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. �

.³Özb *�j �Ï� *Vz� ¶N�Vº ¢>'b� ÖW >Ï� *�îöB .³Özbö &� ·W¶~ &�
'� *Vz�>wj �Ï�
. >ê *�îj ÒÏ� >¢¶N�Vº **c(electrochemical stability window)� FV
ê *�îj ÒÏ� >¢¶N�Vö j� §f ^B¢ n� ®
. .³Özb *�" ÒÒ 6º zÎª �Nj �F�
FVê *�îj ÒÏ� *Vz� ¶N�V~ ßWj {�~&
. RuO2 *�j ÒÏ� *Vz� ¶N�Vº 1 M
LiPF6, EC, DEC 5 EMC b�Ï
 *�� 7öB B~***~»("Ò³ê: 2 mV/sec, **'�: 2.0~4.2V(Li�
Li+))b� Öz 5 ~öö &~� j;*Ïïj �� :, '' 145 5 142 F/g-RuO2ÁnH2O�î
. 

Abstract: Electrochemical capacitor made with metal oxide electrode uses rapid and reversible protonation/deprotonation
of metal oxide material under the aqueous acidic solution, generally. Electrochemical stability window of aqueous
electrolyte-type capacitor is narrow compared to that of organic electrolyte-type capacitor. Electrochemical characteristics
of electrochemical capacitor made with metal oxide electrode and lithium or ammonium cation based organic electrolyte
were evaluated. Electrochemical capacitor based on RuO2 electrode material and 1 M LiPF6 in mixed solvents of
EC, DEC, and EMC has anodic and cathodic specific capacitance of 145 and 142 F/g-RuO2ÁnH2O, respectively, by
using cyclic voltammetry with scan rate of 2 mV/sec g-RuO2 in potential range of 2.0~4.2V(LihLi+).
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1. B  �

>¢¶N�Vº �ÂK;~ *Vö.æ &Ë 
Ú�B *V
¶ÿN, UPS � �� ª¢f �þ �ÂK ö.æ jº ª¢ö
ÒÏ~� ®b�, ÂK 5 ö.æ Ëç �öB VFBB� ê¯
>� ®
. 

Supercapacitorº *�Òòö V¢ �Wê²ê, *êW�ª¶
ê 5 .³Özbê �b� ¾2 > ®b�, ö.æ &Ë V�
ö V¢B *Vz� �7[ ¶N�V(EDLC)f &ç ¶N�V

(pseudo-capacitor)� ª~� > ®b�, C*~� *Vz� ¶N
�V(EC, electrochemical capacitor)¢�ê �
1).
&ç ¶N�V2)º *�ö &� ·W¶~ *Vz� �>

(electrochemical absorption)ö ~� faradaic >wj �Ï~�,
*�ö &� *~~ ªÒ(physical adsorption)¢ �Ï~º
EDLC3)ö j� ¸f j;*Ïïj ¾æÞ
. .³Özbê
supercapacitorº *�Òò�B �* Özb4), zBÞ Özb5)

�� ��>� ®
. j;î �rª Özbj *�Òò� �Ï
� ãÖ j;* Ïï� 760 F/g-RuO2 ;ê¢ ¾æÚÚ æ *
�Òò¢ �Ï� supercapacitorö j� ¸f j;*Ïïj ¾æ
Þ
6). ��¾ .³Özb *� >¢¶N�V7)º ¢>'b� >



170 J. Korean Electrochem. Soc., Vol. 6, No. 3, 2003

ê ÖW *��ö ~� protonationj �Ï~æ� *{ º*&
1 V ;ê� §f �ê& ®
8). >ê *��f FV *��ö
j� *êê& ¸j �* �'�~ *~ vª �ê(current flux
limit)& ¸f Ë6� ®b¾, ÒÏ *{ º*(electrochemical
stability window, ESW)& §f �6� ®
. FV*��j Ò
Ï~º ¶N�Vº ESW& 9Ú �* *æ *{� ¸f Ë6
" �þ &>ª� ;�~ j&�>w� ì�, ÷*Ú � �W
¦®~ ¦�� ìº Ë6� ®
. *Vz�>wf ÒÒ"" z
Îª"~ ãÖ � (1) 5 � (2)f ?� .çB
.

(1)

(2)

� ��º FV*��ö &� RuO2ê .³Özb *�~
supercapacitor ßWö &� ©�
.

2. 
  þ

RuO2(ruthenium oxide; RuO2ÁnH2O) ªö Òòº RuCl3ÁxH2O
�¦V sol-gel»b� �W~&
9). 
�rª Özb *�f �rª Özb Òò¢ PVDF(poly-

vinylidene fluoride)~ Ö�B, VGCF(vapor growth carbon
fiber; Showa Denko, graphitized, d002= 3.39ç, Lc = 400ç,
j��' = 13 m2/g, çã = 0.15µm, ^� = 10~20µm) 5
SPB(super p black; MMM Carbon, Belgium) ê*Òò¢ Ò
Ï~� B�~&
. *� B� ";f N-methyl-2-pyrrolidinone
(NMP) Ï
ö PVDF¢ Ï��Ê�, PVDF Ï�ö SPB,
VGCF 5 �rª Özb(RuO2ÁnH2O)¢ I�, zirconia ballj
�Ï~� ªÖ�
. Òò~ b�j� RuO2ÁnH2O : SPB : VGCF
: PVDFº 84 : 3 : 3 : 10~ 7ïj� ~&
. b� ê ê�ç�ö
B Ò�Òö ®º Ï� V�¢ î�~&
. vþ 25µm~ r�
�ª 6º 13µm~ �Ò ÷*Úö 320µm~ slit vþ� ê�
~�, 100oCöB 2�* ÿn ��~� *�j Bï~&
. *
�j 2Ü2 cm2� B�~�, 110oCöB &�Á{O~� �rª
Özb *�j B�~&
.

MSC30 �Wêê *�f Òò, SBP ê*Ò 5 CMC
(carboxymethyl cellulose; medium viscosity)¢ 83 : 10 : 7~
7ïj� ~� RuO2 *�" ?f O»b� B�~&
.
*�Òò~ �¾Ò Nêö V� *�~ j;*Ïïf 3*�
~ >ã*æ¢ �Ï~� B~***~�þ»(CV; cyclic
voltammetry, EG&G PAR M273A potentiostat/galvanostat
and M270 s/w)b� ªC~&
. 3*� >ã*æ �Wf LiPF6

EC :DEC:EMC ÒÒ" FV *��öB ÒÒ.³j ç&*�
5 V&*�b� ÒÏ~&
. B~***~�þ~ "Ò³êº 2
mV/sec&
. CVöB Ïï 8 C(iÜt)¢ á�, F/g = (C/ÿV)/g
�B êÖ~&
.

Supercapacitorº 2Ü2 cm2~ �* *�b� B�~&b�, �
* *æº 2B~ *�, Celgard ÏÒï 5 LiPF6, EC(ethylene
carbonate) : DEC(diethyl carbonate) : EMC(ethyl methyl
carbonate) 6º Et4NBF4, acetonitrile FV*��j ÒÏ~�
�ã~&
.
Ö"öB ¾æÞ 7ï" &N ßWf Îv *�Òò~ 7ï
ö V&~&
.

3. Ö  "

3.1. ÒÒ" FV*��-¶N�V Half Cell~ ßW
(Cu)RuO2�LiPF6�Li >ã*æö &� B~***~�F¢
�â 1(a)ö ¾æÚî
. "Ò³êº 0.25 mV/sec&b�, **
�*f 0~4 V(Li�Li +)&
. 1.5 V(Li�Li +)f 0.9 V(Li�Li +) '
�öB ;� cathodic current peak¢ ¾æÚîb�, 0 V(Li�
Li +)öB ÒÒ CÂö V� current Ã&¢ ¾æÚî
. Öz"
;öBº 1.5 V(Li�Li +)öB current peak¢ ¾æÚîb�, 3.6
V(Li�Li +)öBº Cu ÷*Ú~ Özö V� /³� *~ Ã&
¢ ¾æÚî
. 0~3 V(Li�Li +) �*ö &� CV Ö"¢ �â
1(b)ö ¾æÚîb�, *>'b� Cu ÷*ÚöBº �k� ßW
j ¾æÚî
.
÷*Ú& Al� (Al)RuO2�LiPF6�Li >ã*æö &� B~
***~�F¢ �â 2(a)ö ¾æÚî
. "Ò³êº 0.25 mV/
sec&b�, **�*f 2~6 V(Li�Li +)� ~&
. & **öB
º ÷*Ú� Al� Li-Al �.j ;W~º :, �¢ VB~V
*~� ~�**¢ 2 V(Li�Li +)� ~&
. 4.4 V(Li�Li +)ræ
º n;� capacitance patternj ¾æÚîb¾, � �ç~ **
öBº *�� ª�>w� ¾æÒ
. & ** ãb�º 2 V(Li
�Li +) '�ræ n;� Ö"¢ ¾æÚî
. 
�â 2(b)º 2~4.2 V(Li�Li +) ** �*ö &~� "Ò³ê

0.25 mV/sec� CV �þ� Ö"�B n;'� ÏO* ãËj ¾
æÚîb�, Öz"; 5 ~ö";ö &~� '' 145 5 142
F/g-RuO2ÁnH2O~ &�'� j;*Ïïj ¾æÚî
.

RuO2 xLi xe
–

+ + LixRuO2→

RuO2 xR4N xe
–

+ + R4N( )
x
RuO2→

Fig. 1. Cyclic voltammogram of (Cu)RuO2hhLi cell.
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3.2. ÒÒ" FV*��-¶N�V Full Cell~ ßW
�â 3f (Cu)RuO2�LiPF6�RuO2(Al) supercapacitor~ B1
N ÏO*ö &� **æz¢ ¾æÞ ©�
. Cell~ O.C.V.º
0.4 V&b�, ÏO* º*º 0.4~1.6 V��, *~&êº ��
V&b� 1 mA/cm2�î
. B1N ÏO*~ jÏïf Ï*" O
* '' 184.7 mAh/g 5 38.5 mAh/gb�B ÏO* ÎNf
20.83%��, 146.2 mAh/g� B1N j&� jÏï�î
. Full
cell~ jÏïf (+) 5 (-) *� Òò~ Cïö V& ~&
.
�â 4º (Cu)RuO2�LiPF6�RuO2(Al) supercapacitor~ *
~ &ê æzö V� j;*Ïï~ æz¢ ¾æÞ ©b� *~

ö &� >jf &ê¢ ¾æÚî
. 1 5 5 mA/cm2öB ''
22.7 5 4.54 F/g� j;* Ïïj ¾æÚî
.

3.3. zÎª" FV*��-¶N�V~ ßW
Li + �Nj �Ï~º ãÖº Li-Al �.;W~ ¦>w� ®
b¾, zÎª"� ãÖöº Al ÷*Ú& (+) 5 (-)�~ **'
�öB Îv n;�j CV �þ Ö"�¦V {�~&
. zÎª
" FV*��j ÒÏ� ãÖ (+) 5 (-)� ÷*Ú Îv Alj
ÒÏ~&
. �â 5º (Al)RuO2�Et4NBF4�RuO2(Al) super-
capacitor~ B1N ÏO*ö &� **æz¢ ¾æÞ ©b�B
Ï* ç� *{j 2.5 V� ~�, *~&ê¢ 1 mA/cm2� �þ
� Ö"�
. B1N ÏO*~ Ï*" O* jÏïf '' 289.4
mAh/g 5 8.5 mAh/gb�B B1N ÏO*~ ÎNf 2.94%��,
280.9 mAh/g� j&� jÏï�î
.
�â 6f (Al)RuO2�Et4NBF4�RuO2(Al) supercapacitor~
*~ &ê æzö V� j;*Ïï~ æz¢ ¾æÞ ©b� 1
mA/cm2 5 5 mA/cm2öB '' 10.5 5 2.7 F/g� j;* Ï
ïj ¾æÚî
.

3.4. zÎª" FV*��-Hybrid  ¶N�V~ ßW
�â 7f (Al)MSC30�Et4NBF4�RuO2(Al) supercapacitor~
B1N ÏO*ö &� **æz¢ ¾æÞ ©b�B Ï* ç� *

Fig. 2. Cyclic voltammogram of (Al)RuO2hhLi cell.

Fig. 3. The 1st charge and discharge profile of (Cu)RuO2hhLiPF6hh

RuO2(Al) supercapacitor.

Fig. 4. Specific capacitance of (Cu)RuO2hhLiPF6hhRuO2(Al)
super-capacitor as a function of current density. 

Fig. 5. The 1st charge & discharge profile of (Al)RuO2hhEt4NBF4hh

RuO2(Al) supercapacitor. 
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{j 2.5 V� ~�, *~&ê¢ 1 mA/cm2� �þ� Ö"�
.
MSC30f ACP(activated carbon powder)~ ¢«b�B j��
'� 3000 m2/g� �Wê Òò�
. *��'f 2Ü2 cm2b�

RuO2 5 MSC30 *� 7~ Òòº '' 14.952 mg-RuO2*
� 5 14.525 mg-MSC30*��î
. 3.3�öB~ �þÖ"�B
Et4NBF4" *��öB (Al)RuO2�RuO2(Al) full cellf *~&
ê 1 mA/cm2öB j;*Ïï� 10.5 F/gb�B RuO2(Al) *�ö
&� 8b�º 42 F/gö ���
10). MSC30 *�f Et4NBF4"

*��öB j;* Ïï� £ 57 F/g11)�
. V¢B RuO2 5
MSC30 *�f j;* Ïï" *� Òò 7ïö V¢B half
cell V&b� '' 628 mF 5 828 mF~ ;*Ïïj ¾æÚº
*��
. �ã� fresh cell~ O.C.V.º 0 Vö &r�
. B1N
ÏO*ö &� Ï*" O* jÏïf '' 140 mAh/g 5
14 mAh/gb�B B1N ÏO*~ ÎNf 10.1%��, 126 mAh/g
� j&�Ïï�î
. 
�â 8f *~ &ê æzö V� j;*Ïï~ æz¢ ¾æ
Þ ©b� *~ æzö &� >jf &ê¢ ¾æÚî
. 1 5
5 mA/cm2öB '' 7.1 5 4.15 F/g~ j;* Ïïj ¾æÚ
î
.

4. �  V

RuO2 Òòº FV*��öBê pseudo-capacitive reactionj

~º ©b� {�~&
. ProtonationöBº �& j;* Ïï
� 760 F/g-RuO2 ;êê &Ë~&b¾6), lithiationöBº £
140 F/g-RuO2~ j;* Ïïj áj > ®î
. vB~ RuO2

*�b� �ã~�, potential regulationj ~æ pf (Al)RuO2�

LiPF6�RuO2(Al) capacitoröBº *~&ê 1 mA/cm2öB j;
*Ïï 22.7 F/g-RuO2j áj > ®î�, �º half cell V&10)

b�º 90.8 F/g-RuO2ö ���
. Ammonium �Nj �Ï�
(Al)RuO2�Et4N

+BF4
-�RuO2(Al) capacitorº *~&ê 1 mA/cm2

öB j;*Ïï 10.5 F/g-RuO2¢ ¾æÚî�, �º half cell
V&10)b�º 42 F/g-RuO2ö ���
. � Ö"�¦V pseudo-
capacitive reaction~ ·�N~ «~¢ H+, Li+, R4N+� � ã
Öö �N~ �V Bb� j;* Ïï� 6²~&
. �N >ã
f H+, Li+ 5 Et4N+ '' 0.012 nm, 0.076 nm12,13) 5 0.336
nm12,14)�
. 
B1N ÏO*~ Ah ÎNf H+~ ãÖ 85% ;ê¢ ¾æÚ
îb¾, Li +~ ãÖ 21%� áîb�, Et4N

+~ ãÖ 3%�B
Ôf .V ÎNj ¾æÚî
. ��� BB �� ÒÏ� ·�N
~ �Vö >jf~º Ö"�
.
*>'b� FV*��öB RuO2 Òòö &� Li + 5 R4N+

�N~ pseudo-capacitive reactionj {� � > ®îb�, j
;* Ïïf protonationj �Ï~º ãÖ�
 Ô~
. j>ê
*��öB~ pseudo-capacitive reactionj �Ï� super-
capacitor~ BB &ËWj {�~&b�, �ö &�Bº �

¶^� ��& jº� ©b� ÒòB
.

4. Ö  �

RuO2 Òòº FV*��öB pseudo-capacitance¢ ¾æÚº
©b� {�~&
. 

Lithiationj �Ï� j;* Ïïf CV �þöB £ 140 F/g-
RuO2~;ê� {�~&
.

(Al)RuO2�LiPF6�RuO2(Al) capacitoröBº *~&ê 1
mA/cm2öB j;*Ïï 22.7 F/g-RuO2j áj > ®î�, �
º half cell V&b�º 90.8 F/g-RuO2ö ��~&
.

Ammonium �Nj �Ï� (Al)RuO2�Et4N+BF4-�RuO2

(Al) capacitorº *~&ê 1 mA/cm2öB j;*Ïï 10.5 F/g-
RuO2¢ ¾æÚî�, �º half cell V&b�º 42 F/g-RuO2�


.

Fig. 6. Specific capacitanceof(Al)RuO2hhEt4NBF4hhRuO2(Al) super-
capacitor as a function of current density.

Fig. 7. The 1st charge and discharge profile of (Al)MSC30hh
Et4NBF4hhRuO2(Al) hybrid supercapacitor. 

Fig. 8. Specific capacitance of (Al)MSC30hhEt4NBF4hhRuO2(Al)
hybrid supercapacitor as a function of current density. (a) 0.25 mV/
sec, 0~4 V(LihhLi +) (b) 0.25 mV/sec, 0~3 V(LihhLi +)
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Pseudo-capacitive reaction~ ·�Nj H+(0.012 nm), Li+

(0.076 nm) 5 R4N+(Et4N+; 0.336 nm)� � ãÖö �N~ �
V Bb� j;* Ïï� 6²~&
. B1N ÏO*~ Ah ÎN
f H+~ ãÖ 85% ;ê�¾, Li +~ ãÖ 21%&b�,
Et4N

+~ ãÖ 3%�B Ô~
.
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