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1. B �

ê² r��¢� �f V�ö �Ò~º ê²ö ê² 6º

.³" ?f B2~ bîj ÒÏ~� ßW� Ö>� ê²Ú¢

ö~º �«Ú�
. ��öBº ê²[*z�bj Ò�«~�

�� �"ö �
ö &� wÏWö &~� ¢~�¶ �
. �

" 
Ú 2N *æ¢ j�� �
� wÏW� Ã&>� ®º

:, ê² [* z�b�¢�f Z;;ê², w�, 2�2 6º

¾�Â2 �~ [�¾ ÎBÒö ê¦Þ 6º ã«bî� ã«

>Ú ;W>º ©�¢� � > ®
. æ.ræ~ ��º "�

Ö;W� Ö>� Â�w�j Î�� ~� ôf ��& ��Ú

rb�, �¢ 7�b� ��¢ *B� �'�
.

w�[*z�b(Graphite Intercalation Compounds, GICs)~

�Òº j" J¾*� 19̂ V 7#¦V F¾>îb�[1] �


ö &� ��~ æ�º ~¾~ bî� ��&æ bÒ' z�

' ßWö &� ��öB ¦V �Ï &ËW~ ��j B�~

� "Vræ~ ";j �� *;'� .7~ ~¾�
. �


~ Wîf 
·~² ¾æ¾� w�~ Wîö V¢ Ö;>Ú

ê
.

w�Ö;ö ®ÚB ê²ö¶~ ��' 2sf 2pö �Ò~º

4B~ *¶& sp2 bWÊê¢ ��� ®jr �
 4B~ *¶

&Ú� 3B~ *¶º ~¾~ ï�Úö *~~� σ Ö�ö ~

� ê² G'� ï�j ;W~� ®b�, ¾^æ 1B~ *¶

º �ï�ö ç'b� VË~� �*¶¢� ®Òòê
. � ê

²�ï�f B� ßöB 9� ®Ú van der Waals ¾b� Ö

�>Ú ®
. π *¶º ¶F*¶�B �ï�Ú¢ ¶F�� Ú

ÿ~�, � Ö" ¾�� ö.æ&ö 'Ëj "V r^ö w�

f ¸f *êê¢ <² >�, 6� �ï�*~ Ö�� £~V

r^ö ±f ¶V J�Wj &æ� ®
.

�ç'� w�Ö;f GO;êö ³~º ©" Ë�Ú;êö

³~º ©� ®
. �Û �/~� ®º ê²êö ®ÚBº ê

²�ï�� 2~3B 9� ®�, OË��Ò& B� �ÖB ��

ç ê²� &v>Ú^ ®º Z;ê²�
 jv' z � ê²

�ï�� ZîB~² 9� ßö^ ®º Â[��~ ©" ��


 ¦ z B�B ê²�ï�~ ß�(stacking)� ��'b� V

�B ©� ®b¾, 
B~ Òòº ¦ z 
·� ��¢ &æ

� ®
. �NöB �'�Î �ª� w�� wKj &æê�

�¾Ò�B áÚê �VËW�ª� w�(Highly Oriented

Pyrolytic Graphite, HOPG)f Ö;��& &Ë ¾ B�B ê

²Ú7~ ~¾��, �º jv' ��W®º ��æ¢ B�~

� "V r^ö w� [*z�b~ ;ï, ;W 5 *¶bW 


þö ô� �Ï>� ®
.

¢>'b� w�Ö;f ê²ö¶& �FÖ�>Ú �² Ö�

B G'�ï�j �W~�, ��� G'�ï�
� van der

Waals ¾ö ~� B� Ö�B j" �O'� ��¢ &æ�

®V r^ö �ï�Ú~ ê²º 2�J�f ê²��~ '«

z�£®ö &~� ®�W�æò, ;K� ÖzB¾ *Vz�

'� Özö ~� �ï�Ò�ö '« ö¶¾ ª¶, �N� £

² ã«>Ú [*z�bj ;W� > ®
.

w�� 2�J�f >w~� áÚæº 2�J�z w�"

?f �FÖ�;~ z�b, r¢Ò .³ �� [*ö �«~

� ��Úæº z�b, _f Ö� ã«>Ú ;W>º z�b

�j '' w� Ö;~ [ç��¢ Fæ~� ®º ©b�, �


j ¢>'b� w�[*z�b(Graphite Intercalation Com-

pound, GIC)�¢� ¦�
. 6 w�~ [*ö �«~� ã«

B bîj ã«bî(Intercalant)�¢� ¦�
.

�
 GICº �² ¾*Ú 3B~ «~� ¾2 > ®
. � ~

¾º �FÖ�;b� ê²�ï�� ï�Wj ©² >� ßW
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ê w�" *& 
�æò, 
� w�[*z�b" jv~� n

;~
. .¢ 
�, 2�J�z w�f sp3 bWÊê¢ <² >

æ� Wï� >� *V*êWj ©ÚªÒ�[2-7], 6� Özw

�ê �f FÒ� ��¢ <º
[8]. B 2~ «~º '« ö¶

5 ª¶«� [*ö �«� [*z�b�B &�'� ©b�

Ö/w�z�b, ¢�/w� z�b, ºJ�/w� z�b �Ò�

.³ "zb/w�z�b �j 
 > ®
[9]. �
 [*z�b

öBº ê² �ï�� Fæ>�, ã«b[f w�[~ ­Bö

¹� ®º ©b� ��&æ stage ��¢ &æ�, ''~ ã«

bîö¶º [*z�b~ [ Ò�öB 
·� V~¢ ~� ®


. B 3~ «~º GIC¢ ê�7öB 6º �V7öB O~�

b�� ã«b~ &¦ª� [Ò�� ¦V OÂ~� ;WB w

� ºFz�b(Graphite Residue Compounds)�B, ²ï~ ã

«b� w�Ö;~ Ï¶¾ &Ë¶Òö ºF~V r^ö ¢>

'� ~�� "r [*z�b�¢� �'� > ®æò, �


~ ßWf w�"º 
� ©b� GICö ��B
[10, 11]. &

¦ª~ [*z�bf �V7öB ®n;~� ª� êöê ã

«bî� w�~ [*ö ²ï �Ò~º ãÖ& ô
. ���

;�~ z�bj X-F ². ªC~� &¦ª~ �ò& w�

" FÒ~² ¾æ¾� ².F� 9² ¢^ ®
. ��¾ ^ò

ö ~~� ç�ï~ ã«bî� w�[Úö �Ò~º ©b�

��>Ú ®
[5, 6]. ºFz�b~ ��& «W~æ pj öò

jî¢, ºF z�b� Ú¶ ;ê w� [*ö �Ò~ºæê

«{~æ p
.

ö¶ 6º ª¶& ã«>Ú áj > ®º GIC~ «~º >

W«ö ��� ®
. �
~ ö¶ 6º ª¶¢ ª~~� ��

Table 1" ?
. w�ö *¶ "²(electron donor); bî~

GIC�Bº r¢Ò .³�¾ r¢Ò Æ.³ �� ®b�, .¢


� K-w� [*z�b� &�'� ©b� æ.ræ �� �

�B :& &Ë ô
. w�öB *¶ A²(electron acceptor);

Wî~ GIC�B .¢ 
Ú w�-"zb [*z�b" � �

�öB ÒÏ>Úê Ö-w� [*z�bj 
 > ®
. �Ò�

ª¶ ¶Ú& w� [³ö 
Ú&B GIC¢ ;W~º ª¶ ª

ÖK;� �
 *¶ A²; º"ö ��>� ®
. �
�ö

BvöB Þ/B Özw��¾ 2�J�z w�" ?f �F

Ö�; GICê ~¾~ ¦~�
[12].

¢>'b�, [*z�böBº �~ ÎÚ& >º [ç bî,

¯ w�j ^ÊÞ, �«~º ã«bîj ²ÊÞ¢� ¦�� ®


. GICöB ^ÊÞ� ÒÏ>º w�b� �VËW �ª� w

�(HOPG) �ö, 7��¾ î
&Ê�(Madagascar) �öB �

Ö>º Â�~ �çw�(Flake graphite), ��~ Ï7öB "

�z>Ú ê²& ;Â(ùD)>º Ê�w�(Kish graphite), Ö

;¶~ VË� ±f b~ê w�RF �� ¾ ÒÏB
. ²Ê

Þbîf � &¦ª� Table 1ö ��>îb�, æ.ê î�

Ú z�«� BÒ>Ú ¾Æ� Ã&~� ®b�[13, 14], �


~ ßW� ê³ ��>� ®
[15, 16].

Table 1. Examples of chemical species which form GICs

Bonding type Intercalants

Ionic Bond-Type

Donor-Type

Alkali metals : Li, K, Rb, Cs
Alkali-earth metals : Ca, Sr, Ba
Rare-earth metals : Sm, Eu, Yb
Transition metals : Mn, Fe, Co, Cu, Mo
Ternary systems : K-Hg, K-NH3, K-H,

K-THF, K-C6H6, K-DMSO
Rb-Hg, Ca-NH3, Eu-NH3

Acceptor-Type

Halogens : Br, ICl, IBr, IF5
Metal halides : MgCl2, FeCl2, FeCl3, NiCl2, AlCl3, SbCl5
Lewis acids : AsF5, SbF5, NbF5

Metal oxides : CrO3, MoO3

Oxygen acids : HNO3, H2SO4, HClO4

H3PO4, HF, HBF4

Molecule diffused force-Type XeF2, XeF4, XeF6, XeOF4, KrF2

Covalent Bond Type F (Graphite Fluoride)
O (OH) (Graphite Oxide)

Fig. 1. Schematic diagram of the intercalation state at H2SO4-
GIC.
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¢>'b� w�[Ò�ö �Öj ã«�Êº ©f 
r"

?f ";b� ��Úê
. 
r �ö ~�~� Ï�j B�

� ê w�j � Ï�" >w�Ê� S2O8
−ö ~� ÖzB~

'Ëb� w�[öB *¶& ¦Ú¾f Cn
+ ;�& >�, V¢

B �r HSO4
− �N� w�[b� ê«~� [* ã«� N

ö V¢ ö¾ w�~ (002) d8� 3.35ÅöB �Ö~ ª¶ �

Vò¢ Ã&~� 7.98Åb� [* �Ò& Ã&~² B
.

2H2SO4 + (NH4)2SO4 � (NH4)2SO4 + H2S2O8+ H2 (1)

H2S2O8 � 2H+ + S2O8
2− (2)

�
~ ç�êº Fig. 1" ?� ¾æâ > ®
.

w� [ Ò�ö ã«bî� 
Ú* ç�¢ ¾æÚº ©j

stage¢� �
. stage~ N>º w�[" ã«B bîÒ�~

ç�ö ~~� Ö;>� Fig. 2f ?
. ^ÊÞ [" ã« b

î [ Ò�~ V~ ç�¢ ¾æÞ ©� stagingb�, vB~ ã

«bî[j Ò�ö v� ®º w�[~ >¢ stage N>¢�

�
. � stage>º GIC~ X-F ².»ö ~�~� Ö;>Ú

ê
. ¯ (00l)².F~ >Ò'öB [� >�>º "V�Ò

(Identity Period, Ic)¢ �� > ®b�, V¢B 
r &ê�¦

V stage>& Ö;F > ®
.

Ic = (n − 1)c0+ ds (3)

n : stage>

c0 : w�[*~ �Ò 3.354Å

ds : ã«bî¢ ¢� ®º w� [*~ �Ò

6, GICöBº B� 
� stage N>& bÒ>Ú ®º ãÖ&

ôæò, stage& �ê'b� æz� rö ã«bî� �f ?

� w�[*j �ÿ�
� �'>æò Daumasf Herold[17]

& Î�j �Ï~� VF'b� J«~� ®
. �
 Î�ö

V�� ¾r¦V 1 stage& ;W>Vº �® ÚJÖ� Ûê'

Fig. 2. Schemematic diagram of ideal graphite intercalation
compound model.

Fig. 3. Models of stage structure of GICs by Daumas and
Herold (a) statistical state (b) transition state.

Fig. 4. Models of stage structure of GICs by D.D.L. Chung.
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b� " r ¸f stageöB Ôf stage�~ [* ã«� ��

Úê
� ��~� ®
(Fig. 3). 6� D. D. L. Chung[18] �

ö ~~�, Ûê'b� " r w�~ &Ë ¶Ò�¦V [* ã

«� ��Ú^B 6N 7�¦ræ ã«bî� ã«>Ú �«

'b� 1 stage& ��Úê
� ��~� ®
(Fig. 4). �Ò�

Boehm[19] �ö ~~�, Ûê'� ßW" ��'� ßW� �

þ ·Ï~� j*� 1 stage& ��Úê
� ��~� ®
.

��� Ò

ö ~� ã«bî� ö¶ 6º ª¶
� ' w

� [*ö ¢«~ '�j ��Ú �Ò~� ®b�, �
� {

Ö �ÿ�b� �~� stage& æz~º ©b� �' � > ®


. ê²f Ö"~ >wf ^ÊÞ�B~ ê²~ w�zê¾ V

ËW~ N�, ²ÊÞ�B~ Ö~ «~, ³ê, >wNê 5 >

wæöB�B~ ÖzB~ FZ �ö V¢ '' 
�
.

2. � �

���� Ö�w�[*z�b

w�" ÖÒ�~ >wö ~� [*z�b~ �Wf 1841j

ö Schaufhaütl[1]ö ~� BÒB �¾, graphite salt, graphite

acid, graphite oxide �b� ««>îb� Rüdorff[20, 21],

Ubbelohde[22], Herold[23] �ö ~� ��& ��>Úr
. �

"öº >w³ê, stage *�[24], ç*�(Phase transition)[25],

*¶bW~ ��[26, 27] �ê &~�^, Ö GIC~ Wî� �

.O C&æ² >î
. ��¾ 
þö ÒÏ>º ^ÊÞ~ «

~¾ 
þ��� ¢;~æ pV r^ö, GIC~ ��, Wîö

&� ��V¾ �
~ �C� ��¶
*ö N�& ®�, �

ÞW� ®º Ö�� ¾Jæ p� ®º *ç�
. ?f ·çb

� GIC¢ �W &Ë~² ~º Öö &�Bê >w ���'

� ��Vö "�~� ª~>Vræöº ÚJæ� ®� 
þ

ç~ Ò
j ¾æÞ ©ö æ¾æ pº
.

*Òræº w�" >w~� [*z�bj ò�º Ö~ «

~�B HNO3, H2SO4, H3PO4, H2P2O4, HF, HIO4, H2SeO4,

HClO4, CF3COOH, BF3(CH3COOH)2, HSO3F, H5IO6 �� r

J^ ®
[28]. �
 Ö~ &
>º w�"~ >wö ~� *

¶ A²;~ [*z�bj �W� > ®r� Hall Î"~ G

;ö ~� «Ã>î
[26].

Ö-w�[*z�b~ �Wf �² ¾*ÚB v &æ� ¾2

> ®
. ~¾º >w ��B� ÖzB¢ ÒÏ~� �W~º

z�' Öz»� ®�, 
� ~¾º *V z�'� >wö ~

~� �W~º *V z�'� O»� ®
. ÖzB¢ ÒÏ�

[*z�b~ �W>wf

(4)

� ¾æÚæ� *Vz�>wf

(5)

� ¾æÚê
. .¢ 
�, NO3
−, HSO4

−, ClO4
− �~ A−º Û

ç, (AH)ª¶� ¾æÚæ� w�~ [*Úö �«~� Cn
+f

�N Ö�j ;W�
. w�~ [*�Ò {&º ã«B z�

«~ �V¾ V�ç�ö V¢ 
�
.

w�f .³"º �Ò z�'b� ®�W�� çN¦"öB

º Ö" r¢Ò~ >Ï�7öB &¦ª ��>æ pº
. �

�¾ �N~öB~ Özª*V¾ ;� ÖzW Ï�7öBº

£² Öz>�, CO, CO2 �j �W�
. w�j ·�b� >

Ï�7öB *� Öz�Ê�¾, ;� ÖzW~ Ï�7öB Ö

z�Ê² >� Ö²& w�[�Ú~ ê²f �FÖ�� ç�

~ w�� B
.

���� Özw�

Özw�f jv' n;� z�b�� �* �*æ~ �Ö

z�*ö &� �bî, _f j>Ï�7öB ÒÒ*�" ��

~� 1N *æÏ~ �bî�B �Ï~�¶ �þ7��, Öz

w�~ ;ï� >ÃV¢ Û~� î²¢ Û"~æ pº Wîj

�Ï~� >ÃV{ bBö wÏ~V *~� �þ~� ®
. 6

� Özw�j ~ö~� áf �ªç w�f ���� w�

J�B¾ Carbon film �ö ÒÏ>� ®
.

1859jö Brodie[29]ö ~� Özw�~ �W»� BcB �

¾ ­­ B»� ��>î
. ¢>'b� Özw�j �W~º

O»b�º ;K� ÖzB, .¢ 
�, ê� îÖ-ê� �Ö b

��, B� �Ö-"²Ö ¢� �j ÒÏ~� B�~º Û� Ö

z»� rJ^ ®
. ê� �Ö :ê� îÖj& 1 : 2~ bÖ7

ö w�j *ç~�, &NöB "²Ö ¢�j Î&~� j"

jò~² >w�Î ê, "�*Ö ¢�j Î&~� >wj j

Ö�Êº O»� Staudenmaier[30-32], A. Class[33] �"

Hummers[8]ö ~� Bn>î
. Özw�f �ïj ¾æÚæ

ò ��~� wï� B
.

Özw�f w�~ [*Úö Ö²& �«�, ê²f Ö²&

�FÖ�j ��º ;�~ z�b� >�, ê²& j*® >

w~² >�, �~ �Wf C/Oj& 2& >º ©b� �'>Ú

zb¾, 
B�º ��� >w� ê¯B ç�öBê 2.4��,

¢>'b�º 2.7~2.8~ 8j &æº ©� &¦ª��, ��¾

�
 ç�º B���ö V¢ *&~² �¢æº ©b� �'

B
. w�[Ò�~ *Ïf z�b~ �Wö V¢ 
�� ¢

nC graphite( ) xAH
n
2
---O        Cn

+ AH( )X 1– A  – n
2
---H2O++ + �

�

nC graphite( ) xAH        Cn
+ AH( )X 1– A  – H+ e  –+ ++ �

�
Fig. 5. Enol- and keto- type model of graphite oxide.
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>'b� 6~11Åb� [Ò�~ �� {ËB
.

Özw�~ ��º ê²ö¶f >ÖV 6º Ö²ö¶f~

Ö�j V�b� ~º ��¢ &æ�, �.� Ruessö ~� �

Î�� Bn>î
[34]. �~ ��Î�f Hazdi �[35]ö ~�

'�F �> Ê¿Þ"~ Ö"�ê ææ>Úæ� ®
. �º z

�bö &� '�F �> Ê¿Þ"ªCÖ"�º ê²~ �7

Ö�� {�>æ pº
� ��~� ®�, ê²ö¶f ã«b

î"~ �FÖ�ö ~� w�[~ ï�W� ìÚæ�, ��B

[�b� æzB Î�� Bn>î
. ��¾, Hoffmann[33] �

f >ÖV¢ 3N rzR�¢� �'~º Ruess~ Î�f, Ö

zw�� Öb�B ¾æÂ Wîj J«� ®&Ë~æ� Figure

5~ ��Î�j Bn~&
. �~ Î�öBº úR;" &Æ

;~ ê²& ®�, z�bj r¢Ò >Ï�ö �'~�, &Æ

;öB úR;b� æ~�, �f ÿ�ö �êï(�¶!)öB

zwïb� æï~º Wîj ¾ J«~� ®
[36].

Özw�~ �&f C/Oj 5 ¾Ò 7ö w�[*ö �«B

ÖzBf b~ �Fïö ~� æz�
. ¢>'b� �ï 6

º .ïj ¾æÚ� ��ç�öBº Fæ6(Aîv)� ®º ¦

��Ú wïbî�æò, Ïª~² Öz& ê¯B Özw�f

<f ç�öB R«ö &��, ��~� Wïj ¾æÚVê �


. 6�, *V &�ê �&" ?f ;�� C/Ojö ~� æ

~º ©b� ��>Ú ®
[35].

Özw�j r¢Ò Ï�7ö �'�Ê� B*'b� wïb

� æ~� ����ç~ w�� B
. 6 b, rzR �~ �

WÏ
ö �'~�ê Özw�~ [Ò�7ö Ï
& �«~�

cJ>Ú ����ç~ w�� B
[37].

���� �Ö 5 îÖ~ w� [*z�b

Ö-w� [*z�bj �W~º� ®ÚB &Ë ¢>'b�

6Ò ��º O»7~ ~¾& w�j ê� �ÖÏ�ö �'�

Î ê, �Vö îÖj Î&~� îÖ� ÖzB� ·Ï~� w

�j Öz�B *¶ A²; Ö-w�[*z�b� �W>�, w

�~ c»ö (00l)�f Öª¶~ çã ò¢ cc~² >Ú Ï¶

�� *&~² æ~² >�, z�b~ ïz �� ö¾~ w�

ï� f²ïöB ê� Óïb� æ~² B
. ÖzB�º

HNO3 �ö CrO3, KMnO4, (NH4)2S2O8, PbO2, MnO2, HClO4,

MeClO4, As2O5, Na2O2, H2O2, N2O2 �� ®æò[38-40], ¢>

'� 
þöº HNO3[41], CrO3[42, 43]& &Ë ô� ÒÏ>�

®b�, ÖzK� 
² £�(NH4)2S2O8~ ãÖº Öz�*ö

V¢ stage~ æz 5 7*çj &V� > ®V r^ö �
j

��~º� ô� �Ï� >� ®b�, ÖzÎ"& j" £�

Cl2, Br2 �~ ��¶� ÒÏ>º ãÖê 'æ p
[44]. � �

�öBº Öz³ê& ¶Ö(NH4)2S2O8¢ ÒÏ~� Ö-w� [

*z�bj �W~&
. Ïª� ·~ ÖzB& �Ò~º ��

~öBº �W>º GIC~ stage& �Ö~ ³êö ~��
. £

40 %~ ³ê~öB ¸f stage& �W>V �·~�, ³ê~

Ã&f �þ Ôf stage� �ÿ~�, £ 80 % �çöB B 1

stage¢ ;W�
[45, 46]. ��¾ "ï~ ÖzB& �Ò� ã

Öö 6º >w�*� "
� ãÖö ;WB GICº �
~ ß

Wj ©ÚªÒ� ö¾~ V�'� ��î& �^ªÒº Ö"

¢ .¾�
. w�j *�b� ~º �ÖÏ�~öB ·� Ö

z�Ê�, w�-�Ö" [*z�b� �WB
[47]. ê� �Ö

7öB~ GIC~ �Wïf *� *Vïö jf~�, ê² 1 g

ö &~� 9.2Ü10−2 AH~ Öz *VïöB B 1 stageö �

�~º C2
4+ z�bj �W�
. HOPG¢ ·�b� ~º 25oC

~ H2SO4 *�Ï� ~öB ;*~ *�»b� ·� Öz� r

ö *~&êf &N~� *� **-�* �Fçö ¾æÞ *

~ö ~�~� *�**öB ��6j &æº �ê'� æz

& &VB:& ®
[48]. H2SO4-GICº �V7öB BB® ª

�>V r^ö n;� ç�~ ��j B�� &
� �V7ö

B ã«bî� Ö(acid)� [b� ¦V 
� ¾Jº *çj O

æ� > ®
. w� *�j &æº *�fj X-F ². Ë~

Úö �·~� ÷ÚIÚB, *� Öz� �~� �W>º GIC

~ ��¢ ç^~² &V� > ®r� &Ë~Vê ~
[49].

H2SO4-GIC~ stage& æ~º ÿnö *Vz�>wö ®Ú

B ���'� dataö &~� Aronson �[50]" Metrot �[51]

ö ~� ç~ æz ";� ��B: ®
. �
f �VöB B

3 stage& C84
+-C78

+~ Öz'�öB ;W>�, C78
+-C56

+~ Ö

z�êöB B 3 stage 5 B 2 stage~ ";j �öB, B 2

stage& C56
+-C48

+~ '�öB ;W>�, �êö, C48
+-C28

+~ Ö

z�ê¢ �öB C28
+-C24

+~ '�öB B 1 stage& ;WB


� Ö�j Ú^b�, ''~ �êö ®ÚB GIC/H2SO4-18 M/

Pt, H2f~ V*K 5 �
~ Nê ~�Wö V� Gibbs~ ¶

Fö.æ æz(∆Go), úîb æz(∆Ho), úÞ�b æz(∆So)

�j 
r �b� �� > ®
[52].

∆Go = − ∆qEG − H (6)

∆So= − ∆qδE/δT (7)

∆Ho = ∆Go+ T.∆So (8)

�
 (6)~(8)~ �
f ¢>'b� *Vz�' GIC~ ��ö

B �
~ æz8j G;~º� ô� �Ï>� ®b�, EG-H

º Hg/Hg2SO4/H2SO4 18 M ��*�öB G;� fV*Kj

Pt, H2/H2SO4-18 MöB �;� *�**ö ®ÚB~ 8�
.

�
 *V z�'� æ�ö ~� Ö"º £² ;ï' 6º ;

W'b� �.� > ®V r^ö &Ë ô� ��ö �Ï>�

®
.

*�** "Ò»ö ~�Bê GIC~ �W" ª�>wj �

Ò� > ®
[53]. � O»f W.�b� " w�j �ò*�

b� �ö &� W.*�" �Ö >f ��*�"~ Ò�ö

function generatorf potentiostate¢ ÒÏ~� ¢;³ê� **

"Ò� rö �ò*�" &�"~ Ò�öB v�º *~ïj

G;~�, *~-** �Fj �� > ®
. Voltamogram~ Ö

z, ~ö�Ff '' >B~ peak¢ &æ�, �
f *¶"Ò

~ .V �êöB £* �ÿ~� 5~10²~ Nf� ¾æ¾B

'' ;ç~ ç�� B
� ��~� ®
[54]. �F~ �'ö



Carbon Intercalation Compounds as a Carbon Alloy and Their Applications 67

B ��ê *Ú'� Özö ��>º *Vïf w�öB B 1

stage~ GIC& �W~º ·" ?
. V¢B Voltamogram~ Ö

z 5 ~ö�F� GIC~ �W" ª�>w~�, �Fç~ Öz

5 ~ö*~& �~ **öB �W 6º ª�~º GIC~ >

wïö ç��
[55].

�Ö7öB w�j *�b� ÒÏ� *� Öz**f �Ö

³êf~ &N~� &³ê '�öB ³ê~ Ã&f �þ Öz

**& jò~² çß~º Ö²~ B�>wf

6º

(9)

f �³ê '�öB ³ê~ Ã&f �þ, Öz**& /Ï~

² &~~º GIC �W>w� ®�, v �F� ò¾º ³ê¦

"öBº ·¶~ >w� ã�~� ¢ÚÂ
. � 6f ¢>'

b� H2SO4-GIC¢ �W~º� jº~
� �'>º ³êö

Bê *&~² Ôf ¦"öB ;WF ©b� .çB
. 6, ;

*~ *�», *�** "Ò»öBê GIC~ �W 5 ª� >

wïj G;� >& ®
. �Öj *��b� ÒÏ~�, ;*

~öB ·�Özf r�~öö ~� *�**-*Vï�Fj

¾æâ > ®
[55]. B 1 stage¢ ;W~º� jº� Öz*

Vï" &êì�, ~ö*Vïf ³ê~ &~f �þ 6²~�

0.1 mol/LöB 0b� >�, � ³êöBº GIC& j*® �W

>æ pj > ®
. ·�Özö ~� GIC~ �«�Wb" �

Ö~ ³ê Ò�öº ï;&ê& �Ò~� 1 mol/LöBº B

10 stage-20 stage&, 5 mol/LöBº 3 stage& 10 mol/LöBº

B 1 stage-2 stage& '' ;WB
� ��~� ®
[55].

*V z�'� Öz»~ ~¾� *� Özö ~~æ p�¾

6º z�' Öz»� '�� ÖzB¢ ÒÏ~æ pj ãÖ,

w�öB H2SO4-GIC¢ �W~º©f ®&Ë~
. �¾B *

V¾ ÖzBö ~~� z�'b� ®�W� w�j �Wj �

ê� ò
Ú "Ú¢ �
. îÖf ÖzW� �©b� *�Ö

z¾ Væ~ ÖzB~ êæ~ö w�" VÚ-�ÚçöB >w

~�, HNO3-GIC¢ �W�
[56]. � >wöBº �Bê îÖ

� jº~V r^ö ¢>'b� îÖö 98 %~ �Ö 5 �Ö

¢�j b�~� �¢ Ã~~� áÚê 96 % �ç~ ³ê¢

<º îÖ� ÒÏ>Úê
. C'B~ Ê*ç &Þ(spring

balance)ö HOPG¢ 
�j �©ö �Bê îÖ ÃV¢ 7/

�Ê�, HOPGö îÖÃV& �O>Ú (10)~(14)�~ ";j

V�² B
. �
 GIC~ �Wïf 7ï Ã&ï¢ G;� >

®º 7ï G;»ö ~~� z� ;ï'b� ¾æÚ î > ®


[57]. >w��ö V¢ ;çç�öB~ Ã&ï� 
�æò,

�z8f îÖ~ ÃV{" w�"~ >wNêö ~�~� æ

�
. � GIC~ �W>wf 
r �b� ¾æÚê
.

HNO3 HNO3 (10)

(gas) (adsorbed)

(11)

(adsorbed) (adsorbed)

NO2
+ + nC Cn

+ + NO2 (12)

(adsorbed) (adsorbed)

NO2 NO2 (13)

(adsorbed) (gas)

(14)

(adsorbed) (HNO3-GIC)

�. w� ��çö Vçb� �OB îÖª¶& NO3
−f NO2

+

� �Ò>� *¶�zK� ;� NO2
+º w� Ï¶� ¦V *

¶¢ rÚ �VÚ ê²ö¶¢ �Nz�Ê�, ¶�f NO2 B

Ê� >Ú w� ��öB ÎÚ^ ¾*
. �Ò� NO3
−º C+f

�NÖ�~� �*¶�B~ ��j ~º îÖª¶& �þ w

�[*Úö �«~� HNO3-GIC¢ ;W�
. � >wf H2O,

O2 �~ ®Bb� �Ò~² >�, îÖ~ ÃV{j ¸� "Ú

ê ê¯>æ pº
. �º w���çö �OB H2O ª¶[

ö ~� îÖ~ �Ò>w� ÛB>� w�Ö;~ ��ö O2

& z� �ONb�� ê²~ �Nz >w� ÛB>V r^�


. � (14)�öB îÒB NO2(gas)~ ;ï~öB B 2 stage

ö x& 4.5 �ç�¢� ��>Ú ®æò[57], H2SO4-GIC~ ã

Öf îR&æ� {;'� 8f jî
.

Ö-GIC Ú~ w�[f c» OËöB w�[(/)j ¢� ®º

w�[Ï¶~ V�� ?f A/A;" V�� B� 
� A/B;

� ®
. H2SO4-GIC~ B 1 stageº w�[~ '[îB& A/

A/A/A~ I;ö ³~º ©� ôæò, �Wö ÒÏ~º ÖzB

~ «~ö V¢ 
� '[��~ GIC& áÚê
. îÖj Ö

zB� ÒÏ~º ãÖ A/B/A/B~ II;�, CrO3öBº ·¶~

b�;� &VB
[58]. B 1 stageöB B 3 stageræ~

H2SO4-GICö &~� I; 5 II;~ '[îB¢ Table 2ö ¾

æÚî
. w�[�Úö C-CÖ�f �~ ;� �FÖ�r^

ö GIC& �W>Úê ã«bî~ 'Ëj &¦ª Aæ pº
.

�ö >~�, [�ÚöB~ [*ã«f ¢>'b� &Nö

B ��'b� V�>� Nê~ çß" �þ [�Ú~ ��&


·~² æ�
. �f ?f *çf *V*êê, NMR, X-F

²., LEED �ö ~~� �cc �~ G;ö ~� ¦Æ>�

®
[47, 48, 59-61].

Ö-GICö &~� ôf ��& ��>Ú ®æò Rüdorffö

~~� H2SO4-GICº (00l)~ ².F ;êö &� ��VöB

H2O2         O2 2H2
+ 2e  –+ +�

�

2H2O         O2 4H2
+ 4e  –+ +�

�

2HNO         H2O NO3
 – NO2

++ +�
�

Cn
+ NO3

 – xHNO3+ +          CnNO3xHNO3�
�

Table 2. Stacking Order of Graphite layers at H2SO4-GICs

Stage
Stacking Order

I-type II-type

1 A/A/A A/B/A
2 A/AB/BA/AB A/BA/BA/BA
3 A/ABA/ABA/ABA A/BAB/ABA/BAB
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ã«bî[~ C/SO4= 8ö ç�~º 2× 2 �Ú îB¢ &æ�,

�~ ��º SO4 Ò�Ú~ V�j &ê
� º;~&
[62].

ã«bî [�ÚöB ã«B �Öª¶~ 1/3� HSO4
−�� Cn

+

f �NÖ�~� ¾^æ& ª¶ç��æ� HSO4
− ç^>Bj

jz([�), 6²>ê� �*¶�B ·Ï~� ®
� ~º

Hennig~ ��� ®
[63]. �"ö Cn
+HSO4

− · xH2SO4~ x 8

b� 2.4~2.5� 8� {
� ©b� «Ã>�, ã«bî [�

ÚöB~ �Ö~ &ê& �Ú~ &ê8� 1.82 g/cm3 �
 ¸

f 1.94 g/cm3� >î
[64, 65]. � ¢^öB B�B :f ?�

�Öª¶ ~¾º �*¶�B ·Ï~² >�, &¦ª� �Ö�

N"~ Ò�ö >²Ö�b� &�~� ®
� �'~� ®
.

HNO3-GICöBº H2SO4-GICf 
�² ã«bî� ï�W

j &ææ� 7.84 Å~ w� [*�Ò~ V~¢ &V� > ®

b� ¶Fê& �
. ï�â'~ îÖ�N 6º ª¶& w�

[�" ï;~² �Ò~�, �7� ª¶Ò�öB ç~ V� V

� w�[" 7~� ®
� ~º Rüdorff~ Î�[66]ö >~

�, HNO3-GIC B 2 stage~ X-Fö ~� ².F~ ;ê�C

b� ¦V îÖ~ ï�ª¶& w�[ö >çb� V�~� ®


� ~º Bnê ®
[67].

�ö¶~ ã«bîöB GIC¢ �W~º ©� &Ë� r¢

Ò .³ê~ K, Rb, Cs �" ÷~~�, �Ö, îÖ �~ 
ö

¶ ª¶ö ~� B ã«bî[~ �Ú��& �Ç~V r^ö

ã«bî[" w�[~ ;�W�¾ '[îB �~ æzº ç

*� *ç� J«>æ pb� nB
.

Ö-GICº ¢>'b� z�'b� ®n;~� �V7ö O

~~� stage æz¢ ÿ>~�B BB® &>ª�>Ú ¾r~

w�ö &rÚ Ö;��� ~öB
. �r Ú¶ ;ê~ ã«

bî� ºF z�b�B w�[*Úö º��
[10, 47]. ��

¶�¾ r¢Ò.³b�¦V áÚæº GIC~ ãÖöº �©~

º�ïö &� ç7'� ªC� &Ë~æò, Ö-GICöBº ¦

O>Ú ®º Wªb� �� �
~ ªC� 
¦~
. V¢B

� ��öBº �
~ ª�";~ z�î¾j ;ï'b� B

� ~�¶ �
. ¢>'b� H2SO4-GIC~ ãÖ Öz ~ö~

>�B ²>~ N�º Öz*Vïö &� ~ö*Vï~ j

(Qox/QredÜ100, *~ÎN)& 95 %~85 % ;êöB ¾æ¾�,

�~ N& ºFz�b~ �Wïö ç��
� � > ®
. �

�¾ ÿ¢� Öz, ~ö";j >��Ê�, >�� ²>~ Ã

&f �þ Qox/Qred� çß~� 3~6²öB 100 %ö �~� �

�ç~ >�öBº Öz, ~ö>w� j*~² &�'b� ¢

Ú¾² B
.

H2SO4-GICº b ��ö r¢Ò Ï�"ê �B® >w~�

j" 'æò CO2¢ B�~�B ª�B
. ör�, rzR, .

Ö, öÊr� �"ê >w~� /³® ª�>æò, æO� ê

z>², CCl4, CHCl3, CS2 ~öBº n;~
. 6 �Bê ÊF,

Î�ú �" >w~Vê ~� ¢¦º ª�>Vê ~� ß;�

�j &� "� âöê [*z�bj ò
Vê �
[68]. âö

ê [*z�bf �öê [*z�b�
 
² n;~Vº ~

æò �
 �� çë'b� �Ï &Ë� ãBWf ìº ©b

� ��>� ®
[69]. ��¾ �
~ ßWf 2öêfº *&


� bÒ' z�' ßWj ¾æÞ
.

GICö Væ~ Öj 7/�Ê�

H3PO4-GIC + H2SO4 H2SO4-GIC + H3PO4 (15)

~ v~>wj ¢bÊæò, �>wj ¢bÊVê ~�, H2SO4

6º HNO3-GICöBº 
� GIC¢ �W~æ pº
.

Ö-GICº ¢>'b� r¢Ò .³�¾ r¢Ò Æ.³�~

GIC �
º £*~ n;W� ®æò, .³ "zbê~ GIC �


º Nê, {K, ÃV{ �~ �¦��ö &�Bê ®n;~

�, [�Ú¾ [*~ îB& æ�
[70, 71]. Ö-GIC~ c» O

Ëö &� �ccê>º ^ÊÞ w�" jv~� ��, stage

>º Ôjæ² >Ú Ã&�
. &NöB �N� F>� ².

F~ ;êº 6²~�B Ôf 'ãb� �ÿ~æò, � ";

öB Ôf 'ãö î�Ú peak~ B�" �~ WË� &VB


. �©f −74oCöB Â]~² *V&�~ �ç*çö &�

J«" îR&æ�, ã«bî [�ÚöB~ �z, [�~ ö�

� B
� �'~� ®
[46].

�cc" îR&æ� HNO3-GIC~ *V&�ê *�6 ¦"

ö ®ÚB �ç*çj ��
. B 1 stage 5 B 2 stage~öB

º ÿ�ö j&�� /Ï® æz~�, Nê çß�ö j&�

� Ôjæ�, ~;�ö ̧ f ®ÊrÒ�Ê(hysteresis)*ç� ¾

æÂ
. Nêf &N~� &�~ � æzNfê ¢~~V r

^ö ®ÊrÒ�Ê *ç~ îB-ZîB(order-disorder)*�&

ÌÚæº ©ê J«>� ®
. *� Nê'�öB ¾æ¾º ®

ÊrÒ�Ê(hysteresis)º v ;�~ domain� ��~º bW

��ö ~� ©b� *V&�" îR&æ� −20oC ¦"öB

~ ç*�& �*ê~ G;Ö"öBê «Ã>Ú ®
[56].

Ö-GIC~ ãÖö *¶ A²;" r¢Ò.³ GIC �~ *¶

"²;öBº *~ Ú>¶(carrier)~ 
�� c» OË~ *ê

ê~ �Vê N�& ®
. ��� �Fº ã«bî~ �V&

�¢B [�Úö �
� 
Ú& �Ò~º ãÖ *~Ú>¶~

Wî� �¢æ² >�, 6� ¾�� ö.æ&ö *Ï(gap)�

�¢æ² >æ� ��® c» OË~ *V' Wî� �¢æ²

>V r^�
. .¢ 
�, [�ö >ç� OËö &� *êê

σcº H2SO4-GIC~ B 1 stageö &~� 2 Ω−1-cm−1� �º K-

GIC~ B 1 stageö &� 3Ü103 Ω−1-cm−1" jv~� j" ·

b�, 6 H2SO4-GIC~ σc� 1Ü105 Ω−1-cm−1f jv� �jê

·f Þ�
. ��� Ò
f ã«bîj ¢Ú w�[�*~ �

Ò~ N�ö � ö�� ®�, ��� �Ò~ �V& ¢Ú¾º

*çf *¶ A²;~ ãÖ ã«bîj ¢Ú w�[�*~ π
*¶ 2ÿ&ê~ j7� ·jæV r^�
[72].

Ö-GIC~ B 1 stage öB �Ú&�f �N stageöB �


·
. stage ~�Wö �²~& &Ë� *çf r¢Ò .³�

¾ AsF5 �~ GIC~ ãÖf îR&æ�, �Ú&�f w�[

~ *~ Ú>¶~ ³ê& ¸jææ� Ï¶êÿö ~~� Ö¦

� Ã&~º Î"f stage>& Ôjææ� �NzN� ·jæ

º Î"ö ~~� J«>Úê
[73].
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���� [*z�b~ ­&æ wÏ~ .

2.4.1. ê²¾�Â2~ ;B

¾�Â2¢ ;B~º O»7 ³V'� O»f jîæò, �

b� Ïª� ��~ &~& ®º ª¢¢� �'B
. ê²¾

�Â2~ .V �Wbf �� &æ ê²Ú 5 .³
� �þ

�Ò~V r^ö ê²¾�Â2¢ ªC~º� ^B6� ®
.

;B~º O»7 �&æ O»f ê²¾�Â2f 
� ê²f

Öz>º N�6j �Ï~� bÒ' O»ö ~� .¢ 
 >

®
. 6 
� ~¾�B w�[*z�bj �Ï~º .¢ 


> ®
[74]. w�" w� [*z�bf z�'b� .³ö ~

~� Öz~º ³ê& 
�
. �Ò¾ ÖÒ2v ?f .³f

.V ê² ¾�Â2Úö �Ò~º w�j £² Öz�Î
. w

�[*z�bj ÒÏ~º� ®ÚB �V 7öB n;W� ®

Ú¢ ~�, w�"~ >wW� ±f CuCl2-GIC ?f ©j Ò

Ï~º ©� ±
. w� «¶f ê²¾�Â2º ¾�Â2~ �

*V���& 
�V r^ö [*z�bj ;W~æ pº
.

z�'� ;BO»~ .¢ Table 3ö ;Ò~&
.

z�'� ;BO»ö ~~� áÚê ê²¾�Â2~ SEM

Òêj Fig. 6ö ¾æÚî
.

2.4.2. ÒÒ 2N *æ

ÒÒ 2N *æº ê²[*z�b~ ßWj �Ï� &�'�

.¢� � > ®
. ÒÒ�N �N*æº �ö.æ &ê¢ ß

ûb� �Ë� {&>� ®b�, �Òò~ ��BBê �B~

² ¯�æ� ®
. ¦�Òò� �Bº '«, '·~ ê²Òò

& ¦Æ, 
Ïz>� ®b�, Ö;W� ¸f w�Òò�¦V

&Ö;W ê²Òòræ �9² ��& ê¯>� ®
. ê²º

� Ö;��ö ~� ôf «~& ®�, ¢>'b�º �w�

zW ê²(soft carbon, graphitizable carbon) 5 Âw�zW ê

²(hard carbon, non-graphitizable carbon)� �ª>�, &N¾

Ò 5 �N¾Òêb��B 7º*~² ��>Úæ� ®
. ß

®, ÏO*Ïï" ÏO*ÎN~ Ëçf ÒÒ�N 2N*æ~

"º� 2¢zæ� �B ��>Úæ� ®
. *æ~ ¦� >

wf *V z�'� O»ö ~� [*z�b~ ;W z�î¾

�¢� � > ®
. �öB ²B� :f ?� ê²[*ö Ú

Ê bî� ã«� >V *�Bº ã«j *� Î�2& ®Ú

¢ �
. �©� z�'� ÖzB& >î~, Nê¾ {Kö ~

�B&~ 6º *æ~ Ï*";ö ��~º *V z�'� O

»ö ~� ê²Úö *¶~ B� �f Fig. 7" ?�, ã«b

î� ê²[, cavity 6º ê²~ &Ë¶Òö *~� > ®ê

� ¾j B�� &
� � > ®
. V¢B �ç'� ¦��

ìV r^ö *Ò ôf ��& ê¯>º :f ?� ¦�ö Î

�f �²� ã«bî� intercalation-deintercalation� ¾ �

�Ú^¢ �
. � ";öB n;� ê²Ú¢ ;W�¢~�,

¯ "¯Öz¾ ~öö � ��& Ò:Ú¢ ~�, �&� ã«

Table 3. The chemical purification procedure of carbon nonotube

Step Chemical purification procedure Condition

1
Cathode deposits i.e. crude products in an arc plasma method, in
which nanotubes are contained, is immersed in the molten CuCl2-
KCl mixed liquid

673 K for a week

2 The crude products containing CuCl2-intercalated graphite particles
are washed by ion-exchanged water to remove excess CuCl2 and KCl

3 The crude product thus washed is reduced in the He/H2 atmosphere.
The CuCl2 in the graphite interlayers is reduced to metal copper.

The crude products is kept at 773 K for an hour.
(He/H2 atmosphere)

4 The crude product is then oxidised under the air flow condition The heating rate is 10 K/min up to 823 K.

Fig. 6. SEM photographs of cabon nanotubes (a) before and
(b) after chemical purification method. Fig. 7. Li storage mechanism.



70 W.-C. Oh / Carbon Science Vol. 2, No. 1 (2001) 62-71

bîj ã«�¢ ~�, >�ö �²�~ ºFz�b(residue

compounds)j ;W�¢ �
. 6� ¦>'b� *�î" >w

W�¢�æ Væ~ ßW� �J>Ú^¢ �©b� .çB
.

2.4.3. Sheet ç w�

ccz w�f w�~ [*z�b, _f � ºFz�bj �

N ~öB /Ï® &�ª�~� � ª��Wb�B~ BÊ{

ö ~~� w�~ [*Ïj [�" >ç� OËb� cc�Î

RF². ç~ &&ê w� ªöj ¢�º
.

çV ccz w�f 19̂ V 7> Z[ ò
Úê ©b�B,

Ö�B(binder) ì� '« ;ç~ W;®j ò
 > ®r� C
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