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. �

ÒÒ �N*æ~ r�Òò�B Â�w�~ ÏO* ³êö V� ÏïßWj �Ò~&
. ;*~ ��öB 0.0-2.0 V (vs.
Li/Li +)~ º*öB ÏO* ~&j r, Ï**~& Ã&�>� Ï*>w~ "*{� Ã&~� Li+ �N� Ïª® ã«>
æ á� ç�öB �J* *{(0.0 V)ö ê�~V r^ö Ï*Ïïf Ï**~~ �V& �>� 6²~&
. �Þ, O*
*~& Ã&�ö V¢ O*>w~ "*{ê Ã&~� 0.0-0.3 V º*öB O*>w� ¢Ú¾¾ O* �J* *{
(2.0 V)"º ÏN& 
B Li+ �N� îÒ>æ á� ç�öB O* �J*ö ê�~º *çf ìV r^ö O*Ïï�
O**~~ �Vö 'Ëj Aæ p~
. Ï**~& Ã&�ö V¢ ¦>w� ÒÒ *O>w~ "*{ê Ã&~æ� Ï
* �J* *{j 0.0 V �~� ÔÂ > ®î
. ��¾ Li+ �N~ ã«>wö j� *O>w~ &�� 'Ú Ï**
~ö V� *O>w~ "*{ Ã&öº �ê& ®î
. 1C ��öB -0.04 Vræ Ï* �J* *{j Ôºîj r Ò
Ò~ *O>wf ìî�, ��¦V £ 11%~ O*Ïïj Ã&�Ò > ®î
.

Abstract : The charge/discharge capacity of natural graphite anode in lithium secondary batteries was examined as a
function of charge/discharge rate. When the natural graphite anode was galvanostatically cycled in the range of 0.0-
2.0 V (vs. Li/Li+), the charging capacity decreased with an increase in the charging rate, which is caused by an earlier
approach to the charging cut-off (0.0 V) before the complete charging that is in turn caused by an ever-increasing
overpotential at higher rates. Even if the overpotential of discharging reaction also increased at higher discharge rates,
the discharging reaction took place in the range of 0.0-0.3 V that is far below the discharge cut-off (2.0 V). As a result,
the discharge capacity was not affected by the discharge rate because all the lithium ions once intercalated are fully
discharged even at high current condition. As the overpotential of lithium deposition reaction also increased at high
current condition, the charge capacity of natural graphite could be enlarged by lowering the charging cut-off voltage
below 0.0 V. There is, however, a limitation for the lowering of cut-off voltage because the resistance for lithium
deposition is smaller than that of lithium intercalation into graphite. When the charge cut-off voltage was lowered down
to -0.04 V under 1C condition, lithium ions were inserted into graphite without lithium deposition such that the
discharge capacity could be raised up to 11%.

Key words : Lithium secondary batteries, Natural graphite, Rate capability, Cut-off voltage 

1. B  �

*Ò ÒÒ �N*æö ÒÏ>º r�Òòº &¦ª� ê²Ò
ò�� � 7öBê w�î Òò& "� ÒÏ>� ®
.1) w�
î Òòöº Â�w�(natural graphites), ��w�(artificial
graphites), g-MCMB(graphitized-mesocarbon microbeads), g-

MCF(graphitized-mesophase carbon fibers) �� ®
. �

7öB g-MCMBº B�& Ú[� �&& j�æò �ÂK ß
W, &�W �� Ö>~� *Ò &¦ª~ ÒÒ �N*æö j�
>� ®
.2-4) �ö j�, Â�w�f 
B &�Ïï� �� &
Ï� &Z~æò 6ç���V r^ö �6 B� � Ïê &ê
& Ô� «¶~ VË� ±æ pjB Li+ �N~ ã«³ê& Ô
j �" ÒÒ �N*æöB º�>º �ÂK ßWj Ïª® ò
��Êæ á�
.4,5) Â�w�~ ÂK ßWj Ëç�ÊV *~
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� .³�¾ .³ Özbj Î&~� ßWj Ëç�ÊVê ~
&b¾ Î&B .³�¾ .³ Özb� Ïïj B*~æ á~
º ãÖ ö.æ &ê& Ôjæº ^B6j æî� ®
.6,7)

¢>'b� *�~ ³êßWf *�~ Ú¦&�" pf &N
� ®
. w�î r�~ ãÖ Ú¦&�f *�î &�, Li+ �
N� SEI(solid electrolyte interface) [j Û"~º &�, *�
�bîöB~ *~*� >w&�, >w� ¢ÚÂ ê Li+ �N�
{Ö>Ú w�*� Ú¦� �ÿ>º &�, �Ò� *¶& �6
" êFj æ� �ÿ� &º &� �b� ª~� > ®
.8-10)

��� Ú¦&�f b� > ìº º²��, �r *~& Ã&~
² >� *�~ &�� ¢;~
� ~�ê *~~ �Vö jf
~� "*{(overpotential)ö ~� ª�(polarization)� Ã&~²
B
. ��� ª�~ Ã&º Ïï~ 6²¢ &^J² >º�,
Fig. 1öB ��� *~& Ã&~² >� "*{ö ~� ª��
Ã&~� *�>w� ¢Ú¾º **& Ôjæ² >Ú, �J*
(cut-off) **ö ¢3 ê�~² B
. V¢B, Ïª® Ïïj B
*~æ á� ç�öB Ï* 6º O*� «òB
. b� �J*
*{'�j 9² J;~� ª�� Ã&~�ê �J* *{ö ê
�~V *ræ Ïª® ÏO*F > ®bæ� Ïª� Ïïj B
*� > ®
. ��¾ ÏO* '�j 9®² >� ¦>w� B
�~² >æ� �J*¢ {&~º� �ê& ®
. ÒÒ �N*
æ ·�~ ãÖ �**� R¢&² >� *�î ª�>w 6º
�bî~ Ï�& B�~² >�, r�~ ãÖº 0 V(vs. Li/Li+)
�~� ÔÂ ãÖ Li+ �N� *O>º ¦>w� B�~² B

. � ��öBº Â�w� *�öB ÏO* ³êö V� Ïï
ßWj �Ò~�, Ï* �J* *{j ÔºÚ Ïïj Ã&�Ò
> ®º Onj ¦Æ~&
. 

2. 
 þ

2.1. *�~ B�
r� �bî�º &W�²Ò(")~ Â�w�(DJG311)j ÒÏ

~&
. ÏO* 
þö ÒÏF *�f 
r" ?f O»b� B
�>î
. *� �bî� Â�w�" :�z� PVdF(poly
(vinylidene fluoride)), ê*Ò� Super P¢ '' 85:10:5~
îïj� b�� ê NMP(1-methyl-2-pyrrolidinone) Ï
ö ª
Ö�B Ò�Ò¢ B�~&
. �¢ ÷*Ú� �Ò ^¢ö z+
� ê, 170oCöB 3�* ÿn ���Î ê {O~�, æª 11
mm~ ö;b� JJÞ ê, 120oC ê� J6öB 12�* �ç
���B *�j B�~&
.

2.2. *Vz� ªC
2.2.1. >ã*æ~ B�
j�
 ª*V~ �¢� ;Ê nöB >& *�" V& *�
b� .³ ÒÒ ^¢(Cyprus Co.)j, *�î�º EC(ethylene
carbonate)+DEC(diethylene carbonate) (1:1 v/o)/1.0 M LiClO4¢,
�Ò� ªÒïb� 
�î~ PP(polypropylene)j ÒÏ~� j
�
 ;�~ 3�fj B�~�, çNöB WonatechÒ~
WBCS3000 Battery cycler¢ �Ï~� ;*~ ��öB ÏO
* 
þj >¯~&
.

2.2.2. ³ê ßW G;
*�~ ³êßWj ªC~V *~� v&æ *~��j F;
~&
. Â�w�~ 
B &�Ïïj 300 mAh/g� &;~� Ô
f *~� C/5(60 mA/g)f ¸f *~� 1C(300 mA/g)~ v&
æ ��b� Ï*" O*j '' >¯~&
. C/5~ *~��
j S(slow), 1C~ *~��j F(fast)¢ ««~&
. .¢ 
Ú,
1C~ *~� Ï*� ê, C/5~ *~� O*� ãÖ¢ FS¢ «
«~&
. � r, 0.0~2.0 V (vs. Li/Li+) '�öB 
þj >¯
~&
. 

2.2.3. v~ ªb~Ê~ G; 
CH InstrumentsÒ~ Electrochemical Workstation 660A¢
�Ï~� AC Impedance 
þj >¯~&
. 100 kHzöB 10
mHzræ "2> '�ö &~� G;~&b�, �&~º v~
~ �Vº 5 mV� �;~&
.

Fig. 1. Schematic diagram that illustrates the capacity loss caused by polarization. 
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3. Ö" 5 �V

3.1. ÏO* ³êö V� Â�w� r�~ Ïï
ÏO* ³êö V� Ï* 5 O*Ïï~ æz¢ Fig. 2ö ¾
æÚî
. ç&'b� Ôf *~� C/5� Ï* 5 O*j >¯
� ãÖ 300 mAh/g �ç~ Ï* 5 O*Ïïj B*~æò(

F), 1C ��öBº 130 mAh/g ;ê~ Ï* 5 O*Ïïj �
�"� ®
(6F). 6� *~&ê& � ãÖ(1C)& Ôf ãÖ
(C/5)ö j~� ª�� 
B Ï*";öBº Li+ �N~ ã«
>w� z Ôf *{öB ê¯>� O*";öB Li+ �N~ î
Ò& z ¸f *{öB ê¯Nj " > ®
. ��� ³êßW
j Ö;~º º�� Li+ �N~ ã«" îÒ"; 7 Ú¶©�
z 7º� æ>�æ¢ {�~V *~� ÏO* *~¢ :ÞÚ
&� ÏO*j ê¯~&�, � Ö"¢ Fig. 3ö ¾æÚî
. Fig.
3(a)º Ï*³ê¢ Sf F� :Þ� O*³ê¢ S� �;�Î
ãÖ~ ÏO* Ö"��, Fig. 3(b)º O**~º F� �;~�
Ï*³ê¢ Sf F� æz�B áf ÏO* Ö"�
. v �â
öB ÿ¢~² Ï*³ê& � ãÖ Ï*Ïï� '� 6� O*
Ïïê 'rj r > ®
. ÏO* Ïï� O*³êfº Z&~
� Ï*³êöò ~��j Fig. 3(c)f 3(d)~ Ö"�¦V r >
®
. Ï*³ê& ¶Ö ãÖ(Fig. 3(c))& Ï*³ê& �� ãÖ
(Fig. 3(d))ö j� ÏO* Ïï� �� �º O*³êfº Z&
~
.
Ï**~& �>� Ï*Ïï� 6²~º �F¢ Fig. 3~ Ï
* *{�Fb�¦V r > ®
. Ï**~& � ãÖ& ·f

ãÖö j~� ª�*ç� �~� Ï*>w� ¢Ú¾º *{�
Ôj^ Ï* �J*� 0.0 V� ¢3 ê��j r > ®
. �Þ
O*Ïï� O**~~ �Vöº �² 'Ëj Aæ prj Fig.
4(a)¢ Û� r > ®
. ?f *~ S� Ï*j ~� 
� ³ê
� O*� ãÖ�� �¢ �� O* �öê *~&ê& Ã&�
ö V¢ ª�� Ã&~� O*>w� ¢Ú¾º *{� ¸jê

. ��¾ ª�ö ~� O* **& ¸jræò �J* **&

Fig. 3. The galvanostatic charge/discharge voltage profiles of natural graphite anode cycled at different charge/discharge rates. 

Fig. 2. The galvanostatic charge/discharge voltage profiles of natural
graphite anode cycled at C/5 rate (SS : solid line) and 1C rate (FF :
dashed line).
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0.4 V �çb� J;>Ú ®bæ� Li+ �N~ îÒ>wf Ïª
� �*ÿn ê¯>Ú O*Ïïöº æz& ì
. ò£ Fig.
4(a)ö 6Fb� ¾æÞ ©¾" O* �J*¢ 0.25 V� J;~
&
� O*Ïï 6� O**~& � ãÖ 6²� ©b� .ç
� > ®
. ��¾ 
B w�*�~ ãÖ 2.0 Vræ ¦>w�
ìV r^ö �J* J;ö ^B& ì
. Fig. 4(b)öº Ï*³
ê& B� 
� ãÖ~ O* *{�Fj ¾æÚî
. Ï**~
& Ôf ãÖ~ O*�F(
F)f w�î ê²öB ¾æ¾º Ê
r�æ *ç� ¾ ¾æ¾� ®
. ¯, 0.11 VöB ¾æ¾º Ñ
®� ïê¦(plateau)º Li+ �N� Î� w� [ Úö ã«>Ú
®º Êr�æ-1(stage-1)b�¦V 2B~ w� [ î
 Li+ �N
� ã«>Ú ®º Êr�æ-2(stage-2)� *~ö ��>�,
0.14 V~ v ®� *{ ïê¦º Êr�æ-2�¦V �~ Ú¦ö
��W� ìº Êr�æ-2L� *~>�B ¾æ¾� ®
. �Ò
�, ^ ®�� 0.15 VöB j*® ïê~æº pæò Êr�æ
-2LöB 3B~ w� [ î
 Li+ �N� ã«>Ú ®º Êr�
æ-3(stage-3)b� :2º ©� ¾æ¾�, 
� îæïb�
0.23 VöB Êr�æ-3öB Êr�æ-4� �Ò� z× ÒÒ~
·� ·f çb� *~>º ïê¦& ¾ ��æ� ®
. �f
?� 4B~ *{ ïê¦& Îv ¾æ¾º ©b�¦V Li+ �N

� Êr�æ-1ræ ã«>î
& j*® îÒNj r > ®
.
��¾ Ï**~& � ãÖ~ O*�Föº 0.15 V~ ïê¦f
0.23 V~ ïê¦ ò� ¾æ¾� ®º�, ��¦V Li+ �N� Ê
r�æ-2Lræò ê�~&
& îÒ>� ®rj r > ®
.
¯, Ï*� Ïª® ��Úææ á~� Li+ �N~ ã«� jò
>V * ç�öB O*� �·>V r^ö O*� �·>º *
*& ¸j^B ª�� 
ê © ?f O*;�¢ ��¾, � �
Fj �ÿ~� ßö�� 
F~ ê>¦f ÿ¢�j r > ®
. 

Fig. 3~ Ï* *{�Fj ��, Ï* �J* *{j 0.0 V�
~� ÔÂ ãÖ Ï*Ïï� Ã&~�, V¢B O*Ïïê Ã&
� ©b� .G� > ®
. ��¾ 0.0 V �~öBº ÒÒ~ *
O� &Ë~æ� Ï* �J* J;ö ^B& ®
. ��¾ Li+

�N~ ã«>w *{� ª�ö ~~� Ôjæ�� ÒÒ~ *
O>wê ª�ö ~~� Ôjî > ®bæ� ÒÒ~ *O� ¢
Ú¾V *ræ Li+ �N~ ã«>wj ê¯�Ò > ®b� Â
�w�~ ÏO* Ïïj Ã&�Ò > ®j ©b� .çB
. �
¢ *� b& Li+ �N~ ã«>w" ÒÒ~ *O>w� ¢Ú
¾º ��öB Ú¦&�j jv~&
. Fig. 5ö Li+ �N� w
� [*ö ã«>º **(0.0 V)f ÒÒ� *O>º **(-0.1 V)
öB~ v~ ªb~Ê Ö"¢ ê�~&
. �âöB ��� 2B
~ ªb~Ê Ê¿Þ"öB "2>& ¸f '�öB ¾æ¾º >

Fig. 4. The magnified view of galvanostatic discharge voltage
profiles cycled at different current conditions. The discharge
capacity loss caused by anode polarization with a discharge cut-off
at 0.25 V is illustrated in (a).  The incomplete Li+ ion intercalation
at a fast charging (1C) is demonstrated by superimposing two
discharge voltage profiles. 

Fig. 5. (a); The raw ac-impedance spectra taken with the natural
graphite anode at 0.0 V and -0.1 V, (b) and (c); the simulated ac-
impedance spectra with the equivalent circuits shown in the inset.
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öf �Vf ;�& FÒ~æò "2>& Ôf '�öBº ô
f N�¢ ��� ®
. Fig. 5(b)f (c)ö �&²�f jF;
ªCö ~� �Ò.�~ Ö"¢ ê�~&
. b& 
þ Ö"f
�Ò.�~ Ö"& �~ ¢~~º ©b�¦V J;� �&²�
& æ�~
� 6�� > ®
. 0.0 VöB~ ªb~Ê Ö"º
*�î &�(Rsol), ��~ ¦ÿ�ï� SEIö ~� &�(Rfilm), *
~*� >wö ~� &�(RC.T.), �Ò� w�~ [*ö Li+ �
N~ {Öö ~� fª�(Warburg) &�b� �WB �&²�
� �C~&
. jF; �Ò.�~b�¦V Rsol= 0.9Ω cm2,
Rfilm = 27.2Ω cm2, �Ò� RC.T.= 108.8Ω cm2~ 8j áî
.
�Þ, ÒÒ~ *O>w� B�~º -0.1 VöB~ ªb~Ê Ö"
º *�î &�(Rsol), ��~ ¦ÿ�ï� SEIö ~� &�(Rfilm),
�Ò� 2B~ *~*� >w&� (R1" R2)b� �&²�¢ �
W~&
. �r *~*� >w&�� 2B� �ª>º �Fº {

~æ p
. ��¦V Rsol= 1.3Ω cm2, Rfilm = 27.0Ω cm2,
R1 = 6.9Ω cm2, �Ò� R2= 6.7Ω cm2~ Ö"¢ áj > ®î

. � Ö"�¦V ÒÒ~ *O>w� ¢Ú¾º -0.1 VöB *
�î &�" SEIö ~� &�f 0.0 VöBf FÒ~æò, Li+

�N~ {Ö&�f Z�� > ®�, *~ *�>w &�ê ç&
'b� 'rj r > ®
. Ö�'b� Li+ �N~ ã«>w�
*Oö j~� ���'b� b& ¢ÚÆ > ®æò *O>w
&�� ã«>w &�ö j~� ·V r^ö ;*~ ��öB
Ï*� r ã«>w� jÖ>V *ö *O� B�� > ®
.
Fig. 6ö Ï* �J* *{j 0.0 Vf -0.1 V� J;~� 1C

��öB Ï*~&j r~ ÏO* *{�Fj 6F" 
Fb�
¾æÚî
. 
Fj �� Li+ �N~ [* ã«/îÒö ~� Ï
O* Ïï� �&8� 300 mAh/gö �~æ á~�, &� 0.0 V
"¾öB ÒÒ~ *Oö ~� Ï*Ïï" ÒÒ~ Ï�ö ~�
O*Ïï� º&� B*Nj " > ®
. ¯, Li+ �N~ ã«
>w� jÖ>æ pf ç�öB *O� ¢Ú¾� ®
. 
Fb
� ��� Ï*�F 7 0.0 V �~ '�òj {&~� Fig.
6(b)ö B�~&
. 0.0 V �~öB **& ê³ ÚJ&
& -
0.045 V¦Vº  *{� Ã&~� £ -0.019 V ¦"öB ¢;�
8j Fæ�j " > ®
. -0.045 Vræ **& ÚJ&º *
çf Li+ �N~ ã«>w� ê³ æ³>V r^��, 
� Ã
&~º *çf ÒÒ~ *O>w� ê¯Nj ~��
. ¯, w�
~ ��öB ÒÒ~ *O� Ú¶ ;ê ê¯>�, .³ç�~ Ò
Òb� ��² >�, �r *O>w~ "*{� Ôj^ *{�
Ã&~² B
. Fig. 6~ �¾*¢ �� 1C~ ��öB Ï* �
J* **¢ -0.045 Vræ ÔÂ > ®b� �r �� 42
mAh/græ Ïïj Ã&�Ò > ®
. ~æò �� .Gf *
�~ Î� ¦ªöB *{ª�& ¢;~
º &; ~öBò &
Ë~
. �ö �J* **¢ -0.03 Vf -0.04 Vræ ÔºÚB
ÏO*j ê¯~&b� � Ö"¢ Fig. 7ö ê�~&
. �J*
*{� 0.0 V¢ ãÖ(i) O*Ïï� 166 mAh/g�îb¾, �J*
*{� -0.03 V¢ r(ii)º 180 mAh/gb�, �Ò� -0.04 Vræ
Ôº�(iii) 184 mAh/gb� £ 18 mAh/græ Ïï� Ã&Nj

Fig. 6. (a); The galvanostatic charge/discharge voltage profiles
obtained at 1C rate with the cut-off voltage of 0.0 V (i) and -0.1 V
(ii), and (b); the charging voltage profile of (ii) magnified below 0.0 V.

Fig. 7. (a); The galvanostatic charge/discharge voltage profiles and
(b): specific discharge capacity at 1C rate at different charging cut-
off voltage: (i); 0.0 V, (ii); -0.03 V, (iii); -0.04 V, and (iv); -0.05 V.
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�� "� ®
. �J* *{� -0.05 V� ãÖ(iv) Ï*�F~
ê>¦ö ¾æ¾º ïê� *{�Fb�¦V ÒÒ~ *O� ¢
ÚÎj r > ®
.
* Ö"º Ï* �J* **¢ ÔÊb�� w�*�~ Ïï
Ã&& &Ë�j ��'b� ��"� ®
. ��¾ Ï* �J
* **¢ �.� > ®º º*º "*{ö ~� ª�~ �V
ö V¢ �¢ææ�, *ö B�� Ï* �J* **~ �."
Ïï~ Ã&º ~¾~ .ö ®"~
. ¯ *�~ Ú¦&�f w
� ¶Ú~ ßW (*êê, «¶�V �)" *�~ B· �� (ê
*Ò~ �ï, w� «¶~ ªÖê �)ö ~� Ö;>æ�, ��
� ��ö V¢ Ï* �J* **¢ ÔÂ > ®º º*f �ö
V� ÏïÃ&~ º*º �¢î > <ö ì
. 6� "*{~
�V¢ Ö;~º 6 
� æ>� ·ÿ*~~ �Vö V¢Bê
Ï* �J* **~ �. º*& �¢æ² F ©�
. 

4. Ö   �

Â�w�j 0.0-2.0 V º*öB ÏO*~&j r, ÏO* Ï
ïf Ï**~~ �Vö ~� Ö;>� O**~~ �Vfº Z
&�j {�~&
. Ï**~& Ã&�>� "*{ö ~� ª�
� Ã&~� Ï*>w� jÖ>æ á� ç�öB �J* **
(0.0 V)ö ê�~æ� Ï*Ïï� 6²~&
. O*";öBê
*~~ �V& Ã&�ö V¢ ª�� Ã&~¾ O*>w� ¢
Ú¾º *{º*& O* �J*(2.0 V) �
 Ôbæ� ª�ö
~� Ïï~ 6²º ìî
. Ï* �J* *{j 0.0 V �~�
Ôº�¶ ¦>w� ÒÒ~ *O" Li+ �N~ [* ã«>w~
³êßWj �Ò� Ö", ¦>w~ Ú¦&�� z 'rj {�

~&
. ��¾ 1C ��öB ÒÒ~ *O>wê ª�ö ~� -
0.045 Vræ ÛB>Ú Ï* �J* *{j -0.04 Vræ ÔÂ >
®î� ��¦V £ 11%~ ÏïÃ&& &Ë~&
. 

6Ò~ &

� ��º ö.æ æ~Á&Ë ��bV¢ Û� ��"�Ò�
~ æöb� >¯>î
.
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