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. �

Ethylene carbonate(EC), propylene carbonate(PC), dimethyl carbonate(DMC)~ &²Bf LiPF6 ÒÒ" 5 TiO2

ÏêB¢ �Ï~� J; polyacrylonitrile(PAN) *�îj B�~&
. �ª¶ *�î~ *Vz�' n;W, �N*êê,
ÒÒ*�"~ ^~W �~ *Vz�' ßW" Vê' ßWj �Ò~&
. ��� �ª¶ *�îj �Ï~� �ãB Ò
Ò�N*æ~ ÏO* ßWj �Ò~&
. EC, PC b� &²B¢ �Ï~� B�B �ª¶ *�îf TiO2& Î&Nö
V¢ �ª¶ *�î� ÒB > ®º �& ~7� 2V &�² Ã&~&
. EC, PC b� &²Bf TiO2& b�B �
ª¶ *�îf çNöB 2Ü10-3S/cm~ �N*êê¢ ¾æÚî�, 4.5 Vræ *Vz�'b� n;~&
. ÒÒ.³j
ÒÏ~� B�B f~ ªb~Ê Ö"öBê EC, PC b� &²Bf TiO2& b�B �ª¶ *�î� 20¢ ÿn ê�
&� 130Ωb� &Ë n;~&
. LiCoO2 ·�" ÒÒ r�, TiO2& b�B �ª¶ *�î� �WB *æº ÏO*
ÎN� 1C O*³êöB 90%¢ ¾æÚî
. 

Abstract: Gel-type polyacrylonitrile(PAN) polymer electrolytes have been prepared using ethylene carbonate(EC),
propylene carbonate(PC) and dimethyl carbonate(DMC) plasticizer, LiPF6 salt and TiO2 ceramic filler. Electrochemical
properties, such as electrochemical stability, ionic conductivity and compatibility with lithium metal and mechanical
property of polymer electrolytes were investigated. Charge/discharge performance of lithium secondary battery using
these polymer electrolytes were investigated. The maximum load that the polymer electrolyte resists increased about
two times as a result of adding TiO2 in the polymer electrolyte containing EC and PC. Polymer electrolyte containing
EC, PC and TiO2 also showed ionic conductivity of 2Ý10-3 S/cm at room temperature and electrochemical stability
window up to 4.5 V. Polymer electrolyte containing EC, PC, and TiO2 showed the most stable interfacial resistance
of 130Ω during 20 days in the impedance spectra of the cells which were constructed by lithium metals as electrodes.
Lithium metal secondary battery which employed LiCoO2 cathode, lithium metal anode and TiO2-dispersed polymer
electrolyte showed 90% of charge/discharge efficiency at the 1C rate of discharge.

Key words : Gel polymer electyrolye, Li metal battery, TiO2 filler

1. B �

*V, *¶, Û� 5 ��V Öë� /³® B*�ö V¢ �
WËÁ�n;W �N*æö &� >ºº 6N Ã&>Ú z�, ß
® ;& *VÁ*¶ B®~ ã; �²z 5 Z&z º^ö V

¢ � ª¢~ �� ¦®� �N*æê ;ïzÁ²;z& º�>
Úæ� ®
. �ö V� ÒÒ.³j r�b� Ö�� dry
polymer *�îj V.� � VVÒ �Ê�(Li-Solid Polymer
Electrolyte)f ¸f ö.æ Ïï Ë~� ß® *VÚ>Ë~f Z
&Û�Ï *öb� "Ïj A� ®
1-6). ��¾ liquid
electrolyteö j� Ôf �N*êê� �� Li hybrid polymer
electrolyte(Li-HPE) VVÒ �Ê�, ¯ �Ò^ 
ÞÓÊ, FVÏ
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, �Ò� "j ��� Jç~ �ª¶ *�î BBö "K~�
®
7-10). V�~ liquid electrolyte¢ ÒÏ� *æöBº Ï*�
anodeöB dendrite ��& ;W>�, � dendriteº cycling
efficiency¢ Ôº� Ïïj �² 6² �Î
11). ��¾ �³'
�� pore& ìº polymer electrolyte¢ ÒÏ� ãÖ dendrite
¢ ¢V�Êº *��~ �³'� free path¢ ïj > ®Ú �
^B¢ �Ö� > ®
12). Jç~ �ª¶ *�îf &²B~ «
~f �ïö V¢ �ª¶ ÒÒ~ Úÿ" ÒÒ*�"~ ê�&
�� 
��, ¸f �N*êê¢ <V *� �Û 70Ê80%~ F
VÏ
¢ �F~� ®Ú ���'b� ®n;~
. V¢B çN,
&V{ ç�öB J¾ v² >� solventº *�î ��ö Ê�
¾J² >� *�îf 6N ç�ê
13,14). �� �~� 6ê&

æ² >� �N >Ç� ÚJò^ Ö� �N*êê& ÎÚê

. ±f �N >Ç ËK" *�"~ �zêº *æ~ WËj
�Ë~º� V�'� º²�
. Vê' ;ê& Ïª~æ á~�
*�b� �� ÒÒ*�*~ ê�~ ®n;W" �³'� ÏO
* ÿnö �Vº ÒÒWËb� �� *æ~ �£ ö�� >V
ê �
15). 
J; �ª¶ö ��º &²Bº ¸f F*ç>f electron-

donor �~ Wî� º�>º ethylene carbonate(EC),
propylene carbonate(PC), dimethyl carbonate(DMC) �~ j
·¶W carbonate
j ÒÏ~� ®º� ECf PCº high
polarity solvent(HPS)�B ¸f F*N 8b� ÒÒ"j �Nz
�Ê�, DMCº low viscosity solvent(LVS)�B Ôf 6ê¢
&^ �N~ �ÿ�¢ Ã&�Êº ��j ~º : HPSf LVS
¢ b�� &²B¢ ÒÏ�
16-19).
� ��öBº Jç~ �ª¶ *�î~ ¸f �N*êêf Ò
Ò*�"~ ê�&�j �²z~V *� &²B¢ �Ò~&b
�, 6� �ª¶ *�î~ Vê' bWj Ëç�Ê� FVÏ

�FËj Ã&�ÊV *� TiO2 ZVÏêB¢ ªÖ�Î Jç �
ª¶ *�îj B�~� TiO2& b�B �ª¶ *�î~ *V
z�' ßW, Vê' ßW 5 ÏO* ßWj �Ò~&
.

2. 
  þ

2.1. �ª¶ *�î B�
�ª¶ *�îö ÒÏB PAN(&ê : 1.21 g/cm3, Polyscience)
f j;îç�� ï� ª¶ïf 150,000�
. ÒÏB LiPF6(98
%) ÒÒ"f AldrichÒ~ ß/�£�� *¾Ò ì� ÒÏ~&

. J ;�~ �ª¶ *�îj B�~V *~� EC(Mitsubishi
Chemical), PC(Mitsubishi Chemical), DMC(Mitsubishi
Chemical)¢ 7ïj� EC:PC, EC :DMC 2 :1� b�B Ï

ö LiPF6 ÒÒ"j Ï��Ê� �¢ PAN" ';ïj b��
ê TiO2¢ ªÖ�V
. � 
r 12�* �ç ÿn çNöB
300 rpmb� v>�Ê� 120oCræ BB® &�~� ��� �
¢ 50oC� .�B FÒ6ö ¹� doctor blade¢ �Ï~� v
þ& 70~80µm� J; PAN �ª¶ *�îj B�~&
. �
ç~ Î� 
þf dry roomöB 
�~&
.

2.2. Vê 5 *Vz�' ßW 
þ
TiO2& ªÖB EC + PC, EC + DMC~ b� &²B¢ ÒÏ
� �ª¶ *�î~ Vê' ßWj rj�V *~� vþ 75µm,
� 0.5 cm, ̂ � 6 cm� �ª¶ *�î~ �Þj cross head
³ê 25 mm/minb� ~� INSTRON 4464(ASTM D882-95a)
� G;~&
.

Fig. 1(a)f ?� ·ë*�b� stainless steel(SS) *�, ç&
5 V&*�b� ÒÒ *�j ÒÏ~� �ª¶ *�î~ *V
z�' n;Wj G;~&
. Linear sweep voltammetry O»
b� 3~5 V(vs. Li+/Li) **�*öB 
�~&b� 5 mV/s~
"Ò³ê� G;~&
. 
�ª¶ *�î~ �*ö V� �N*êê G;j *� test

cellf *�b� ÒÒ *�j ÒÏ~� Fig. 1(c)f ?� �W~
&�, Nêö V� �N*êê G;f �Ò *�j ÒÏ~�
Fig. 1(b)f ?� test cellj �W~� AC impedance analyzer
(Zahner IM6)¢ ÒÏ~&
. "2> º*º 600 KHz ~100 mHz
�*b� ~� Sÿ**º 5 mV� ~� 2-*� systemb�
impedance ßWj G;~&
.
ÒÒê�ßW 
þf Fig. 1(c)f ?� ÒÒ.³j ·ë*�"
ç& 5 V&*�b� ÒÏ~� "2> º*º 1 MHz~100 mHz
� ~� Sÿ**º 5 mV� ~� 2-*� systemb� AC im-
pedance analyzer(Zahner IM6)¢ ÒÏ~� ÒÒ*�" �ª¶
*�î *~ ê�&�j G;~&
.

2.3. ÏO* 
þ
�çöB B�� �ª¶ *�î" LiCoO2 ·� 5 ÒÒ r
�b� ~� LiCoO2/Gel polymer electrolyte/Li ;�� �ª
¶ *�î~ ·�ö LiCoO2f ÒÒj lamination� ê
aluminium plastic bagb� vaccum sealing~� *æ¢ �ã~
&b� ¢;ï~ EC :DMC:EMC(1 M LiPF6)¢ 1 : 1 :1~ jN
� *�j wettingj ~&
. ' cell~ ÏO* 
þf ;*~/
;*{»j ÒÏ~&b� 3.0~4.1 V~ **'�öB charge/
discharge tester(MACCOR, 4000 GEN4)¢ �Ï~� 
þ~&

. 

3. Ö" 5 �V

3.1. Vê' ßW 
þ
Fig. 2º EC+PC, EC+DMC~ b� &²B¢ ÒÏ� �ª
¶ *�îö TiO2 Î&ö V� Vê' ßWj ¾æÞ �â�
.
''~ b� &²Bö TiO2& Î&Nö V¢ ��f &Û 3V
öB £*O 6²~&b¾ EC+PC~ b� &²B¢ ÒÏ� �
ª¶ *�î~ ãÖ TiO2& Î&Nö V¢ �ª¶ *�î� Ò
B > ®º �& ~7� 2Vö &�² Ã&~&b�, EC+DMC
~ b� &²B¢ ÒÏ� �ª¶ *�î~ ãÖº £* Ã&~
&
. �º TiO2~ ªÖÎ"ö ~� �ª¶ *�î~ Vê'
;ê& Ëç>Ú f �ã� Ï��" ÿ� ÒÒWËb� ��

Fig. 1. Electrochemical property test cell for (a) stability window,
(b)ionic conductivity as a function of temperature, (c) interfacial
resistance and ionic conductivity as a function of day.
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*æ~ �£ö &� n;Wö V�� ©b� V&B
. 

3.2. *Vz�' n;c '� G;
Fig. 3f ''~ �ª¶ *�î~ *Vz�' n;cj ¾æ
Þ �â�
. �ª¶ *�î� ÒÒ�N*æö çÏ>V *�B
º *æ~ ÏO* ";öB Öz, ~ö >wö ~� �z>æ
p� *Vz�'b� n;�¢ �
. Fig. 3öB ��, EC+PC
f EC+DMC~ b� &²B¢ ÒÏ� *�îf TiO2~ Î&
FZö &êì� Î� *�î� &Ú� 4.5 V(vs. Li+/Li) ;ê
ræ n;~&b� 4.5 V(vs. Li+/Li) �çöBº £*O *~&
Ã&~V �·�j " > ®î
. 6� ''~ �ª¶ *�îö
TiO2& Î&Nö V¢ �^� N�æò z× ¸f *Vz�'
n;Wj ¾æÚîº� �º TiO2 Î&� �� FVÏ
 ö j
î¢ ®Bb�¾ bª¶¢ Î"'b� Ç� ®Ú *�öB~ Ö
z>w� 6²~º ©b� 6�B
.

3.3. �N*êê G;
Fig. 4º �*~ ã"ö V� *�î~ �N*êê Ö"¢ ¾
æÞ �â�
. ECö ¸f F*Nj &ê PCf Ôf 6ê¢ &

ê DMC¢ ÒÏ� ''~ �ª¶ *�îf TiO2~ Î& FZ
ö &êì� 10-3S/cm �ç~ �N*êê¢ ¾æÚî
. ��¾
EC+PC~ b� &²B¢ ÒÏ� �ª¶ *�î� EC+DMC
~ b� &²B¢ ÒÏ� �ª¶ *�î �
 ¸f �N*êê
¢ �&b�, *~ �ª¶ *�îö TiO2¢ ªÖ�Úö V¢
''~ �ª¶ *�î Îv �N*êê& Ã&�j ¾æÚî
.
�º �ª¶ *�î~ �N*êê& �N~ �ÿê �
º �
ÒB ÒÒ �N~ ³êö z �² 'Ëj A� ®
º ©j �
�&
. �º �ª¶ 
ÞÓÊ ÚöB ÒÒ �N~ �ÿ� *Ú
'b� O�¢ AV r^ö ¢>'� FV Ï
ö j� � æ
çª� ¶J, �ÿê ¶Ú~ N�& �² V�~æ á~V r^
��, 6� TiO2~ ZVÏêB& �ª¶ *�îö ��² ªÖ
Nö V¢ *��j Î"'b� �F�" ÿ�ö �N~ �ÿ
ã�¢ B�� "V r^¢ ©b� 6�B
. 

Fig. 5º EC+PCf EC+DMC~ b� &²B¢ ÒÏ� �ª
¶ *�îö TiO2 Î&ö V� �N*êê~ Nê~ 'Ëj ¾
æÞ �â�
. Î� �WöB~ �N*êê& Nê& Ôjöö
V¢B 6²~º ©j " > ®îb� EC+PC b� &²Bö
j~� EC+DMC~ b� &²B¢ ÒÏ� �ª¶ *�î~ �

Fig. 2. Mechanical property of polymer electrolytes with different
solvents.

Fig. 3. Electrochemical stability window of PAN-based polymer
electrolytes.

Fig. 4. Ionic conductivity of polymer electrolytes with a storage
time.

Fig. 5. Ionic conductivity of polymer electrolyte as a function of
temperature.
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N*êê& /Ï~² 6²�j " > ®îº� ��� &Nö
B~ /Ï� �N*êê~ 6²º PCö j~� ¸f DMC~
melting Point(3oC)ö V�~� &²B& £² Ö;zB
� �
> ®Æ
. 6� TiO& Î&B �ª¶ *�î� Î&>æ pf
�ª¶ *�îö j� Nêö V� �N*êê~ æz~ N�
& �~ ìÚ TiO2& Î&ö V� �N*êê~ 6²ì� *�
î~ Vê' ;êf �/~ Ï�Wj Ëç�Új r > ®
.

3.4. ê�&� G;
Fig. 6f ''~ �ª¶ *�î" ÒÒ.³ *~ ê�&�~
�*ö V� æz¢ ¾æÞ �â�
. EC+PC~ b� &²B¢
ÒÏ� �ª¶~ ãÖ .V~ ê�&�� &Ë ·~b�, �*
ö V� &�~ Ã&ïê EC+DMC~ b� &²B¢ ÒÏ�
�ª¶ *�îö j� 'îb� 6� ¢;�* �êöº Ú¶
;ê~ ¢;� 8j Fæ~&º� �º ê�öB~ >w� ¢;
�*� æ¾�B �zö �� ©b� ��
. >�ö EC+DMC
öBº .VöB ¦V ¢; V* �êöê ê�&�� ê³ Ã
&~&b� ��� ê�&� Ã& N�º PCf DMC~ ÒÒ
.³ö &� >wW~ N�ö ~� ©b� PCö j� DMC~
>wW� 
² �V r^ö ÒÒ.³" �ª¶ *�î ê�ö
B ¦ÿ� bï ;Wj /ê�Êº ©�¢ ÒòB
. 6�

EC+PC b� &²Bf TiO2& b�B �ª¶ *�î" ÒÒ.
³"~ ê�&�� &Ë 'îº� �º TiO2& �ª¶ 
ÞÓ
Êö ��² ªÖ>Ú Î^& *çö ~� FVÏ
¢ Î"'
b� �F�b�B ÒÒ.³"~ >wj *¢ > ®Ú &Ë n
;B ê�&�j ¾æâ > ®îj ©b� ÒòB
. V¢B �
&�f *æ�W� *æ~ Ú¦&�j Ã&�Ê² >æ� ��
�~� Ïï�¾ cycle ßWj 6²�Ò > ®bæ� EC+
DMC b� &²B�
 EC+PC b� &²B¢ ÒÏ~� �ö
TiO2& b�B �ª¶ *�î� ÒÒ.³*æö '�� ©b�
��
.

3.5. ÏO* 
þ
Fig. 7f 1~10 cyclef C/3, 10 cycle �çf 1C~ O*³ê
ö V� EC+PC b�&²Bf EC+DMC b�&²Bö
TiO2& Î&B �ª¶¢ ÒÏ� ÒÒ.³*æ~ ��� ßWj
¾æÞ �â�
. C/3f 1C~ O*³ê Îv EC+PC~ b�
&²B~ �ª¶ *�î� EC+DMCb� &²B~ �ª¶ *
�î�
 Ö>� ÏO* ÎNj ¾æÚîb� 6� EC+PC b
� &²Bö TiO2¢ b�� �ª¶ *�î� C/3 O*³êö
B 98% �ç 1CöB 90%ö &rÚ ÏO* ÎNj ¾æÚî

. �º Fig. 6öB " > ®�� PC& DMC�
 ÒÒ.³
"~ >wW� 'Ú DMCö j� n;B ¦ÿ� bïj ;W
~� 6� TiO2& �ª¶ *�îö ��² ªÖ>Ú �Ú*�
î~ �FËj Ã&�B ÒÒ.³" >w 5 ÒÒ.³" �Ú
*�î"~ >wb� 6²>º FVÏ
~ ·j Ú¶ ;ê *
¢ > ®îb�, 6� �ª¶ *�î~ Vê' bW~ Ëçb�
·�" r� Ò�öB~ �£*çj ïº� V�� ©b� Ò
òB
. 

4. Ö �

EC+PC b� &²B¢ ÒÏ� �ª¶ *�î� EC+DMC
b� &²B¢ ÒÏ� �ª¶ *�î�
 ÒÒ.³"~ ê�&
� Ã&ï� 'îb� �º PC& DMC�
 ÒÒ.³"~ >
wW� 'V r^�� V¢B EC+PC b� &²B¢ ÒÏ�
�ª¶ *�î� ÒÒ.³*æö '�� ©�
. 6� TiO2¢

EC+PC b�&²B¢ ÒÏ� �ª¶ *�îö ��² ªÖ�
Úb�� �ª¶ *�î~ Vê' Wî 5 �N*êê¢ Ëç
�Ò > ®îb� TiO2& �ª¶ *�î ÚöB Î^& ��j
~� FVÏ
 �FËj Ã&�B ÒÒ.³"~ >wW 5 Ò
Ò.³"~ >wb� �� FVÏ
~ 6²*ç *çj *¢ >
®Ú 1C O*³êöB 90%~ ÏO* ÎNj ¾æÚî
. 
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