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Abstract: In this study, we have designed [Epoxy/PEG] polymer gel electrolyte systems by thermal curing

the mixtures of epoxy, PEG, imidazole catalyst, and a plasticizer of 1:1 ethylene carbonate and propylene

carbonate in the presence of LiPFg salt. In order to enhance the poor mechanical property of the corres—
ponding [Epoxy/PEGI gel electrolyte PVdF—HFP was incorporated into the system. The ionic conduc—
tivities of the polymer gel electrolytes were related to the amount of PVdF—HFP in blends as well as

the amount of liquid electrolyte. The optimized gel system showed room—temperature conductivities

of 2.56%107% S/em.

Keywords: epoxy, polyethyleneglycol, PVDF—HEFP, ionic conductivity, polymer gel electrolyte.
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[Epoxy/PEG/PVdF—HFP] &3 o] &

31 A4S EA7]= Bellcore 3782 AA] Al Haj2e A
z3he 7P 388 90w wol o8 Ik TeaL e
A} AdEte] B, 3187k, molecular composite 43 5.2
2 TRFsE PVAFAl 53A19] 7o) 7Fsep| wheel B 77t %
& Fol ey

B AqrellMds AAl 283k Sli= Bellcore 3742 W1 &
o] Bitslel daloel tigt Ry AoiE nekebr] flste] shet
A2 JAE ESiete] kAl & 2 A 3 52 F 24§l
o] PVAFA| 38l g A=l 24 wmarsje] 4 gl 42 7et
o AAE AT F JEE 32 desks ERstaat o EAgt
PEGE] 4 73} Whgoll &Jsh QP21 w2 3737 Asfjdize)
slehA zapde Hekslo] Haldol tish Bado) gfs BHow
sk Uk o1 181 epoxy 9l PEGE of8] E0]2 HelA)7]|1, &
738l Q] imidazole?] S WEA7|HA 2 9] FAg AlA
Hle] 2 u)1E A3, [epoxy/PEG/imidazole] ol thal af}
= Alslo] slEle] doiiE ERIsIgick kA, AlxR skl
o] 7IAA B3 Beahr] 918k P(VAF-HFP) & H3stslalth

A7l e d-2 FT-IRZ} DSCE F3l kg AR5 2Rkist
911, o] AL impedence spectroscopyE ©]-&3I5.0m =
JE ol2AEEgE TEste] Al Al 9 P(VAF—HFP) &
AS A3, cyclic voltammetry 2 24712 Z3)) A7) 3}
s 54E Felsisinh

A s
ST

AlSf.  A3delM ARG ZFzke] g4t Ake] 200, 400, 600,
1000%1 PEG, aliphatic epoxy?! ethylene glycol diglycidyl
ether, poly (ethylene glycol) diglycidy! ether, neopentyl glycol
glycidyl ether, butanediol diglycidyl ether 2} 73} Fujjel
imidazole, 2—methyl imidazole “12]37 sj2E 02 AREH lithium
hexafluoro phosphate (LiPFg) = Aldrich o] Ao, PEG+
benzene¥2] &H] &4 0]881] dean—stark FAZ &2 A|A
S5 ARgSISion, 1 9]9] ThE AloFES 5% AAIgle] AFga)
Aot 72 fEYAZ AN poly (vinylidene fluoride—co—
hexafluoropropylene) [P(VAF—HFP)] #2801-> Atochem©%
], #8200 9 #8500 L2] SonyAPllA] AxH 2e AR}
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%t} Aromatic epoxy® AH-¥ Novolac epoxy 2} Multi—type
epoxy = 49| Nippon KayakuAlZHE] F+98}th THF =
sodium/benzophenone-& ARE-sto] A5k Tk

717|. [Epoxy/PEG/imidazole/P (VAF—HFP)/Aa|¢] &34 2]
7A3PEs gRlo 1l wkeA] A|=31= DSCoF FT-IRE ERl1s1S o
), differential scanning calorimeter (DSC) &= 10 C/ming] 5
£57 24301, 48] TA 2910 instrumentS ©]-&31ch
FT-IR #412 KBr plates AHE-sto] ez 743150 0m
Unicam Mattson 5000 FT—IR spectrometer (Model GL—5020)
£ o]g3lo] EARBISITE Alxd s8lAe] Al gk o= thermo
gravimetric analysis(TGA)E ©]€3}¢] 10 C/min?] $& 4%
S7g8Isict. Az At sl oA EE AellA 1 T
S o]g38lo] &390, EG&GAF] frequency response
analyzer Model 1025) & 28315t 713184 PddS S|
$1511 WonA TechAF] WBCS 3000 Battery cyclers ARg31o]
ki o=g

[Epoxy/PEG/Imidazole] S8 MIZ=. T}t /2] PEG—200,
400, 600, 10003} aromatic epoxy (novolac & multi—type epoxy),
aliphatic epoxy (ethylene glycol diglycidyl ether, poly (ethylene
glycol) diglycidyl ether, neopentyl glycol glycidyl ether, bu—
tanediol diglycidyl ether) 2} 473} vl imidazole %= 2—
methyl imidazoleS TR HIE= 3y |vlQl THF| =31
Hh&-= 895 doctor blades o830 Yst FAZ Fx3E 5 3
A SRl THFE ARellA AlASK 120 T2 Whg=kolx 2
o AlEslolt) Az A0 7A1A EAS S]lkow el F
Ao A& Yehl= 2/90)E A48l FT-IR¥ DSC #4&
E3to] Ak gRlo)F W Wi-gdS Stk

[Epoxy/PEG/Imidazole/Electrolyte] S| HZ=. thEzQl o2A
A z2An]9] [multi—type epoxy/PEG—200/imidazole =3/5/
1515 HalA (1M LiPFgs in EC/PC(1:1 vob)efl =<1 380, 100 T
o] X5 1~6ARE HEGE 3o Halls dishe wmshie] gt
AL AGTE ofe] nl&2] daljHel i3l st PR 9 7]
A B4 ik

[Epoxy/PEG/Imidazole/P(VdF-HFP)/Electrolyte] =&t |,
tEAQ o2 [multi—type epoxy/PEG—200/imidazole] T
H] o3 FA W]&(7:3, 5:5 2 3:7) ¢ P(VAF—-HFP) & 41jj¢l
dimethyl carbonate (DMC) olX] G5 718}e] 58tk o719 PEG—
2007} multi—type epoxy (5:3, &H4]) 32! 473} Zull?l imidazole
(epoxy HH] 50 mol%) & B> F &5 7iete] ¢ds] g3lAIHth
83, PO R [multi—type epoxy/PEG—200/imidazole/
P(VdF—HFP)] thH] 1:0.5, 1:1, 1:2, 1:3, 1:6, 1:8, 1:20 vl&2] A
319} (IM LiPFs EC/PC(1:1 voD)-& F7ketar wh[enks o]8st
o] F83] wIE Z aluminum foil 9ol doctor bladeZ ©]-&-3}o]
TGty g8]a, 60 Co =8 7lsle] 3 2vi9l DMCE
AAS, 80~100 T2 £55 7I510] 2~10% 53 Ashke-S
FEato] el Adsfid BES A3tk dojxl sk FEe] 5
= 50~160 umelgich

ol == 53, Az 33k
A IR PUREAE ARSEe] SRl olw) AReE
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G932 1 mHz~10000 KHz0]12, 43579 (perturbation voltage)
5 mVE 33t} ARE blocking A== stainless steels AR
SIS o] Ao FS At sl Halld Algs= glove box
ulelx] Alzsiodet & Atk P(VAF—HFP) 9F #sje] shek
of we el e o miE Sl dafjAle] o] HEeE
S

M7|seH oM &3, Al 1EA; Asre] o]z} AX|E-
AR Ag 7Fs7dS dolnr] fJsle] o] AS sl W71k
A BEAS dotrgith 1A} ofx} WA= 53 s AW
oA Lofif= 4kl - 34 Wkl &) st olsste] ARt =
27 = 8 A9 JFH (cyclic voltammetry, CV)2 A2
B B A gellA dojul= WS 7S Ao w bt
oFgk 4= Qls WO E o] 81 Qi) & AFeME CViiel 23
AREAIRL 221 A 9] st W belA H=e] 39, A=
LgellM o] BES- o5 dobr gttt o] $181e] potentiostatE Al
£310] 0~5.0 VO] A977ES 1 mV/se FAKLER A9S <2814
2T}, ©@S] Alo] G Aald) 7Ed=0% 355 Li vl (cyprus
foote mineral) 2= 3% half cell-& AZSIATE

Mol 2N =X Az st HaHs BAE 5 Qe
2E A FE3E] e BR2AAAE 1A A AT
Q1 Bellcore &7g0lX ARMEE]aL )= P(VAF—HFP) 9} Ha 7413511
ok AlE 7 e A dalds eds) destel 1285 ) <)
convection oven®lA] A7) wkE dal|He] s ST
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(Epoxy/PEG/QZ3} SU)AIAR] M=, (Epoxy/PEG/imidazole)
EAIAR o R AEE AZSISitk 1A epoxyE BEEATEHOI
973} aromatic groupS 7FA+= novolac epoxy S ARE3I31aL,
PEGE dol7} 7Fd k2 PEG—2003 AREs1S o 443} a2
+ imidazoles AMESte] o8] 4|2 AE-S AF3II Table 1
< novolac epoxy/PEG—200< 2] EH]Z, imidazole oA
71 10, 30, 50, 100 mol% = AMgst] 58 Alxslto] 1 s
ZAFIAtE Novolac epoxy”F 381 73-$-(epoxy/PEG>5/4) oA

Table 1. Mechanical Properties of Various (Novolac Epoxy/
PEG-200/ Imidazole) Films

Novolac epoxy/ Imidazole Mechanical
PEG—-200 (mol% based on epoxy) .
. properties
(mol ratio) 10 30 50 100
5/10 O O - - brittle
5/8 O @) - - brittle
5/4 O O O O sightly brittle
5/3.5 - O O - good
5/3 - O @) - good
5/2.5 - O @) - good
5/2 O O @) O good
5/1 O O O O poor, sticky
5/0.3 O O - - poor, sticky

20|, A33¢ 6%, 20094
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= A7 A% 5ol o, PEGZE Bl 75 (epoxy/
PEG<1/5) ollX= uHES- PEG EA|Z Q1ste] etk /42 £4
FAG 7ol dolRE & & Uitk
A7} Z9I2] imidazole 2] AFE- A, 71414 E4o] 95 BEA|
ZE Y8l A3 10 mol% oS ARgslodof 51, imidazole
FAZ § 583 w2 @go] §lal 10 mol% ode] elxl=
= w|X|= gk Ao} gt 7|AA S vUehile
HA0] oFs AWl 1A, SRbE Tkel| SJgh He) 2ghl=
(novolac epoxy/PEG—200/imidazole) (5/3.1/1.5 = 0.9)°]3]
t} FT-IR 9 A¥}(Figure 1), ¥-&712] novolac epoxy 2] epoxide
ring®] 54937} Whg- § A= 210 % ]Fo] novolac epoxy
9} PEG—2000] 3-8 x1383h-g 153t
(Epoxy/PEG/Imidazole) Z2EI2 17, & Aol #lze 38t
A AL LiPFs] Gl 2591 95 CTHI}F vk ox 43}
H-go] dofufol st} wEhA, o8] E7-<] epoxy (aromaticAl 2
aliphaticA]) ¥} PEG—200, 400, 600, 10002} €73} Zvll imida—
zole, 2—methyl imidazoleZ tjeFst A0 7 A|F3x DSCE AF
g3t Ashg2k 9 AgtdE SAsIch
Epoxy Z10| M2 As=: 2 ¥2F H|W. Figure 2+ 30~
200 Co] 2577104 10 T/min?] & 252 8kl PEG= PEG—
20022 11743}l aromatic epoxy?] novolac 3= multi—type
epoxyE 5 : 3 molB|E, Z3EmQ] imidazoles epoxy TthH] 50
mol% AFE3t W85 thgt DSC thermogram®]th. Figure 291
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Figure 1. FT—IR spectra of novolac epoxy/PEG—200/imidazole.
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Figure 2. DSC thermograms of (aromatic epoxy/PEG—200/
imidazole=3/5/0.6).
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Exo—

Neopentyl glycol diglycidyl ether,

Poly(ethylene glycol) diglycidy! ether
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Figure 3. DSC thermograms of (aliphatic epoxy/PEG—200/
imidazole=2/5/1).
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Figure 4. DSC thermograms of (multi—type epoxy/PEG—200/
imidazole=3/5/1.5).

= multi—type epoxy”} novolac epoxy Xt} HHdgke vror}
g a7t B 25124 C)olld Yehbes 21 g18 5 gl
o]+ multi—type epoxy”} novolac epoxy®ll ]38l HE-3-4Jo] w0
W aromatic group®] &7] wjiFolglal At} Figure 32 2ol
A g3t A9 A3} aliphatic epoxy?l ethylene glycol
diglycidyl ether, poly (ethylene glycol) diglycidyl ether, neo—
pentyl glycol glycidyl ether, butanediol diglycidyl ether= AM-
3to] DSC =74 Axolr}. Aliphatic epoxy= 5 7 ©142] epoxide
ring 7HHoF 8k, LiTole-2] A&t o)s3} defjlnle] 1sPde
1#3e] PEG 7220] —O—(ether group) & 7Hi= A& AEs18]
t}. Figure 3oll: ether group?] REEERQ] 47} 3o wle} 7
et SRR B 4 Q1oL tiAIA O = aromatic epoxyell BIsH
B 250N Aghgo] wAgks & 4 qltk

PEG B30 w2 Z3l2s ¥ P ol 2§ oFAR= k] 43
oM 7hd w2 ke s Uehlle= multi-type epoxy® 17g 8}
1L PEG #41#(200, 400, 600, 1000) o] k= DSC H5= AR
Sk} Figure 40l w17} 71 218 PEG—2000] 7Kg vk
AEE B, PEGE] #Akgo] 2715kl wet vhg-do] "ol
= & 7 ATk

=0l EFe &l mE Z32: Y ¥ H|w. Figure 5+
PEG—200%} multi—type epoxyZS Z}Z} 5:3 Ev]|&2 nAsly, 4
733} w2 imidazole®} 2—methyl imidazole®l] thdt DSCAHE
2 ZARISITE Figure 5914+ 50 mol%2 imidazole©] 2—
methyl imidazole®l] H|3}| S 3l s LERAS & 5 Qlt) o]

3

YFLEAAA G gehde] Az U Y 547
T
o
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Figure 5. DSC thermograms of (multi—type epoxy/PEG—200/
catalyst=3/5/1.5).

- -+ - Imidazole(20mol%)
—— Imidazole(50mol%)
— — Imidazole{100mol%)

Exo—

100 120 140 160 180 200
Temperature(°C)

Figure 6. DSC thermograms of (multi—type epoxy/PEG—200/
imidazole=3/5/3.0, 1.5, 0.6).

+ 2—methyl imidazole®] methyl group®ll 2J3}| epoxyE acti—
vationdlF=t] Ao wlEolelal AR ET.

Figure 6 43} 543 24 ol I3} Fuiel imidazole
o] & 20, 50 100 mol%= WA A DSC AFS FAKIICH
Figure 6°X= 20 mol%2] 73-9- 50, 100 mol%e°l| ¥l3l] &2 733}
255 RS & <R 913, 50, 100 mol%= 3Rt HIS3E1A
7l dg 100 mol%7t 38 4%e VRS & 5= Sl SR,
Az ghshA Aslde A% - imidazole ] A F7g0] GloHE,
I33, LiT 0]27} nucleophilicdt N gx1ele] 9844 4= ke
83l 50 mol% 2] ¥l&& A3t

Mol Holls o, Alxw 1EAl Hald A58 AR A3
Nl EC/PC(1:1 voD ol A & 1 3+
Ske] DSC w497} el k7 5ol tigt A= Table 20
Uitk Table 2043 aromatic epoxy 2] -9+ D& d4d50]
ol 2 A3l E ERIA R AlExE

3k
=4

(¢}
52 a7}
3L =4 ool whHe aliphatic epoxy+ WEAJOL} 71414
242 aromatic epoxy XUt EX] @igkort, daljze] xsde &9
t}. 53], poly (ethylene glycol) diglycidyl ether?] 7-$-+= 130 wt%
sl FRsila, o] 71AIA gt Hekehtdl aitA} =l
BvyRlore] $8% Jheslael Btk PEGE] -9+ ARo|
715kl w1 REgAdo] "olr] FEAIRE oAHIA N Aol
7Ykl wet Aafjtite] Hsdo] Trkehe Ale & o ATk

[o5

1o
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Table 2. Summary of Exothermic Peak Temp., AH and PC Affinity in Various (Epoxy/PEG/Catalyst) Systems

PEG Epoxy Imidazole (mol%)  Peak temp.(C)  AH(J/g) PC Affinity
PEG—200 Novolac—epoxy 20 135 140.9 X
40 130 210.2 4% swelling
100 120 164.2 X
200 105 90.80 X
20 125 93.80 X
Multi—type epoxy 50 107 98.25 3% swelling
100 101 106.1 X
Ethylene glycol diglycidyl ether 50 123 147.1 A (filmx)
Butanediol diglycidyl ether 50 125 166.5 A (filmx)
Neopentyl glycol diglycidyl ether 50 130 177.7 A (filmx)
Poly (ethylene glycol) diglycidyl ether 50 139 158.3 ©(130% swelling)
. 50 120 97.75 A (15% swelling)
PEG—-400 Multi—type epoxy 100 115 5841 A g
. 50 137 76.52 O(film )
PEG=600 Multi—type epoxy 100 132 60.35 O(filmx)
. 50 150 35.12 O fElm %)
PEG=1000 Multi=type epoxy 100 140 22.17 O(film )

0O: good, X: poor, A intermediate.

Multi-type epoxy

Absorbance

120 min

2000 1800 1600 1400 1200 1000 800 600
Wavenumbers(cm™)

Figure 7. FT—IR spectra of [multi—type epoxy/PEG—200/imida—
zole/P (VAF—HFP)]system.

[Epoxy/PEG/Imidazole/Zol{2H] AIAE] [Multi—type epoxy/
PEG—200/imidazole =3/5/1.5] A12<¥le]] 1:0.5, 1:1, 1:2, 1:3, 116,
118, 1:20 RI&e] Meljohe Zeato] Hhe-1= 80, 100 Colx st
A2 o5 ZARISHE W Hofl 1:3(300 wt%) 7HA] HaldE
Shishe 3pelo] A3 1:3 o] nlgolde Ee dafl
o] =AY shshAlo] AR §d9rom, 1:3 of3e] vlgollA =
aromatic group®ll &J3l brittledt A22] 3}shAlo] FA Q).

[Epoxy/PEG/Imidazole/P(VAF-HFP)/ZI5HH] SISl AIAE]
[Multi—type epoxy/PEG—200/imidazole/Za]H] A]~E12] e}
S 7IAIA 38 Beksb] el ¢rE 71AA e veRde
P(VAF—HFP) (Kynar #2801, 8200, 8500) &} 241=&}3it}

Figure 7+ Aajlg #2)5k A|AEo|x 2] FT—IR #4dzo|t},

H-2-219] epoxide ring 43 =17} P(VAF—HFP) &} Eal=3}o]

20|, A33¢ 6%, 20094

Exo—

40 60 80 100 120 140 160 180 200
Temperature(°C)

Figure 8. DSC thermogram of [multi—type epoxy/PEG—200/
imidazole/P (VdF—HFP) ] system.

= 1200 3} Wk ARK

& 4 9Jth Figure 82 P(VdF—
HFP) &} Ed1=3F 350 F DSC dye]™, [multi—type
epoxy/PEG—200/imidazole] A|Z~8le] HIs|| Tk =2 A%
(153 0) W vk daks YeRfar itk o= & F99) 50 wt% =
ZA5R= P(VAF—HFP) &] 9822 epoxy 2t PEGS] 484
o] Golx|7] wio|tt.

Figure 9% 310 Asfde] tigk TGA A¥jele) ¢F 100~200 T
Hagellr] J2sE T vt dofds ERIsla o) Aol
EC2} PC2] 713}l 2J3t Zo]ar 200 C oPdelld= PVAF—HFP2}
uikg- epoxy ¢} PEGS] T@4E & 4= 9tk 18la, 94y
oF 20 wt% 2] FFo| FHETS & 5 =Tl )= epoxy St PEG
o] kgl Qg kRS FF 0w Sshe Slolth

ol MEE £X i Y9uiiro] galo] steka #alde] o]
& AETE 4tk Table 32 o8] v]&-29] PVAF-HFPS}

ol flo

>
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20
—— PEG/Epoxy/PVdF-HFP
— — PEG/Epoxy/PVdF-HFP/Electrolyte solution
0.
100 200 300 400 500
Temperature(°C)

Figure 9. TGA thermograms of [multi—type epoxy/PEG—200/
imidazole/P (VAF—HFP)] and [multi—type epoxy/PEG—200/imida—
zole/P (VAF —HFP) /electrolyte] system.

Table 3. Ionic Conductivities of Various [Multi-type Epoxy/PEG-
200/Imidazole/P(VdF-HFP)/Electrolyte] Chemical Gels

Entry 1 2 3 4 5 6 7 8 9
KF#8500ratio 03 05 05 03 03 03 05 03 05
PVF ratio 10 05 03 05 05 03 05 03 03
Polymerrato 02 02 02 02 03 03 03 02 03
Thickness(um) 160 68 74 68 85 65 59 62 82
Q 383 184 136 240 290 346 252 159 287
lonic conductivity 220X 247X 2.33% 256X 138X 144X 150X 301X 136X
(S/em) 10° 1% 107 10° 100 100 107 10° 107

KF #8500 ratio (KF #8200 : KF #8500) ratio. PVdF ratio (PVdF [multi—type
epoxy/PEG—200/imidazole]) ratio. Polymer ratio[(multi—type epoxy/PEG—
200/imidazole/PVdF) electrolyte] ratio.

Aslloe] gapell wE oleEwe) e BEY BHE S
j

oIt} PVAF-HFP2] §0] 71 #e A9t 28 olexles
7156107 S/em)& UERHTL, o= epoxy/PEG Z3HESw7}

ol sl nalE 5 gl PAFTRe] 7kl OJg RO Ale
AT, SN, 50 wigh ofstelatt: 71714 B sdelslsik. sl
S Gl BetS e ol AEES ERlL 114 o el
249 el BES Ak B4 olLALES el

wt% S0l |82 (epoxy/PEG/imidazole/ZIa|ey) thv] 233
wt%o]ck

Mo|glste oPM AL Az A dajde] 7] sfekA
SFA JHE HESH| 981] potentiostatS ©]8-81o] AHFAR
3 (linear sweep voltammetry) < 2123123t} Figure 102 [multi—
type epoxy/PEG—200/imidazole/P (VAF—HFP)/Z3a|l] 2z} 24
o2 3o Alzst sfslAle] A (stability window) S -8+ Zlo]t).
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