
Journal of the Korean Electrochemical Society
Vol. 7, No. 1, 2004, 9-13

9

†E-mail: chask@kyungnam.ac.kr

��2b��>�B�b���ª¶�bï*�ö�r�Ò�.³�N~��÷�

NW�†
Á�çÂ

ãÎ& z�"

(2003j  9ú  9¢ 7> : 2003j  12ú  9¢  j�)

*KVUYOZOUT� UL� 'RQGRO� 3KZGR� /UTY� GZ� 6UR_V_XXURK� ,ORS� +RKIZXUJKY�

3UJOLOKJ� ]OZN� ,[RRKXKTK

Seong-Keuck Cha† and Sangchun Lee

Division of Chemistry, Kyungnam University, Masan 631-701, KOREA
(Received September 9, 2003 : Accepted December 9, 2003)

. �

��2 �N(full -)b� >�B b� �ª¶ bïj *Vz�»b� 7�~V *~� ÒÏB *æº Au/5 mM pyrrole,
1 mM fullerene, 0.1 M TBABF4, CH2Cl2/Pt�îb� � *æ� electrode/ppy(full-)ppy(full-)...f ?f ��¢;~ *
�j B·~&
. � *�j ÒÏ� Au(quartz crystal analyzer; QCA)/ppy(full-), 0.01 M metal ion(aq.)/Pt;~ *æ
� r�Ò .³�Nj �÷~&
. Li+, Na+, K+, Rb+ 5 Cs+ �N~ �÷ö &� ³êç>º ¢N>w ³ê�b�
êÖ� Ö" � 8� '' 1.60Ü10-8, 3.13Ü10-11, 1.38Ü10-9, 2.71Ü10-11 5 2.98Ü10-12mol.s-1�&
. � *�j
>;6 �ï&Þ(QCM)j 'Ï~� Ö;� ' �N~ z�·�f Li7C60, Na4C60, K3C60, Rb1C60 5 Cs1C60�î
.

Abstract : To electropolymerize polypyrrole(ppy) film modified with fullerene ions(full -) the cell, Au/5 mM pyrrole,
1 mM fullerene, 0.1 M TBABF4, CH2Cl2/Pt, was employed to prepare the wafer-like type of electrode/ppy(full -)
ppy(full -)... electrodes. They were applied to deposit alkali metal ions with the cell of Au(quartz crystal analyzer;
QCA)/ppy(full -), 0.01 M metal ion(aq.)/Pt. The depositing rate constant of each ion for Li+, Na+, K+, Rb+ and Cs+,
determined from the first order equation was 1.60Ü10-8, 3.13Ü10-11, 1.38Ü10-9, 2.71Ü10-11 and 2.98Ü10-12 molÁs-1

respectively. The calculated stoichiometry of the ions determined by quartz crystal microbalance(QCM) at the electrodes
was Li7C60, Na4C60, K3C60, Rb1C60 and Cs1C60 respectively.

Key words: Fullerene, Ppy, Electropolymerization, Deposition of metal ions.

1. B  �

*Vz� >wf *�" *�îê�öB ¢Ú¾º ® �¢ *
¶*� ";�
. ��æ� Ï�~ ²� '� �
 *V �7
[�¾ {Ö [~ �^� æzö V¢ >w� �² 'Ëj A
º
. V¢B *�-*�îöB >wWj '.® �.~º ©�
*Vz�>w~ ��ö 7º� ¦ª� B
. *Vz� >�*�
f *���j >�~� *V �7 [~ ��¢ æz�Úb�
� *Vz� >wWj �.� > ®º ßûj <� ®
. *�
��j >�~º O»b�º z��O, �FÖ� 5 Öz-~ö
bï~ 7�ö ~� ©
j 
j > ®
. �
 7 �ª¶>�
*�(polymer modified electrode: PME)f bï~ vþ¢ '.
® �.� > ®� n;� bïj áj > ®º Ë6j <�
®b�, *¶Ë~¾ �N*æ~ r�Òò� �Ï� &Ë~º �
� FÏW� j" �
.1,2)

PME~ Òò 7öB b� �ª¶(ppy)º *êW� �� *V
z�' 7�� Ï�~�, Ï O* Å>& ú�~�, �~ Î�
Ï
öB n;� Ë6j <� ®ÚB *�Òò�B ô� ��
>� ®
.3-5) ß® 7� � êw>º �N«�¾ *VË~ ^
Vö V¢ �ª¶bï~ ;�& �² 'Ëj Aº
.6-10)

��2f 1985j Krotof Smally�11)ö ~~� BÒB �ê
Kratschmer�12)ö ~~� &ï �W� &Ë~�r
.13) �º 7
ö "6~�14) r�Ò .³j Aj
&j r .*êWj j�,15)

*êW�ª¶ö C60j ²�~&j r *êê~ Ã&¢ &^N

.16) 6, £ÒÒ ~ö>Ú -1&~-6& _f � �çræ *¶¢
Aj
¢ ;ê� *¶�zK� ��, ~ö**~ �.� jº�
~*>~ r�Nj F�'b�(selectively) �W�Ò >& ®
.17)

� ��öBº BF4
- �Nb� êwB ppybïj *Vz�»

b� w� *�ö 7�� *�j B·~� �©j -0.5 V~-0.9
V~ *{º*öB ~ö�Î ��2 r�N(full -)" v~~� �
�2b� >�B Gr/ppy(full-);~ *�j B·~&b�, � *
�~ *Vz� ßWj �Ò~&
. 6, >;6 �ï&Þ(quartz
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crystal analyzer; QCA)j ÒÏ~� ppy~ 7�ï, ²�B full-

~ · �Ò� r�Ò .³~ �÷ ³ê 5 � ·~ Ö;~&
. 

2. 
  þ

VVf �£. *Vz� 
þf EG & G 273A potentiostat/
galvanostatö 270/250 ²*Þ�Ú¢ J~~� ¯~&
. B~*
{*~»(cyclic voltammetry: CV)f 50 mVs-1~ "Ò³ê�
"zf V&*�(Ag/AgCl/Cl-) **ö &~� G;~&
. *�
f 0.1 mm . Fj Ö²/*�6 ®ib� &�~� � ¦ªö
çã� 0.2~0.5 mm~ ·f �ÒrW�¢ ò� ê �¢ �î
FÒ&ö ã«� ê 
� ®ib� &�~� /« �
. �¢
Ò�f 
�jÒ� #(Struers, Denmark; 1µm)b� �î~�
��� �Þ �" ?ê� � ê 1.0 M �Ö>Ï�öB *Vz
�' ^¿j ¯~� �}� *�j B·~&
. w�(graphite:
Gr)*�f æª� 3.01 mm� /j &�B r*� Â2ö ã«
� ê ï'~� �¢ �î~� ��� �Þ �" ?ê� � ê
.r2 ^¿~� �¢ �ª¶ bï*�~ B·ö ÒÏ~&
.
ÒÒÏ �öº 
�jÒ� #(Struers, Denmark; 1µm)b� �
î� ê j^Ê" b� �Ò� .r2 ^¿j ¯�
. X-YV�
êº Philips(model 8043)B®j ÒÏ~&
. Fullerene(Aldrich,
C60)f ÊFö Ï��B ê�öB �"~� ¦;j B�� 
r
Ï�j 7W r��¾(Sigma, WN-3)¢"b� n-hexanej �Ï
~� Ï��Î ê Ò ÒÖ;~&b� �©j îïª7ê� {
�~&
.14) Ã~>º 1N Ã~� ©j Millipore Mili Q�Ê�
b� ;B� � Bê Ã~>¢ ÒÏ~&
. j^ÆîÞÚ(BDH,
Hiper solv., England)f 4A ª¶Ú� >ªò B�� ê z �
ç~ ;B ì� ÒÏ~&
. b�(Aldrich)f >Öz¾Þ�b�
��~� Â ê 6{~öB ªêÃ~~&
. CH2Cl2(Merck)º
0.3 nm ª¶Ú� >ªj B�~� z �ç~ ;Bº ì� ÒÏ
~&
. ææ*�î� tetra-n-butyl ammonium tetrafluoroborate
(TBABF4, Fluka)º ethyl acetate� 3² ÒÖ;� ê 90oCöB
72�*ÿn 6{~öB ��~� �¢ ��&�Vö �&~&

.4) 
� Î� �£f ß/j z �ç~ ;B ì� ÒÏ~&

. ACªb~Ê
þ(electrochemical impedance spectroscopy:
EIS)f ;*{B�Ë~ö �ÖB EG & G model 5210 lock-
in Ã�Vf 276 interface¢ ÒÏ~� EIS
þj 100 kHz öB
10 mHz~ "2> º*öB ¯~&
. � r v~ê�f ï;*
*ö &~� 3.0 mV&
.

full -b� >�B ppy~ 7�. 7� ³ê& ��� ¾ ;îB
��¢ <b� *êê& ±f 
�W~ ppy bïj áV *�
ææ*�îj TBABF4� ~&
. TBA+~ �&�Nf r¢Ò
.³�N" �Ò fullerene~ Ú¦� 
Ú. > ìbæ� �¢
�~&
. �r ppyòj «² *�~ B·ö ÒÏB *æ~ ;
�º working electrode/0.01 M pyrrole, 0.1 M TBABF4,
CH2Cl2/Pt�� 0.8 V~ ¢;**öB 7�~&
. full- �Nb
� >�B Gr/ppy,full-*�~ B· �öº ÿ¢� �W~ *æ
ö ��2j 1 mM ³ê� ~� *{º*¢ 0.9 V~-0.8 V�
~� CV¢ ¯~&b�, 7�B �ª¶ bï~ ·f CVÅ>�
�.~&
.
��2Úö r�Ò.³�N~ �÷. Au(QCA)/ppy(full-);~
*�j '' 0.01 M LiCl, NaCl, KCl, RbCl 5 CsCl >Ï�
ö J~~� ' �Nj �÷~V *� *æ~ ;�º (1)�ö
¾æÂ ©" ?
.

Au(QCA)/ppy(full-), 0.01 M metal ion(aq.)/Pt (1)

�VB Au(QCA)º EQCM
þj *� . *��
. ' �
N~ �÷ ³ê¢ jv~V *~� CV»" &�**~»j '
Ï~&b� 'ÏB *{º*º *¶~ ãÖ 0.9 VöB - 0.8 V
ræ&� ê¶~ ãÖöº -0.5 VöB -0.9 Vræ&� *��*
f 600.&
. ��2~ ��ö ¦OB .³�N
j B�~V
*~� .³�N� �÷B Au(QCA)/ppy(full-:M+);~ *�j
böB 10ª ÿn .r2 ^;j ~&
. 

3. Ö" 5 �V

3.1. CVÖ"
Fig. 1Aö ¾æÞ CVº w�*� *ö ppy(full-)¢ *Vz�
»b� 7�~º ";j ¾æÞ ©�
. 0.18 Vö Öz 2º b

Fig. 1. (A); Cyclic voltammograms for ppy(full-) polymerization on
Gr at the cell type of Gr/5 mM pyrrole, 1 mM fullerene, 0.1 M
TBABF4/CH2Cl2/Pt, (B); ppy deposited by Cs+: Gr/ppy(Cs+), (C); ppy
modified with full -:Gr/ppy(full -) and (D); electrode(C) deposited by
Cs+ : Gr/ppy(full -Cs+ )electrode in 0.1 M TBABF4/CH2Cl2, electrode
area = 9.6ÝÝ10-2 cm2.



��*Vz�²æ, B 7 ², B 1 ̂ , 2004 11

�~ ·�N ¢:¢~ �Wö ~� ©�� -0.6 V ¦"ö ~ö
2º ��2 r�N(full -)~ �Wö ~� ©�
. ppy& 7�>
º ";öB �ª¶ &�ö ª�B paloron¶Òö ²�B ê6
Þ� BF4

- �N� r** '�öB �WB full -ö ~~� v~
� ¢Ú¾�B ppy(full-);b� B
. ppyò 7�� ãÖöº
� 2& �¾V>æpº
.4 � ��2 ª¶º æª� 7.1Å18�

BF4
- �
 �
. V¢B full-º ��'� �� �� �~� �

� *~&ê& BF4
- �
 Ô
. V¢B �N*ö v~� ÚJÞ

©�
. �¢ ��~V *~� ��2 �N~ *~¢ 2& �ç
b� ¸&¢ v~� &Ë~� polaron-full-;~ ²�� ��Ú
î > ®
. ¯, �¢ *~� r **¢ -0.8 Vræ ¸&¢ �

. · ** '�öB ppy¢ 7�~� r ** '�b� Êº
j ~� full-�N� �W>�B polaron¶Òö ²�� ¢Ú¾B
ppy(full-);b� >� �¢ >�~� ppy(full-) ppy(full-)...."
?� ��¢;b� >�B ppybï Ò�ö full-�N� ßß�
9�² B
. V¢B ��2 �N� ppybï Úö ��� ª�
B *�j B·� > ®² B
. Fig. 1Bº ��2b� >�>
æ pf Gr/ppy*�ö Cs+¢ �÷~V *~� -0.5 V~-
0.90 V~ *{º*öB 10² CV¢ ¯� ê 0.1 M TBABF4/
CH2Cl2Ï�öB ¾æÂ CVÖ"�
. 0.2~0.3 Vº*~ Öz'
�öB £� 2& ppyïÚö �÷B .³�Nö ~� ©�
.
� 2º �³>º v ®� CVöB Ò¢æ² B
. V¢B �
Cs+�Nf ppyï Ò�ö �B® -&®ÚB £ÒÒ *���
b�¦V �î~² B
.

Fig. 1Cº 0.1 M TBABF4/CH2Cl2Ï�öB Gr/ppy(full-);~
*�ö &� CVÖ"�
. -0.62 V(vs. Ag/AgCl)ö ~ö2º
ppy(full-)ö ~� ©�
. Fig. 1Dº Cs+ �N� �÷B Gr/
ppy(full-, Cs+)*�~ CVÖ"�
. Cs+ �N� �÷ >�B
0.4~1.0 V º*ö ;� Öz 2& ¾æÒ
. �©
f �³>º
CVöê ¢;� 2~ ;�¢ Fæ�
. �f ?f Ö"� �j
B �N
f ��2~ &�æ³ö -&®rj r > ®
.

3.2. EQCM Ö"
Sauerbrey�19)j ÒÏ~� êÿ>~ æz¢ îï~ æz�
~Ö� > ®
.

∆F = 2Fo∆m/A(Nq)1/2 (3)

�VB, Fo, m, N, q 5 Aº '' >;6~ V��«êÿ>
(8,996,722 Hz), îï, >;~ í&V ê>(1.607 MHz), >;~
&ê(2.648 gcm-3) �Ò� *��'(0.3 cm2)�
. � 8
j '
Ï~� ∆m" ∆F*ö &êº (4)�" ?
.

∆m = 9.10Ü10-8∆F gHz-1 cm-2 (4)

Fig. 2Af Fig. 2Bö ¾æÞ **~ æzö V� êÿ>~
æzº (1)�~ *æ� '' Au(QCA)/ppyf Au(QCA)/
ppy(full-)*�j *V7�~º ";j ¾r 4 CVö &~� *
*-êÿ>~ &ê� ¾æÞ Ö"�
. CV~ Å>& 
öö V
¢B êÿ>& ê³ 6²~&
. �©f CV";ÿnö ppy&
ê³ 7� >ö *���ö bïb� WË>º Ö"�
. ��
¾ � 6²~ ;�º v �âöB ¾æÂ ©¾" j" 
�
.
Fig. 2AöB CVÅ>~ Ã&ö V¢ 0.5 VöB 0.7 V~ *{º
*~ ~ö";öB êÿ>~ � 6²¢ ��
. 0.8 V~ B�*

{öB �WB ppy~ polaron� BF4
-f êw� ¢Ú¾� ~ö

";öB îêw ";� ê¯B
. V¢B Özf ~ö� CV"
; ÿnö >�>�B BF4

- �N~ êw/îêw ";� ê¯B

. �� �� êÿ>öB æz& ppy~ 7�ö ~� *>'�
êÿ>öB 6²f �þ ¾æ¾² B
. >�ö Fig. 2BöBº
CVÅ>~ Ã&ö V¢B ê³'� êÿ>~ 6²¢ �&
. �
©f full - �N� �W>º B* BF4

-f :� v~� Nj ~
��
. Ö"'b� �©f ppyö ê6Þ� BF4

-& ~ö'�ö
B �WB full-b� v~� ¢Ú¾B ppy(full-);~ bï� �
W>îrj ~��
. 

CV";ÿnö *Ú êÿ>~ æzº '' 1278 Hz(5.2Ü10-7

M: ppy)f 460 Hz(1.6Ü10-8M: ppy(full-))&
. ��2� �Ò
� r ppy~ 7�³êº �² 6²~&º� �©f b� �ï
Ú~ {Ö" ppy*V¢ Û� *¶*�� �&ª¶� ��2ö
~~� O�¢ AV r^�
. ppy(full-)~ 7�öB ppyf full-

~ �'³êº '' (5.6Û0.2)Ü10-5Mf (4.5Û0.2)Ü10-8 M
�&
.
r�Ò .³�N~ �÷. Au(QCA)/ppy(full-);~ *�b�

Li +, Na+, K+, Rb+ 5 Cs+�N~ �÷";j ¾æÚº
EQCMÖ"& '' Fig. 3" Fig. 4�
. Fig. 3Af Fig. 3Bº
Cs+f Rb+ �Nj �÷~V *~� CV» (a)" &�**~»
(b)j jv� êÿ>-�*&ê¢ ¾æÞ Ö"�
. *¶~ ãÖ
CV»öBº 4 CV ÿnö êÿ>~ æz& 15 Hz&b¾ &�
**~»öBº ?f �*ÿnö 130 Hz� 8V �çb� � æ
z¢ �&
. >�ö ê¶� Rb+ �N~ ãÖöº CV»ö ~

Fig. 2. Frequency-potential curves of electropolymerization of ppy
(A) and ppy(full -) on Au(QCA) (B) in 0.1 M TBABF4/CH2Cl2.and fo

was 8,855,000 and 8,825,000 Hz, respectively.
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� Ö"& 2.5V z � Ö"¢ �&
. Fig.4ö ¾æÂ Ö"f
?� � ��~ Cs+�
 >ã� ·f �N
f Îv CV»ö
~� Ö"& �N~ �÷ö Ë6j �&
. Fig. 4AöB Fig.
4C& '' K+, Na+ 5 Li+ �Nö &� Ö"�
. CV»b�¦
V êÖB �N~ �÷ö &� ³êç>º Li+, Na+, K+, Rb+

5 Cs+ �Nö &~� '' 1.60Ü10-8, 3.13Ü10-11, 1.38Ü
10-9, 2.71Ü10-11 5 2.98Ü10-12molÁs-1� ¾æÒ
. �VB
ß�� 6f K+& Na+�
 �÷ ³êöB 440V¾ z �
º
6�
. �º v �N~ >z>öB Jº N� r^� ©b�
�'B
. Cs+f Rb+ö &� &�**~»ö ~� Ö"º '
' 2.03Ü10-8" 1.02Ü10-11molÁs-1&
. Table 1ö Au/ppy
(full -M+);~ *�öB .³�N~ �÷ö &� Ö"& >�>
î
. C60ö -² �N~ >º ' �N~ �Vö �² 'Ëj
A~
. ¯, &Ë >ã� ·f Li+~ ãÖö 7B~ �N� �Ò
� � �N� Rb+f Cs+f 1B~ �N� �÷ >î
.

EISÖ" Fig. 5º 0.1 M TBABF4,CH2Cl2 Ï�öB (Gr);
(a), Gr/ppy;(b), Gr/ppy(full-);(c) 5 Gr/ppy(full-,Cs+);(d) *�
ö &~� Ú��ZÊ� ¾æÞ EISÖ"�
. ''~ Ú��Z
Êº 0.99Ü10-3, 1.21Ü10-3, 4.72Ü10-3 �Ò� 5.27Ü10-3 S�

. � Ö"öB Gr/ppy*�öB�
 .³�N� ��2 b�
>�>�¾ � B~ &�æ³ö ~¾~ Cs+�N� -:j r
*êW� 4V¾ � �çb� Ã&~&
. �ª¶ &�
 Ò�ö
B *ê";� Ú>¶ö ~� >Ç(carrier transport)ö ~~�
æV>º ãÖ �ª¶ &�çö ª�B polaron ¶Òö ê6Þ
�N� êw>�B *êW� Ã&~² B
.20) V¢B ppy/full-

 bï~ full - &�æ Úö .³�N� �÷>æ�B *¶*ê&
�² Ã&~&
� �
. 

Fig. 3. (A); Cs+  at fo = 8,865,000 Hz and (B); Rb+ at fo = 8,860,000 Hz
were compared with cyclic voltammetry (a) and chronoampero-
metry (b) respectively in 0.01 M metallic aq. solution.

Fig. 4. Frequency-potential curves of the depositing of alkali metal
ions at Au/ppy(full-) electrode for (A); K+ at fo = 8,847,000 Hz, (B);
Na+ at fo = 8,867,000 Hz, (C); Li+ at fo = 8,860,000 Hz with cyclic
voltammetry

Table 1. Frequency and mass changes for the deposition of metallic
ions at Au/ppy(full-M+) types of electrodes.

Electrode Type
∆F(Hz) ∆m(Ü 10-7mol.) Inferred 

Stoichiometry

Au/ppy(full-Li+) 83 3.28 Li7 C60

Au/ppy(full-Na+) 152 1.80 Na4 C60

Au/ppy(full-K+) 176 1.23 K3 C60

Au/ppy(full-Rb+) 149 0.48 Rb1 C60

Au/ppy(full-Cs+) 152 0.31 Cs1 C60
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4. Ö  �

ppyf (full-)& ßß� 9� ��¢;~ *�� Au/ppy(full-)
j B·~� � *�j �Ï~� Au(QCA)/ppy(full-), 0.01 M
metal ion(aq.)/Pt;~ *æ¢ B·~&
. �©j ''~ .³�
N Ï�öB -0.5~-0.9 V~ *{º*~ CV¢ ¯~� ' �N
j �÷~&
. �r �÷ ³êç>º Li+, Na+, K+, Rb+ 5
Cs+�Nö &~� '' 1.60Ü10-8, 3.13Ü10-11, 1.38Ü10-9,
2.71Ü10-11, 2.98Ü10-12molÁs-1�&
. 6� ��2ö �÷B
' �Nö &~� BnB z�·�f Li7C60, Na4C60, K3C60,
Rb1C60 5 Cs1C60�&
. Gr, Gr/ppy, Gr/ppy(full-) 5 Gr/
ppy(full-,Cs+)f ?f *�~ ;�ö V¢B ''~ *êWf
0.99Ü10-3, 1.21Ü10-3, 4.72Ü10-3 5 5.27Ü10-3S� �² N
�& Ò
. �f ?� ppybï*�j ��2b� >�~&j r
.³�N~ �÷� &Ë~æ� >î~ ;zÏb� ÒÏ� &Ë
~�, 
ï~ r�Ò .³�N~ �÷b� *êW� �² Ëç
>î
. 

ê V

� ÚÏf 2002�jê ãÎ&�v �F��j~ æöb� >

¯>îr.
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Fig. 5. Admittance plots of Au(QCA)/ppy(full-); (A) and Cs+  ion
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