 °C T PEI 49K & & A e A W] FE B
SHEAEHT D-E WAL LR, Hp D-E 2k
JIT AL 5 118 DX 35 2R 7 FL A 0 e 3 L A A 2o A v Y e
i FE. H Al S1(online) AT, 7E & i & B 3718 00
T, A TR B AR AR A e AR BRI BE
WHE, FECEAN TAGERETERE B354 k. kS
A0 I N R I TR B B RE R AT 1 in , 7 [ S 3R 8
NI EE R, D-E [RI2R 60,5 i 1X e sfe st
JIN. i R B TR B RE R S 3 A 5 MR I B BIE
X PRI AR ATRE Ty, BEAS2T 1 IE 5 s
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Fig. 4. (a) Dependence between D, and applied electric fields in PEI nanocomposite dielectrics with different deepest trap levels at

the total trap density of 3x10% m? and 150 “C; (b) dependence between D, and temperatures in PEI nanocomposite dielectrics with
different total trap densities at the deepest trap level of 0.8 ¢V and 500 kV/mm.
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Fig. 5. Current density time characteristics of PEI nanocomposite dielectric with different trap parameters at various temperatures.
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Fig. 6. Space charge distribution with the deepest trap energy levels of 0.8 eV (a), 0.9 eV (b), and 1.0eV (c) at 150 C,

200 kV/mm, and the total trap density of 3x10% m 3, respectively.
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Fig. 8. The discharge energy density of PEI nanocomposite dielectric under different trap parameters: (a) 100 °C, 650 kV/mm;

(b) 125 °C, 600 kV/mm; (c) 150 °C, 550 kV/mm.
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Fig. 9. The energy efficiency of PEI nanocomposite dielectric under different trap parameters: (a) 100 °C, 650 kV/mm; (b) 125 C,

600 kV/mm; (c) 150 °C, 550 kV/mm.
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SPECIAL TOPIC—Electrical/thermal properties of nanodielectrics

Effect exponentially distributed trapped charge jump
transport on energy storage performance in
polyetherimide nanocomposite dielectric”

Song Xiao-Fan  Min Dao-Min? Gao Zi-Wei  Wang Po-Xin
Hao Yu-Tao  Gao Jing-Hui* Zhong Li-Sheng

(State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China)
( Received 8 April 2023; revised manuscript received 26 July 2023 )

Abstract

With the development of science and technology, polymer dielectric capacitors are widely used in energy,
electronics, transportation, aerospace, and many other areas. For polymer dielectric energy storage capacitors to
remain effective in practical applications, excellent charge and discharge performance is essential. However, the
performance of the common polymer dielectric capacitors will deteriorate rapidly at high temperature, which
makes them fail to work efficiently under worse working conditions. Dielectric trap energy levels and trap
densities increase when nanoparticles are incorporated into the dielectric. The change in trap parameters will
affect carrier transport. Therefore, the high temperature energy storage performance of polymer nanocomposite
dielectric can be improved by changing the trap parameters to regulate the carrier transport process. However,
the quantitative relationship between trap energy level and trap density and the energy storage properties of
nanocomposite dielectric need further studying. In this paper, the energy storage and release model for
exponentially distributed trapped charge jump transport in linear polymer nanocomposite dielectrics is
constructed and simulated. The volume resistivity and electric displacement-electric field loops of pure
polyetherimide are simulated at 150 °C, and the simulation results match the experimental results, which
demonstrates the validity of the model. Following that, under different temperatures and electric fields, the
current density, electric displacement-electric field loops, discharge energy density and charge-discharge
efficiency of polyetherimide nanocomposite dielectric are simulated by using different trap parameters. The
results show that increasing the maximum trap energy level and the total trap density can effectively reduce the
carrier mobility, current density and conductivity loss, and enhance the discharge energy density and the
charge-discharge efficiency of the nanocomposite dielectric. On condition that temperature is 150 °C and applied
electric field is 550 kV/mm, the polyetherimide nanocomposite dielectric with a maximum trap energy level of
1.0 eV and a total trap density of 1x10%” m 3, has 4.26 J-cm 3 of discharge energy density and 98.93% of energy
efficiency. Compared with pure polyetherimide, the rate of improvement is 91.09% and 227.58%, respectively.
The energy storage performance under high temperature and high electric field is obviously improved. It
provides theoretical and model support for the research and development of capacitors with high temperature

resistance and energy storage performance.

Keywords: trap energy level and density, energy storage density, charge and discharge efficiency,

nanocomposites dielectric
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Fig. 1. Schematic diagram of Tanaka multicore model.
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B 2  BNNTs@mSiO,-KH560 44 K Uk (4l 4 K R AF  (a) BNNTs@mSiO,-KH560 44 >k ki 19 1 % i 72 ; (b)—(d) BNNTs@
mSi0,-KH560 ) TEM & 14 ; (e) BNNTs 5 BNNTs@mSiO,-KH560 7£ 5°—90°f) XRD [ ¥ ; (f)—(h) BNNTs 5 BNNTs@m$SiO,-
KH560 () XPS 3; (i) BNNTs -5 BNNTs@mSiO,-KH560 f) FT-TR &3

Fig. 2. Preparation and characterization of BNNTs@mSiO,-KH560 nanoparticles: (a) Preparation process of BNNTs@mSiOq-
KH560 nanoparticles; (b)—(d) TEM images of BNNTs@mSiO,-KH560; (¢) XRD patterns of BNNTs and BNNTs@mSiO,-KH560 at
5°-90°%; (f)-(h) XPS patterns of BNNTs and BNNTs@mSiO»-KH560; (i) FT-IR patterns of BNNTs and BNNTs@mSiO,-KH560.
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Fig. 3. (a)-(d) SEM images of composite dielectric with different BNNTs contents; (e)-(h) SEM images of composite dielectric with

different BNNTs@mSiO,-KH560 contents.
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Fig. 4. Dielectric properties of composite dielectric: (a) Dielectric constant, dielectric loss spectrum of composite dielectric with dif-

ferent BNNTs contents; (b) dielectric constant, dielectric loss spectrum of composite dielectric with different BNNTs@mSiO,-

KH560 contents.
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Fig. 5. (a)-(c) Cole-Cole diagram of composite dielectric with different fillers; (d)—(f) two-term Cole-Cole equation fit diagram of

dielectric constant of composite dielectric with different fillers.

Ay = w' + W cos(ny1/2),

Ay = wy® + w cos(ny2/2),

By = wM sin(ny;/2), Ba = w??sin(ny2/2),

C1 = Agyw]t, Cy = Acywsy?, (5)
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#£1 MWW Cole-Cole LGS £

Table 1.  Table of parameters for fitting the two-term Cole-Cole equation.

AW L/ C w1 /Hz M wo /Hz 72 €oo &s

150 0.32 0.79 8000 0.60 3.50 22.0

Epoxy 140 0.3 0.91 600 0.60 3.75 10.0

130 0.34 0.99 50 0.45 3.6 7.0

150 0.5 0.9 8000 0.60 4.60 22.0

BNNTs 140 0.5 0.95 5000 0.60 4.60 16.5

130 0.38 0.97 1500 0.50 4.45 10.0

150 0.25 0.9 8000 0.60 4.90 28.0

BNNTs@mSiO,-KH560 140 0.13 0.85 1000 0.45 4.50 24.0
130 0.05 0.65 260 0.45 4.30 15.0

(a) (b) ()
81 Epoxy

7 7
g 6 w® 6
® 5 = 5
=3 =3
s 2 K2
1 | 1
0 0
0 130 2
10 90 10

B 3 1050 \OO B 102103
o, 100 30 g Rz

104105 —30 \‘%&%‘

5‘\ BNNTs@mSiO,-KH560

4 8
B =
E E
8 sy
= i
s B
& =

B 6 N[ROSR A L A 5T A S5 4R TR R0 4]

Fig. 6. Temperature spectrum of dielectric loss factor of composite dielectric with different fillers.

] 7(a) 2SI T 526 FLA J0T 08 AT JR AR
oA, HobR e 25 S SOk S 5 n 2 2 f
. MHE T AL ARG, X BNNTs SRk B~ Y
BA A B EAL. X EZ R BNNTs
IR S R =2 100 118 555 A AR FH T 7 A 1 A TR S
fESRHEGERT, 5 33, st
PR LA SRR, T & e Ry AN A FL A o
M ZEER. AN, TEARIE SR EE T, BNNTs Z [i]
[i] i B 5 A, X LA 1l B At L S s 114 5 R4
B 2980 KIHE Tanaka LRI Z5H0 A 2B, BT
BNNTSs 53 AW g =z 0] S E 32, MELUE %
RAFHEES 25 R 2, BUEE 2 XA E X T
18 B R AE BORGHEAUR A, PR 2R
BK A BRI EUZ g 8. iz X b
FEVTF 200G, KM 738 A iR AR, S i )
THFWERE, A BTSN TRE.
RS R T, KEA BNNTs 7146, A 355
T E A WA TN & RIS, LRI
e T2 R E I i 2E 0. A T BNNTS,
BNNTs@mSiO,-KH560 FIMAAGRIETH T E A/

B d ZE 0, s #] 95.4 kV/mm, T T
R ERR, BB RSBORFFTER/ N RIE L X
FEIF I F BNNTs@mSiO,-KH560 5 &M g
LA B) B iR Y ST 455 VE T, SOk BNNTs 5 3
SR R 2 55 1 S, A RO T TR R G A
RN ERIERS. [RII, 245) 53 BOre PR U g LA
i) BNNTs@mSiOo-KH560 A 2 i 1 A A% 1)
A, BHAT T SRR I R . A OCHL IR B
El 7(b), (c) iz,
#2  EARA R AR SR

Table 2. Standard breakdown field strength and

shape parameters of composite dielectric.

TN ﬁfﬁi?f/ AR BHL
Epoxy 26.02 4.31
BNNTs-0.5 20.92 4.30
BNNTSs-3 36.04 22.89
BNNTs@mSiO,-KH560-0.5 29.69 6.25
BNNTs@mSiO,-KH560-1 42.90 7.35
BNNTs@mSiO,-KH560-2 69.50 6.73
BNNTs@mSiO,-KH560-3 95.42 6.67
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Fig. 7. Electrical breakdown performance and depolarization heat stimulation current curves of composite dielectrics: (a) Weibull

Sl T 2 A B

probability distribution diagram for electrical breakdown test of composite dielectric with different filler contents; (b) schematic dia-
gram of composite dielectric electrical breakdown channel; (c) schematic diagram of composite dielectric possessing excellent inter-
face combination hinders the intention of discharge emitting; (d) depolarization heat stimulation current curves with full temperat-
ure spectrum of composite dielectrics with different fillers; (e) 8 peak depolarization heat stimulation current curves of composite

dielectrics with different fillers.
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Table 3. Trap depth and density of composite dielectric.
o FEpE B BBk
HAERA Q/rC
E/eV Qa /pC E/eV Qs /pC
Epoxy 0.14 134 — — 134
BNNTs 0.07 94 — — 94
BNNTs@mSiO,-KH560 0.20 652 0.82 0.32 652.32

mSiO,-KH560 F5IA, G THHEL T 8 K
B, HEBHEE 48 0.8 eV, 12 o FBHEE I 4145,
EHA AT 1 pC, AR T o Bk,

5 L 1 T 1 BB et FL ) 144 A T A A
AR R S S B T 4 P A oo 2 ) R L P B
5 AT A A50H) 55 H - FE SR FL A T Bir B Y
AE e, T T4 0 XT R A A RS IR B g 2 3 W]
mSiO, JZ T AP RS T2 G A o FEBHA
I S%E, XEWE BT R AR R
MIREI IR, R, o BB R R 2 AT T o
A A R Y N TR EE S, i
AR A A TN TR, 546, T BB
W AR, SRR DRI, UERHRATIZ 1R
JERJEAK, BEBABNR G aEE>. Dk
B3 M W, B % BNNTs@mSiOo-KH560 Ff) 5]
A, FLEAE R ERNE S R a2 X S R LR, 5IA
TIRFAPHF R R RE R T, W55 i T i rEA
FRE I, M IR H X A% IR, & H A
PR AR AR BT, X 58 G oA TR o 2R
SEAARACUE.

SR FH = 250 i T 2 30 A A A B P
HATERAE, PR aA A AR & B A B vt
o7 A A G ASE £ 360
g
pt (9)
K, Y g IR, o HRRIN 1, 0 RN AR,

&l 8(a), (b) A& A M BT — s 25 g
FIH R -7 A8 i 2R 434k B G fL A BT A B
R 4 PR, FTLVE th, AT A AR, s
BNNTs 5 BNNTs@mSiO,-KH560 A9 51 A, Fr il
FHEABEAN TP 2 KA, £
BNNTs {0 —4Esfsm ik n] DL 52 52 A A i
AEIVE. b, TR AE6 B o A A TR i A2 A
W4, R AR AN K. SR1T, 5 BNNTs@
mSiO,-KH560 & A HL A o i I R B AL T
HFE BNNTs i A #4024 BNNTs@mSiO,-

Y =

KH560 78 & 85 5] 3% if, & A B W 24 4k
BN A I 743 ik B 4.33%, 133.65 MPa, #H
af BR AR IS 34 KB . X JE T BNNTs@mSiOo-
KH560 2 [ IG5+ 5 H AW iR 4 0] i 5
AR, ARAmE T R sk A, SR TR
I 7 A e 7,

&l 8(c) FIEl 8(d) R T A A B TR
B HIR AR W LU I, AR T ai MR, B
# BNNTs 5 BNNTs@mSiO,-KH560 5] A, fr
MEGHN TN FRAAER E B, HIRR
BNNTs@mSiO,-KH560 & A H A B SR EY
B KRB P T SE BNNTs (9 S A B a5
TSRS T, A AR R 45 A R R S
PBHE P RE 52—, T BNNTs £ d b B bE
A1, Bl S & T, H S R U I SR A i 5
45 A2 B 1k, B L Rk ia , ki
FEE A AT A A R, AR
BNNTs %4 G HLA BT SR A0 PRI STk B9
AH e F BNNTs, BNNTs@mSiO,-KH560 ) 5] A
525 A B R R = 143 0.34 W/ (m-K),
BRI 61.8%. X EEIHY) T BNNTs@mSiO,-
KH560 5 7 AR BEHEAR R TR HACER R84,
SR, R B R AF /38t BNNTs 78
A AT NFIE AR 2 SR B, 1 sk
LS HE T 5] SR 39401,

F4 EHRA TR
Table 4. Toughness of composite dielectric.

HaHEAR B/ (MJ-m®)
Epoxy 1.01
BNNTs-0.5 1.02
BNNTs-1 1.04
BNNTSs-2 1.37
BNNTs-3 1.83
BNNTs@mSiOy,-KH560-0.5 1.78
BNNTs@mSiO,-KH560-1 2.21
BNNTs@mSiO,-KH560-2 2.61
BNNTs@mSiOy-KH560-3 3.01
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Fig. 8. Toughness and thermal conductivity of composite dielectric with different fillers: (a) Stress-strain curve of composite dielec-

tric with different fillers; (b) Young’s modulus of composite dielectric with different fillers; (c), (d) thermal conductivity and its cor-

responding growth rate of composite dielectric with different fillers.
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SPECIAL TOPIC—Electrical/thermal properties of nanodielectrics

Surface structure design of boron nitride nanotubes and
mechanism of their regulation on properties of epoxy
composite dielectric’

Ren Jun-Wen  Jiang Guo-Qing  Chen Zhi-Jie @ Wei Hua-Chao
Zhao Li-Hua  Jia Shen-Lif

(College of Electrical Engineering, Sichuan University, Chengdu 610065, China)

( Received 2 May 2023; revised manuscript received 18 July 2023 )

Abstract

Adding nanofillers into epoxy resin matrices is a common method to achieve their multi-function. Boron
nitride nanotubes (BNNTSs) with one-dimensional nanostructures have attracted much attention because of their
ultra-high thermal conductivity, wide energy level band gap, high aspect ratio and mechanical strength. Yet,
the strong n-m non-covalent bonding and lip-lip interactions make BNNTs prone to agglomeration in the epoxy
resin matrix. Moreover, the different physicochemical properties of BNNTs and epoxy resins as well as the
chemical inertness of BNNTs surface lead to the lack of effective interfacial interaction between BNNTs and
epoxy resin matrix. Therefore, the performance of the epoxy composite dielectric is not enhanced by simple
blending solely, but will even have the opposite effect. To address the problems of BNNTSs, in this study, the
surface structure of BNNTSs is constructed from the perspective of interface modulation by using sol-gel method
to coat mesoporous silica (mSiO,) on BNNTSs’ surface and further introducing silane coupling agent (KH560).
The results indicate that the surface structure of BNNTs can optimize the level of interfacial interaction
between BNNTs and epoxy resin matrix, which leads to stronger interfacial connection and elimination of
internal pore phenomenon. The dielectric constant and loss of the composite dielectric prepared in this way are
further reduced, reaching 4.1 and 0.005 respectively at power frequency, which is significantly lower than that of
pure epoxy resin. At the same time, the mechanical toughness (3.01 MJ/m?®) and thermal conductivity
(0.34 W/(m'K)) are greatly improved compared with the counterparts of pure epoxy resin. In addition, the
unique nano-mesoporous structure of mSiO, endows the composite dielectric with a large number of deep traps,
which effectively hinders the migration of electrons, thereby improving the electrical strength of the composite
dielectric, and the breakdown field strength reaches 95.42 kV/mm. Furthermore, the interfacial mechanism of
BNNTSs’ surface structure on dielectric relaxation and trap distribution of composite dielectrics is systematically
studied by Tanaka multinuclear model. The above results indicate that the good interfacial interaction between
BNNTs and epoxy resin matrix is crucial in establishing the micro-interface structure and improving the
macroscopic properties of composite dielectrics. This study presents a novel idea for the multifunctionalities of
epoxy resin, and also provides some experimental data support for revealing the correlation among surface

properties of nano-fillers, microstructure and macroscopic properties of composite dielectric.
Keywords: epoxy resin, boron nitride nanotubes, dielectric properties, interfacial modulation
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