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. �

� ��º *�� �Wê� ICR18650 *æ¢ B�~� 80oCöB -30oCræ NêöB *æßWj jv~&
. 1 M
LiPF6, EC : DEC *��ö F*N� ¸f DMC 5 EMC Ï
¢ Î&� 1 M LiPF6, EC : DEC : DMC(3: 5 : 5) 5
1M LiPF6, EC : DEC: DMC : EMC(3 : 5: 4 : 1) *��j ÒÏ� ICR18650 *æº �N�¾ &NöB ¸f jö.æ¢
¾æÚî
. 1 M LiPF6, EC : DEC: DMC(3 : 5 : 5) 5 1 M LiPF6, EC : DEC: DMC: EMC(3 : 5 : 4 : 1) *��j ÒÏ�
ÒÒ�N*æ~ jö.æº çN(25oC)ö &� -30oC~ jN�B '' 64% 5 59%¢ ¾æÚî
. 

Abstract: This study investigated characteristics of ICR18650 batteries with different electrolyte compositions in the
range of 80oC~-30oC. ICR18650 cells using 1M LiPF6, EC:DEC:DMC(3:5:5) and 1 M LiPF6, EC:DEC:DMC:EMC
(3:5:4:1) electrolyte systems, which DMC and EMC solvent were added in 1 M LiPF6, EC:DEC electrolytes have
high specific energy in the wide range of temperature. The specific energy of ICR18650 batteries using 1 M LiPF6,
EC:DEC:DMC(3:5:5) and 1 M LiPF6, EC:DEC:DMC:EMC(3:5:4:1) electrolyte at -30oC was 64% and 59%
of room temperature(25oC), respectively.

Key words : organic electrolyte, temperature, Ragone plot, specific energy, specific power.

1. B � 

Z&VV~ ö.æöb� «¾~ *æö j~� �
 ²; ã
ï �ö.æ ßWj <º �WË 2N*æ& jº~
. ÒÒf
.³ 7öB &Ë &ó� *æ 'Ï � �� jÏï�
3,862 mAh/gb�B ¸
. ÒÒ�N*æ1)ö ÒÏ~º w� Òò
º ÒÒ [* ã« z�bj ���, jÏïf 372 mAh/gb�
B ÒÒ.³~ 10% ;êö ���
. ÒÒ.³~ ãÖ �� j
Ïï 7 £ 25%~ �ÏNj ÒÏ~º 6j 6n� r w� Ò
òº n*Wj Ëç� ÒÒ .³ *�~ &Ú *��¢ � >
®
. ÒÒ�N*æº *æ*{ 3.7 V~ �*{ *æ��, jö
.æf ö.æ&êº *Ò '' 180 Wh/kgf 490 Wh/L >&
~ �WË�
. ��� �WË ßûb� �~� Z&;�VV
öò jî¢ Î�VF ÷£Ú 7~ ~¾� Ö" �� VV~
*öb� �Ï� &Ë~�, *K&ËÏ, *V¶ÿNÏ �~ �

WË *æ�B "Ï A� ®
. ÒÒ�N*æº Ûç -20oC ;
ê~ &N ßWj ¾æÚ�, -30oC �~~ &NöBê VË�
> ®º ßW� jº~¾, ¢>'b� Ôf &N WËj ¾æÚ
� ®
. ÒÒ�N*æ~ Ïïf -40oCöB çN~ 12%�
2).
ÒÒ2N*æÏ *��f FVê(organic system) *��j Ò
Ï~� ®b�, ¢>'b� r�Ò >ê *��ö j� �N*
êê& Ô
. � �Fº bö j� FVÏ
º F*N� ÔjB
ÒÒ"~ �Òê& Ô�, Ï
 ÚöB ÒÒ�N~ *ê& r�
Ò >ê *��öB OH-~ *êö j� ÌV r^�
. >ê
*��f 
î'� OH-~ bî�ÿ(mass transfer) ì� OH-

*~(charge)& �ÿF > ®b¾3) j>ê *��öBº ÒÒ�
N~ 
î'� bî�ÿ� jº~
. ��¾ j>ê *���
*êêº Ôæò *Vz�' **c(electrochemical stability
window)� b�
 9Ú *æ~ �*{z& &Ë~
º 7º�
ßWb� �~� ÒÒ�N*æ~ *��b� ÒÏ~� ®
. j
>ê *��Ï FVÏ
º ª¶ 7ö Ö² ö²¢ ��~º F
Vz�b��, ör�, öÊr�, ��J�Þ(êÖöÊr�) z
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�b �� ®
. �" &NßW" **c ßW� BFB
sulfone 5 sulfiteê *��ö &� ��ê ê¯ 7�
. �

z�bf �Ò;" F;b� �ª� > ®b�, ?f z�b �
öB �Ò;� F;�
 �F*N 5 �6ê ßWj <º
. Ò
Ò�N*æ~ WËö ®ÚB 7º� © 7~ ~¾& *��~
F;�
. FV Ï
~ F� �öº ß® ê² r�ö &� *
Vz�' n;W� 7º� º²� ·Ï~º�, .¢ 
Ú w�
ê r�ö &�Bº EC(ethylene carbonate)&, jw�ê r�ö
&�Bº PC(propylene carbonate)& "� ÒÏB
. 
B�º
��� EC¾ PC¢ V� Ï
� ~� ÒÒ�N~ *êê Ã&
5 >wn;W {�¢ êÎ~V *� DEC(diethyl carbonate)¾
DMC(dimethyl carbonate) �~ Ï
¢ �þ R«�Î b�Ï

¢ ÒÏ~º ãÖ& ô
2,4-9). ¯ *��~ �N *êêº *
æ~ ÏO* ßWö � 'Ëj �� > ®bæ� Ï
~ F�
5 ���öº ' Wª~ F*N, 6ê, Ï6 5 j6, ' Wª
* Ï�ê �j Îv �J~� �'~ *�� �Ê�j �W�
jº& ®
. ÒÒ�N*æº -20oCöB 60oCræ 9f º*
~ NêöB WË� B>>º ©� º�>� ®
. ~æò EC
¢ ��� 1.0 M LiPF6, EC : DEC 5 1.0 M LiPF6, EC :
DEC:DMC b�Ï
~ Ú* Nê º*º -10oC�~�
4). Ò
Ò�N*æ~ *�� &N
þöB Smart �5)f 1 M LiPF6,
EC:DEC:DMC(33 :33 :34) *��� -20oCöB Ö>~
� B
�� :& ®
. �Ú *��j ÒÏ� ÒÒ�N*æº *��
� w�~� *æWËj B>~æ á�
. Huang �[2]f 0.8 M
LiPF6, EC :DEC:DMC:EMC(3 :5 :4 :1) *��f -40oC �~
öB 100% �Ú��, 1 M LiPF6, EC :DEC:DMC(1 :1 :1) *
��f -30oCöB 100%, -35oC 5 -40oCöBº �Úf �Ú
& ���
� B�� : ®
. �Ò� 0.8 M LiPF6,
EC :DEC:DMC:EMC(3 :5 :4 :2) *��f -40oCöB �Úf
�Ú& ��~� -30oC 5 -35oCöBº 100% �Úªj B�
~&
. Plichta6) �f 1 M LiPF6, EC : DMC: EMC(1 : 1 :1)
*��� *êêf *Vz�' n;W� ¸
� B�~&b�,
ÒÒ" ÒÒ�N*æ 'Ï � -40oC NêöBê WËj B>�

� ~&
. Ein-Eli �7)~ B�ö ~~� ÒÒ.³f DECÏ

ö &�Bº ¸f Ï�êf ~ö�Wb� �~� n;~æ p

� B�~&
. MPC(methyl propyl carbonate) 5 iso-PMC
(iso-propyl methyl carbonate)j ��~º z� rÒ ��J�
ÞöB ÒÒ.³~ n;Wf DMC >EMC>MPC = iso-PMC~
Bb� n;~�, EPC(ethyl propyl carbonate) 5 iso-PEC
(iso-propyl ethyl carbonate)j ��~º ö� rÒ ��J�Þ
öBº EMC>EPC>MPC = iso-PEC>>>DEC~ Bb� ÒÒ
.³� n;~
� B�~&
. Huang �2)f 4«~ 1.0 M
LiPF6, EC : DEC : DMC(1 : 1 : 1 vol%), 0.9 M LiPF6, PC :EC :
DEC : DMC(1 : 3 : 3 : 3), 0.8 M LiPF6, EC : DEC : DMC : EMC
(3 : 5 : 4 : 1), 0.8 M LiPF6, EC : DEC : DMC : EMC(3 : 5 : 4 : 2)
*��~ &N ßWöB 0.8 M LiPF6, EC :DEC :DMC :EMC
(3 :5 :4 :1) *��� &Ë Ö>~
� B�� :& ®
.
� ��º rÒ ��J�Þê FV*��j ÒÏ� ICR18650
*æ~ Nêæzö V� *æßWö &� ©�
. FV*��
�Wö V� ßWj **c(electrochemical stability window)
5 *êê(conductivity) ªCj Û~� {�~&b�, ¢¦ �
�Ö"8)¢ B�� : ®
. � ��öB~ *��f 1 M LiPF6,
EC :DEC(1 :1 vol%)¢ V�b� DMC, EMC 5 MPC~ Ï

¢ ÒÏ~� �Wj �Ò� *��b�B, **c 5 *êê 

þöB ±f ßWj ¾æÚº *��ö &~� 1 M LiPF6,

EC :DEC(1 :1 vol%) ̂ � *��" �þ ßWj �þ~&
. F
V*��~ *�î "b�Bº 1 M LiPF6j ÒÏ~&b�, F
VÏ
�Bº ¸f F*Nj <º ECf Ôf 6ê¢ <º
DEC, DMC, EMC, MPC �~ b�Ï
¢ ÒÏ~&
. FV*
��~ æzö V� Nê~ 'Ëj �Ò~V *� 80oCöB
-30oC~ º*ö &~� *æßWj �þ~&
. *æ~ jÂK
f jö.æ ßWj ;ÂK O*j �Ï~� Ragone plotb�
¾æÚî
.

2. 
 þ

2.1. *�� 
� ��öB~ 1 M LiPF6" 5 ��J�Þê FVÏ
º Ò
Ò�N*æÏ�� B¢Îç(")�¦V �«~� ÒÏ~&
. *
��f LiPF6"" ��J�Þê Ï
� PC, EC, DEC, DMC,
EMC, MPC �j �Ï~� �þ �Wö V¢ B�~� ÒÏ~
&
. *��f 
þj Û�B *V*êê& Ö>� 1.0 M
LiPF6, MPC, 1.0 M LiPF6, EC:DEC(5:5 vol%), 1.0 M LiPF6,
EC :DEC:DMC(3 :5 :5), 1.0 M LiPF6, EC :DEC:DMC :EMC
(3 :5 :4 :1), 1.0 M LiPF6, EC :MPC(8 :2)�j B�~� �þ
~&
. �¾*ö ¾æÞ *��~ �Vº 1P/EDecDmc355~
ãÖ '1'f 1 mol/L~ ³ê¢ ¾æÚ�, 'P'º LiPF6¢ ¾æÚ
�, '/'º *�î" Ï
~ �ªj ¾æÚ�, 'E'º ethylene
carbonate¢ ¾æÚ�, 'Dec'º diethyl carbonate, 'Dmc'º
dimethyl carbonate¢ ¾æÚ�, '355'º 'E' 'Dec' 5 'Dmc'~
Ú'jN� 3 :5 :5ªj ¾æÞ
. �Ò� 'Emc'º ethyl methyl
carbonate, 'Mpc'º methyl propyl carbonate¢ ¾æÞ
. 

2.2. ÒÒ�N*æ �W
*�� �Wö V� *æßWj �þ~V *~� öÛ; Ò
Ò�N*æ(ICR18650)¢ B�~&
. r�~ ê�^�º *�
" ê�� '' 547 mm, 587 mm�B r�" ·�~ >w �
'j ÿ¢~² ~V *~� 40 mm~ N�¢ vî
. ·�~ ê
�^�º *Áê� Îv 538 mm�
. *� �" ^�¢ �J~
�, r� 5 ·�f �� V&b� '' 634.04 cm2 5
580.50 cm2�
. r�" ·� 7~ �B7ïf '' 6.67 g 5
14.02 g�� �bî7ïf '' 6.30 g 5 12.90 g�î
. ¾æ
Þ *�ö �(tab)j Ï7~� 
�W Polypropylene Òî~
Celgard 2500(Hoechest)ÏÒï" �þ ²�~� jelly rollj B
�~�, ºö ã« ê ~¦ Ï7(bottom welding), jO
(beading), *�� "«(electrolyte filling), ç¦Ç Ï7(top cap
welding), �âw(crimping)j Û~� B�~&
. B�� *æ
~ 7ïf 42 g�î
. B�� *æº *�� ßWj �þ~V
*� *æ��, *æ WËj �'z ~æº p~
.

2.4. ÏO* �þ
� ��öB ICR18650 ÒÒ�N*æ~ Nêæzö V� *
æ ßWj &V~V *~� *æ¢ �N��öB ToyoÒ
(TOSCAT-3000T)~ ÏO*�þV¢ �Ï~� ÏO* �þj ~
&
. FV*�� �Wê ÒÒ�N*æ~ Nêö V� *æßW
j 80, 60, 40, 25, 10, 0, -10, -20, -30oC Nê� æz�Ê
�B ;ÂK O* ßWj �~&
. Ï*f 25oCöB ¯~&b
�, 800 mA~ *~� *æ*{ 4.2 Vræ ;*~ Ï*~�,
4.2 VöB 80 mA~ *~ræ ;*{ Ï*j ¯~&
. O*f
signature discharge9) O»b� ¯~&b�, ' signature step~
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ÂKf 14,400, 10,800, 5,400, 3,600, 2,700, 1,800, 540,
54 mW� ~&b�, O*~�*{ 2.7 V&
. �þ Ö"º *æ
7ïö &� Ragone plotb� ¾æÚîb�, jö.æº �ÂK
O*öB~ jö.æ¢ *'~� ¾æÚî
. 

3. Ö" 5 �V

3.1. ÒÒ�N*æ~ Nêö V� ßW
Fig. 1(a)º 1 M LiPF6, EC :DEC(5 :5) *��j ÒÏ� *
æ~ Nêö &� signature discharge �þ Ö"¢ ;Ò~�
Ragone plot~ jö.æf jÂK ßWj ¾æÞ ©�
. -30,
-20, -10, 0, 10, 25, 40, 60, 80oCöB~ jö.æº ''
0.2, 3, 84, 103, 107, 109, 119, 121, 135 Wh/kg�î
. Nê

& Ã&�>� jö.æ& Ã&~º ãËj ¾æÚîº� �©
f Nê& Ã&�ö V¢ *��~ *êê& Ã&~� Ï�~
6ê& Ôjæ� {Öê>& Ã&~V r^b� ��
. -10oC
ræº 84 Wh/kg �çb�B *æßW� ¾æÒb¾, -20oC �
~öBº 3 Wh/kg�~~ Ôf jö.æ¢ ¾æÚî
. Fig. 1(b)
º 1 M LiPF6, EC :DEC:DMC(3 :5 :5) *��~ �þ Ö"�

. -30oC 5 80oCöB '' 85 Wh/Kg 5 128 Wh/kgb�
1 M LiPF6, EC :DEC(5 :5) *��ö j~� ¸f jö.æ¢
¾æÚî
. �âöB r > ®�� -20oC, -30oC &NöBê
'' 100 Wh/kg, 85 Wh/kgb� ¸f jö.æ¢ ¾æÚî
.
1 M LiPF6, EC :DEC:DMC:EMC(3 :5 :4 :1) *��~ Nêö
V� jö.æf jÂK ßWj Fig. 1(c)ö ¾æÚî
. 25oC
5 80oCöB '' 135 Wh/kg, 128 Wh/kgb� ¸f jö.æ

Fig. 1. Ragone plots of ICR18650 battery with different electrolytes compositions. (a) 1 M LiPF6, EC :DEC(5 : 5) (b) 1 M LiPF6,
EC:DEC :DMC(3 :5 :5) (c) 1 M LiPF 6, EC: DEC: DMC : EMC(3 : 5 : 4 : 1) (d) 1 M LiPF 6, EC : MPC(8 :2) (e) 1 M LiPF6 MPC
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¢ ¾æÚîb�, -20oC 5 -30oCöBê '' 98 Wh/kg 5
80 Wh/kgb� ¸f jö.æ¢ ¾æÚî
. Fig. 1(d) 5 Fig.
1(e)öBº '' 1 M LiPF6, EC :MPC(8 :2) 5 1 M LiPF6,
MPC *��j ÒÏ� ÒÒ�N*æ~ �þÖ"�
. 1 M
LiPF6, EC:MPC(8 :2) *��j ÒÏ� ÒÒ�N*æº 10oC
�ç~ NêöBº 100 Wh/kg~ jö.æ¢ ¾æÚîb¾, 0oC
öBº 5 Wh/kg~ jö.æ¢ ¾æÚ�, -10oCöBº 3 Wh/kg
j ¾æÚÚ 0oC �~~ NêöBº *æWËj B>� > ì
î
. 1 M LiPF6, MPC *��j ÒÏ� ÒÒ�N*æº -30oC
öB 41 Wh/kgj ¾æÚÚ, 25oCö &~� 41% Ïïj ¾æ
Úî
. ��¾ £ C/3ö ��~º 1,800 mW/cell �ç~ O*
~ ãÖ, 0oC �çöBº 34.2 Wh/kg�îb¾, -10oCöBº
4 Wh/kg~ Ôf jö.æ¢ ¾æÚî
. � ��öBº 1 M
LiPF6, EC:DEC:DMC(3:5:5) 5 1 M LiPF6, EC:DEC:DMC:
EMC(3 :5 :4 :1) *��j ÒÏ� ÒÒ�N*æ~ jö.æº ç
N(25oC)ö &� -30oC~ jN�B '' 64% 5 59%� ¸²

¾æÒ
. �º 1 M LiPF6, EC:DEC(5 :5) *��j ÒÏ�
*æ~ 0.2% �
 ¸² ¾æÎj r > ®
. 

3.2. ÒÒ�N*æ~ *��ö V� ßW
Fig. 2(a)º 10oCöB 1 M LiPF6, EC:DEC:DMC(3 :5 :5),

1 M LiPF6, EC : DEC : DMC : EMC(3 : 5 : 4 : 1), 1 M LiPF6,
EC : DEC(5 : 5), 1 M LiPF6, EC : MPC(8 : 2) 5 1 M LiPF6,
MPC *��j ÒÏ� *æö &� signature discharge �þ
Ö"¢ ;Ò~� Ragone plot~ jö.æf jÂK ßWj ¾
æÞ ©�
. 1 M LiPF6, EC : DEC : DMC(3 : 5 : 5) 5 1 M
LiPF6, EC:DEC:DMC:EMC(3 :5:4:1) *��j ÒÏ� *æ~
jö.æº 54 mW ;ÂKöB '' 112 Wh/kg 5 110 Wh/kg
b� ¾æÒb�, *>'b� 1 M LiPF6, EC :DEC(5 :5) *�
�" FÒ� Ragone plot ßWj ¾æÚî
. 1 M LiPF6,
EC :MPC(8 :2) *��~ ãÖ 54 mW O*~ jö.æº
100 Wh/kgb�B, 1 M LiPF6, EC : DEC(5 : 5), 1 M LiPF6,

Fig. 2. Ragone plots of ICR18650 battery at various temperature. (a) 10oC (b) 25oC (c) 40oC (d) 60oC (e) 80oC (f) 0oC (g) -10oC (h) -20oC (i)  -30oC
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EC : DEC : DMC(3 : 5 : 5) 5 1 M LiPF6, EC : DEC : DMC :
EMC(3 :5 :4 :1) *��" FÒ~&b¾, 1,800 mW O*~ j
ö.æº 67 Wh/kg b�B 1 M LiPF6, EC :DEC(5 :5), 1 M
LiPF6, EC : DEC : DMC(3 : 5 : 5) 5 1 M LiPF6, EC : DEC :
DMC:EMC(3 :5 :4 :1) *�� ''ö &~� 70%, 63% 5
67% >&b�B 
² Ô~
. 1 M LiPF6, MPC *��~ ã
Öº 1 M LiPF6, EC :MPC(8 :2) *�� �
 �k� ßWj
�&b�, 54 mW 5 1,800 mW O*öB '' 84 Wh/kg 5
54 Wh/kgj ¾æÚî
. Fig. 2(b)º 25oCöB *��~ «~ö
V� jö.æf jÂK ßWj ¾æÞ ©�
. 1 M LiPF6,
EC : DEC : DMC : EMC(3 : 5 : 4 : 1) 5 1 M LiPF6, EC: DEC :
DMC(3 :5 :5) *��j ÒÏ� *æ~ jö.æ& 135 Wh/kg
5 132 Wh/kgb� ¸² ¾æÒ
. �©f 1 M LiPF6,
EC :DEC(5 :5) *��~ 109 Wh/kg �
 24%(26 Wh/kg) 5
21%(23 Wh/kg) z ¸f jö.æ¢ ¾æÚî
. Fig. 2(c)º
40oCöB *��~ «~ö V� Ö"¢ ¾æÞ ©�
. 1 M
LiPF6, EC :DEC:DMC:EMC(3 :5 :4 :1) 5 1 M LiPF6, EC :
DEC : DMC(3 : 5 : 5) *��j ÒÏ� *æ~ jö.æ&
126 Wh/kg 5 120 Wh/kgb� ¾æÒ
. Fig. 2(d)º 60oCöB
*��~ «~ö V� Ö"¢ ¾æÞ ©�
. 1 M LiPF6,
EC : DEC(5 : 5), 1 M LiPF6, EC : DEC : DMC(3 : 5 : 5), 1 M
LiPF6, EC:DEC:DMC:EMC(3:5:4:1) 5 1 M LiPF6, EC:MPC
(8 :2) *��f FÒ� Ragone plot ßWj ¾æÚîb�, 1 M
LiPF6, MPC *��j ÒÏ� *æº 54 mW 5 1,800 mW
O*öB '' 56 Wh/kg 5 42 Wh/kgj ¾æÚÚ 
� *��
j ÒÏ� *æö j� £ 45% >&~ jö.æ¢ ¾æÚî
.
1 M LiPF6, EC :DEC:DMC:EMC(3 :5 :4 :1) 5 1 M LiPF6,
EC :DEC:DMC(3 :5 :5) *��~ jö.æº '' 126 Wh/kg

5 123 Wh/kgb� ¾æÒ
. Fig. 2(e)º 80oCöB *��~
«~ö V� Ö"¢ ¾æÞ ©�
. *>'� ßWf 60oCræ
~ ßW" FÒ� ãËj V�º ©b� {�>îb¾, jÂK
æzö V� jö.æ~ /Ï� æ�f 64 Wh/kgöB ¾æÒ
.
80oCöB~ jÂKæzö V� jö.æ~ /Ï� æ�f 25oC
5 60oCöB~ jÂKæzö V� jö.æ~ /Ï� æ�8�
257 W/kg 5 129 W/kg�
 Ô~
. �º *æ7 ÏÒï Òò~

�ê 6²ö V¢ *æ &�� Ã&B ©ö V�~º ©b�
��
10). Fig. 2(f)º 0oCöB ÒÒ�N*æ~ *��ö V�
Ö"¢ ¾æÞ ©�
. 1 M LiPF6, EC :DEC:DMC(3 :5 :5)
5 1 M LiPF6, EC:DEC:DMC:EMC(3 :5 :4 :1) *��j Ò
Ï� *æ~ jö.æ& 119 Wh/kg 5 115 Wh/kgb� ¾æÒ

. 1 M LiPF6, EC : MPC(8 : 2) *��~ ãÖ 54 mW 5
1,800 mW O*öB '' 5 Wh/kg 5 0.2 Wh/kgb� *æ V
Ëj ©îb�, �º *��~ w�ö V� Ö"�
. Fig. 2(g)
º -10oCöB *��ö V� *æ~ ßWj ¾æÞ ©�
.
1 M LiPF6, EC :DEC:DMC:EMC(3 :5 :4 :1) 5 1 M LiPF6,
EC :DEC:DMC(3 :5 :5) *��j ÒÏ� *æ~ jö.æº
90 Wh/kg 5 88 Wh/kgb� '' ¾æÒ
. jÂKö V� j
ö.æ~ /Ï� æ�f 1 M LiPF6, EC :DEC:DMC(3 :5 :5)
5 1 M LiPF6, EC:DEC:DMC:EMC(3 :5 :4 :1) *��j Ò
Ï� *æ~ ãÖ 86 W/kg ;êöB ¾æ¾æò, 1 M LiPF6,
EC :DEC(5 :5) 5 1 M LiPF6, MPC *��öBº 13 W/kgö
B ¾æ¾�, 1 M LiPF6, EC :MPC(8 :2) *��öB *æVË
~ ç
� �~� æ�6j �~V ÚJ�
. Fig. 2(h)º -20oC
öB *��ö V� *æ~ ßWj ¾æÞ ©�
. 1 M LiPF6,
EC:DEC:DMC(3:5:5) 5 1 M LiPF6, EC:DEC:DMC:EMC
(3:5:4 :1) *��j ÒÏ� *æ~ jö.æº '' 100 Wh/kg

Fig. 2. continued.
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5 98 Wh/kgb� ¾æÒ
. 1 M LiPF6, EC:DEC:DMC(3:5:5)
5 1 M LiPF6, EC:DEC:DMC:EMC(3 :5 :4 :1) *��j Ò
Ï� *æ~ jÂK æzö V� jö.æ~ /Ï� æ�f
44 W/kgöB ¾æÒb�, 1 M LiPF6, MPC *��~ ãÖº
13 W/kgj ¾æÚîb�, 1 M LiPF6, EC :DEC(5 :5) 5 1 M
LiPF6, EC :MPC(8 :2) *��j ÒÏ� *æöBº æ�6j
�� > ìî
. Fig. 2(i)º -30oCöB *��ö V� *æ~
ßWj ¾æÞ ©�
. 1 M LiPF6, EC :DEC:DMC(3 :5 :5)
5 1 M LiPF6, EC:DEC:DMC:EMC(3 :5 :4 :1) *��j Ò
Ï� *æ~ jö.æº 85 Wh/kg 5 80 Wh/kgb� '' ¾æ
Ò
. &NöBê çNöBf îR&æ� 1 M LiPF6, EC :DEC
(5 :5) *�� �
 ¸f jö.æ¢ ¾æÚî
. 1 M LiPF6,
EC :DEC:DMC(3 :5 :5)" 1 M LiPF6, EC :DEC :DMC :EMC
(3 :5 :4 :1) *��j ÒÏ� *æ~ jÂK æzö V� jö.
æ~ /Ï� æ�f 13 W/kgöB ¾æ¾, -30oC~ NêöBê
*æVËj ¾æâ > ®î
. 
� �� Ö" 1 M LiPF6, EC:DEC *��ö &6ê~ DMC
5 EMC Ï
¢ Î&� 1 M LiPF6, EC :DEC:DMC(3 :5 :5)
5 1 M LiPF6, EC:DEC:DMC:EMC(3 :5 :4 :1) *��f �
N�¾ &NöB 
��W~ *��ö j� ¸f jö.æ¢ ¾
æÚî
. ß® 1 M LiPF6, EC:DEC:DMC:EMC(3 :5 :4 :1)
*��f �NöB, 1 M LiPF6, EC :DEC:DMC(3 :5 :5) *�
�f &NöB �
 Ö>� *æ ßWj ¾æÚî
. 

3.3. �þ*æ~ jÂK æzö &� *æ ßW �V
�þ*æ~ jÂK æzö &� *æ ßWj �V~&
.

Ragone plot10)f ö.æöö &� ÂK ßW" ö.æ ßW~
&ê¢ ¾æÞ ©�
. *æ~ ãÖ & ÂK '�öBº ÂK~
æzö &� ö.æ~ æz& 
Ö '² ¾æÂ
. �
 Ö"º
�B~ �â
öB {�� > ®
. jÂKö &� jö.æ¢
�~� �*~ Nö� RC time constant 8b� � 1" ?�
�� > ®
.

(h) (1)

�B ¾æÞ Ö" 7öB &�'b� 60oCöB �þ� ÒÒ
�N*æ~ ßWj jÂKö &� RC time constant 8~ log
plotb� ¾æÚ� Fig. 3" ?
.
jÂK" RC time constant~ log plotöB çF&ê& êÂ
F > ®îb�, �º *�Òò~ {Ö æV '�ö &� ;�
¢ �*~º ©�
. � �þöBº 2«~~ çF&ê� �*
>î
. VÞV(slope)º � 2f ?
.

(2)

VÞV& æz~º ¦ªf º� ÂKö &� *æ~ C.C.V.
(O.C.V. + IR-drop) *æ~ C.C.V.& O*~�*{�
 ¸j 

î'� O*� &Ë� ¦ª" *æ~ C.C.V.& O*~�*{�

 Ôj 
î'� O*� ÚJÚ ¦ª" *æ~ C.C.V.& O*
~�*{�
 Ôj 
î'� O*� ÚJÚ ¦ªj �êùº �
ê6�
. ��� �ê6j V�~ Ragone plotb� ��öB
º �êÂK 8b� �*� > ®b�, �êÂK�¢º ©f 

*æ~ O.C.V.f IR-drop~ �b� �*� C.C.V.& *æ~
O*~�*{" ?jæº ÂK 8�
. ��� 8f b� *æ
~ Ú¦&�b� �ê~� �*� >ê ®
. Ragone plotb�
*æ~ &�j ç7 �� >º ìb¾, � 1ö V¢B Ï�~
² &�" &N� termb� �*� > ®º RC time
constant¢ �� > ®
. ÂK~ log scale æzö V� RC
time constant~ log scale æzº � 2~ VÞV� çF&ê�
�, �ê ÂKj *ê~� 
� VÞV¢ &æ² B
. RC time
constant~ log scale æ�6f :� *æ~ O.C.V.f IR-drop
~ �b� �*� C.C.V.& *æ~ O*~�*{" ?jæº
ÂK��, �þ *æº � ÂKöB æ�6~ RC time
constant¢ &ê
� J«� > ®
.
&�' .� Fig. 3~ 60oC �þ~ ãÖ 1 M LiPF6, EC:DEC:

DMC(3 : 5 : 5), 1 M LiPF6, EC : DEC : DMC: EMC(3 : 5 : 4 : 1),
1 M LiPF6, EC:DEC(1 :1), 1 M LiPF6, EC :MPC(8 :2) *�
�j ÒÏ� *æº 129 W/kg~ jÂKöB VÞV æ�6j
&æ�, � r~ RC time constantº 0.7 h� �C� > ®
.

�&^�O~�V��P

�ò{ O~V��P
-------------------------------------------------- 3$ 5JNF $POT UUBO=

Slope h( ) specific power( )log
RC time cons ttan( )log

--------------------------------------------------------------=

Table. 1. The energy density of ICR18650 batteries with different electrolyte compositions at various temperature. 

No.
Specific Energy (Wh/kg)

80oC 60oC 40oC 25oC 10oC 0oC -10oC -20oC -30oC

1 1 M LiPF6, EC :DEC(5 :5) 135 121 119 109 107 103 84 3 0.2

2 1 M LiPF6, EC :DEC :DMC(3 :5 :5) 128 123 120 132 112 119 88 100 85

3
1 M LiPF6, 
EC :DEC :DMC :EMC(3 : 5 :4 :1)

128 126 126 135 110 115 90 98 80

4 1 M LiPF6, EC :MPC(8 :2) 123 110 112 85 100 5 3 1 0.3

5 1 M LiPF6, MPC 54 56 70 101 84 70 72 67 41

Fig. 3. RC time constant plots against specific power of ICR18650
battery with different electrolytes at 60oC.
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5. Ö  �

ÒÒ�N*æ(ICR18650)¢ ÒÏ~� ÒÒ�N*æÏ FV*
��~ Nêê ßWj �Ò~&
. � ��~ 
þÖ"�¦V

r" ?f Ö�j áî
. 

25oC ãÖ 1 M LiPF6, EC:DEC:DMC:EMC(3 :5 :4 :1) *
��j ÒÏ� *æ& &Ë ¸f 135 Wh/kg~ jö.æ¢ ¾
æÚî
. �Ò� 1 M LiPF6, EC:DEC:DMC(3:5:5) *��j
ÒÏ� *æº 132 Wh/kg� ¾æÚîb�, 1 M LiPF6, EC:DEC
(5 :5) *��j ÒÏ� *æ~ 109 Wh/kg �
 ¸~
. 1 M
LiPF6"j ��� FV*��j ÒÏ� ÒÒ�N*æº Nê&
Ã&�>� jö.æ& Ã&~&
. 1 M LiPF6, EC:DEC(5 :5)
*��~ ãÖ 80oC 5 -30oCöB '' 135 Wh/kg 5 0.2 Wh/kg
�îb�, 1 M LiPF6, EC:DEC:DMC(3 :5 :5) *��~ ãÖ
80oC 5 -30oCöB 128 Wh/kg 5 85 Wh/kg�î
. -30oC~
ãÖ 1 M LiPF6, EC:DEC:DMC(3:5:5) *��� 1 M LiPF6,
EC :DEC(5 :5) *�� �
 Ö>� *æ ßWj ¾æÚî
. 

1 M LiPF6, EC:DEC:DMC(3:5:5) 5 1 M LiPF6, EC:DEC:
DMC:EMC(3 :5 :4 :1) *��j ÒÏ� *æ~ -30oCöB~
jö.æº çNö j~� '' 64% 5 59%� ¾æ¾, 1 M
LiPF6, EC :DEC(5 :5) *��~ ãÖº 0.2%ö j� Ö>�
&N ßWj ¾æÚî
. jÂKö V� jö.æ~ /Ï� æ
�f 1 M LiPF6, EC :DEC:DMC(3 :5 :5) *��j ÒÏ� *
æ~ ãÖ 80oCöB 64 W/kg, 60oC~0oC º*öB 129 W/kg,
-10oC 5 -20oCöB 64 W/kg, -30oCöB 13 W/kg~ jÂK

b� '' ¾æÒ
. 1 M LiPF6, EC : DEC : DMC : EMC
(3 : 5 : 4 : 1) *��~ ãÖº 1 M LiPF6, EC : DEC : DMC
(3 :5 :5) *��~ ãÖf FÒ� ßWj ¾æÚîb�, � �
*��~ ãÖº �
 Ôf ßWj ¾æÚî
.
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