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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”

Li Yu-Fan? Xue Wen-Qing!?  Li Yu-ChaoV! Zhan Yan-Hu?
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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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* Project supported by the National Natural Science Foundation of China (Grant Nos. 52177020, 52277022) and the College
Student Innovation and Entrepreneurship Training Program, China (Grant No. CXCY2022184).
1 Corresponding author. E-mail: liyuchao@lcu.edu.cn

1 Corresponding author. E-mail: zhajw@ustb.edu.cn

027702-12


http://doi.org/10.7498/aps.73.20230614
mailto:liyuchao@lcu.edu.cn
mailto:liyuchao@lcu.edu.cn
mailto:zhajw@ustb.edu.cn
mailto:zhajw@ustb.edu.cn
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

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.
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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.

027301-4


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

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

PACS: 77.84.Lf, 77.22.-d, 51.20.4+d DOI: 10.7498 /aps.73.20230708
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Fig. 1. Schematic diagram of dielectric modification and design strategies for high-performance triboelectric nanogenerator!318,
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Fig. 2. (a) Theoretical models for CS-TENGP, dielectric-to-dielectric mode (i), and conductor-to-dielectric mode (ii); (b) interface

model of nanodielectrics2?.
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61_5s+500 2—|—E”2= €s — €0 2 (5)
2 2 ’

b, &, & Rl S A LR R SRR R, e
Eoo T TS S R R RO R A0 LR

TESEPRELAT BB, T T BEAF AR 21 iR
], iz i 2, 75 285t (3) satAriar e
IE, BIEE R BENERUE. FEXT R/ BT Debye it
BAT AT SR, Préz il i) Cole-Cole KR
i AU E AR . A, L SRR B
KU THGL T (BT 257 1) fEm Y TR E
W& sz, e i, BAGI E fE:

o' = qnp, (6)
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Horfr, of LR, n MBI T HE . 08 T RYIT
FoR p WIS S et o U BE T I B 20, OOk
TR T BT AR s R ). H AR R
W, FIFE M IE YA tan 6 2 Ml it Sh ALY EAEFTR
LS RUFE IR IR, HRIAAN

1

W, = §qnuE2, (7)
_ aqnp
tand = oo (8)

XFFEEHRA BN S, S e S8k
TR S ) JEE 4558 R A S0 A FEL A S R P S T Al i 1) A1
TS EL S M RN A AR, R TR LA SR
PS5 S P RE A SR THIR . IR, XA BB R A
HXHHETH TENG (% ECE . 5540, AR
25 R P M PR TR A TR FL I, S B A
IR T, X — T BT EE  plar )=
TENG PEREFE T AT 17— W H.

Ak, 76 TENG H, BEHE L FURAE LA LA
R T 7 A 1 v AT R 2 R AR AR S R HAY T
()2, (AR A A RS AR 2 B 240 Y.
YK HLA BT o 2R AR A T PN S T S F U R
i A B e R A M RE R B S , RB IARE
2GR R T RS, BRTHE A BT
Yyt S EORAG IR o A B4 3 B B233, e,
A FRIT 05 BBt ] 4K A 3 H R A
AR R AR AT, XAT R T B SOT LB 1) ) R
HBAFEZENIETE L. MR TENG 1A ]
DAHREWT, Qnfn] DUaf O fe BE 48 H Ao = AR 1 B FLUE
AN LAY TR 2F, A T REIE L RIS L A Y
JERE d feitt—B R g i s 2% B o

L, YOKHEA B2 T W EH
FRTE T m e f i 88 BRARA B AE | I ST Y
SR AT T, Xt R R R L R AR ) G R £

2.2.2 AR EANIRF AR @ AR A

TEGUK R BOA R SRE WA Sitk A gk
BURHE B, TR T — AN P X, AR L =
JE | PEREAE AN T A AR A S AN 5 R AR T
KA. PP AR A 3k I XS PR S BT, X s
T 7E 4 K R G 0 BRI 2 e o ke A R e
(4 2 LS BRIV AR P RE A E 5% ) ) g Bl F
X GAK LA RS T i PR TR A B

1994 4F, Lewis™ BRI T 99K LA 5T AL

1) Lewis BB, ALK IR 5 R G W Rk
PR A2 E I ARSS &, JF LR AR 4R TG
HL-A AU ST, XA 7R AR 2544 A D e
P A O AR (. — BN SN f 3, 9Kk Y
RIS 5 R AW IR 1 28 K B R sl fb
PAFAE 22 S A B A SR AR G LT A SR N
i — 2 S BUR G W HARTE G K ORI DX sl
RS () ey JERN HE ey T BB [ R LR & W Ak
AETE R B T al i TR ARt fb A4, 7Eix
— I FRAEGIK A T EDE 8 T —Fh A B XUZ 45
P XA XUZ G5 R B R A R — 2 H 5K
R RIALBHY %2, —REREZENINETE R
P HUZ, B 3 B, HYORIURH R AR 2
W mKTE (RIBIEEIE), /U2 R B H
B, TEAN AR T 40 ni 5 3l 3 AT B,
A BT AR N B T 1 i is . R, KA T
PRI P RER 2 BT 5 R AL, X 7E = PERE
UiMpiv iy SNt e Ly N e kA WS RE =

I Ah, Tanaka F11 SackmannB0 2 T £ 2 45
R ARSI g S X8 DL LA ER A A
2 CELE)REZ 5B 22) M2 B 3)2).
A RZIEEZN 1 om, 1E AR EY 5 9KRECEHY
TEVEZE, B FLE R P i . AL bR
T E A e A I B A A B A Y 4
G N RE)ZEEE R 2—9 nm, HA SRS
F5lE TR 2 A7 RN A0 K SEUR) 2% 1 2 i1 s 48
AN, TR far B BB 20 T2 INEUZ R
FER L9k, SRR DL —Fh S 7 =R
G R, B2 THEM S T ghbE . A mik
FURNZE A 5 R A YA, BT, A8
I Z TR BER G ANKE A A R Rk PR,
QA Ha e 10 4

BT FIRFEATR, B Fa S EGK F A
F BB RN s T AR R TR E )T G
1. s FE B — e BT TR BB KA T AR 1Y
JRIAS, FE R A F A L H e 1 o P e T A
RZ—. HE, EREYRA BTy A il i
b, ARSI A R SBRENNY)
PRI S 5% B8 T R S B, 7o A S FhRE SR
FE I HL A B B S4B 20 GOKRIFRLS , JFOR)E /2R T At
T PAFTER S B AVFZ AT Fa B, AT LAg e
1o B3 BHEAR R T 7 PR A B PN AR IR B TR H S 30N
TR oA B AR AR R A IR R E RS AT
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EFERERE R BT R, X TENG 11 5, B A fif 2% 32 3 Fi i B BIF A S DRI, PR s B R
R M4 | T HCRFE LA R PR AEAR G RRE | BN TENG IR A B SR

(a) Functional groups Molecular chains Micro crystalline
eCy o 1
1 e b
r f:} :
1 & . o
01 .. T )
R o |
1
1
l

eN, “TU

CHY e b‘
Negative m= = Positive S - “ o — ] @ Charge @& Negative function group
rientation an olarization an . st .
Atom electronegativity Aeminy e — ® Dipole Positive function group

1st layer nanoline-

! Micropillar
2nd layer nanoline _

(1) 1st layer (2) 2nd layer
nano-transfer nano-transfer

e
; Elast, h
TS astomer -
(6) PVA removal (3) PVA film with : —
Au nanopatterns )
PVA film ' (7) Elastomer release after PVA removal

gtachment (wrinkled micro/nano hierarchical structure)

m ) T

o —— +

TPy o
(4) Elastomer

5) Attaching PVA
(fi}m or?cel;r;%omer patterning | Pressed Releasing Released Pressing

1

1

1
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- 1

> 300 MSs mat H
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1
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_________________ '

1
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! | m— | [, SEmommm—— i

1
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1

K3 RAHRE TR (a) RESEALE W (b) FAE R, (o) DAL M, (d) #1222 ZnO/PAN £F4E BN, (e) #
HL%)j 22 SMPU £F 4t i 147

Fig. 3. Surface roughness control strategy: (a) Surface modification mechanism!*!l; (b) surface patterning’¥; (c) sandpaper template
method*!; (d) electrospun ZnO/PAN fiber membranel?); (e) electrospun SMPU fiber membranel*7.
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2.2.3  KAEAKEA M E L KTk

TEPEAR 40 K 8 A B 9 2 WL 8 T, 38 3 FE
10°5—10" Hz B SEMUREF P22 A2 /g, S
4 HL 3% (broadband dielectric spectrum, BDS) /&
SATRE Y o1 B BRI AR A SR
5K T H. EROULZ 1, I 2R A W SR S 4 oK I
B (8] A EAE R, F 280 5 X 5 R 4 [ /EH
TS A A B AR 2T A3 (Fourier-
transform infrared spectrometer, FTIR) 1 X 44k
L F BE 1 (X-ray photoelectron spectroscopy,
XPS) #H Tl R A et b E el RfTER
MY RETIRA, [ I 46 7 9 K SRR S Jo v 1) 0 R
FERZEGTT (UEE). TEAh, S 205 g R IE
RHER T A9 %25 BE S5 AR A B AARFRRIRG B S 80 1)
A2, TSR /M X B2 BS) (small angle X-
ray scattering, SAS) 1T PFAL , HJFHAE T F
FH T 50RE J5 J50RN 5 T DX SO 3 5 B 1 22 57

BT, I A T V72238 A R0 5 1w X el
YK G 25 (0] o R RAEFOR, AR ) B R
(piezoresponse force microscopy, PFM). JF /K 3C
& 71 W 8% (Kelvin probe force microscopy,
KPFM) 885 T 5+ 77 WA R e 0 A s
%, TE R b A By Rz b Bk B AR K
AT A LTS A oA T, TR R 3T AN L U A R

AR (thermally stimulated current, TSC).,

T N EB LA PR 30 B Dk i FL A 7 (pulsed electro-
acoustic, PEA) B T4 4} 3% 11 A7 174 55 Yk 3% T
ML 37 7 (isothermal surface potential decay,
ISPD) #4553 H7. eAb, 73 FEAUEORBEM N R &
YOO Es ¥ J2 T TR BR S AR FiAY B 454 | fiE
HAFIAL SR, FEILT T8 R R o P
w8, BRRYBR S —EETH. SREY T3
AR BV RS/ INE ARG, 73 TR SOAR T8 i
LER TR BB RS AR | ST T A e,
P | WA AS B AL G2 92 50 R AE TC R I i Y S
WMTTRE | G560 B IR RREE O S e nT LA
AT EATRIRAS. AN, LR A HLBAE | B
B S5 2 S R Al 1 7 BB RAS, LME T
TS Y0 HT A T 1B A

3 WA RmERE R

3.1 FREXENH
FIHHATEE o XFT TENG A% 5 Cq#

PEFER, B 232 3] DU A4S PR 2 9 L R BRI, B
JEE PR L I BB T o B RS ARl o L A 2
oA ST M BN R T E BT % opg LA R
[B] FRE ARG R i3

Omax, gutput — (0cE; 0AB, ODB) - 1)- 9)

M (9) AT, AELEEFRAT g 2 1T LT 5 B2 1)
H, B e B APR AT IO R BRSO R RE ). 3
REE LAY SO A 114 2 i i R LA 39 56 42 A 003
Je—RERER T %, 8 7 B SR A SRR/ 4
KEEFIH S, IF R IR 2S5 il i oAk
SEELET0L gEA, BIFTEN B R AR EE AR 81 e
HAT R ZE M 0 T 5 7 A S R A
xb, LAARAS R A BEE R L BE ). 0 T HA —E M
REREAOR A B &, oA TS [ RE 1 2 214 2
ROy, BIANERERAT o0 T-HEUR | ZULES A 1.
WK 3(a) Fis, FEBFKF L, JUR AR P E
TAES T HE LR E REMI R T FRARRE ST, NIMTiE
— P BRTE T EE LA AR PR A L AR K
b, 3T HERHR I RAE T AR ER AR R i LAY E R
VP2 R 8, DRI 5 RS P E B v 1ok S8 RE AT Y
R RARAE ), BUR Al RELERAT M TR AE I By
B RE I HES T fid S 10 LR R T R AR,
LA, 731 B AR i it o 7 A A8 TR BT oL £ PO 47
ARAT AR AT SCHPEA R, RIS 235 0 B 1) 22 S L B2
Wi 5 JEE A HL e 5 ) LA R A DRLIBE, FEAK R
S JRZ TR AR RE A8 78 S M0 1 (8K P L S
B e FLEEAEEL FiL B8 MR A4 - 3 SRR

3.2 REEKEEEF
XA B THDRERS B2 A2 o, 38 mT LR
FEZAN T st 5 A L L4 F i
ST B T A 3B T ARSI £ Y ik (2L gl
Ahn 45 13 R H—FP 25 G 90K R | Rl AN &k
VAW RFR a T & NG E SN b NS B S liee Sy d ot ey
HLA T b, HRRRE AN ST JR4% 3 FlOR[RI 4544, M
il 1 R A% BB /9K 3D A E A, anlEl 3(b) B
TN, IXSEZEF AR T E A 0T ) e R R R
H, AT LIARYE 3D 73 )2 45 KT 2 R 75 AN
[FIPERE, WnsR KM SRk AThih s, BRI ZAb,
FI RS ARAT B 5 Wy e AL SR A/ A KT AR 5 R]
FHRD ARSI 5 4 K H A o b ek S — 5 i
ZUE ) W N, Shrestha 45 44 4 £ 7 —Fh
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BT RESABLE /Ecoflex 44Kk & & i) TENG,
Kl 3(c) s, BESABERR N Ecoflex A 3EAK
BN T RE WA R RE R TR EE ). R
B, SR FHAD AR I RO 2548 LA KR AR, P
45 TENG Ry i vERE.

TR 45 1 ) SR o, L 7 22 Al —
iy Ba | 2855 HOHI )32 B 98 K v A SR R o 2%
Jik, DIARAEAT S R A = 2R I RURS B L AL
Bl R 1) B AT B ST AN G5 R 0 SR A A A ITAE
TENG Ay EE4E i 2 091, ¥ 25 22 R 45 i 9 K £
Y30 H ELA BEALIZS A B, TR AT DL ek
WRE VWA (T BE AR,
YT 2 28 (B | U IR 5 | 25 22 ) (]
) FIMABE A (R L TR S5 il a5 ER BR AT 4 L A%
FEEFYERI T 2s AR5, DAARARAS [F] () EE S e
PEfE.

Sun 45 0] JF & T —FIETRALEE (ZnO) /RN
Wil (PAN) YR A 9K £F 2 A PDMS 8 i i) 42
P TENG, Jo75 (5] #0051 i 52 45 4544 B AT 523

Different densities of groups

P SR N TR A B b o3 B R 5 2 BOR N ZnO
NRs 4 KN ZnO/PAN 274 fr it 1 e i 3
TARELRE B2 A A TR AR, 5 88— PAN G K 21 4 A
., ZnO/PAN A9 2 i HH RS B2 1.59 pm 48 =5 )
3.07 pm. & 3(d) JB/R T = MLRE BE 94 K F A A Rk
TESN IV T -0 2 n it 72, T ZnO/PAN
L2k Y 3D 254 1) PMDS 5, ARk a] B9 4% fi
A HL ORI R HE 5. Xiong 45 W7l I 9 17 SMPU
HLZ TR BRI, 4% T 3 i LA A RIE S A #ufi]
PR 2 PR BB W IE IR IC 12 B 2 R (shape memory
polyurethane, SMPU) 4} K i[5, BT 2R 4 | ok
FOER- DK LT 4R RS W, Q& 4(e) PR,
SRR T 1) v KRS B 3 0 T 2 Al TERRURT CE 00
55ty SMPU BEAHLL, it R KRZIM 50 V 4
FET 150—320 V, i A B 0.8 pA /em?
HEF T ~2.5—4 pA cm 2 14h, SMPU 44K #
P 1 52 e 1 L B 0 3 e A i e ke Pk 52 2 T )
iz, R T ERE UMK 5300 TENG i th
PERERY T B

. § . N (c) CaCly-PVA Positive
Br Br F F cl cl
el N Nor - Before contact After contact 1V
) il [ CaCly 0.75 M
» doped PVA
CaCl, 0.50 M
doped PVA
-PET _PET -PET
Br-PE PPl CLPE 2im +705 mV ZLm +435mV. 5 v CaCl, 0.25 M
: doped PVA
HCI-PVA
Nylon
O plasma treated PET 1v
2 ¢
¢ Hy,  CH. HN HoNy (NH.
H? Hzxg CH, 4 HN i, PN S zulthINHZ PVA
‘ .
40 NH NH cuy §Hs N ) HaN . HN NH3 HCl1M
§HNH EN 4 NH;) (NH; NHy/ NH: HNE INI ) doped PVA
Aminated HN.
surface é“ QH NH, [NHz 2 HNH PN
functionalization Py
05V H;PO; 0.5 M
doped PVA
pE(1)-PET HTMS-PET PLL-PET APTESPET PEI(b)-PET H3PO4-PVA -
e positively charged surface
H3PO4 1 M
doped PVA
(b) H3PO4 1.5 M
doped PVA
e 0 S T
®Cu @FEP L —m— s
. s ¢ $ { 2
®CNFs  Acrylic Different types of groups & 3 2. % X LX-H
IR (S prMe 5 |
Difrerie armounts of groups Akt Ay @b (@201 (d) Untreated
- greenhouse film

b
i
<

N —

Microfibril bundle

R

%

\ /
~0—Si~0—si~

R

%

3\ /
~0—Si~0—Si~

R
BT

"
~0—§i~0—Si
H

Ho HEHoSN SLOEOD Ho \ﬂ; ) )O
2 b ?f/o_of iii 27‘4”? on-g Chemically tailored
i 5 NO\ },Hé_\ cellulose chains
...... -

2
0§ ~0—Siw
"%

R: Different groups
Hydrogen bond

e sy

| He

Kl 4 SRIH BB A 5

Me: —CHj
Pr: —(CHa)a

(outer surface)

Fluorocarbon layer

Surface nanotexture

(a) T2 B 0 (b) 4R D TEMIEY; () BT kP (d) 55 B T HAL R EY; (o) rhpi s b 3 B9

Fig. 4. Surface functional group modification strategy: (a) Atomic level modification"); (b) cellulose molecule modification®"; (c) ion

modification®; (d) plasma treatment¥; (e) neutral beam treatment.
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JRUAE T 3 1 R H A TR ek T KL JE RE A5 1
F+ TENG 9%, (HiX —F RWAFAE—E JR PR 1.
—J5 AT, HUBE R SR TH ) CE 2% 18 H i 28 2 f 32 T
AT BRAY; 55— 5 I, AN SR 5 ) A Sk A
RELRE JEE FhL A J5 3 T A 7R R 4 o0 ol sl 5 |
Sz B BB TR, i S HE R BE AR AT

3.3 REEREHAEE

HUA B A 4 0 S U PERE B DR OG. R
Yy e A I o1 B A E S T R R TR RE AT 26 AR
S B ] LA SR SE 25 WL S S FL AT O, AL RS
iy BB BEFIARE Y. F R, C2RH T 2R 2
IO 1 LAY S50 701 4 R 5 WA e LA T DA Y

RN, EEAE IR B Sl & | TR AIEE

RETF AL (R (5 70 T8I (lowest unoccupied
molecular orbital, LUMO) F &z & i 95 )it 1 #1 18
(highest occupied molecular orbital, HOMO)). 4%
i JE L BRBEAE 2 I, E PR A BRI A R
AR TR RE ) BB REH], REEA ROk L3R
T PR 28 B [, 30 3 R R R A A S N B
AL EERE B 2 T P 285 PO ] 14901,

N, Shin 55 M 7R T —F i 2 T %) 2
B ReHEI 2B 2, A Aa) TR, G5 RER Y,
= A (4R G HE) Rl SCAE IR 206 0
LIRE A B2 181 73 53 FLAT Fa 5 18 JBE 458 v, 670 P BE 4
HLIEPE. Gl 4(b) s, Liu 55 PU E#E T HAA AR
FRE (A EAT AN [ v SR A REBE (I, A 3-8
e = 2 A FE K% (3-Aminopropyltriethoxysilane,
APTES), 3-#ii N 5 = £ A HEbE (3-Mercapto-
propyltriethoxysilane, MPTES) , 3-F3EHN3E = L5
FHfit S5t (3-Cyanopropyltriethoxysilane, CPTES),
=R HE1H, 1H, 2H, 2H-+ = JoE SLRESE (trie-
thoxy-1H, 1H, 2H, 2H-tridecafluoro-n-octylsilane,
PFOTES) . N-H B2y 5 = H & bE (N-Meth-
ylaminopropyltrimethoxysilane, NMAPS) #1(N,N-
RN AL ) = B AR RS (N, N-dimethy-
laminopropyl) trimethoxysilane, NNMAPS), 3k
EARET Yt Z DR EF4E (cellulose nanofibrils, CNFs)
e, 4550 %W, CF,CF4;-CNFs #ll CN-CNFs %}
o7 1) B 45 Fi Bl HH A BT 1 [ T NHL,-CNF's Al SH-
CNF's % I i EE 462 i i e 1. oAb, B 1820
S PTG R A 10 A A R B R B
B PH B 7 AT RLTE A 2R 5 W HL AR BT (solid

polymer electrolytes, SPEs) HH A1 E AR /MR A o P
HL IR, ol F A B sy S T AR P 7 R e ) R
EERRL. 0, Ryu % PP 2 T W TENG R &
Py e A JBT S IS X R 5 O 6T R 5T ) SR,
Bl 4(c) B, MU HE 72 T & 1Bk iR
(HyPO,) B, R 2451 (PVA) v] G A B bl
MY BRI LAY T2 —, YIS 2 TIHE 1Y
FALES (CaCly) B, PVA AT 8 BA fi 1F B 1 1) B2
BB RZ —.

85 B - UAR Kb BT DU I HE A SO 2R 1 43 b2
T BT RN AR i, B RS | AT AR L T
[T S A, AR T e P BB 4 LA T Y
TE . FLAR AL, S5 B U 3R T 2 AT L S Al
W TG AP IE S, Horh, S5 8 0
il 32 R v BT T SR A 2R T 55 A
WrSLIFIE it i H B TR A B3R
ARSI D 1) FH 45 2 - A5 PR35 2 A HB s oy I
AT JEE 1l Tt B AL A R T, AT B T e Pk B EE AR F
PORMRTF K5 4 B IS AL D A 4 B8 A b sy
TEPE R RREE | BRI | R 5 A6 2 o vl i U 3R 1 557
G a5t B IRREG 20 H TR AR T S8 N
FE5G K F IR A P b9,

i 4, Zhang 5 P R Y oS & 55 B F 1K
(inductively coupled plasma, ICP) ZI| 1t 77 %, F
IR ED (=T BE (CHF;) AR T b
(CFR)) 7 AN B B R &) (PE) 3R
I, AN 4(d) Fros. XFPO7E S T PE B AR
JCE i, [RIEIGsR 7K YE, IR K T R
RERE. ILAh, PR (neutral beam, NB) i R JE—
o5t 1 B 35 4 B A 220 ol ) A ST 3% T b B T
2. T2 RE BhRiA BRI LA STE L
H 5L HLfr BB g, PR rT Dl i NB A BIE %
VLI 508 ) A sl R e, DB B B AR
FEPERRE AR 1. Kim 45 P9 AT N, 1 O,
R NB T 20 5R W L ak S (PDMS) FIEA A
PERZ WG (TPU) MR T 120, ik 4(e)
Jiis. S5 R RW, KRR Op-NB AXT T EEH
TR PDMS BT RL, T REfE i No-NB Zb3E
a7 EEERE EYE ) TPU M BHAGPERE. i B X
XMk NB AR RSP A BT, REf & 48
=5 TENG i thPERE. 248 i, 58 TIAR
THI PR B A R e 52 2 i Bk 2 AR e X A
B R S B TR R A S LR S W T R
FRACPE, JE—FhEa, mT4aE A A FLSR
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JEBLH R B ARRS A B BB PO AN 5(a) B, Bk
4 AR TR b2 IR G R 2 (PVDE), Rl — 92
. i3 W-7S N K (PVDF-HFP) FIE iR - =1 &
4.1 REEXMNNTBEEH & (PVDF-TEFE) 42 TENG 11 0 LB P
2.2.1 %*%?U, AR A A R B AR AR 5K fg%jl\bﬁ, HA 5 AN I a, B, 7, § 6[56—58],
FERALR TR RAL B T A AL AR I 1] b 8 AR BT e i IR P OB R (R, P
Bfese; XPT TR BRI ISAEEBR I pes A B mis 6 (PAG) . RIHIE 66 (PAGG) Fi
el 2 8] LAy BB AR TR AL 2 A AR R 11 (PA11) & TENG 9 FH B IE R R EE 45
. h TR LT A L R 2R, TENG Wil HA T, A 4N REM: o/al, B, v HI 6, Hp
(14 R A A A3 2 (7] e 52 381 22 P 2 A A P 1 SR, TERZRENS & B A & R A
FH. R4S R AL 5 90k A BB A XA o WG Tl g 7 e e, R 207 24 ply T A A
USRS E BTk T R BT e by P e S r S A R e T L
BIRYIRBURREA RN B SRR R G bl TR T AU A L R AR, e 25 22 #e o,
e BBV AR 5 B AR EARAR L, AP EAR T RE W E I TR E REM™ A A AR TR
FEIR B 7 R A A - A AR TR LA L B Dy HREWE R —M CF1T T 27 4k 50) FHHES,
B LUMO, 78 A SO R 20002 L RE S T A Ve 2 A A 1

(a)

(b) -
Cu/PET

« phase B phase

:':‘\ Hydrogen

Surface
topography

¥ Co-NPC/PVDF NF B Nylon-11 NF
@9 The dielectric layer ® Doped materials | Equivalent of doped particles BB Electrode (Al) WM Acrylic Kapton  Co-NPC/PVDF NF

()
¢ Co %{EBS
oN PVDF-HF oo

erovskite v 9"
&C }}k‘/ .l/%b z
= » 7

@H Uag adal

Yo

& Al foil @ PDMS
Silk fibroin < NF-MOF

SEBS PVDF-HFP

5 IREAHIA R BOER  (a) B SR EE T (b) Biy,WOgPVDFE-TrFE 94K £F 4k 15 05): (c) {3 i 28 A 7 i 1R 67
(d) Co-NPC/PVDF 4 Ji JE 1L f4 s L 25 45 99); (e) MOF 42K Fr /24 Z 8 1R A 1) () Cs3BiyBrg/PVDF-HFP 4} 2k £F 4 it (72

Fig. 5. Strategies for improving relative permittivity: (a) Schematic diagram of polar phase inductionf”; (b) Bi,WOgPVDF-TrFE
nanofiber membranel'”; (c) schematic diagram of the microcapacitor model®”; (d) microcapacitor formed by Co-NPC/PVDF dielec-
tricl; (e) MOF nanoflakes/silk fibroin composite membrane(™); (f) Cs3BiyBry/PVDF-HFP nanofiber membrane!™.
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AN, SRS T A7 H S Ae L, B2k
PERT AFE S RRREE B3GR AR ) 5 1, 1 An7E SR
G W3 T B A LS TC LI A H O
OB (B 40K R BT (BaTiOs) 0600 Flfk Ak R 4% 1 H,
P& (PZT)PY &%) 3 H IE0RE (40 5204 (grap-
hene) U BRAIAKA (CNT)O6263 Flisk 8 4 JR B /L /
ALY (MXene) 0400 25 12704 5 B 16 PR PR AH
An AT AL R U B i A BAE, SFECR
G oA RN GRORSEORE 2 A] 1 g S el At 1
HAH E AR GUAERCHT 51 7)), W55 Ik ikdk.
TEB AR, QORI 78 Y T45 SR G i HE
G, PRI IR T 2R 10 RE AT A9 5 b
15, ST ELAE F bR, A R A T A 4
e B ] B B k. 40 %] 5(b) R, Bharti 25 191 ]
2T —FhIE TR (Bi,WO,):PVDF-TrFE #)1G
. MR EERE TENG. HEF BRI Bi,WO, B
A EDCHEATETE 7B (~3 e V) B FLH 4L (80)
R IbEE YA TERE, BARE YR
J&, BisWOg:PVDF-TrFE 2 KT 4R AT i
KrEsik 44, Fril % TENG 4975 0.15 kef (1 kgf =
9.8 N) Frgr=A4: 205 V 4 HFEF 11.91 mA /m?
1) FEL UL 2B B2 . AR H A A Ak Y 1 5 32 B
Bi,WO, 41k ki 5 PVDF-TrFE 5 &4 2 18] 1)
HHEAEH, Bi,WOg H A 7E B I %) i PVDF-
TrFE $#24t 7 iz s, KR$EE T PVDF-TIFE
HiY 8 AR PVDF-TrFE A& (H) JEFHI Bi,WO,
M4 (O) JiFZ M TR fArE2RES, B o
JE BT IE FL Y RIS | AT T i ke, 3
O JAFH H JFF A4, ff Bi,WO.PVDF-TrFE
YK A BTEA i FE AR O X

HT TENG E#Z RSB ol s 2a
W) B AL T AL, A EATTR A XS S
RO R AR, 41 PVDF 7E f = 100 Hz B HL 3
BLh 8. MHILZ N, TCHLF & A bR HAT 3
A HLE R, (RO PERE RIS R B B 22, R
A HEAE T B AZ I ] | RSN
Y EEHEE A o OO PRI, R B e A HL R A oK
WOk (ST LG UKL ) AR AW, S
A BB (AR XA v B8 B Ry R T Y
Jiik, A BT SE RN R 2R B s AR DL 3 B b
BUHT, GRORIURE A () 200 2 e BE v a7 2B Y L
Ve N EH A, S80S (R s e AR SR DL A
TR AL, SORE AR — R B 3 = F A 0 9 L Ao A7

AEST. SHYORIUR LT A L B4 50 7 B RS
I ORI, AT DL X S ORI A AT E R LA
e PR /N AR, IR 5(c) B 7). 9Kk
BIRJ5, A AR A O i T RO L A AR AT
TER RN THe R, HAAAh

2

C'= 6035 + egermnm <;> (d—lkl - (11> , (10)
o, RN AR A SR EAR, m, n AT k55
FRHEA TN 2, y M 2B 5 0 HES AT i 25 4R 1Y
Bk, LU, B RA T N TEIA
T RTINS . B4R KRBT AYZR E
AR LR B R SR B S AR o v HL A I PR g
FEAR ISR, XK SR SR T B A B AR AL
T 70 R A EL S AR (681,

SIBRAIHRESR (MOF) J—2h L8 e
TR AL A 38 ek e e A7 522 42 17 B 1 it PR 94 K
ML, HA DMK ALK | 5 b i AURT AT
PR, S22 T TENG % th PERE Y
FRCIEUEL. ARl 5(d) Frs, MOF fif Az i FEgh ok
Z fLik (Co-NPC) M EHE#E A PVDF E )5, 78
REWHRA TN TIE R T A 2525, KBS A
BRI AT A RE 8w T 9.5 A% 9 [WIEE, M
T Co-NPC Y5 PVDF ¥ Z A1 i P BB AN VL T
SR Ik LR G VE T, TEf i g7 225 #E
Co-NPC 4K FALRENS 5 PVDF 9K 21 2 [ Al HE
G, $&/5 T PVDF LG BB B, @it 5
Nylon-11 K EF 4 FL %, PhFIEE = T % o %%
FE (19.24 W/m?). XF T IEB A B, Chen 45 0 4%
B FORE L) "4 MOF 44k 8 A2 K&
F (silk fibroin, SF) il & 1 —F S G BE, JF0F
ST T LR SFURIHES R X A i 2 g R R PR RE Y
S, WNE 5(e) 7R, S55RH, B/ 80N 0.2%
) MOF 42K J LA P HES i 7 2043 #fE SF Ak
H BEREAF IR K AR L A (H, AHRL Y TENG %
WYPRE T T 9 f5. A ELBEHLEES, i HES1
J7 CRE T A oA T R A A I 4%, BT Y i L A 4
HLR Y MOF 44Kk B 7T LA SF 45 2% 4 Ji 3450 b
JE. AN, Li 55 MU il4g 7 —Fh TPU /= BEGIKEF 4
SKIG R AE XS A LR B B A T e
M4l TPU (1) 88 mW /m?2 #2753 T 1458 mW /m?2.

(EAFE RS, H50 A B A g oK DR
AR EREE R B, A BT R b R P S AR L A
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I AEAE 5 T AOAVE . 40, Jiang 45 72 3 —Fh A
FE, B JC A A5 4K CsyBiyBrg # A PVDF-HFP
Yl >k £ 4t 55 it % 75 PVDF-HFP 949K 2F 4 1Y 35 1
PEAFIB 2L, Wi 5(F) Frzs. i TESEkm™ Y e i
P2 BE, LG AT s i FL AT AR 07 o, 42
= I PVDF-HFP ittt g A8 & &, i3 &
2T 2R JES R ALV A H B R SR, X ) SRS 3
R B 2% A ROt D T T I A ORI R 22
TRPRAR, X & B ATF £ B4l TAE 55 77 1Y
[R]. 3 ] B T BUAE = L BB 2% B I DL 9 R ok,
RATEE AR, TR T A BTA R 25 5Pk
AE, WK T TENG A< .

4.2 HDHISTEEIRFE

HRAE 4.1 1P iiie, BAEC SaEY 2
— i B K A BT L B A R T SR,
DR AR BURL 5 SRS Wi W R A TR A i 2
KA BTRE, o T EOR S RS YL [ AR
9 25 (1 W BRI AL 25 M I 25 S (AN SR TETRE | fb e
55), FHUREE /ST A SRR A 2
R, 9K ITURLAE 5 G AR ME S R4 5 73 8, 7
= L BB 2RI L N R ) AR R, XA B 2%
WLPERE = A AN B2, 0 e A 74 T s 2 B
ik y NS

Ghosh % [P 238 ) TPU/BaTiO4/MXene 4
KA BOHBER T BB R AT AR ), HA
PHFEASE] T H LM 7€ TPU/BaTiOs 40K
A, BA B MR BaTiO, AEMS 1 1 B4R 28 K
RESAHAR T A B HL TR, (RIS RERS RS R T-HE %
gy, BT T 28 [ FL AT AEGOK B A BT B3RS A
FAZR, PRI A FUADURE 3220 s BR B R T A Fi e i
FE. MMifE TPU/MXene HPKHA T, AHBAHE T
THL MXene 242K Fr (9 8 8000 T L A8 4 R 2R L 5
Pk, HAE(Y (tand = 0.77) 5T TPU/BaTiO; "Ry
SBIEBE (tand ~ 0.026). SXifi, 78 TPU/BaTiOs/
MXene 4K Z G HA B, BT BaTiO; 41K
FLAE % I MXene 24K (1% S 38 1 K 5 %5 (6]
HL A, DA T BE A% 7E 412 55 L A J5T  AACAR X A H o
(g, =30) MY[FIAFIRREACILR FHFE (tand=~0.24).

IEAPSEVERIE Sex /B Sritd GRS Thi Y
i LA i A R A5 2 — o S BT A 1 A F B
FUIA FABFE AT ORI . W 6(a) P, MBEAL
I L AR, Peng %5 6 T 2022 4F 7 48 44 K kL

(AgNPs)-PDMS 1y #- 17 E 51 A T %5 341, BD 7
AgNPs #h ¥ A1 2 — J2 T & ¥ ik 5c . B il 4 1Y
Ag@C@PDMS 44 K & & B A it 55 4l AgNPs %
A PDMS i (Ag@PDMS) L, £ B 45 FE AR
T 50%, IR ORAE T e B AE X A HL R, A L
PDMS ##5 T 2.6 fif. X EZREF A AgNPs FMf
R 2 B B 2R T H FHRE | 38 o FL R 2
FAARHL S 38 DT BE 452 F A ™ A 1 HL 354
T, SR HA BN o A 18], AR DR 2 ]
{5 L S A A5 31 T LA

FL b, X TR A PO IFURHE 22 Y HL A
o1, 755 IEURL I A H AR MR TR B — 2 4
Zx o] AR KBRS s A0 FE . R 78 Rk v B
T, TEGHKIOR 3R AL S IO A ML 4 2 1% )24
A LAFE M2 (BRI, RSB N A0k = ]2
TTHIIERS, IS ZE ANk B2 A A I TR Y
TR L. SR, TR 7 46 2050 5 B R A v B
W2 AT W, HLE i AR AR SEDR} v s ] v
PLSZIAERIRCR (AR 5 BORA FAFE). Ry
i — PR FAL A GOK IR A BT, Zhou
S MR AT SR s S B Y AL O 125 AL 4K
Wik (Al@ALO;) B A PVDF 5 IR A T fi il
FEHLH, WA 6(b) Fras. G55, gikEiRt 4
G AR AU (] SRR IR A H 360RE, L RERESC
BUREF NARAL (BASRLT- P ) FL T Ak FIORL (7]
WAl (FEF7E47 T AR 7[R 3RS ) 18k 57 o i
RS 5 2, RF R AT LU 48 2% 55 1Y
JERERHEA TIRE , TR N AR Ak AT L 3 40 oK S
B BT ECR R, I EA Aibse 8 S Eokhk
JEE B 298 K B A S AT LA [) A 3R A5 e A FiL BRI A
HLIAAE, A B T SC LA B Zr G Re R 42 Tt

43 RENERE

B v A LB AR IURL 2 2% B R 5 W R
Ha G I ARG BREE, 5 1EANRIIURL I R F7 5
FIE B, Rl HB 29K BUR B L 8
DEBIERS, ) 5 K 5 S iH i 7 B EERE AR
25107, 3 B O RS W A S AR OB ]
HA 5 0 R 22 S, STl A AR T
HAEF Al B2 0 R e S B, BRI T
R R 2 . I, EXTEESE R R T8
ZR PR, IR RS B9 T BUR AT e S e Hoili 28
k.
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(b)

~ /
= - B Ag@CaPS

28 Ag NWs@QPDMS
Ecoflex

Core-shell structured polymer composite

Measurement window

nc-Al,O3

nter- pdrtlb]&‘ Intra-particle

Dielectric constant dielectric loss

< polarization polarization
' 9 Sy _E-field _E-field
¢, Ig @,', o ue O:O @
—_ _.ﬁ 10!
Electron paths Electron paths blocked Frequency/Hz
() Lateral Syringe A
movement — U '\LL J
M
Vg B !u
Syringe B
e el A
% P(VDF-HFP) R-BZT nfs G-BZT nfs G-BNNS G-BZTBNNS
Electrospinning ;
o
- E _|
1t
Troormn . DO SO XX
Fibrous mats OF — BZT _nfs BNNS
Hot-pressing Quenching Time
(d) 800 — 20
180 °C [ Breakdown = 2 .
for 3 h ~ strength :_ 1L B, = 106 By =410 q
T ‘5 wol [ Polarization § ol }{ ‘ 1. g
hydrothermal > T ' C__i
reaction = = ~ir o NG
< o /' =
Step 1: FTO with seed layer Q\\O " Step 2: TO nanorod e} | By= 1927 E =344/ HDI‘ ;%
array on FTO 2 _— -~ -3 <
o y g 400r Z %41 28 52 56 60 110 3
@ InE %}
Electrode § &
3 :
2 200 15 E
g B!
5 II g
Electrode o U . . \ . 0
0 0.1 0.2 0.3 0.4

Step 3: TO nanorod array/PVDF composite

6 I AE X A HLHRE | 4 R A F O BE Y SR B
5 o 74 (¢) Ba(Zrg 2 Tig79)O5 F1 BNNS 3k

(a) Ag@C 4k ki1 A PDMS 3 [ 6]
Jt[Al#5 A PVDF 5 0 (d) TiO, 44K He #5145 A PVDF % 9

Height ratio

; (b) Al@ALO; 24K FKLE A PVDF

Fig. 6. Strategies to suppress relative dielectric loss and improve dielectric strength (a) Ag@C nanoparticles incorporated into

PDMS matrix!'; (b) Al@Al,04 nanoparticles incorporated into PVDF matrix(™

I (¢) Ba(Zry4Tig79)O03 and BNNS incorporated in-

to PVDF matrlxm’ (d) TiO, nanorod array incorporated into PVDF matrix!7).

B M, BT & T2 R
BAKRRm TSR, 15k, TUERS YT
I EA 075 i e 2 it FE vk BE A A0 K DR, LIBH.
- Fl B A R TR BT 1. 811 n, A oK
(BNNS) Je—F 5B (5% 6 eV) HAA R
T EMREE (fR3k 800 kV /mm) A Z4ERHRL, AT LIA
RN A P T 1 iz L 55—, T
DA it O A K SRR B AR B AR R A e
873 A R ), MATTES T | SR B T TR B A2,

ik Ha A SR AT 2 TR I L 3.

Bilan, Luo 45 70§ Hy T —Fp HA &/ B 5 i
TR G 9K DR, 1 BaTiOz 40K M0k B B i 7E
BNNS b, 3-8 HAB 227 PVDF HL A J5 i i
. o) BNNS 7E80RF 784 BaTiOg 4K ik
E’Jﬁﬁi DATE R L T [ 4t o A o A 245 2 PE g

AR R 25 R, BT ECN 5% RA0KIE
ﬂ'dr B EIREm ARG, R B AR
580 kV/mm, 24l PVDF #iEAY 1.76 5. 2019 4E,

070702-13


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 3R Acta Phys. Sin. Vol. 73, No.7 (2024) 070702

Jiang 55 7] JLF i 27 22 | SO FIERGAR K (9 ST-flly
T 5E T — S SR (Ba(Zrg .91 Tig79)O3)
YKL YL T RALINAOK 2[R 3 78 PVDE
iR 5245 H A R ), SR ) ERH 5 47 1) A B2 4
¥, A& 6(c) Fin. PRGKEURE PVDE H1 Ry
B AR T HmEANR2EE, 25 T HF
Gy AN AOK IS BRI AR HL 4, A D
TAER S Y T S B = Ak, IAh, Yao 55 (™)
il 1T —Fh—4E TiO, 0K 451 g kL PVDF
REARB KA B R, W& 6(d) Frs. KiEvE
FU P — 2 0 K 28 s 40 oK 25 4 T LA R i B
TR E AN E L, RIER G YA Tio, 44
KA B4 o R B ) RN 34050 43 THORB 8 00 35 /D SEURE AT
R, FEAr i 28 R b R R A K AR
FHRIFAEAS, TSI 1 8 RO ol 258 B 22 ]
)11

5 KB AR S A AL

51 REERHE.EEFEEEEE

1 TENG myizfrid # v, BRI i fE = A 5
T2 25 7 FL A PR B 7 R U S I B, e 2 s vy R R
FEL g 9 B A5 T, DT -0 2 2k IR A s ),
FEL A 1149 FROMIL ) 2200 R SR e L A T B
T R DRI T G AR AR T 2R AL A
LA™ B T A AR VT R, DA SR PR S A R
ST 1) 8 L2 SR A, R AT BRI Y
BCEIA AR AR IR Sl ) 52 R Y T i
B, I R A 10 3 B BT R A, X SRS
S T e 2T BE - FR R R P AH S AR
F i HpORT 78801 R rp e e ) A T HIORE B R
5 £y [ B A R B R B DA DG IRt e ek R
Tl FEE 5 P 7 11 o DR R 1 5 i o T R R i R
Ao P 7 A A R X PR P Ay TR 1) 00 o) e 4
TINVEESEE H A 5T PN ) R B B o7 e 5, T B — B 4
HL A SR ) R A7 fith 1) JEE J8 v Ao i A A BRI
U, AT LG I B A A T A B S5 AT, il
T JEE 82 H A T 5 H b ) 5 LA A ) o A Al 92 0k
A7 1t 5 22 (1) BB 48 v o S BELAS LRk 5% . LA, 30
BB PSR UM e i A&, B I AR
fap ZF 12k HLAr FR AR 2 / LR AL T (818,

T, X TR R 2 W E A B AR, H
T E B 2 1 W B sl A A B (N SR I A L R

AAPEFEIA | AR BREAAE), A BT S0 e e ) 4
AAETT. BORZMs (PS) FIREEE (PT) &SIy
HF a2 R AN, FEEF ST
BE ORISR AL T = AT AR B 2
TGN R AR T EL A AT R T T B S
MVREIY SR RES A SR 1, BB AT TIRIARE R 78 224 Hi far
RIZWEE R AT, F, Jiang 4 59 #£ PVDF
WL e T — 2 S AR A AR AR 40 K Uk
(rGO-AgNPs) IR G5 M EHE A TENG Y 1 [H] B fif
FARZ, A 7(a) Fis. rGO HERIE T sp? 224k
SEF G A AT AN 5 AgNPs BA58 (R ALk
NAHZS A, FF B 1k 5 A P OB RS , AT
ToH B 2 1L 58 TENG 2% 1 HL ff 2% BE 32 v T 2
500%. L5 57 J BLEEAE A BT IR R L o )
S 5 P A7 978 R 2 4R A L A 1) VR R i R M R 1Y
PR, WA 7(b) fron. X TAERH TPU
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Dielectric materials for high-performance
triboelectric nanogenerators”
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School of Electrical and Electronic Engineering, Hubei University of Technology, Wuhan 430068, China)

( Received 21 January 2024; revised manuscript received 5 March 2024 )

Abstract

Triboelectric nanogenerator (TENG), as a micro-nano power source or self-powered sensor, has shown great
prospects in various industries in recent years. The TENG output performance is closely related to the contact
electrification characteristics of the triboelectric dielectric material. Herein, we first introduce the relevant
fundamental theory and models of TENG and tribo-dielectrics. Then, we introduce the material selection,
modification method (including surface modification and bulk modification) and structural design strategy of
TENG dielectric material. Surface and bulk modification mainly involve surface roughness control, surface
functional group regulation, and optimization of dielectric parameters. In terms of dielectric structural design,
the principle of charge transport, trapping, and blocking layers as well as typical techniques to improve the
dielectric properties of TENGs through multi-layer structures are highlighted. Finally, challenges and directions
for future research are discussed, which is conducive to the fabricating of high-performance TENG dielectric

materials.
Keywords: triboelectric nanogenerator, dielectric material, micro-nano composite materials, charge control
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Wang 55 05 43 51l SR FH 45 b 2L TR V5 RN 2 J2 AR 12
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LT YR B-J IhZm S LA KR s A F ki 2R
SR

XLPE BHA RAFMHAFRENE, RefemiibisE T
B[R] TAE T REAS &2 A BH 5 A0 a0, (LT 0
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Fig. 1. (a) Molecular structure of PE; (b) molecular structure and (c) phase structure of XLPEM!.
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Fig. 2. Variation of density, specific heat, thermal diffusivity and thermal conductivity of XLPE with aging time/23.
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2.2.1 %2R FE
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SRR PR R T S AT Ty, PR 2, I
5RO FHER B o B0 1 K AR OB, M SE AR
BRI AR, NP 3(a) Bz B, SEAMR ST AC IR T2 2
MIHDES VA S AN TF B A LR RE, FEAERA LT
5 5HR, AT A I8 P e T i g 20 2 AR S
WAEh, SEGACHIERLL, BAT I T3 B
ARV 7 A IR Zhang 45 P9 7R 0K
HER S & FBIERTS, BF5E T PE S4M@ S 22 Y
SCREALEE, R 0651 A0 | ARE TR R 4R
AT AT LAS i PRS2 B2, JHG Hp D e il R AR,
E A2 BB TR AR S PE HAT B AR A,
RERS A RUBIEA R PE 4 L.

2.2.2  EIREK

Tt S Ik B e h ad S A AR A R
filt A= i PR, TS ST PE BE E AR T, AR A
KBE A b2k, i REE A b2k 5 Rk 1 A XU &
AL, HEAEA PE, 7R AR R, 3R
PE W REREIEAK AR, bR K% B BER K A4 5
SO, I RS RE ROk R be i, ANl 3(b) Firas 24,
Chen 45 26) 38 1o ik Joe S HR V5 ] 5 S 1B 1o 701 8

R I (ultra-high molecular weight polyethylene,
UHMWPE), #2457 4% [ 1Y b 8 8 ik ot 38 5 7K
TG B AE SR A Wk ] 77 £ Si-O-Si 1k 27 28 Bk
S SR RER I L4 UHMWPE S 47 JE AR
IEMZRIER.
R NGRS
i =
1

(b) S
R—O—0O0—R = R—0O- + R—O-

3CH;0H +
' fon o O
HO~"OH

(c) a
R—0—O—R =% R—0- + R—O-
H
R—O- + A", = R—OH + ()
=

H

KON

K3 BRI AR (a) 5RIRACE; (b) REbE
I (c) 1 ALY 3 Bk

Fig. 3. Synthetic mechanism of cross-linked polyethylenel?!:
(a) Irradiation cross-linking; (b) silane cross-linking; (c) per-

oxide cross-linking.
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2.2.3 A LI

i E AR YA BRI S — R AR B Ty ik B R DL
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PERE . Py EEPEBE I BRI 52, A58 1 Sz
JE R B SRR B AT R T PE 328K, MBHZE G
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- BB 2 X = FE g

3.1 #EN

R T K s T i R v & 2 BA R
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it XLPE HLAT4 AR 25 fhE | SCHKE . B BE
G BAL P RE /34T T B ALXT XLPE SO 5 #4119
s B[R, ot e 2 A F M RE RN F M e A AR
A, X2 L SRR A T 5 192,

oAb e Y B3 2 ARYE Arrhenius J7 2
DA ORETBUR R CE2 3 p NN A N VA 95 DA
R AF YR 2 (B A OC R I T B, DI IPA 24 2%
MR ZAERREE . Arrhenius 223 0h

0 a
a—]\f =k= Aoexp(f%) (1la)
H1 bR DU

M= Aoexp(—%)t = exp (lnAo + b%)t, (1b)

Forfr, kAL RN R (mol/s); Ea A5 N
MG AL RE (kJ/mol); RONSUHE; T 4 X) i
JE (K); Ao AHERETIN T b= E,/R; M NS4
G AR, AR R A X RO
PR A IR SR L AR O, NN AT LS BN 1l
IR AR A T i i T

TIRERSE BT T AR AR B T AR
PRFYE | A H PERE RN T 2P PR RE, & LR RE i (7
RO, dr 5 T, EEUR TR AEIR
T T4, I T AR AL PERERY R, Kim 25 P9
HIT XLPE RUSETEA IR T 0 Rifi RGeS
KA, XLPE 7 i i & fe i i i AR
FHIEAT & BT R GET oA, BB RGBSR 7%
S REARR L EVIMASE, ol J] T34 XLPE
Y ZNERE S AL,

3.2 HEE

& AR B0 2l TR 7 VR, Bk
A AR B ST G, B L E
E"t=C, (2a)
Hrh B RERE; « A gEntEl, B A4 O o8
HHL
F LT LK — 70 B T 484k i
LAVRE R AR
t=CE™". (2b)
PO Bl O ORE
Int = —nInE + InC, (2¢)
Hrb, n 5 RmTEL, n K, FATKZH ]
B RE 1
Bifi 5 L 7 R 45 e e R K ST B B v, R T
Xt XLPE #4682 PERE Y52 H 25 28 H BT < Bt [
W HER T, XLPE (4> T 45 H gt 3R, 464
PEREZ A PRI, 24 ER 48 N ERAFAE 1 N 2 I BR L f
FLIA S BB s, 2R 28 SR AL 1 L 370 e A AR
AT 5 RS S50 8 057 740 Je S T FL . 75 L 37 B P 1
MR 46 2k N R ] BE £ 7 AR < R R Bl oK B
R, DT S 204 S b R 5475 B, Hedir 55 B9 45
5% T XLPE 424 kL7 B 2 Ak 72 rp i Bk 2f b
fERYTEAE | XLPE A9 M RE 5 2% 55 % Ak Bst [a] 5l 1 AH
XK. TR AR MO @ kX 10 KV XLPE B85 347
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I A=A o SR A i J] S0 1 2 X B R A e )
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— 3.

Simoni BEAIREIR T HL IR 3R 5 24 2 55 A Y
KR, IR T Gy B ) 2L R R, HARRIE 2
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b HL- RIS AR AL TN 1 SR B S bR} 1
HIR, Ramu B HE N7 783005 0 3 A | o
300 A T 8 TR A G TR, LA S A 15 Y v - AR
WA B AARONE . B B 4 4 144 T F - PR 2 AR AR Y
BT T ZITlEH A, TR T RGBS T

NPl

Xu %5 19 W58 T XLPE #£ 5576 1500 h &4k f5
()RR 2% A B P . XLPE 76 - ki Fi
HA B PERE AR AL A O ZH 20 A AR B 1R T A i
SRz E A EER Y. A, T EET Y
55 C—C HEMI L, JXH A B /N BUCR
RN . T A SR S o, AT
5T A m Y XLPE Z 8 & 4 #5221 A b ik
JERNL, GnE 4(a), (b) Fizs. He 48 W WFSE T 7EH
A A =R IR /EH T, 10 kV XLPE ML 48
(18] 4(c)) 7 34.8 KV THAZHHLEM 90 °C, 103 °C,
114 °C #1135 °C VU BE N ik B - P2 Ak 1y #1L
BORIAT B BE. 763X DUFRE T, RS AR
SRS AR (0 I R TRk S

4 KBRS WA R

TER N ARG, XLPE bR EORBERE /K2 =
FEAI R R AR T, Al 32 BRI T 45 B
IR Py R B A R AECRT AL 2 1k B i A Ak e i) 2
TERARIE T, P b BRI R R S 1L, Wil
PSR BT L A AL PR RE R AR A D0, Ay 4
XLPE #4149 FAE RS E P A0 AT A 18 A 7
FEHIHL AL

4.1 KEBBZEEGITMG

XLPE 42t BHEZ 7 R F v — B il
74, ik —E M2 ek, Hd 1A
A PG AR A b RO AT i B oy, — i
i, XF T T AR R A A A SR H
TEE AR E Arrhenius J5FEAY ik, HLIR R i
Faw L(t) AR

wo-teee[ () (1)) ()

b, Lo AT, AE NFPRHGTEALRE (IJ/mol);
k NBURSE S R To M TARREE; T ik
FIRE (K); Vo (Bo) N TARHIE (V); V(E) A
ISR H I (V); n A3 a8 MR8 —Rl <
FAENE, MR, Bl IR R &,
{ESEPREL SUFAR It An2RoRAR, WA 2 A4
%2k 5. Kim 25 WO RTE T AR B MR T b
BB S % 750, TEAFRRFR 2 1E T, S
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Fig. 4. Physical reactions (a), chemical reactions (b) and structure of the cable (c) for electro-thermal aging process!!4.
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Aging and life control of cross-linked polyethylene
as cable insulation material®
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Abstract

Cross-linked polyethylene (XLPE) has been widely used in the field of power cables due to its excellent
mechanical properties and insulating properties. However, during the manufacturing of high voltage cables,
XLPE will inevitably be affected by electrical aging, thermal aging and electro-thermal combined aging, which
makes the resistance and life of the material decline. Therefore, it is necessary to enhance the aging resistance of
XLPE without affecting its mechanical properties and insulating properties, so as to extend its service life. In
this work, the structural characteristics and cross-linking mechanism of XLPE are introduced, the aging process
and influencing mechanism are systematically analyzed, and the life decay problems of XLPE due to aging are
explored by using methods such as the temperature
Arrhenius equation and the inverse power law of

voltage. The improvement strategies such as

grafting, blending, and nanoparticle modification can ‘

be used to enhance the thermal stability, antioxidant X < T $ ?\Kﬁ
properties, and thermal aging resistance of XLPE, _—\\;/_:\_/ }:v_:{ \L@
thereby extending its service life. Finally, the A , .

strategies of adjusting and controlling the service life ’@1&1&'};

of XLPE cable insulation materials in the future are # ‘“

discussed, which provide theoretical guidance for Aging resistance & long service life

further improving long-term stable operation of

XLPE cable insulation materials.

Keywords: cross-linked polyethylene, cross-linking mechanism, aging resistance, long service life

PACS: 88.80.hj, 84.70.4+p, 61.82.Ms DOI: 10.7498/aps.73.20240201
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TR KRR BTR- P

FE 48 Bi R R BRI 1- PR B LT 1 A
B-A- N2 YEGRahEMR

ZEBY HAEY KRERY IEHY
kam b A ED B E D

1) (5 BRIt i TSRS e, m R4 R a0 55k TAPEHL RS TR L, Fi 266042)
2) (PHZSGE R, TR B A E T TS, PU% 710049)

(2023 4 11 A 28 HF; 2023 4E 12 A 23 Ay EIENH)

KiWafr Brh, mii AR I E & BB 2 AR R (silicon rubber, SIR) 44k & 4 &4k, %0
RREAE A B A H -3 T 25 B B, B0 51 R RO MO L 2% SCOR I SR B AL LA B ik, B9 01 -3k A 2 Ak fE A
T REAR AR - FA- D SRS PR R AR AL R AR HE— 2D B T SIR MBS EUE LS R B L BRBERr g  #R
WM 35784k, LR R BEE SRR AR OINIR, SIR WIS BERR 4y Fiz shik R & kA48 1k, T3
AR B -2 T PR R R A AN TR R B A . AR A FLR SR IR R RS B R, IR BE R | & 2R R
FIN L B RSB RIS DTG FRER S toh, B & Lt (B 9 2 4, A4 (e 5 85 I 24 P 4 Sk 7
. f EL45 SRR, - A A A 5 0 HL 40 B4 7 ) #fE AR L 30 B AR A BN, HEHEAE 2.2 kV/mm A4
ANFEACTR BE T 48 22 AN 22 5 o B 5, S R IR BE R B2 Ol 9.15 °C; N H A AR FR BT ) MK 0.263 MPa
%] 0.230 MPa, T 24 12.5%. 1% TAEXTF B A H 40 B 14 4 2k Pk BB I A0 Rl e 20 BT LA 48 2 3 X

KR HAERHE, RERRR, -3, R DR

PACS: 61.82.Ms, 07.05.Tp, 06.60.Ei, 88.80.H-

1 5

HEL 235 ] 42 Sk AR 2% i 452 R 7 Pl B 2K B v S
AR R B R, S RS A Y
H g 5L HLBER Az A DR 28 T R i T F o
PRze g, HRAEAHSCGE T O, d B RR 1l IR 51 Rk Py
B 24 o5 TC L TN I 11 70 %, HL v 40 25 I % o 3k
97%. WM et R, BRI Z 2h
Yy R BERL S AR, A5 kA AL A1,
BOLAZRPERE TR 100 BeAh, Oy 1AL R
FNEHEEOR, BT S E a2 2 Al IR —E 1Y

ail%

*ER HRBIERES (EES 52107154) B BhAYIRAL
t BIE1EE. E-mail: Weiyhui@126.com
© 2024 FEYIEZS Chinese Physical Society
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Ftt s g i 2 G A R )R 2 R T 2k
s 2V Lk 2 N e P F T A R )
PHAESREAL AN - P& 22 A B P A - FA- T 25
B TERER R AL, X RS Z efe g s T

AT R s TR S AR RE T FERY
ERRHNZ—. JAT, &5 5 i SR F AR
I PCEA R PERILB R IT T — RIIFFE. Jelm F
S5 075 A B R A R FEAR R DAL T il T
AELARS FEL s B8 AR TR A Tin e K581, 3 #r 3
W EAR I S IR 1) 205 T A A v P s S A R R 25
AR PR T 2R R . Kashi %5 (18] 38 35 6 Rk AZ i
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HIEAL, R IPLAPEREZ TS L, P08 5 R
JE S 0 BEAR, 1R e A A kAR B AR L.
Tto &5 U9 A5 K B AEAR S 1 ik S be B FE 22 AL I TP
BAS SLESZEE ), $2 T T/ tkne, (R R8O+
PERE T FE.

HL B B AR A R S PRz A7 i 2 rh ik 25
AR —E R VE I de Zp kL 24k, it
BB WA R T AT R 7 %k e 4 B R AR R 1
RESZ M AT AR 22 55 PO R e IR LB i 2
P i A R RS AR A 2, (e A P AR, R
JE 45 23 A F DB R R A 6, B 9% rE A R 1 A
Koo X B A5 Y BFSE e AT BE R 2 B R 75 R4
P AR & AR R, /N R BUR T R A
HL. Liu Y5 Wang 1 $5 58 2 N J) 525605 8 % 4 25 A
AT, WF9E Kk BT RERR RS Tite fin 22 82 1 g 2l
HHL 22N 2R P R A2 BIREIR.

ZE TR, HETIRISE B X0 BN ) 2 Xt
RERR IS HL 2= PR RE RS2 MR, el 5 s ) 2R R R Ak
L - T 2R A RE s LA ST 2, IF HMF
kAT E ) HL SRR PN R H- A T 37 53 A B 1
ANHHHA.

ARSI TIEA S J)- IR & AL X
BB REAR I -0y £ VERE SE LR A5,
IR A TR E OB 0T K2 E i
JEERALYERE . HL AR fE L SR PERE . PR RE I A
R S LB, S8 s Z YL HAR RS, 43t
TAFEARHT ] B AT 6T i i B A S F -
TG AT WIsEe. 1% TAE R SR 2R A PEREVEAST

b

SIRIEK i
A e
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s TATGAAL

it

P AEREN A

HEHEREIIA

H-H- TR A U
FeEEPEREIIR

PRGN

A
#HY1

Pt
ANl
i Il
[S1¥=4
H-#eett

SRR T RIS

2 REEHE G R
2.1 RAEFIFFE

KR 10 &V B HL S5 R4 R), 38 3 4
AR e A SIR aURE, URE il & i AR i 1
IR R TEK B AR R T, AR R AR
GB/T3512, ¥ J T AL A B2 TR
- A L AR F H R e B Y R
J1 L R85k FlexiForce HT201. ¥ & 7 14 8%
i BT SIR BFE e H 2 (8], il iaURE fn e 2 58 4
B 55 AR IR, AR I BT R ) A% B4 Hh e
0.25 MPaltt22230 - DU DL N &8 R ) TAE 3
52, ¥ I B DL A B R B TR D )
A TN - S A

MR G S b5 GB/T2941-2006, PEHL 150 °C
YESH SIR i #4E Ab 5k 07 -2 A T B wi s B
FE B 4351 A7 168, 720, 1440 Fl 2160 h. BUFE 5
HEATHRAL | H2E | CE R TR AR IR, IR
iR GARZAKFEEREHET X L.

2.2  RIEFERMERENER

1) A4 F R (SEM) M

T, R H Te K S BEXHARE R T 73 7
g A R R R TR A R HEWT, i
TSSO W T A T e A RS, SR & 5K
F 5 A I AS ) & Ak 2R AR TR 2 AR B B SIR
BRI OIE S AR 1.
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AR e H
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@

HZS T

K1 el S 2K R K

Fig. 1. Flow chart of specimen preparation and aging test.
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2) (EHLMLIAMERE (FTIR) M

K BL 2L A5 AN [l 24k 7 XA
[ &AL B By SIR iR 1T, 7 Hril e FE A
[] & A B ] T B A AT A A8 Ak 0 a4 4 D 8
A 400—4000 cm .

3) S HPERE I

K ST B R G AR [ 2T AR
[F &AL B Be SIR iFE YA L PERE, 20 B il A A
A HLEBRERLE ) A8 4. TR Rl B -100 C—
100 °C, MXARAR I A 50 He.

4) HBH AP RE

FKH =R RS, 45 2T R
[F] & Ak B Bt SIR UAE 78 & 0 T A 4R B A BHL 6.
R PR B 18 B A FEE 30% Rh LATR, 3l H K
1 kV/mm.

5) A& iy 2 R ik

K ZE A = IR A T XA R 24Ty
KA AR BER SIR AR T 2 i
W R iR e R i TR, DI R4
T T

6) T AT PN 2514 BB 3K

SR TR R 24 00302 1 7 T R XA [
AT K AR AR B i) SIR X0 HE 4 7V T A
28I, DN 25 3 22 o v PR R DA B 7R A
YR, TN 2 AR B4R 20 mm A9 48 7 HE A, LR
[BI#E A 5 mm, 3RFE AR 40 mm, ¥ R m Sy
LA AR S B T AT R L. Sl R =il &
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Fig. 2. Microscopic morphology of the section of the aged SIR specimens: (a) Unaged 0 h; (b) thermal aging 720 h; (c) thermal
aging 2160 h; (d) force-thermal aging 720 h; (e) force-thermal aging 2160 h.
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Fig. 3. FTIR spectra of the aged SIR specimens: (a) Changes of FTIR spectra of heat-aged SIR samples; (b) changes of FTIR spec-

tra of force-thermal aging SIR samples.
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Fig. 4. Relative permittivity of the aged SIR specimens:
(a) Changes in dielectric constant of SIR samples after
thermal aging; (b) changes in the dielectric constant of SIR

samples during strength-thermal aging.
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Fig. 5. Volume resistivity variations of the aged SIR speci-
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Fig. 6. Breakdown strength variations of the aged SIR

samples: (a) Change of breakdown field strength of

thermally-aged SIR samples; (b) changes in breakdown field

strength of force-thermal aging SIR samples.
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% (o fH) 1 B HANFE 1 5.

# 1 ZWE SIR AL TSR o F1 8
Table 1. Breakdown strength « and g of SIR

specimens after aging.

etk -t

ZALRH] /b
a/(kVmm!) 3  o/(kVmm!) g
0 25.49 26.20 25.49 26.20
168 25.83 48.98 26.39 17.50
720 26.48 41.33 26.48 37.82
1440 26.95 23.27 27.51 20.89
2160 25.83 23.30 25.45 34.53
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Table 2.  Flashover voltage variations of aged SIR

specimens.
EAbETE /b Gl
#eefb/kv - RV

0 6.25 6.25
168 6.39 6.52
720 7.36 6.84
1440 5.76 5.55
2160 5.55 5.31
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Fig. 7. Thermal conductivity of the aged SIR specimens:
(a) Changes of thermal conductivity of SIR samples during
thermal aging; (b) changes in thermal conductivity of SIR

samples during force-thermal aging.
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Fig. 8. Tensile strength variations of the aged SIR speci-

mens.
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Fig. 9. Elongation at break variations of the aged SIR

specimens.
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Fig. 10. Tensile stress-strain curve and Yeoh fitting curve of

rubber materials.
# 3 Yeoh BIREIIA S
Table 3.  Fitting parameters of Yeoh model.
Yeoh#E R S 4L /MPa

PRI
CLU 020 03[)
25 X R 0.21 2.21x104 —4.11x10°7

# 4 BIUG SIRIKKE Yeoh BAIZHL
Table 4.  Yeoh model parameters of the aged SIR speci-

mens.

Al SI Co Cy/10° Cy/10°°

25 FXT IR 0.21 2.12 -0.411
ik 168 h 0.23 2.24 -0.913

&Lk 720 h 0.25 0.356 -1.81

Pk 1440 b 0.32 8.26 -5.30
1k 2160 h 0.25 1.45 -0.224
J1-#4E1k 168 h 0.22 1.63 ~0.644

J1-#Ak 720 h 0.26 4.59 -2.48

F1-##Ak 1440 h 0.31 7.03 —4.82

J1-#E4k 2160 h 0.24 1.75 ~1.53
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Fig. 11. Variation of the maximum electric field of the cable
accessory with time.
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Fig. 12. Variation of the maximum electric field with aging

time.
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Fig. 13. Temperature field distribution of the cable ac-

cessories.
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Fig. 14. Variation of the stress cone root temperature and

temperature difference with aging time.
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Fig. 15. Interface stress distribution of the cable accessory.

P 205 B2 7R i Ry IO ) B R, 7 ) T )
P AR R4 TR A8 7= ALl B 15 AT, R
A1t C1R 4G T8 S8 0.151 MPa, #£3i847 12 h
Ja TR E] 0.219 MPa; 780 J1HEMRER, FE1H T J1 A
0.184 MPa [ F131 0.262 MPa; BiH:5 i v 1 5t
Il H S A 0.182 MPa I F+ ] 0.266 MPa. Hi 45 fff
PF RSl FR S 44, R O v ity 5 T R ) A A i A —
FE. BT R HEFN GRS 2 S AR AR SR
R T 4% SIR, I H HZ5H Rk, (5% 4k
SR TT) Ao Paaa oYt

[l 16 Sk 1 7 kAR R A T 0 5 8 i G
FE, LA W, S B G e 2t
1 B AR N 0.2 mm, O AR AR R S I R 73 m
0.038 MPa. A BHEAS f B oK, H Iy 24 PR e
R, BN Sy b st sEple. PRIk, 7 36 e i BRI
KR E B AT R S 3R N, AT DA 980 i
Bt BOREAIAS AL SRR e e T 7 8, M REFRIIE

BAF P P R 45 4 SR, D L ol 5 O K
e AREE AR 1 L BRI g SRR B i s 7
AL AR, T 17 PR,

0.35

0.30 |

0.25 |

R E S /MPa
S
o

N\
A\
S\\\"\"\"\\\

Z NI

=

[}
(=}
[}
oo
=
o
B~
S
b
E)—‘
B)b
—
(=}
=
oo
[V
o

P16 HL SR 5 TR ) Rl iR Al

Fig. 16. Interface stress variation with the interference.
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SPECIAL TOPIC—Heat conduction and its related interdisciplinary areas

Stress-thermal aging properties of silicone rubber used for
cable accessories and electric-thermal-stress
multiple fields coupling simulation”

Li Guo-Chang!  Guo Kong-Ying!  Zhang Jia-Hao!)  Sun Wei-Xin !
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1) (Shandong Engineering Research Center of High Voltage Insulation System and Advanced Electrical Materials, Institute of Advanced
Electrical Materials, Qingdao University of Science and Technology, Qingdao 266042, China)
2) (State Key Laboratory of Electrical Insulation and Power Equipment, Xi’an Jiaotong University, Xi’an 710049, China)

( Received 28 November 2023; revised manuscript received 23 December 2023 )

Abstract

During the long-term operation of a cable, the electrical field, high temperature, and interface stress may
age or deteriorate the silicon rubber (SIR) insulation of the cable accessories, affecting the combined electrical-
thermal-force performance of the accessories, and easily causing discharge faults. In this work, the electrical-
thermal-force properties of silicone rubber for cable accessories under thermal aging and combined force-thermal
aging are studied experimentally and numerically. The changes and mechanisms of physical and chemical
properties, electrical properties, thermal properties and mechanical properties of silicone rubber are tested and
compared before and after aging. The changes of electric, thermal and force field of cable accessories, caused by
the change of SIR material parameters under different aging time and aging form, are further simulated. The
experimental results show that the crosslinking degree and molecular motion system of SIR will change with the
deepening of the aging degree, which will change the electrical-thermal-force properties of the material to
different degree. After aging, large agglomeration protrudes and small cavities appear in SIR section, and the
damage is more serious under force-thermal aging. The relative dielectric constant first decreases and then
increases with the aging time increasing. The volume resistivity, breakdown strength and flashover voltage all
first increase and then decrease. The thermal conductivity first increases and then decreases with aging time
increasing. In addition, with the increase of aging time, the tensile strength and elongation at break decrease
gradually. Considering the change of properties after aging, the destruction of SIR material by force-thermal
aging is more serious. The simulation results show that under the two aging modes, the maximum electric field
strength at the stress cone root of the cable accessories first increases and then decreases with the increase of
time. The electric field strength at the stress cone root of the cable accessories, caused by the force-thermal
aging, changes little, maintaining about 2.2 kV/mm. The difference in temperature between the inside and the
outside of the insulation layer is obvious under different aging degree, and the temperature difference shows a
first decreasing and then increasing trend under both aging modes, and the maximum temperature gradient is
9.15 °C. The interface stress at the stress cone root decreases from 0.263 to 0.230 MPa, which is about 12.5%
lower. This work has guiding significance in evaluating the insulation performance and analyzing the fault of

distribution cable accessories.
Keywords: cable accessories, silicone rubber, stress-thermal aging, electric-thermal-stress coupling simulation
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S HK AN R A
MK BUTELE T R AZR S1FH
HFIERER S F B N1 AR AL

KAL) KEWAVI FXSY OHmERY =ZARY FHRY
1) (TR TR B, T I R TRAERBIST L, B 530000)
2) (7 WA, BHSHEAEE TR A S A M2 AT A%, BT 530004)

(2024 4F 1 3 31 HH; 2024 4E 4 A 19 HIEMHERH)

Wi 5 HL g 0 A R R PR T RSP A T 7, 208 SR AR Y ) 2 e R AR EAER A P TR I 5 ™ R PR . AR,y Tk
Z HARRRL A PR BRI R 5, A SRR U 0w L DR s A BIE A B AT Y R R A AR B X
X [A)E, AR SCHR 23 30 ) SN, BTSN K AL BE (nano-ZnO) X 21 4k 3R 1) ) 24 AR/ PR RE Y 42 T3
R BB T nano-ZnO/£F 48 R A5 MRS R, AR5 IBOWL AR BE 737 1 AN TR) nano-ZnO & B S0P 45 4 5
(4 3 2 P RE AN IR E M, AT 2 nano-ZnO FIEF4E 5 A fHEAC LU 45 2R 380, A LE T R ECHERE Y, nano-ZnO
PR LT B AY Jy PERE L AR BB L | BB AL AR U B A S R B A ST, SRR R S ER T T 45.31%,
SRR BR AR T T 41.49%. P12 nano-ZnO WA BEE A7 RBOFE LT 4R 9 25 b i 23 B0, JF 38 5 27 2k 3R i =2 1)
(P FH g R JAGE S, DT T4 4 3R A 3 T 24 PR . A A Sy ] M ] 46 11 B O B B 2 MR R Y i P 27

g RGBSR MM RS %

A : GAAR, ADKRUILEE, JFIERE, AR

PACS: 77.22.Gm, 77.84.Lf

1 3

75 Fe A A R I FE B A2 i R A 46 ) A0
1, HAt e s TR uEs B A 3G . 4ask
YRR AR AR 1 S A L, HPERE G TR
JEAF I Z R E T, VB RSEE T,
AR 2% 2 50 10 T B — K I 4 37 E 60—80 C
i, AN T AR T s R AR R
FERE TR AR 2. 45400 F1 24 PERE AR
HL AR TEAS T TAE S5 PR B4 TG, MY
PRUE T 4CK AT A PE R AT S50, s B R R £
(2R RE R, PR UL T4 R AR 2 g
X TR AR TR L R DI R 5 il

i

DOI: 10.7498/aps.73.20240208

FFFar AR B OCH 2. L, 2 ACAA RAFAIHT)
PR R D E B A R v AE s AT iy E A
R UL RGN RS T E AR
AT 80 AFRY T L W, AL T5 AT dia 2 4K, 274k
KU G BAT R RO RE A 27 Re 1, 7T 4
A AT A R R I ORI A i PR A B9, R
BTz N TR R R AR AR A 2 FR g 0. R
17, BEEFAE R A AR T A MR REAR X RLAIG, ExfE
AT A HL R S G B TH A TR AR A oK, @I
K BA DRIV ERER BT 4 R AR, LI
(S R ETS 2

NIRTH AE R U AR T 177 K S RE, 1)
HEIAGOR R E GOV & —F e Rk, Al
il T Ak AL BRBI S e 2R 4R, BIF5ER B
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2K A AR B M 1 A 2 A0S A O T A 2 AR
FHEE, THT & 28308 Jm il i R iR A i L
HRA B s NG 8 R, TEAZATT I AR
i, HeS5afERmRmLAEMEEN, 4558%
HH 29K AL AR e I 8 AU E AT T 30T
42 Tt; Huang 55 MR 400K — A0S Ok
AR i, SR IE X HGHA TR AL B, AT 4 R
B, otk 2 2 A0 A LR SO LR B 4 2 4R,
IR 34%, aRZa 2 R e R EIRTT T 15.5%.
A AIURL, g KA b 101, 999 A SR 1 W frg 161
FBRA A R GG T A HE . 5 A
AR AR L, nano-ZnO ELA R Ak 27 R4 2
PR, S —FPh Z IRtk o R IC L kL. PR ER T
TEPEm, HARTIARR, B2 ) el B4 1Y

IFREE, (HAER R AL T T et B

& 25551 2 il SEL N  EFIRT S, 2RO
VFZBHIF A 51 G ) £5 45 17 19)) Banerjee 45 20 7
RN BT nano-ZnO kL, WF5 £,
BitifF nano-ZnO ki A, BN/ EERETS
F| 723, nano-ZnO R A R MG KL, eH
W/, MR AR E HE RN SMIOSCER AR B T T
Lu % P & 3 nano-ZnO 5 ELAT 3¢ = 1) 10 3 AUk
PEF RGP B IYE, BF5E T 20N B3k R A
(HMDS) 4b# ) nano-ZnO FEGEYERE, SC5045
Z B, HMDS 4t ¥ )5 A9 nano-ZnO 7 F T & {23
Bi R0 ZBERIN. Moumita %5 221 il T BEER 245
fig (EVA)/EfLEE (ZnO) 9Kk E G MR, X H4a 2%
PEREHEAT TS, 25 RERM, 7£ EVA S & A
nano-ZnO J& , KRB BHE K, &4 8 kK AFE
P FRIERER & T 52 C.

AR, M & T Ee A AR R Y &
J&, 53 F s D12 B SN T A e e B Y Ty
Bz —, BARCEE . AR A T/ EILR,
AT LA S A R RE S 2 S RO E AL, A
Bl T SR KR, BRI B0 AR, 0 B 512 51
WHARSEX, O 2 H TR A& 2324,

WFFEN B 3E i 705 3l g S R 3RS B PR i |

J1Z e M s R 22T BB R AT T T2 I EAR.
SR, HATLA nano-ZnO 1E R £F 4k 2 46 2 400 Bie ik
WSIMFNIFBL S 535 8 7 25 A0 21 4 2 4 2 4Rt
AT A DLAE

Sy Ay e ] 2 L B L R A A RE I e

Y R A A LIS 7 R, R TAELL nano-
ZmO PURLAE Ay 9 K SR £F 4 Rt A7 ekt 5
T3 1 F AL (materials studio, MS), i3}
AR nano-ZnO WMEXTLF4E R J12-MERE L WK
RERE  ITRiRe | PR AR R | IR R
PERES B R, FU f AE 1Y nano-ZnO W N4,
B RIS A AL R A e e

2 BAWEILSHE
2.1 HRBIEST

Y AR FEE R R A 4E R, S 2 90%, H:
TELA SR AT DL AR ZSAATE: 45 XS E B X
YRSy FAELs i X R IBUE A P45, WiTE e
T X R A AN 5345 . 7253 F &R, A EAEH
TN, R SR A BAE I8R5, S
HERERZ. MR RSB T, 4%
2% 1 T Al 4 R 43 2 TG B IX I 1 1 29
ARSCE LAY R 5y 15 R L B H R
4 (degree of polymerization, DP), H. Mazeau
Fl Heux 29 AR S IR 25 R, AN [FH 2R
e ZHE M0 TS B A T A B 22 5
R, AR SCRH DP N 10 BEF 4 R B8 TEE
XA RN TOE T DX R AR AR At 2Rk 2k, DT
A IS LT AR B Z A EAE AR ELAE . A A
Lk #2 7E Materials Studio 2019 4 {4 4 & 11
“Build Polymers” #1“Amorphous Locator” fi i
HEATHY. B5E, 78 MS 20 “Build " bty DP
10 RYLF 4R BERTAY SRS TE “Build” &b KL
PEREH A ZnO Y AHIE, TE IR S5, nano-
Zn0 WE1E N 5 A 4 AE “Amorphous Locator”
F e o # 2T 4k 2 RN nano-ZnO ()82 SRR AR
P& nano-ZnO A 5 B4, 430 2R s WAl AF 4k R
(P0). 2%-nano-ZnO /£ 4E & (P2). 4%-nano-ZnO/
HYEZR (P4). 6%-nano-ZnO/£F 4% (P6). 8%-nano-
ZnO/4 4% (P8) 1 10%-nano-ZnO /47 4k £ (P10).
I LA FIAE “Amorphous Locator” fdk rhfg gt 4N
K1 s,

2.2 {HESHEZE

O ol 5 A R S 0 B S TP s SR AR AR IR
AL e i TARRBE Y, (i 07 LAY R B 45 24,
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Bl 1 nano-ZnO FILF4E & &2 AR R
Fig. 1. Composite model of nano-ZnO and cellulose: (a) PO; (b) P2; (c) P4; (d) P6; (e) P8; (f) P10.
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(a) PO; (b) P2; (c) P4; (d) P6; (e) P8; (f) P10
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Krh, o ANTT, Coy ATHEAFEIR 6 B s Wi
REBUERE, ¢; AN ATTK

ASGERH MS #FH “Forcite” B Mech-
anical Properties YJfig, TE W& W 4514 F i f7150F
B J1EERU, THREAR SRS A A AH A
FH DT A5 21 5300 M RE R BOR R 1 S i B R
4t 18 MS #adsr 5 B s arBHE R 53§30 1
LR RS, KRB B4, feC @ 4 s
LR A X nano-ZnO /47 4 £ B A BRI T 454
Mpemiife, 25 #1703 12e i 1, RGOV
JE7E NPT R Z5 P B bR RS T #6417 05 B
1 200 ps 1951z shpLAR M sl k. A B
R B0 R AR AN A5 B, R A MS #fdrh
P TSI H BN S5 O SN R EUE
M, TR ZE S NT 3%.

A F 2 Lame H4L, KB 551H

1 2
)\25(011+C22+033) —3 (Ca+Cs55+Cs6), (2)

= é (Cag + Cs5 + Ceg) - (3)
A (2) 2R (3) 20, AT AR RHY S22 S8
_ p(3A+2p)
E=TNE W
G = My (5)
2

b B Efie, G oBTUIRieE, K AP
WIS o8 e B, RS R 6 414
[f] nano-ZnO FB&BH 148 E, G, K, K/ G
{EL, 230 B 10 AU 25 SR AP S (EL, 45 2R N6 1
JIr%).
# 1 TSI R AR Y R A G AR A
HER AN T E SR
Table 1. Mechanical parameters of pure cellulose

insulating paper and modified cellulose insulating pa-

per calculated by molecular dynamics.

(751D u  E/GPa G/GPa K/GPa K/G

PO 1.7942 2.7210 6.5232 2.7210 3.6082 1.3261
P1 26659 3.9442 9.4791 3.9442 5.2954 1.3426
P2 1.1556 3.8840 8.6586 3.8840 3.7449 0.9642
P3 22157 2.7362 6.6967 2.7362 4.0398 1.4764
P4 05645 2.7983 6.0663 2.4300 2.7983 0.8684
P5 26101 2.3187 5.8653 4.1559 2.3187 1.7923

R T TR, AR A, g TR
PSR s AR | B UIRTR | R PE R 5 AN
nano-ZnO & & MR R, WE 2 Uras. INE 2 T L)
F i, BN nano-ZnO 1] 3 58 £F 4 R 19 R B &
Y YIS A AR i, RTARERI R R AR e
AT, 24 nano-ZnO &= 450k 2% B, Joig
JE R PERLE SR A SR, i E R i T i
2, 2 2% 19 nano-ZnO & &= Z BRI N &. 7E
A& B 1Y nano-ZnO KL FIEHTT T, 99k 1] LA
HNFELFYE R 4%, IS B, $e R 40K i B
[@] B} T nano-ZnO H A B KW L 22 HE R AT £
TP, AT 542 Z 077 A T IE s I H- B 7,
HAgRZNAE RIFMA LG, Ninidem 74
AU PLhIsR L. SR, %S nano-ZnO % & Y
— AR, S REOVRUE 2 09 S SR a1 A AN %
LYY, IR T2 G AR 1. X2
PRI Ay 2ok £ B A KR 7 21 4 2 T S R e B T ]
RING, &N Kb T 544 R A4 2 0] i AL &G
B85, (A5 PR EE P AR AR T i al, AT 34
SR 12 R N . RN, B UIRLE G 7F P10
BT HER, X AT BRI PR R Bl 4 K R hn 21— 2
I, PR AESSH h 9ROk A L 5, (A
RS A S5 IR ISR A LG, BB B 4T 5Y
YIRS RE T3 8.

2 R[F nano-ZnO & & [ nano-ZnO /£F 4 Z #5811 &
RO A | 0 DA hk A At A6 A

Fig. 2. Volume modulus, shear modulus, and elastic modu-
lus of nano-ZnO/cellulose model with different nano-ZnO

content.
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YEHRERY R/, 2 B AR BRI AR 75 2 T 75 i N
AE. DAL BB 23— [ A9 S 23 XA kAR B i 1
J = BRI, JCHX FA 4 Z MR, o
THEZ B B9VE H I XA 4 R 2 A AR IR T 2
REA A L. NRBERE K, 4 mIfER )
LK, A TEEUR S, YR E S M BHT AR
Re (PRMERLE) SLA IR, 4RI GBS
A AR 2ok sy PN SR RE % B TR R A

P = E;)h _ E;;ter _ EBow ‘_/Eintra7 (M)
K, Eeon WRGMINERE, V N RGHEIRIK,
B ARG FRIBHELR, Eow MRS SEEE,
Einwa NRG T FHERTNEE.

XA & i i) nano-ZnO /47 4 R &2 AR 4y
BIHEAT N SRR BE 1) 401 3l 1 2 BT TS, XTI
2R 3(a) Fron. HIE 3(a) ATLAE Y, SR
PR A AR BRI LY, 25 MR N R e % B
£ A nano-ZnO 7% & 34 /i 12 I e 38 K5 8/ A2
feitast. MU R 2% i, IR RN R EE%E A
B RAE. XZH A nano-ZnO EFE T 414k R 46 %%
YRICETE IR —Le2s B IF- 5 R A 4E 2= o+

760

' 740
740 [

720
700
680 679
660
640
620
600 [618.6 622.3

530 [ 595.9

Cohesion energy density/(J-cm~3)

590.4
—

0 2 4 6 8 10

Nano-ZnO content/%

WA, R D S BRI NG TR T SRR
MG, IIMTZERO R B F e T 4R 4e K sty 2R
RER L. AR L, AR A AR R R A e R
2 [8) B9 28 DA 2 Nano-ZnO 54 4E Z 58 2 [0 1Y
S TE R AR 7 B AN 3(b), () T L4
B, Bt a5 b i S A G WAL 3(d) Fos, SR
AL ESE 3(a) BN R B % A —2K.
AT DM OUE RBE 1 05 P 135 i3 5 A% nano-ZnO
J5 AR AE 2R ) D) 2E PR BRI E AR B PR T, Y
nano-ZnO b &, W& s Kk 15 27 4k 2 2 [h]
PIARZSE TR, 2 PR LS R S R i ) 2= M RE S L
HT TS5 S R B R AR — 2L

3.3 HAHMB
TERIEE R R G WA R R R o B )
ERRA B i (MSD) R, 75z ik
5%, MSD {E& & . FEHN TBERT, s FiE s
Ko RSN, BA NA T RS MSD

THEA R
N

MSD = % (|R,» (t) — R; (0)I2), (8)

=0

—

250 237
205 207 203 201

200

Hydrogen bond number

PO P2 P4 P6 P8 P10

B 3 (a) AN nano-ZnO & & #Y nano-ZnO /£ 4 Z IR P R AES B ; (b) Nano-ZnO HFEIEE I X 307 B i 7= A 1 &V () Nano-

ZnO BT SR BLR I 7 A 1 S () 6 s 2 AY S S RchE

Fig. 3. (a) Cohesion energy density of nano-ZnO/cellulose models with different nano-ZnO contents; (b) hydrogen bonding when

Nano-ZnO fills voids in amorphous regions; (c¢) hydrogen bonds generated when Nano-ZnO is agglomerated; (d) the number of hy-

drogen bonds in the six models.
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Kb, NRIRGEHHEFEL Ri(t) 1 R;(0) 7353
TN 2R G T BR T i AR B 2 ¢ R0 AR B 20 B L RS
KAt

Xf nano-ZnO /4T 4 R & & M OEHEAITE NPT
FIMFRRLGT (RERN 363 K) #47 TR
200 ps (8 AL, SR )5 THA AR Y MSD fH.
LS R A& 4 Fros, A B 1R] A3, 7S nAs [A)
nano-ZnO ¥ & ST MSD 54 41 4k 2=
AUM L, SRR nano-ZnO /4 48 5 H A
AU MSD /N TaligF 4 R piml, Hrp ) P2 B HA
fe/MA. I, TLAACH 24 nano-ZnO 3
2% B, A IAR G- M4 il nano-ZnO /£F 4K & A 41
B o FHER TS, INITTEE = AR )

FIERE.

(a) 19k —=— PO

10

8l
<
~
A 6
0
=

s

2l

otk

0 20 40 60 80 100
Time/ps

(b)

MSD/A

PO P2 P4 P6 P8 P10

4 (a) 6 FPBEAY R MSD i 4k (b) #5158 RE & 1 e K
MSD 1§

Fig. 4. (a) MSD curves for six models; (b) the maximum

MSD value of each model sample.
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Fig. 5. Glass transition temperature of nano-ZnO/cellulose models: (a) PO; (b) P2; (c) P4; (d) P6; (e) P8; (f) P10.
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Fig. 6. Model diagram of reverse non-equilibrium molecular
dynamics (RNEMD) method.
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Fig. 7. Thermal conductivity simulation results of nano-

ZnO /cellulose models with different doping ratios.
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SPECIAL TOPIC—Electrical/thermal properties of nanodielectrics

Molecular dynamics simulation of mechanical and thermal
properties of nano-zinc oxide modified cellulose
insulating paper”

Zhang Yu-Ye!?  Zhang Yi-YiY?T Wei Wen-Chang!  Su Zhi-ChengV
Lan Dan-Quan'  Luo Shi-HaoV

1) (Guangzi Power Transmission and Distribution Network Lightning Protection Engineering
Technology Research Center, School of Electrical Engineering, Guangzi University, Nanning 530004, China)
2) (State Key Laboratory of Featured Metal Materials and Life-cycle Safety for Composite Structures,
Guangzi University, Nanning 530004, China)

( Received 31 January 2024; revised manuscript received 19 April 2024 )

Abstract

With the surge in electrical loads and increasing voltage levels, the mechanical performance and thermal
stability of insulating paper are facing severe challenges. However, due to the lack of direct scientific theories or
simulation guidance, traditional inefficient “trial-and-error” experiments are difficult to effectively develop new
types of cellulose composite insulating papers. For solving this problem, in this work we are to enhance the
effects of nanoscale zinc oxide (nano-ZnO) on the mechanical and thermal properties of cellulose through
molecular dynamics simulations. Initially, we model the nano-ZnO/cellulose composite material , then carry out
a microscopic analysis of the mechanical performance and thermal stability of modified cellulose with varying
nano-ZnO content, thus determining the optimal ratio of nano-ZnO to cellulose. The results indicate that
compared with the outcomes from the unmodified model, the mechanical performance, cohesive energy density,
glass transition temperature, and thermal conductivity of the nano-ZnO-modified cellulose model are all
improved, with the highest increase in elastic modulus reaching 45.31% and the highest increase in thermal
conductivity attaining 41.49%. The addition of nano-ZnO effectively fills the gaps in the fiber network and
enhances the interactions between cellulose chains and thermal conduction channels, thereby improving the
thermodynamic performance of cellulose. This work provides valuable theoretical references for rapidly

preparing modified cellulose insulating papers with excellent thermodynamic performance.
Keywords: insulating paper, nano-ZnO, mechanical properties, thermal stability
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ARl st T R OIGE A4 % ik
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HH ORISR R e 88 el 75 & AX, 7E 70 °C, 0.1 atm
(1 atom=1x10° Pa) Z1F FHATIUEZEME. FHUE
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Fig. 1. Preparation method of quantum dots/PE composite insulation.
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1 410.8 eV Zb 1T WL i Cd JTE W, 431 X6 i
F Cd 3d5/2 F1 Cd 3d3/2 #Lifi, X1 T QD1/PE
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Fig. 2. Characterization of physical and chemical properties of core-shell quantum dots/polyethylene composite insulation: (a) TEM
of CdSe@ZnS QDs; (b) particle size distribution of CdSe@ZnS QDs; (¢) TEM of ZnSe@ZnS QDs; (d) particle size distribution of
ZnSe@ZnS QDs; (e) TEM of QD1/PE insulation; (f) EDS of QD1/PE insulation; (g) TEM of QD2/PE insulation; (h) EDS of
QD2/PE insulation; (i) XPS full spectra of composite insulation; (j)—(m) XPS fine spectra of Cd, Zn, Se, and S; (n) UV-Vis absorp-

tion spectra of composite insulation; (0)—(q) optical gap of composite insulation.

KA LI (isothermal discharge cur- B S AR BE A AT . SRR il R 150 pm
rent, IDC) J5 ik R AL & A 48 2k 1) H o B B BE IR (R348 2R, SR FJC/K 2B bRl e i, s
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Fig. 3. Conductivity characteristics of polyethylene insulation and core-shell quantum dot/polyethylene composite insulation: (a)—
(c) Current density characteristics of PE, QD1/PE and QD2/PE insulation; (d)—(f) conductivity characteristics of PE, QD1/PE
and QD2/PE insulation based on hopping conductivity model; (g)—(i) conductivity characteristics of PE, QD1/PE and QD2/PE in-
sulation based on P-F emission effect; (j)—(1) conductivity characteristics of PE, QD1/PE and QD2/PE insulation based on Schot-

tky emission effect.
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Fig. 4. Space charge characteristics of polyethylene insulation and core-shell quantum dot/polyethylene composite insulation:
(a) Polarization of PE insulation; (b) polarization of QD1/PE insulation; (c) polarization of QD2/PE insulation; (d) average space
charge density during the polarization process; (e) depolarization process of PE insulation; (f) depolarization process of QD1/PE in-

sulation; (g) depolarization process of QD2/PE insulation; (h) average space charge density during the depolarization process.
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Fig. 5. Trap characteristics of polyethylene insulation and
core-shell quantum dots/polyethylene composite insulation.
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Fig. 6. Band structures and density of states of core-shell quantum dots and polyethylene: (a) CdSe crystal model; (b) CdSe band
structure and DOS; (c) ZnSe crystal model; (d) ZnSe band structure and DOS; (e) ZnS crystal model; (f) ZnS band structure and

DOS; (g) PE crystal model; (h) PE band structure and DOS.

# 1  BStET RS ROERET I RHE
Table 1. Band characteristics of core-shell quantum dots and polyethylene.
Ll HH N o S, i e ok F S K
i REHT ] B T —— LA R 23 R TR LR e BoIEE A
it E,/eV LS my/a.u. my /a.u. x/eV W/eV
CdSe 2.06 IEEP 0.14 0.39 4.85 5.38
ZnSe 2.77 HHATER 0.18 0.54 4.37 5.10
ZnS 3.44 BEHATBR 0.24 0.55 3.96 4.71
PE 8.80 HAER >10 >10 -2.45 5.42
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Fig. 7. Binding energy, electron density difference, and band structure of interface for core-shell quantum dot/polyethylene insula-
tion: (a) Binding energy of different interfaces; (b) electron density difference between ZnS and PE; (c) electron density difference
between CdSe and ZnS; (d) electron density difference between ZnSe and ZnS; (e) band structure between PE and ZnS; (f) band
structure between CdSe and ZnS; (g) band structure between ZnSe and ZnS.
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Fig. 8. Effect of interface structure with core-shell quantum dots on carrier migration in polyethylene-based insulation.

PRSI “[MT I 5 <O gk XA B TR LT
3 B BRIV ] BY. @Sy 7 e i R A
X 5 o G B T A RS AR Y AN 8
. B8 sz st i AR 5 2 i
fib SR T n-n AL A, A2 AR A5 T B
T, MrcEReir g il B Ak i
TRE L2 B BT R, MxE L AkST 78 52,
it T2 7B IAL 52 3] A 4 floh Fl, B4 ) 552 W 17 1)
FeJRRETR. Boci T R A S s R gt 7
X LT T R BRISVE T, T2 5 e G LA it St
TR L 1028 7 Y BRI .

J3IMEHE Tanaka $& H (174 B 1 f T80 (0]
#Hi T FEUGECOA L AR A, FrPAE
BARA SRR R, e it 1 RELON 307
RAFRBAER. AR 0T, # T REREY
SR EOR T I R T AR TR L IR
WM s 2R A5 R A o 8 B S L VR e B Bk BR AT
B AIE UL i T, 17 SO 20 B RO I
PRI F TR R AR, IR T 90K & B2 AE
IR 251 T BT S5

25 LR, ot i RO AU AR,
AR T 9K 2 S AR AR AL 250 B R EIR 71T
R oK A )27 2 U | 724
% S REAY i B BU IR S U TR A RS,
G35t L NS o EA R BUE T, HL R BRES00; F E
T RZR S5 A B 2 S RIME T 5, DA
PR e R 37 T A% | i 2 ] i fr R

5 % @

AR FEI T CdSe@ZnS Ml ZnSe@ZnS M
Fp A II-VI B s i 7, Hile8 T Bse s 1A/
RUGNAKE GG, B T st R R
F, 5 A X 408 25 PN B 48 Tk - 3 % 114 5% T B A AL

P ASCEEBEIT:

1) #E 10—90 C i EHE N, K5Ik T
25 KV /mm 44K 55 4 2 2 1 o, S ML) S kIR el
55 470 25 kV/mm, P-F &RV
FE I BN AE K R A 4 % ) L SRR TR Ok B
#. M PE 48%%, FEE 90 °C . 3% 50 kV /mm
%1 F, QD1/PE #l QD2/PE & 4454 1 H i
SR TR 39.2% 1 47.2%.

2) QD1/PE #l QD2/PE 44k A 4 S 1y 23 1]
R RN T PE 462%, 7F 25°C IR . 50 kV/mm
Y4 T4 55 PE 450K T 40.3% M1 34.1%,
X BB F e ST ARG, PE
4 2% 1) FA BIFRE IR By 0.831 eV, 1] QD1/PE il
QD2/PE 4 Zx (TR [ BF BB 43l 3 K 2 0.889 eV
F10.878 eV. TR T 5 Wk T X B 3 AT
e F g A AR A, 2 T 1 559 T PR -4 % B Tk
HL37, o2 [a] HL A 9 ARSI IR .

3) BT HEZ RBE, # TSI KkET
MR UIGE G AL IR - LR 5 58 2
Y LR T AR, ISR IR, RR 54
S IR 2 R) A i S T X 4 R TR B TR A8
VEF, T T30 00 F 4 g ik n) 52 )2 & AR 1T
W2 5722 Z AL R n-n B SR fih, % 738
TR B RIEAE A, 2 R T Z SRR
TR, st T O LTS R T BRIk
N, BT R TR AR T, BRI T ER T,
PO T 23 [l B far AR A

S 0k

[1] Yu B Q, Xia B, Yang X Y, Wan B Q, Zha J W 2023 Acta
Phys. Sin. 72 068402 (in Chinese) [AITE7, B IS, I, 1%
4, AR 2023 YFRAAR 72 068402]

[2] LiZ L, Du B X 2018 IEEFE Electr. Insul. Mag. 34 30

8] Du B X, Han C L, Li J, Li Z L 2019 Trans. Chin.
Electrotech. Soc. 34 179 (in Chinese) [¥tAA1%%, ¥R, 25,

127702-12


https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.7498/aps.72.20222320
https://doi.org/10.1109/MEI.2018.8507715
https://doi.org/10.1109/MEI.2018.8507715
https://doi.org/10.1109/MEI.2018.8507715
https://doi.org/10.1109/MEI.2018.8507715
https://doi.org/10.1109/MEI.2018.8507715
https://doi.org/10.1109/MEI.2018.8507715
https://doi.org/10.1109/MEI.2018.8507715
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
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

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 12 (2024)

127702

4]

5]

[6]
(7l

8]

9
[10]
[11)
12]
13]
[14]
[15]
[16]
17)

(18]

A WE 2019 L TH AR 34 179]

He J L, Dang B, Zhou Y, Hu J 2015 High Voltage Eng. 41
1417 (in Chinese) [fif4x R, 500, F#E, #1745 2015 m AR
41 1417)

Mazzanti G, Diban B 2021 IEEE Trans. Power Delivery 36
3784

Lewis T J 2014 IEEE Trans. Dielectr. Electr. Insul. 21 497
Tanaka T, Kozako M, Fuse N, Ohki Y 2005 IEEE Trans.
Dielectr. Electr. Insul. 12 669

Takada T, Hayase Y, Tanaka Y 2008 IEEE Trans. Dielectr.
Electr. Insul. 15 152

Zhu X, Wu J, Wang Y, Yin Y 2020 [EEE Trans. Dielectr.
Electr. Insul. 27 450

Li S T, Zhao N, Nie Y J, Wang X, Chen G, Teyssedre G 2015
IEEFE Trans. Dielectr. Electr. Insul. 22 92

Ye C, Zhang D S, Chen B, Tung C H, Wu L Z 2023 Chem.
Phys. Rev. 4 011304

Han C L, Du B X, Li J, Li Z L, Tanaka T 2020 /EEE Trans.
Dielectr. Electr. Insul. 27 1204

Yang M, Wang S, Fu J, Zhu Y, Liang J, Cheng S, Hu S, Hu
J, He J, Li Q 2023 Adv. Mater. 35 2301936

Smith A M, Lane L A, Nie S M 2014 Nat. Commun. 5 4506
Tanaka T 2019 IEEE Trans. Dielectr. Electr. Insul. 26 276
Lei Z P, Fabiani D, Bray T, Li C Y, Wang X Y, Andritsch T,
Credi A, La Rosa M 2021 IEEE Trans. Dielectr. Electr. Insul.
28 753

Moyassari A, Unge M, Hedenqvist M S, Gedde U W, Nilsson
F 2017 J. Chem. Phys. 146 204901

Chen X, Zhao A X, Li J M, Deng J B, Zhang G J, Zhao X F
2019 J. Appl. Phys. 126 035101

(19]

(20]
(21]

[22]
(23]
(24]
[25]

[26]

27]

28]

[29]

30]

(31]

(32]

127702-13

Li Z P, Ma Y T, Zhang C, Peng J Y, Wu K, Dissado L A
2021 IEEFE Trans. Dielectr. Electr. Insul. 28 616

Simmons J G, Tam M C 1973 Phys. Rev. B 7 3706

Cheng S, Zhou Y, Li Y, Yuan C, Yang M, Fu J, Hu J, He J,
Li Q 2021 Energy Storage Mater. 42 445

Dong J F, Deng X L, Niu Y J, Pan Z Z, Wang H 2020 Acta
Phys. Sin. 69 217701 (in Chinese) [#A%%, X%, 4518, &
TH, TR 2020 YA 69 217701]

Emtage P R, Tantraporn W 1962 Phys. Rev. Lett. 8 267
Hoang A T, Pallon L, Liu D, Serdyuk Y V, Gubanski S M,
Gedde U W 2016 Polymers 8 87

Zhou L, Wang X, Zhang Y, Zhang P, Li Z 2019 Materials 12
2657

Akram S, Bhutta M S, Zhou K, Meng P F, Castellon J,
Wang P, Rasool G, Aamir M, Nazir M T 2021 [EEE Trans.
Dielectr. Electr. Insul. 28 1514

Fishchuk I I, Kadashchuk A K, Vakhnin A, Korosko Y,
Béssler H, Souharce B, Scherf U 2006 Phys. Rev. B 73 115210
Li C, Duan L, Li H, Qiu Y 2014 J. Phys. Chem. C' 118 10651
Tu D M, Wang X, Lv Z P, Wu K, Peng Z R 2012 Acta Phys.
Sin. 61 01704 (in Chinese) [JBFER, T8, BEM, R4, #x
{7 2012 YA 61 01704]

Zhang R Z, Chen W H, Yang L N 2012 Acta Phys. Sin. 61
187201 (in Chinese) [K#E , BRSCHA, B3I 2012 PB4k
61 187201]

Hewa-Kasakarage N N, Kirsanova M, Nemchinov A, Schmall
N, El-Khoury P Z, Tarnovsky A N, Zamkov M 2009 J. Am.
Chem. Soc. 131 1320

Chen X H, Chen Y T, Ren F F, Gu S L, Tan H H, Jagadish
C, Ye J D 2019 Appl. Phys. Lett. 115 202101


https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.19595/j.cnki.1000-6753.tces.180073
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.13336/j.1003-6520.hve.2015.05.001
https://doi.org/10.1109/TPWRD.2021.3049269
https://doi.org/10.1109/TPWRD.2021.3049269
https://doi.org/10.1109/TPWRD.2021.3049269
https://doi.org/10.1109/TPWRD.2021.3049269
https://doi.org/10.1109/TPWRD.2021.3049269
https://doi.org/10.1109/TPWRD.2021.3049269
https://doi.org/10.1109/TDEI.2013.004173
https://doi.org/10.1109/TDEI.2013.004173
https://doi.org/10.1109/TDEI.2013.004173
https://doi.org/10.1109/TDEI.2013.004173
https://doi.org/10.1109/TDEI.2013.004173
https://doi.org/10.1109/TDEI.2013.004173
https://doi.org/10.1109/TDEI.2013.004173
https://doi.org/10.1109/TDEI.2005.1511092
https://doi.org/10.1109/TDEI.2005.1511092
https://doi.org/10.1109/TDEI.2005.1511092
https://doi.org/10.1109/TDEI.2005.1511092
https://doi.org/10.1109/TDEI.2005.1511092
https://doi.org/10.1109/TDEI.2005.1511092
https://doi.org/10.1109/TDEI.2005.1511092
https://doi.org/10.1109/TDEI.2005.1511092
https://doi.org/10.1109/T-DEI.2008.4446746
https://doi.org/10.1109/T-DEI.2008.4446746
https://doi.org/10.1109/T-DEI.2008.4446746
https://doi.org/10.1109/T-DEI.2008.4446746
https://doi.org/10.1109/T-DEI.2008.4446746
https://doi.org/10.1109/T-DEI.2008.4446746
https://doi.org/10.1109/T-DEI.2008.4446746
https://doi.org/10.1109/T-DEI.2008.4446746
https://doi.org/10.1109/TDEI.2019.008497
https://doi.org/10.1109/TDEI.2019.008497
https://doi.org/10.1109/TDEI.2019.008497
https://doi.org/10.1109/TDEI.2019.008497
https://doi.org/10.1109/TDEI.2019.008497
https://doi.org/10.1109/TDEI.2019.008497
https://doi.org/10.1109/TDEI.2019.008497
https://doi.org/10.1109/TDEI.2019.008497
https://doi.org/10.1109/TDEI.2014.004524
https://doi.org/10.1109/TDEI.2014.004524
https://doi.org/10.1109/TDEI.2014.004524
https://doi.org/10.1109/TDEI.2014.004524
https://doi.org/10.1109/TDEI.2014.004524
https://doi.org/10.1109/TDEI.2014.004524
https://doi.org/10.1063/5.0126893
https://doi.org/10.1063/5.0126893
https://doi.org/10.1063/5.0126893
https://doi.org/10.1063/5.0126893
https://doi.org/10.1063/5.0126893
https://doi.org/10.1063/5.0126893
https://doi.org/10.1063/5.0126893
https://doi.org/10.1063/5.0126893
https://doi.org/10.1109/TDEI.2020.008930
https://doi.org/10.1109/TDEI.2020.008930
https://doi.org/10.1109/TDEI.2020.008930
https://doi.org/10.1109/TDEI.2020.008930
https://doi.org/10.1109/TDEI.2020.008930
https://doi.org/10.1109/TDEI.2020.008930
https://doi.org/10.1109/TDEI.2020.008930
https://doi.org/10.1109/TDEI.2020.008930
https://doi.org/10.1002/adma.202301936
https://doi.org/10.1002/adma.202301936
https://doi.org/10.1002/adma.202301936
https://doi.org/10.1002/adma.202301936
https://doi.org/10.1002/adma.202301936
https://doi.org/10.1002/adma.202301936
https://doi.org/10.1002/adma.202301936
https://doi.org/10.1038/ncomms5506
https://doi.org/10.1038/ncomms5506
https://doi.org/10.1038/ncomms5506
https://doi.org/10.1038/ncomms5506
https://doi.org/10.1038/ncomms5506
https://doi.org/10.1038/ncomms5506
https://doi.org/10.1038/ncomms5506
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1109/TDEI.2018.007599
https://doi.org/10.1109/TDEI.2021.009223
https://doi.org/10.1109/TDEI.2021.009223
https://doi.org/10.1109/TDEI.2021.009223
https://doi.org/10.1109/TDEI.2021.009223
https://doi.org/10.1109/TDEI.2021.009223
https://doi.org/10.1109/TDEI.2021.009223
https://doi.org/10.1063/1.4983650
https://doi.org/10.1063/1.4983650
https://doi.org/10.1063/1.4983650
https://doi.org/10.1063/1.4983650
https://doi.org/10.1063/1.4983650
https://doi.org/10.1063/1.4983650
https://doi.org/10.1063/1.4983650
https://doi.org/10.1063/1.5089863
https://doi.org/10.1063/1.5089863
https://doi.org/10.1063/1.5089863
https://doi.org/10.1063/1.5089863
https://doi.org/10.1063/1.5089863
https://doi.org/10.1063/1.5089863
https://doi.org/10.1063/1.5089863
https://doi.org/10.1109/TDEI.2021.009324
https://doi.org/10.1109/TDEI.2021.009324
https://doi.org/10.1109/TDEI.2021.009324
https://doi.org/10.1109/TDEI.2021.009324
https://doi.org/10.1109/TDEI.2021.009324
https://doi.org/10.1109/TDEI.2021.009324
https://doi.org/10.1109/TDEI.2021.009324
https://doi.org/10.1103/PhysRevB.7.3706
https://doi.org/10.1103/PhysRevB.7.3706
https://doi.org/10.1103/PhysRevB.7.3706
https://doi.org/10.1103/PhysRevB.7.3706
https://doi.org/10.1103/PhysRevB.7.3706
https://doi.org/10.1103/PhysRevB.7.3706
https://doi.org/10.1103/PhysRevB.7.3706
https://doi.org/10.1016/j.ensm.2021.07.018
https://doi.org/10.1016/j.ensm.2021.07.018
https://doi.org/10.1016/j.ensm.2021.07.018
https://doi.org/10.1016/j.ensm.2021.07.018
https://doi.org/10.1016/j.ensm.2021.07.018
https://doi.org/10.1016/j.ensm.2021.07.018
https://doi.org/10.1016/j.ensm.2021.07.018
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.7498/aps.69.20201006
https://doi.org/10.1103/PhysRevLett.8.267
https://doi.org/10.1103/PhysRevLett.8.267
https://doi.org/10.1103/PhysRevLett.8.267
https://doi.org/10.1103/PhysRevLett.8.267
https://doi.org/10.1103/PhysRevLett.8.267
https://doi.org/10.1103/PhysRevLett.8.267
https://doi.org/10.1103/PhysRevLett.8.267
https://doi.org/10.3390/polym8030087
https://doi.org/10.3390/polym8030087
https://doi.org/10.3390/polym8030087
https://doi.org/10.3390/polym8030087
https://doi.org/10.3390/polym8030087
https://doi.org/10.3390/polym8030087
https://doi.org/10.3390/polym8030087
https://doi.org/10.3390/ma12172657
https://doi.org/10.3390/ma12172657
https://doi.org/10.3390/ma12172657
https://doi.org/10.3390/ma12172657
https://doi.org/10.3390/ma12172657
https://doi.org/10.3390/ma12172657
https://doi.org/10.1109/TDEI.2021.009563
https://doi.org/10.1109/TDEI.2021.009563
https://doi.org/10.1109/TDEI.2021.009563
https://doi.org/10.1109/TDEI.2021.009563
https://doi.org/10.1109/TDEI.2021.009563
https://doi.org/10.1109/TDEI.2021.009563
https://doi.org/10.1109/TDEI.2021.009563
https://doi.org/10.1109/TDEI.2021.009563
https://doi.org/10.1103/PhysRevB.73.115210
https://doi.org/10.1103/PhysRevB.73.115210
https://doi.org/10.1103/PhysRevB.73.115210
https://doi.org/10.1103/PhysRevB.73.115210
https://doi.org/10.1103/PhysRevB.73.115210
https://doi.org/10.1103/PhysRevB.73.115210
https://doi.org/10.1103/PhysRevB.73.115210
https://doi.org/10.1021/jp5022906
https://doi.org/10.1021/jp5022906
https://doi.org/10.1021/jp5022906
https://doi.org/10.1021/jp5022906
https://doi.org/10.1021/jp5022906
https://doi.org/10.1021/jp5022906
https://doi.org/10.1021/jp5022906
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.017104
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.7498/aps.61.187201
https://doi.org/10.1021/ja8082895
https://doi.org/10.1021/ja8082895
https://doi.org/10.1021/ja8082895
https://doi.org/10.1021/ja8082895
https://doi.org/10.1021/ja8082895
https://doi.org/10.1021/ja8082895
https://doi.org/10.1021/ja8082895
https://doi.org/10.1021/ja8082895
https://doi.org/10.1063/1.5126325
https://doi.org/10.1063/1.5126325
https://doi.org/10.1063/1.5126325
https://doi.org/10.1063/1.5126325
https://doi.org/10.1063/1.5126325
https://doi.org/10.1063/1.5126325
https://doi.org/10.1063/1.5126325
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. 12 (2024) 127702

SPECIAL TOPIC—Electrical/thermal properties of nanodielectrics

Effect of interfacial electronic structure on conductivity and
space charge characteristics of core-shell quantum
dots/polyethylene nanocomposite insulation®

Wang He-Yu  Li Zhong-Lei! Du Bo-Xue'
(Key Laboratory of the Ministry of Education on Smart Power Grids, School of Electrical and
Information Engineering, Tiangin University, Tiangin 300072, China)

( Received 29 December 2023; revised manuscript received 1 April 2024 )

Abstract

To investigate the effect of the interface electronic structure of core-shell quantum dots on the conductivity
and space charge characteristics of polyethylene insulation, nanocomposite insulations, namely CdSe@ZnS/
LDPE and ZnSe@ZnS/LDPE, are synthesized. The study focuses on elucidating the evolution patterns of DC
conductivity and space charge in the nanocomposite insulation, and analyzing the effect of the interfacial
electronic structure of core-shell quantum dots on the distribution of charge traps. Comparative analysis reveals
that in contrast to LDPE insulation, ZnSe@ZnS/LDPE nanocomposite insulation demonstrates a substantial
reduction in DC conductivity by 47.2% and a decrease in space charge accumulation by 40.3% under the
conditions of elevated temperature and strong electric field. The increase of trap energy level means an
enhanced trap effect on charger carriers. According to density functional theory, the band structure
characteristics of core-shell quantum dots integrated with polyethylene are computationally assessed. The
findings underscore that the band misalignment at the core-shell interface and the shell-insulation interface
induces shifts in the conduction band bottom and at the valence band top, respectively. These shifts impose a
confinement effect on electrons and holes, with the extent of this effect escalating with the augment of the
difference in band gap between the core layer and the shell layer. Consequently, this phenomenon curtails
carrier migration, thereby inhibiting space charge accumulation under the conditions of elevated temperature

and strong electric fields.
Keywords: nanocomposite insulation, core-shell quantum dots, space charge, carrier migration

PACS: 77.84.Lf, 73.21.La, 77.22.Jp, 72.20. DOI: 10.7498/aps.73.20232041
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MR C—H 7RSI F AR 3 Wi 19,
I, AT E58, PS GOKRGERE 2Tl & . M
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/keV

Bl 1 PS, F-PSYKBIKLRE C, FILE 4 (a), (b) AR HRSE T PS 40K MIRIES; (c) PS AKMIRFEM C TLE 4510,
(d) PS4 KfMER C M F LKA () F-PS HKMERIESL; (f), (g) F-PS A K MERE T C Ml F ICE M ; (h) F-PS 40K Mk £

CHF RS &

Fig. 1. PS and F-PS nanospheres and C, F element distribution: (a), (b) Morphology of PS nanospheres at different zoom scale;

(c) distribution of C element on the surface of PS nanospheres; (d) the content of C and F elements in PS nanospheres; (e¢) morpho-

logy of F-PS nanospheres; (f), (g) distribution of C and F elements on the surface of F-PS nanospheres; (h) content of C and F ele-

ments in F-PS nanospheres.
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1645 cm ! Al 1531 em* A ST LI K2 1511 em !
Ak B 5 I X2 AL R IR (pentafluor-
obenzene) MFRHIENE, i AR LM SR IR
ARG H AR .

F-PS 2 iR
r ©o lOii\D
= I=is
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- "
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=
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— i
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< S el 2
Q A | — |
g g £
@ (3
4 3 ©
< u
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2 ARG B9 PS AR Bk B9 FT-IR &3
Fig. 2. FT-IR spectra of PS and F-PS nanospheres.

Pure EP, 2% PS-EP 1l 2% F-PS-EP & & #1
LR IE T TG A O S AN 3 s . AR R ANECRHE
AR IR AR R T AR F G, SE KGR W T
TG RZPRCR I, B FFE AR Y
FOSFHE Y, (A 4 oK Sk 5 5 T A A S Y 4
Bt 0 BH 4K SR 5 20 S g 6 1A A AR 4 1 AH 25
. 2% PS-EP #1 2% F-PS-EP & &4 #H#9 FT-IR
SN 4 Fi. K 4 ATE 55 W IS /)N
5 PS 9KGERIY S I AR BRIEASCHE. 76 1085 cm ™!
Ak 35 Bt I i TS R C—O0—C 1943 T HE Ry 38 .
WEECH 1508 cm ! A ARSI AR e Ik 22, HE 5K
A 1750—2500 cm ™t 5 [l A 35 G 06 B FEAR AR 3R

5 pm 5 pm

4 pm

Kl 3 (a) Pure EP. (b) # 7 PS Al (c) F-PS 44 KBk /5 2
SR 5 L TEDE S5

Fig. 3. Cross-section morphology of (a) Pure EP, (b) filled
with PS, and (c) F-PS nanospheres.

C=C #l C=0 MW 47 4z 2l LA JR 3 C—H ]
(e A0S iR h 23 A PS 4k iR e, % ik B
S REASE] T . PR 2870 cm !, 2930 cm ! Al
2960 cm ! Ab By RF AR 1 3 0 4R % —CH, —CH, il
—CH; Wi 4EtiRal.

Absorbance/arb. units

|
|
1 1 11 1
3500 3000 2500 2000 1500 1000 500

Wavenumber/cm~!
& 4 (a) Pure EP, (b) PS-EP fl (c) F-PS-EP iy FT-IR
&l

Fig. 4. FT-IR spectra of (a) Pure EP, (b) PS-EP, and (c) F-
PS-EP composites.

3.2 IMEEESWMHBSESY

i 3 = A B IS Y = AR A bR SR A
Kl 5 iz, 2% PS-EP Z &M B SR i m, 2%
F-PS-EP & &Mk SR K. BEA A5 1Y
B, 2% PS-EP F4li 3 AR BEHR 2 30 1 AL i
S & I, i 2% F-PS-EP #1RHE 20 kV/mm LA
PN S IR O 22 A L G, (R Y i b R =

10—13

—O— Pure
—o— PS-2%
—— F-PS-2%

10-1F

10-1% ¢ <>/<>\<>/<>

1016

Conductivity /(S-m~1)

5 10 15 20 25 30 35 40
Electric field/(kV-mm~1)

[ 5 Pure EP, PS-EP fil F-PS-EP 7EAN[F3%58 T 1y S

Fig. 5. Conductivity of Pure EP, PS-EP, F-PS-EP compos-
ites at different applied electric fields.
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HLIFERG . ARPEIL A ZE R, 4l i R A IR A H
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i o SRR, HEDORBEIERABIA, Z A5 MK
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Fig. 6. Broadband dielectric spectroscopy (a) real part ¢’ and imaginary part €'’ of composites; the fitting data of broadband dielec-

tric spectroscopy imaginary part €'’ corresponds to (b) Pure EP, (¢) 2% PS-EP, (d) 2% F-PS-EP composites.
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3.4 IR|EAMMEFIARE

K 7 /R T Pure EP, 2% PS-EP #l 2% F-PS-
EP & MEHNAS . B 58 (B), IR
IR A2

F(E;p,0) =1 —exp[—(E/u)’] (2)

Xf i ZERRE AT TG (B 7(a) AT 7(D)), A
HRESEL (n) FUERSEL (o) 40k 1 g1, FHR
FE e R an il 7(c) .

100
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9 2% F-PS-EP
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> 6o F T A /A
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=]
)
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o
~
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AC Breakdown voltage/(kV-mm~—1)
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g y
& 50f
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E 7  Pure EP, PS-EP Ml F-PS-EP 1 (a) &2 i it 5 9
(b) B i i 28 iR i 5 A AR BER AT A () 28 H
T

Fig. 7. Weibull probability distribution for (a) AC, (b) DC
breakdown strength and (c) average AC, DC breakdown
strength of Pure EP, PS-EP and F-PS-EP composites.

# 1 Pure EP, PS-EP fl F-PS-EP 5 fii /Rl K 4
Table 1.  Weibull distribution parameters for Pure
EP, PS-EP and F-PS-EP.

AC DC
HEME

i o ,u o

Pure EP 67.45 5.00 187.20 24.63
2% PS-EP 74.00 4.02 190.41 32.18

2% F-PS-EP 75.54 3.99 198.59 25.20

FHEL 7 FIZ 1 AT, FER A T, 2% PS-EP
F1 2% F-PS-EP & & MBS 4 31 A R s A 4
T, Hrh 2% F-PS-EP (W ZF iR AT T2 12.6%.
HHE T, B F-PS MPRE R R A F2 2l 30 A
BT T4 6%. Hiim T, e R Eg kit %
HSRAHSE 2, T 2% PS-EP & & MH L SR 4
1, X AT AR RE R A Az BHE ELR R T i 25
FELFBA T FULRR LG9 GER 5] AR]
FEREAREZ A MR B O T4 N $E T AR
TR, X F2 W] F-PS-EP M ORHE B T35 35 454 2
FARGE I I i 5

3.5 INEEESWMB=ZTHEEESH
it — 2 RE PS AR IR 5 G b ) L 2
FEE B R W ML, X = FP B RLFE 20 KV /mm T
(1) 25 (8] B g 178 SR AT T R AE . B R alRE i R A
1k 1800 s, #R JE 25 s e, Sk far F H T HK 600 s
(depolarization). &Ef7 10 s Pk —Uk, A5 240 5%
SR BER AT p(z, t) S0 AT B0, BRARBUE
LA R AL RN, Hh el @R E %
B, W AR 00 iy 285 BE A, St (387 F g 235 B
T, R 240 25t GAR PE et |] SE 5 R 1R L
“Shn, AR 2D BUR, X RN T DL B L
F H LA 7R T I R B AR f I L. 1] 8(a)—(c)
IR T =Rk BE 2D B L) K 10, 600,
900 FH 1800 sXif i A4 H £ 43 A1 BU(E Hh 2. i A 484
BAERE A N e 2k 7 v A for AR R EEARAIS, 1T 2%
PS-EP TER 20 s WA B A AT A, 7E 600 s
Z e LA A BLBAT iE— 25 I, AERE SRR
B H ey AR R LY. X 2% F-PS-EP & A&
PR HLATIEA R R AETEL 1500 s Z )5, HHLAT
FEAMFE AL HAAEENE, 2% F-PS-EP &
ARk BH A R A AR B R TR, M E A

127703-6


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

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 12 (2024) 127703
—10s — -600s — -900s —--1800s — 1820 s —— 2300 s
2400 m—3 —~ E @
/(Cl(r)no ) 7 15 % Pure EP ‘E 0 i i
: g 1wo0f = SN | £ IRCRILIITTTTTTTTTT i
1800 7.5 o S f : |
e ] B = i ]
GE') 1200 (2)‘5 § Oko--too—2 E —~10 Pure EP i
3 : 2 ! :
600 B o < e A
=5.0 o g0t £ E S o
20 -7.5 E E g —20F %, 2
~10.0 O —15F 1 . < IS O} , <
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2
Thickness/mm Thickness/mm Thickness/mm
2400 .m—3 —~ o
/(Cu];no ) = i%; 2% PS-EP i )
1800 75 QE) 'S H :
“ 5.0 < \© Z
< > <2
o 1200 2.5 £ i < \
£ 0 2 = )
= 3 & i
600 —2.5 ° o ' o
-5.0 80 E | °
20 -7.5 g g i g
10 ~10.0 ) =) H . <
0 0.1 0.2 0 0.1 0.2
Thickness/mm Thickness/mm Thickness/mm
2400 —~ 20 T T o0
n gl 2% F-PS-EP & ‘E 0] e N,
1800 S 21 : S
=z ]
o ; (@] | | z \
g 1200 £ | < i
£ z ! = 0 ol !
I g & S I
00 < ] s
4 i 31 E
20 < S —20F e i 1 5
£ o ==
10 $ & ® . =
0 0.1 0.2 0 0.1 0.2
Thickness/mm Thickness/mm Thickness/mm

K1 8  (a) Pure EP, (b) 2% PS-EP #ll (c) 2% F-PS-EP %5 [a] B fif 73 A5 Bl A 18] i 28 4k ; (d) ZEFR AR | (e) 2% PS-EP H1 (f) 2% F-

PS-EP 17 [a] 81,37 43 77 B 0o [ #1928 6

Fig. 8. Space charge distribution of (a) Pure EP, (b) 2% PS-EP, and (c) 2% F-PS-EP with time; space electric field distribution of

(d) pure EP, (e) 2% PS-EP, and (f) 2% F-PS-EP with time.
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Fig. 9. (a) Decay of average charge density with time and
(b) trap energy levels in Pure EP, PS-EP, and F-PS-EP.
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SPECIAL TOPIC—Electrical/thermal properties of nanodielectrics

Improving insulation properties of epoxy filled with surface
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Abstract

Epoxy resin nanocomposites are widely used in the field of electrical insulation packaging. It is of great
significance to regulate the dielectric and insulation properties of composite materials by introducing nano-filler
to meet special application requirements. This work proposes a chemical copolymerization method, fluorinated
polystyrene nanospheres are synthesized through an addition reaction as filler, and finally the epoxy
nanocomposites are prepared. The polystyrene nanospheres have a uniform size and good compatibility with the
epoxy resin. The introducing of nanospheres reduces the dielectric constant of the epoxy resin composite
material and increases the breakdown strength simultaneously. Although the dielectric loss increases, the
composites’ imaginary part remains below 0.04 within 1 MHz frequency. In particular, the fluorinated
polystyrene/epoxy composite with a mass fraction of 2% exhibits a decrease in dielectric constant and DC
conductivity, while the AC breakdown strength and DC breakdown strength increase by 12.6% and 6%,
respectively.

The results of the pulse electro-acoustic method indicate that the charge injection of the epoxy resin filled
with non-fluorinated polystyrene nanospheres is evident, while the introduction of fluorinated nanospheres
significantly reduces the charge injection level. Calculations based on the depolarization process reveal that the
introduction of fillers leads to an increase in trap density and depth of energy levels in the composites. Notably,
the epoxy resin filled with fluorinated fillers has the deepest trap levels, providing an explanation for the
improved insulation breakdown performance. The research can provide guidance for regulating dielectric

properties of epoxy composites and material synthesis for the application of electrical insulation packaging.
Keywords: epoxy resin, PS nanospheres, fluorination, dielectric properties
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