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ABSTRACT

Electrochemical properties of cellulose-based UV-cured gel

polymer electrolyte

Shin Sang Jin
Advisor : Prof. Kim Hyun Kyoung, Ph.D.
Dept. of advanced parts and materials & Engineering

Graduate School of Chosun University

Novel gel polymer electrolytes (GPE)s containing cellulose acetate (CA) for
lithium-ion battery have been developed. The GPEs developed herein are 1) an
in-situ UV crosslink system composed of a CA host polymer/Bisphenol A
ethoxylate dimethacrylate(BEMA)/polyethylene glycol dimethacrylate(PEGDA) and 2)
a microporous gel polymer system based on Poly(vinylidenefluorid—co—hexafluorop—
propylene)(PVDF-co-HFP)/CA. Their electrochemical and curing properties, and
morphology have been investigated using AC impedance, linear sweep voltammetry,
Photo-DSC, and scanning electron microscopy. The gel polymer electrolytes
reinforced with CA improved the electrolyte leakage and showed the excellent
mechanical properties, the high ionic conductivity, and good overall electro-chemical
performance. Therefore these GPEs containing CA could be a promising candidate

for lithium-ion battery.
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Figure 1. Scheme of Lithium secondary battery mechanism.[20]



Table 1.Characteristics of lithium secondary batteries

Composition

Ionic conductivity

Low temperature
characteristics
High temperature

stability

Example

Liquid Solid polymer Gel polymer

electrolyte electrolyte electrolyte

.. Plasticizer +
Plasticizer + Polymer +

Lithium salt

~107% S/cm

Relatively good

Poor

LiPFs in EC/DEC

Lithium salt

~107° S/cm

Poor

Excellent

LiClO4 + PEO

Polymer +
Lithium salt
~107% S/em

Relatively good

Relatively good

LiPFs in EC/PC +

(PVdF-co-HFP)
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Figure 2.The type of electrolyte in lithium batteries.
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Figure 3. Chemical structure of (a)Bisphenol A ethoxylate dimethacrylate
(b)Polyethylene glycol diacrylate (c)Cellulose acetate (d)2,4,6-Trimethylbenzoyl
diphenylphosphine oxide(Lucirin TPO) (e)Ethylene carbonate (f)Propylene carbonate

(g)poly(vinylidene fluoride-co-hexafluoropropylene).

_10_



2.3 AYAH Fsd A EH AqE AF

= AT A Eev A2 2hvlvol

g u
of YelAtt. FH 3k Slide Glass AFe] ol

al

=
ow A3AA & nEA A dedS A ¢ AT n2A A A A F
=

7 4SS 93] sthe] Slide Glasse 9z Eo| AAAZS 23
2 gEL ofz L AR 91712 Glove Box Wl

A stk A Ben A 2YE 2L 2

SEECT S

Gel Polymer Electrolyte composite Prgsiire UV curing

Ve 2y Ry

Figure 4. UV-curable polymer gel electrolyte fabrication process.

Figure 5. UV-curable polymer gel electrolyte.

_11_



24. A F2m AsA A7 HeH B4 B4

A Zev Asde A7setd B4 SANHoRE VEXHow A Zyu Asd
EYF 2 F o9 oleAdS A 4 e wiF JIT2=(AC Impedance), 7
Aol FHI A Alold] HAE = A S =AH = AW A (Interface
resistance), 2 ZZv AHPA A AAHS ZHsE LSV(Linear sweep
voltammetry), WA 22

(Charge-Discharge)°] ¢t}

it
2L
DY
1o
&
12
M,
@
<
o,
D
ol
o
tlo
N\
o
]
&
32
rir
ofje
oF
2
NI\
o

e el ol& WEEE AX e Ed(ate) 54 5 AA Ao AHew
e oS Fa@ gl deldel ol HEE A(LDIF 2ol o]eg Fhai o

kS W= o] &F(Ionic species) I9] AdlF z, 5% ¢, & ol % pol H
0=Nae 2.l zilci i ... (1.1)

47Nz ex 747 oluERse Aol AstFelth WA o] & AEEE
e UE 9 FAA oleoR ded Afelee] £ Wi, 1 o] 259 oFe] u
245 moldth Waldel ol & AEE YR A HW - any Fol @ 4%
oA AAEE 2l Fol Ao o EAN77t oA AAF gAHow
4557 oyl AMAoR EoledA g ddAdel ol aFHE o] AEEE

el 107 S/em o] Folth o] M ERTE vrol nEE F e WA A
[e)

¢

o:
B

)
_%/\}
i<l

= o
A94E QA ol 1 Abolo] A Eelv AW BES Fob wF AGI0MV)IE T

_12_



Aoz & 100Khz ~ 1Hz 74 o 34 W92 S5435to] 100Khze] HaAg zhs
o] &3to] o] HLEE A=F T}

AR A 9] Ao A A xolA vlg T8
A AA Y oledEE 5ol w9 fFsitets ghd Adm AAES o 2
v el d A5 d5Akelo] HAste A7 gtow A8 AAY Fd wd &8
s A1 ¢ vk AAFe] 54 e rs A JYdsg v R S S
AYAE oA F=3 o EAs= Lithium 3539 AW 4TS ZAsta

| witoll SUS/Li/GPE/Li/SUS HE|= @9 AL A=t A s} oju F

oJA &= wF A 100mVE dte AF #& 451 Impedance 7] 7H4 2
& = 4-(Impedance imaginary)el S5 &= g2 Ha A glolx AWAZYL F2 3
7 Sretth oAl AARE 715 W] X7F Lithium w53 2 Zgv dsjd
o AW A ghol ot

A dol A7158t4 b A53 4bsh, $AvkeS dov)A ¥E A9 F9

B

o= srhdr). 717)8hs

o
©
o
ox.
rlo
2
mle]
N r
>~
s
~
Ca
)
[l
@]
=)
gt
o
%)
[l
Q)
A
ﬂl ﬂl
o
ofo
ol
o
s
N
M
r>~l
4
=2

s 24 A9 AE 8T FEZ FANscan)stal, 1 ghol FASIA FUF EE
Tk de7E dubd o el dstel ettt e AR gto] 9A8A o ==
= e HAeE Badgem AAG| = St o] w Y A=S APe] &old W
H(PT), 7F2(C), el 2@ ~7(Stainless steel) A= So] AFEHH 7]|& AFoZ2=
ﬂ%%*o]‘/} Ag/AgCl A5 22 {F718w& 7Ed=o] A&t o)¢h 2 A
WS M3 F=ALA 9 8 (Linear sweep voltammetry, LSV)olgt dtth A FA AW S
3 SAY= A A=A we gHARR, REA] VE A5 FASE
(scan rate)E Aw3ioF stH, A&g el dAds S8 9= 7hed 3 =d

bt

Olr

H
FAMEE( mV/s olshE A}%e}a— Aol vk

_13_



2.5 Photo-DSC(Photo-Differental Scanning Calorimetry)

Photo-DSC 23 TA InstrumentsAte] TA 5000/DPC System 7]7]& o] -3}
A3yatA et FYE Black light 365nme] W ZE Agd o FHFS 15mW/er ©] A
U 24 AREE 9 30mg s d4 297 skl A A3t AT Photo-DSC A& 2
7= TA Instruments SoftwareE ©o]-&3te] EA3}9 )

Photo-DSC= 7|24 0% 2% xHo] 7hsdt &4 dtollA ARE A94d Bl =

ZAAL W AR B R FulEE FI w: TR g 7]7olT
"

=A43l=  DSC(Differential Scanning

Calorimeter)] UV AreE 4= A NFRE dEA V]9 dFoltt
2.6. o] 2A =% =HA(Ionic conductivity)
oledEx AL SolatronAle] Solatron 1260 717]& o] &35t ZdP3gom,

Solatron 1260 frequency response analysis(FRA)S o]-&3lo] #2493130th. ghv o]

o g AztE A Zgv dald ELS Slide Glassoll A 8 & 2 Zgv Aad
HEo] SiHI ofdide] SUSEH X2E o]fsle] A
100khz ~ 1Hz, Amplitudex= 100mVZ 3l ¥Ha Adds =AUt =4HE HAa A
g o] 2HEE A (1D dYste] oA EEE ST

Ionic conductivity(S/cm) =

Rb = H=a A%
S = wol(em)
d = F7(cm)
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2.7 AlB A =A (Interface resistance)

AMAE AL solatrontte]  Solatron 1260 7]17]E  o]l&3ste] st o,
Solatron 1260 frequency response analysis(FRA)E o]&3dle] A3t A zd 2
Zelv Hdald d59o slHy ofdiHo 2F =% (Lithium metal, Thickness @ 130um)
< GlEola SUS=E ¥ A& o]&ste A& A#steth Frequencyw 100khz ~

1Hz, Amplitude= 100mV & sto] Al A2 74830t

2.8 ¢t A =AH(Linear sweep voltammetry)

o

4 AL Autolap 7171E ol &3t st Azte A ZHw Al $l
2 g% F<(Lithium metal, Thickness : 130um) 2. & &}al ofgH & SUSE &to] A
Yats WAAFH o SUSE Working electrode, Lithium metal Reperence 9F
Counter electrode® 23l om Q17bx<te] Hel= A Zg HAade 15V ~ 6V,

Scan rate(V/s)= 00012 A % =A 3t}
2.9. UTM &34

Zkel X FAste] o AzE A EE A AFAAE= Shimadzurhel
EZ-test, UTM< ARE-3sto] A5t I A S-S 9184 Cellulose acetate &+

gz 2 Zeo A8l BES ¥4 F 3em X Som, 100me] BES A

crosshead X% 1mm/min, 53] W5 ZAslo] AT aS A=sST).
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2.10. Scanning Electron Microscopy
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Table 2. Formulation of UV-curable gel polymer electrolytes composition with
different oligomer content. Data values are weight percentage.(content of initiator
(%) = BEMA-PEGDAx3wt%)

. 1M LiClO, ® o
BEMA" PEGDA? } Lucirin TPO*
in EC/PC
A 7 13 80 3
B 10 10 80 3
C 13 7 80 3

1) Aldrich, Free radical UV curable oligomer, Mw : 1,400g/mol
2) Aldrich, Free radical UV curable oligomer, Mw : 575g/mol
3) Techno semichem Co., LTd, Korea Electrolyte

4) BASF, Free radical photoinitiator
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3. 234 4 1%

31 GPES & uw wste] e A =4 B}

A

Photo-DSCE ©]-&sto] A EHgw Hajde] F5d A oA n&xe x4
g w2 FAH} AsS BAIAL B ZAE = WS FAHHom oz
%= H|4A F7]8€ ¢l Ethylene carbonate/Propylene carbonate?} 3w o]glal 1
of wel WY = v S, Eaem ] FAst s A Y. Figure 6 7%
Figure 79 #telX A3sdg A Zglw dA& 2] Main structure’} & &8la1H,

m o] g nlo] wE Photo-DSC A3 HAe&S Yelhlil e, Table 3 o=
Figure 6 2258 42 AH, Induction Time, Peak Maximum= A& 3sAt. AH Fk
< WY Syt vEgo] My HUA Y= F QY WEE yehd Zola

-

AN

Induction time #%k&o] 1%7} H&=d dels Aoz %27 &5 oist 4
E A4S 4 Ao Peak Maximum< 2 #o] HAZHS 7HA = Aro =z Ants
A WSEHE gt AHE Yl o9 g2 Hbgo Fostx] k= EC/PC FA

= Al9jetan A= grolth
6, 7% T3 FAY 2@SIIE VR ukEH opadeo|Ee] EAF] 7 7

Fo] mE & A es Hlth EAEC é}ﬂvﬂ,gi < BEMAS®| g&fo] wobd
= 43 FE7F BobAM ¢ B AsEAS Bt o 24

el EA1sk= wiwkg ofa - e] BV Hrh ol A Eev dsjde] A5 %
Bleb 2l ol ol Astm qle) A)ster SAdx & 4TS 7/ A
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Figure 6. Photo-DSC extherms for the photopolymerization of A, B and C.

Isothermal curing temperature : 25C ; light intensity : 1.5mW/cm? ; in nitrogen.
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Figure 7. Percentage Conversion profiles for the photopolymerization of A, B and C.

under the conditions described in the legend of Figure 7.
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Table 3. Kinetic analysis result for the photopolymerization of A, B and C. under

condition described in the legend of Figure 7.

Induction Peak )
. , , Conversion(%) AH(J/g)
time(s) maximum(min)
A 2.88 0.15 84 45.80
2.96 0.16 68 41.34
C 3.12 0.16 56 33.42

_21_



3.2 GPE9 Zgan W3 WE oJ2AEE 54 v

A Zajo] Qe x4 B Senvl FEol B A8 2Folee %o HE
7 He oledxr 2@ =4 A3 kS Figure 8% Table 49 Aeldtgit. ol &d =
=9 & Impedance analysisol 98] =4 %= 100khzol A o] H=a A&z A Zgv
defde] wols wek gl FAE ysA kAl fk Photo-DSCE &3l &2ld 2
Zem dajd =4 55 BEMAY o] WoldaE oAk Fho] faxe= A

g o Ak A En dajdR ARSsh] el = A=2(25T)oA 107 Sem”

o, rulo

Aafd 25 107 S em™ o] 49 oA ERE #S YERAIY BEMAS $haFo] 7+
2o AZAEo] aAFAAE 7MY B o]2HEE S YERNSTE o= Photo-DSC
E T8 &3 v vkE e mE gEelee] oA Had dFe wue= As on
Eig=

3 A e i did FEE s BEMAY @EFe] IAESE A
8 Hdald 25 g AR s gFol olsgdo] AstE7] Wi o
CHER JEgs FA "dAd

_22_



1.8x103 100
—@— Conversion
—l— lonic conductivity - 80
' -3
e 1.6x10
o
@ o
£ 5
B 1.4x10° - [z
S )
2 z
- 40
8 3
c
L2 1.2x103
- 20
1.0x10-3 T T T 0
7:13 10:10 13:7

Oligomer content ratio / wt%

Figure 8. The Ionic conductivities and Conversion in UV curable gel polymer

electrolyte formulations.

Table 4. The impedance and ion conductivity for the UV curable gel polymer

electrolyte samples.

A B C
Impedance(Q) 2.1412 2.2541 2.9541
Thickness(cm) 0.0056 0.0048 0.0057
Width(cm?) 1.76 1.76 1.76
lonic (CSOZ?TT)CUVW 1.49E-03 1.21E-03 1.10E-03
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Table 5. Formulation of UV curable gel polymer electrolytes composition with

different cellulose acetate content. Data values are weight percentage.(content of

initiator (%) = BEMA-PEGDAx3wt%)

swar  ppopa Sl PLAO, Lo
GPE-A 7 13 0 80 3
GPE-B 7 13 1 80 3
GPE-C 7 13 3 80 3
GPE-D 7 13 5 80 3
1) Aldrich, Free radical UV curable oligomer, Mw : 1,400g/mol

2) Aldrich, Free radical UV curable oligomer, Mw : 575g/mol

3) Aldrich, 39.8 acetyl content, Mn Ca. 30,000(GPC)

4) Techno semichem Co., LTd, Korea Electrolyte
5) BASF, Free radical photoinitiator
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2 Ao A= d7sstd 54 4S8 H7bE Cellulose acetate®] ol u}
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carbonate, Propylene carbonate®} 4 AES o] FWHA HErl S7Fste] BH 3t 54
o d&gs HAth

Figure 9, 102 Cellulse acetate®] &=Fol whe} W FAdy H3s X4
t s2E ZEwZ H7FE Cellulose acetatei= Fo ol Aoz ol ¢ko
e Asoz va 3743 Asel 93 ot Cellulose acetate®] 3HEFo] 3wt% ©]
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Heat Flow / W/g
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Figure 9. Photo-DSC extherms for the photopolymerization of Cellulose acetate
content. Isothermal curing temperature : 25C ; light intensity : 1.5mW/cm™ ; in

nitrogen.

_26_



100

Conversion / %

0 T T T T T
0.0 0.5 1.0 1.5 20 25 3.0

Time / min

Figure 10. Percentage Conversion profiles for the photopolymerization of GPE-A, B,
C and D. under the conditions described in the legend of Figure 10.
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Table 6. Kinetic analysis result for the photopolymerization of GPE-A, B, C and D.

under condition described in the legend of Figure 10.

Induction Peak ]
, , , Conversion(%) AH(J/g)
time(s) maximum(min)
GPE-A 2.88 0.15 84 45.80
GPE-B 3.03 0.15 80 4468
GPE-C 3.81 0.18 76 42.70
GPE-D 4.0 0.19 75 41.70

_28_



3.3.2. 7taA ¥ & HI}

rr
i
ftt
f
to
[
1o,
ol
[
Ju
>

T2E Zy 2 ALE3H Cellulose acetated] & EAH o=
7178 i obAlE 2 Wgtel whel A S YA Ho] o] st EE
AAE ztom FFEo] 948 71AA|Ql Ethylene carbonate/Propylene carbonate
= 2 E9v Ajd dEo A AEHer EASHA Sk

Cellulose acetate’} &= H7ld A &F
o AFLEA 25T 2=olA B3t H
2AY 3 S vlaske] Figure 110 YepdIdch A Z2v dejde] FAz
= ootele] A0.3)dd wel AEsd o, IAFLES AFEE ol f= o
A E HAstslr] 9ol

Figure 119 7/ #4&gds 24 A &

A 54 Al Cellulose acetate”} H 715 A 282 GPE-A 259 A 5ode Fye=
wAHA FAE Zag AS el & 5 ddew, 2o v Cellulose aetate’} 37}
H 59 HF9 120020 AF F 1wt%e 156%, 3wt%e 13% 5wt% s 8%7F #HA 3
nom H7HA %S GPE- e 24%7F A" S gRlEdrh. o=
Cellulose acetate’} Zt+= i1 Ao 2 Cellulose acetate®] 7 7}o]

=]
Bol A4S AaAE §AaE Bgol $58 AL BAFAY

4,
i
AL
2
2
ol
i
fljo
w
X
w
@)
=
it
3
£
2
PN
o
2N

=
Lo
o,
o

Jo
Lo

Joi
RN
o
g3
Lo
=)

_29_



Table 7. Weight change of various composite electrolytes as a function of time

evolution at 25C, under the conditions described in the legend of Figure 12.

Time
120 360 600 840 1020 1200 ]
(min)
GPE-A 90.35 83.92 80.70 78.13 77.49 76.84 %
GPE-B 94.22 91.59 89.84 87.39 86.17 85.82 %
GPE-C 95.84 92.33 90.73 89.45 88.81 88.49 %
GPE-D 98.19 95.60 94.57 93.%4 92.76 92.24 %
100
95
N
90
° 3
NS
5 851
©
<
80
—A— GPE-D
—e— GPE-C
75 7 —=— GPE-B
—e— GPE-A
70 T T T T T
0 200 400 600 800 1000 1200
Time / min

Figure 11. Weight change of insitu-crosslink type gel polymer electrolytes as a

function of time evolution at 25C.
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Figure 12. Elongation and Force curves with different Cellulose acetate content
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Figure 13. AC impedance spectra of gel polymer electrolytes with various Cellulose

acetate contents.
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Figure 14. Ionic conductivity gel polymer electrolyte at various Cellulose acetate

content.

Table 8. Ionic conductivity for the gel polymer electrolyte samples.

GPE-A GPE-B GPE-C GPE-D
Initial 1.48E-3 1.53E-3 1.95E-3 1.07E-3
Swell in
o 1.56E-3 1.93E-3 2.64E-3 1.53E-3
plasticizer
Increase in Ionic
conductivity(%) 0 27 38 43
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Figure 15. AC impedance spectra of various UV cured BEMA/PEGDA/Cellulose

acetate composite electrolyte membranes.

Table 9. Electrochemical impedance spectra of gel polymer electrolytes with various

cellulose acetate contents.

Bulk electrolyte Interfacial resistance
Membrane .
resistance Rb (Q) Rin(Q)
GPE-A 3.54 481.46
GPE-B 2.39 262.60
GPE-C 1.76 50.56
GPE-D 3.05 166.05

_37_



GPE - A GPE - B

GPE - C GPE - D

Figure 16 . Surface SEM images of gel polymer electrolytes with various cellulose

acetate content.
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Figure 17. Electrochemical stability windows of various cellulose acetate content.
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Table 10. Formulation of UV curable micro-porous gel polymer electrolytes
composition with different cellulose acetate content. Data values are weight

ratio.(content of initiator (%) = BEMA-PEGDAx3wt%)

P(VAF-HFP) " BEMA- Cellulose
PEGDA? acetate®
Micro
1 0.05 0.03
porous—A
Micro
1 0.05 0.06
porous—B
Micro
1 0.05 01
porous—C
Micro
1 0.05 0.2
porous—-D

1) Aldrich, copolymer, Mw : 400,000g/mol

2) Aldrich, Free radical UV curable oligomer, Mw : 1400, 575g/mol
3) Aldrich, 39.8 acetyl content, Mn Ca. 30,000(GPC)

4) BASF, Free radical photoinitiator
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Figure 18. Weight change of micro—porous type gel polymer electrolytes as a

function of time evolution at 25C.
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Figure 19. Variations of electrolyte uptake and 1ionic conductivity in
P(VAF-HFP)/BEMA-PEGDA/Cellulose acetate composite membranes with cellulose

acetate content.

Table 11. The impedance and ionic conductivity for the UV curable micro-porous

gel polymer electrolyte samples.

Micro- Micro- Micro- Micro-

porous—A porous—B porous—C porous-D

Impedance(Q) 4.9645 2.0385 1.9322 1.6395
Thickness(cm) 0.0091 0.0051 0.0062 0.005
Width(cm?) 1.76 1.76 1.76 1.76

oni —
onic conductivity 1o 1.42E-3 1.82E-3 1.73E-3
(S/cm)
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Figure 20. Surface SEM images of micro porous gel polymer electrolytes with

various cellulose acetate content.
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Figure 21. Surface SEM images of micro porous gel polymer electrolytes with

various cellulose acetate content.
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3.4.3. AVAF £4

Figure 22+ AC Impedance spectra® ©]83Fo] 100khzoll 4 100mHzel ¥ ¢ el 3
TE A3t Cellulose acetate 339 Wste & AW A& 545 veEpd 2ot
HAaAgs AWAEe] gk Table 12 YeER AT

In-situ crosslink Wil 23 Azxd 2 Zgv Ay FAsA Cellulose
acetate®] FtFo]l S/MEsE HAAY @ AWHAZe] Hisie A¥FS EAU
Cellulose acetate®] o] 3wt%d w=
oA 6wt%old H7F HAS wWiFH 43 Aol AiHE S FdstRon.
20wt%FHE oAl AW A3 9 da Aol Frkske e @S Bt 20wt
u = Figure 212] SEM ZA3}o|A H%o] pored] ZL7|7}F wdatA] H
HA e FEE SA%Y. 2 A A Ade] tr] 7t sHA Ha A7) skeE 5
o] AstE T} Figure 232 o]|LdEwel AWAGS vuwstsE gholn ol LA E L7}
S/t E AU A G| FdH= A3E HERH Dataol th

ol Ayp= A EZy Hdad ZE FH P A& Uptake, Ionic conductivity
Aol ofgstA vk da A uptake ghollAl Hzo] B} W I HS A
g A5 a22A EH2ze; dafjizte]l Adel Haxde] FAstA Wil Ak b
E

gao] gAY dalde] o] Be A4S AF(Li metalzre] A AW Aw
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Figure 22. AC impedance spectra of various UV cured micro—porous

P(VAF-HFP)/BEMA-PEGDA/Cellulose composite electrolyte membranes.

Table 12. Electrochemical impedance spectra of gel polymer electrolytes with

various cellulose acetate contents.

Bulk electrolyte Interfacial resistance
Membrane .
resistance Rb (Q) Rin(Q)
Micro porous—A 10.92 486.02
Micro porous—-B 4.78 183.12
Micro porous—-C 4.30 164.81
Micro porous—D 4.33 212.12
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Figure 23. Variations of interfacial resistance and ionic conductivity in
P(VAF-HFP)/BEMA-PEGDA/Cellulose acetae composite membranes with cellulose

acetate content.
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