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. �

*V�7[ »*Ïï(electric double layer capacitance)" FÒ»*Ïï(pseudo-capacitance)j �þ <º ~�2Ò�
*Vz� »*Vö &� ��¢ >¯~&
. ·�f Ni(OH)2f �Wê²& ��B *�j ÒÏ~&b� r�f �Wê
²¢ �bî� ÒÏ~æ�� j&� *� ��¢ <º
. f 
þj *~� 5Ü5 cm2 �V� *�j B· ÒÏ~&
.
Cyclic voltammetry G; 5 v~ ªb~Ê G;
þj Û~� ''~ f
� <º *Vz�' �ÿj �Ò~&� Ï
O* 
þj Û~� ·�" r�~ �' îïj¢ �Ò~&
. 

Abstract. A hybrid electrochemical capacitor having both characteristics of electric double layer capacitance and
pseudo-capacitance was studied throughout cell tests. Asymmetric electrodes with Ni(OH)2/activated carbon based
positive electrode and activated carbon based negative electrode were used in preparing test cells of 5Ý5 cm2. Cyclic
voltammetry measurements and impedance measurements were conducted to understand electrochemical behavior of
each electrode. To find an optimal mass ratio of negative to positive electrode, charge-discharge cycle tests were
also performed.

Key words : Hybrid capacitor, Asymmetric electrode, Aqueous electrolyte.

1. B  �

*Vz� »*V(electrochemical capacitor)~ *� �bî
²Ò�� �Wê²(AC)¢ ÒÏ~� *V�7[ »*V(electric
double layer capacitor)~ j»*Ïï(specific capacitance)j
Ëç�Êº ��& ê¯>îb�, � ¢^~ &¶
f �Wê²
f î. "j ÒÏ~� KOH >ÏW *��öB j»*Ïï�
300 F/g �ç� Ö"¢ B�� : ®
1). ��¾, �Wê²º *
Òræ &Ë ô� ÒÏ>º ²Ò�æò z � j»*Ïïj á
º �öº �ê& ®
.
*êW �ª¶f .³Özbj *�Ò� ÒÏ~º *Vz�
¶N�Vº >W F/g �ç~ ¸f j»*Ïïj B*� > ®

. ��� ¶N�V¢ 'FÒ»*V(pseudo-capacitor)' 6º '.
ëÊ »*V(redox capacitor)'¢� ¦��, j;î RuO2¢ *
�²Ò� ÒÏ~º FÒ»*Vº ¸f &�W, 
Ö �� Öz
~ö >w, ¸f j»*Ïï �Ò� *êW� Ö>� ©b� ¾
rJ^ ®
. ��¾ RuO2¢ ÒÏ~º FÒ»*Vº ²Ò&Ï
� j�
º �6b� �~� jçræ çëz �/>æº á

~� ®
. z×� *�~ vþ& > î����V �~� 
Ö
V r^ö *� �'ö &� j»*Ïïf �Wê²¢ ÒÏ
~º *Vz� »*V �
 �R ·
. *êW �ª¶¢ *�b
� �Ï~º FÒ»*Vö &� ��ê ê¯>îb¾ *�� j
v' �Ò �z>Ú ÏO* >«� 
. 
*V�7[ ¶N�V¾ FÒ»*V~ VF' �6j ��~
V *� 
� �ê��, �" 
Ú j&� *�j �Ï~º *
Vz� »*Vö &� ��& �B~² ê¯>� ®
. � ¢^
~ &¶
ö ~~�, ·�b� >Özî.z�b� Ni(OH)2f

�Wê²& ��B *�j ÒÏ~� r�f �Wê² *�j Ò
Ï~� ·ÿ*{� 1.3 V� ~�2Ò� *Vz� »*Vö &
� ßW
þ Ö"& B�B : ®
2). î. "(Ni-form) ÷*Ú
¢ ÒÏ~º *�~ �* f(unit-cell)öBº *V�7[ »*
Vf FÒ»*V ßWj �þ <º ~�2Ò� *Vz� »*
V~ ßWj ���, Ni(OH)2f �Wê²& ��B ·�f
Ni(OH)2òj ÒÏ~º *��
 z n;� ÂK ßWj ��

º ©j "º ÚÏb� B�~&
. 
� ¢^öBº Ni(OH)2f �Wê²& ��B ·�" �Wê
² r�j ÒÏ~º ~�2Ò� *Vz� »*V~ �* f *
{j 1.6 Vræ Ëç�Êº ©j Ï'b� 
þ'� ��¢ >
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¯~&b� � r áÚê f 
þ Ö"¢ 7�b� VFz¶
�
.

2. 
  þ

·�f Ni(OH)2 (Aldrich Chem.) �Wê² (MSC-30, Kansai
Coke), ê*Ò (Carbon Black) 5 Ö�B(PTFE/polytetra-
fluroethylene, Aldrich Chemical Co.)¢ b�~� Ni(OH)2/AC
��*�j B�~&b�, 72 :13 :10 :5 wt% jN� b�� ê
*.Ê� {O~� jª ;�� ò
î
. �* f 
þj *~
� 5Ü5 cm2 �V~ î. " ÷*Ú *ö *� jªj ¹� {
O~� ��*�j B�~&
. *�f 80oC J6öB 12�*
��� êö ÒÏ~&
. r�f AC, ê*Ò �Ò� PTFE¢
87 :9 :4 wt% jN� b�~� ·�" ?f O»b� �� &æ
*� vþ� B�~&
.
·�ö &� r�~ îïj¢ 0.5öB 1.8ræ 
·~² æ
z�B *�j �W~&
. ªÒïf polypropylene jªj Ò
Ï~&b� 6 M KOH >Ï�j *�î� ÒÏ~� �* fj
�ã~&
.

Cyclic voltammetry(CV) G;öBº Ag/AgClj V&*�b
� ÒÏ~º 3*� �Ê�j �W~� EG&G 273A
Potentiostat/Galvanostatj ÒÏ~� ¯~&
. �* f~ v~
ªb~Êº Zahner Elektrik IM6 Impedance analyzer¢ ÒÏ
~� 10 mHzöB 100 kHz º*~ "2> '�öB G;~&

. Maccor cycle tester¢ ÒÏ~� �* f~ ÏÁO* ßW
j �Ò~&
. ESR(equivalent series resistance)f 1 kHzöB
G;B v~&�~ 
>8b� ��~&
.

3. Ö" 5 �V

Fig. 1f ·�ö &� r�~ îïj& 1.2� �* f~ Ï
O* ßWj ��� �â�
. O**~ 10 mA/cm2öB �*
f~ *{" Ag/AgCl V&*�ö &� ·�" r�~ *{ æ
z¢ G;~&
. � �âj Û~� �* f~ *{j 1.6 Vr
æ ¸�º ©� &Ë�j r > ®b� �* fj 0.8 V¦V

1.6 V º*öB ÏO*~�, Ag/AgCl V&*�ö &~� r�
f -0.7 VöB -1.25 V, ·�f +0.1 VöB +0.35 V� *{�
'' æz~º ©j " > ®
. 
' *�öB~ *Vz�' �ÿj �
 ¶^~² rj�V *
� �* f 5 ·�, r�~ CV �Fj Fig. 2ö ��~&
.
·�" r�~ CV G;öB "Ò³ê(scan rate)º ''~ **
c jNj V&b� Ö;~&
. V¢B ·�" r�~ "Ò³
ê �f �* f~ "Ò³êf ?
.

Fig. 2(a)öBf ?�, �* f~ CV �Ff 20 mV/s �~~
Ôf "Ò³êöBº *V�7['� �ÿ" FÒ�j r > ®

. ��¾, "Ò³ê& Ã&~� ~ö b�& B�~º ©j "
> ®
. ��� *ç~ ö�j �
 ¶^® rj�V *~�

Fig. 1. Charge-discharge curve of unit-cell, positive-, and negative-
electrodes.

Fig. 2. Cyclic voltammograms of unit-cell(a), positive electrode(b),
and negative electrode(c).



��*Vz�²æ, B 6 ², B 2 ̂ , 2003 155

·�" r�öB~ CV �Fj ÚÚ" jº& ®
. 
Fig. 2(b)öBf ?� áÚê ·�~ ãÖ¢ ÚÚ��, "Ò³
ê& Ã&�ö V¢ Öz >w� ¸f **öBê ê³ ê¯>
� Özf ~ö b�~ ** N�& 6N Ã&�
. 6�, ~ö
peak **öB~ O**~~ Ã&Nf "Ò³ê~ Ã&Nö �
² �~æ á�j r > ®
. �º "Ò³ê& Ã&�ö V¢
~ö peak **öBº Ïï� J®J 6²�j a�
. 
��� Ïï~ 6²º ·�öB b�B �Wê²& ~ö>w

(NiOOHf H+ Ò�öB~ B�>º)" OH-~ �ÿ(·�~ �
Wê² V�b�¦V ÎÚ^ ¾Jº ©j ö�)j B�~º ©
b� ÒòB
. &Ú� ~ö peak çê~ ** '�öBº ·
�~ O**~& ¢�'b� /Ï® 6²~
& ·�~ **&
0.10 V(vs. Ag/AgCl)ö &ròöö V¢ 6²>º ;ê& jò
�ê
. �©f ~ö peak çê~ ** '�öBº ~ö>w�
/Ï® 6²~&rj ~��
. � êöº OH-~ �ÿ� ·�
~ O**~ö 'Ëj �~º ©b� ��
. ¯, j" ¶Ö "
Ò³ê(3 mV/s)öBº OH-~ �ÿ� BB® �·>� �ÿ�
OH-~ ·� ��~� O**~ö � 'Ëj �~æ prj �
'� > ®
. ��¾, "Ò³ê& 15 mV/sræ Ã&�ö V¢
~ö peak çêö j� �² 6²~&æò æ³>� ®º ~ö
>w" �þ OH-~ �ÿ� �Ò �·>� � ·� Ã&~�
O**~~ Ã&ö V�~² >îj ©b� �'� " > ®
.

Fig. 2(c)ö �º :f ?�, "Ò³ê& �¢öö V¢ £
-0.75~-0.85 V(vs. Ag/AgCl) **öB B�~º r�~ O**
~ 6²��(peak¢� ~� Ã&>º ©j ~�~æ� '.~
æ pr)f ·�öB~ ~ö peakö ~� 'Ë�¢� �'�
> ®
. ¯, r�~ O**~ ��f ·�öB~ ~ö peak ç
êö ¢Ú¾º ~ö>w~ /Ï� 6²f �þ OH-~ �ÿ�
�·>º ** '�öB~ ®�³'� Â�*çö V�~º ©
�¢� ÒòB
. "Ò³ê& ¸jöö V¢, r�öB~ O*
*~ �� B� �ê -0.7 V(vs. Ag/AgCl)ræ~ O**~&
Ã&~º ãËf OH-& ·�b�¦V �Ò(̄ , ¸f **öB)
ÎÚ^ ¾J� ÎÚ^ ¾N OH-~ ·� Ã&~º *çö V�
~� r�öB~ K+~ �ÿï(r�b�¦V ÎÚ^ ¾Jº K+

~ ·)� �� Ã&~V r^� ©b� ÒòB
. 
·�" r�~ "Ò³êö &� ~ö b� *~8~ æz¢

Fig. 3ö ¾æÚî
. "Ò³êö &� b� *~8~ æz V
ÞV& ¢;~æ pf ©b� �j ·�öBº FÒ»*Ïï ß

W� æV'�æ á� ©j r > ®
. �©f �öB VF�
:f ?�, ·�~ �bî�� �Wê²(AC)f Ni(OH)2¢ Ò
Ï~&bæ� AC «¶
� FÒ»*Ïï B*ö 'Ëj & ©
b� ÒòB
. ß®, �� "Ò³ê~ ãÖ ·�ö ®º AC
«¶
f OH-~ &ËÏV(reservoir) ��j ~� Ni(OH)2 6
º NiOOH «¶ ê�öB B�>º H+ Öz~ö >w" OH-

~ �ÿ³ê¢ BÚ~² >æ� Öz b� 6º ~ö b�~
Î·" �V 5 � b�B� **¢ æz�Ê² >º ©�
. 
� ��öB �* f~ ·ÿ*{j 1.6 Vræ 9¢ > ®º
�F��, ·�öB Ni(OH)2f AC «¶~ b�b� �� Öz
~ö b� ;�f � r~ *~�V �Ò� b� **N {&
& :²ç� 'Ëj "îj ©b� ÒòB
. ·�~ Özf ~
ö b�~ �& *~8f &w>º **öB r�~ ÏÁO*
*~~ 8�
 ·~bæ� r�" ·�~ ·ÿ*{� �;j F
æ� > ®î
. ò£ r�~ »*Ïï� ¦�~² >� Ï*�
ö r�öº "*{� �&>º ç�� B�~² B
.
·�ö &� r�~ îïj& 1.2� �* f~ v~ ªb~
Ê¢ G;~&b� 
·� Ï* **öB~ Nyquist plotj
Fig. 4ö ��~&
. 10 mHz¦V > kHzræ~ "2> º*
öB, ·�~ Öz~ö >w� ®
~z¢ê 0.8 V �ç~ *{
b� Ï*B �* föBº *V�7[ ßW� æV'� ©j

Fig. 3. Cathodic-peak current variations of positive and negative
electrodes.

Fig. 4. Ac impedance of unit-cell at the frequency band of 10 mHz
to several kHz of resonance frequencies (a) and at the frequency
band of 0.5 Hz to the resonance frequencies (b).
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r > ®î
. 0.5 Hz �ç~ "2>öBº >ö;~ ªb~Ê
Ê¿Þ"f ìîbæ� *~*�&�(charge transfer resistance)
f Z�� > ®j ;ê� 'rj r > ®
. 
·�" r�~ îïj æzö &� ßWj rj�V *� 0.5
¦V 1.8ræ~ 
·� îïj¢ <º �* fj �ã~&b�
0.8 V-1.6 V º*öB ÏO* ßWj �Ò~&
. 10 mA/cm2-
100 mA/cm2~ *~� O*� r áÚê îïjö &� j»*
Ïï~ æz¢ Fig. 5ö ��~&
. � �âöB~ j»*Ïï
f ÷*Ú~ 7ïj B�~� ê*Òf Ö�B¢ ��� �*
f~ *�bî C7ïö &� �* f~ »*Ïïb� ���
©�
. ¢>'b� ·�" r�~ j»*Ïï� �~ ?f *
V�7[ »*V~ ãÖ, �* f~ j»*Ïïf >ã f(half-
cell)~ j»*Ïï~ 1/4ö ���j ^�� ~� �* fö &
� &Û'� jv& &Ë~
.

Fig. 5öBf ?�, 10 mA/cm2öB 30 mA/cm2 º*~ Ôf
*~&ê~ ãÖöº ·�ö &� r�~ îïj& 1.4öB 1.6
¢r 
Ö � j»*Ïïj ��� 50 mA/cm2 �ç~ � *~
� O*� ãÖöº îïj& £ 1.2öB �'ªj r > ®î

. ·�ö &� r�~ îïj& 1.6�� O* *~&ê
10 mA/cm2 ¢r, ·�" r�~ ï� *�îïö &� j»*
Ïï(*V�7[ »*V~ >ã fb� &;®j r~ ~Ö 8)
f 580 F/g �� �¢ "�� � ö.æ&êº 38 Wh/kg�
~Ö>î
. jÞ�, ·�ö &� r�~ îïj& 1.2�� O
* *~&ê 50 mA/cm2¢rº '' 460 F/g, 31 Wh/kg ªj
r > ®î
. 
V¢B, 30 mA/cm2 �~~ jv' Ôf ÏO* *~&ê��
ÏO* ³ê& ��æ pjê >º ÒÏÏêöº ·�" r�
~ îïj¢ 1.6ræ �² ~º ©� :²ç~�, � �ç~
� ÏO* *~&ê�� ÏO* ³ê& ��² ~� ÒÏ�¢
~º ãÖöº îïj¢ 1.2ræ Ôºº ©� :²ç�j r
> ®
. ÏO* ³ê& �>� j»*Ïï" ö.æ&êº �
îïj¢ <º �* föB z ��² 6²~V r^�
. 
·�ö &� r�~ îïj& 1.2� �* f~ O**~ö
&� O* ßWj Fig. 6ö ��~&
. 10 mA/cm2~ ;*~
� 1.6 Vræ Ï*� ê 10, 20, 50, 100 mA/cm2~ ;*~
� 0.8 Vræ O*~&
. 100 mA/cm2~ ¸f *~� O*~
&j r £ 10. ÿn O*� &Ë~&
. 1.6 VöB 0.8 V�

O*~º ÿn~ *{ ;~º .Vöº F;'�æº pb¾
1.3 V �~öBº F;Wj Fæ~º ·^� O* ßWj ��

.

Fig. 7öº ·�" r�~ îïj& 1.2� �* fö &�
8000²~ ÏO* ÿn G;B �* f~ Ïï" j&� ßWj
¾æÚî
. �r O* *~º 50 mA/cm2�îb�, ' 2000²
~ ÏO* Å>î
 ESRö ~� j&�(specific resistance:
Ωcm2) j G;~&
. ''~ 2000²~ ÏO* ÿnö �*
f~ »*Ïïf ÏO*� ê³Nö V¢ 6²~º ãËj �
&b¾, 2000²~ ÏO* ê ESR G;� Êöº »*Ïï�

� ²�>º ©� >�Nj " > ®
. ��� *çö &�
�Cf 
r" ?� �'� > ®
. ¯, 50 mA/cm2�¢º j
v' � ÏO* *~&ê� 2000²~ ÏO*j �³'b� >
�~º ÿnö *�ê�öB~ �N
~ {Ö� Ã&~� *V
�7[ 6º FÒ»*ö ~� Ïï B*� &~>îrj �'
� > ®
. ��¾ ESR G;j *~� £ 0.8 V~ Ï* ç
�öB *{� ¢;~² Fæ>îbæ� � ÿn �N
� n
;>� ·�" r�ö »*B *~ï� Ïª® ï;ç�ö ê
�~² >îj ©b� �'� > ®
. V¢B, ESR G; êö

� ÏO*j ~� ESR G; ç*~ Ïï �
 z � Ïïj
B*� > ®² >º ©b� ÒòB
. ÏO* Å>& ê¯F>
� j&�f .V~ 1.2Ωcm2öB 1.35Ωcm2� £* Ã&~
&
. 

Fig. 8f �* f 
þj î� ê B·B 1.6 V-1000 F/

Fig. 5. Specific capacitance variations of unit-cells with different
mass ratios. Fig. 7. Cycle stability of the unit-cell with mass ratio 1.2.

Fig. 6. Discharge curves of unit-cell at different discharge current
densities.
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�B®~ Òê�
. C7ïf £ 140 g�� �Vº 45Ü23Ü90
mm�
. � �B®~ ËV ÏO* �þj ê¯ 7�� *Òr
æ £ 10,000²~ ÏO*� ê¯>º ÿn G;B �B®~ Ï
ï~ æz¢ Fig. 9ö ��~&
. £ 4,000² �ê¦V £
8,000² ÏO*� F r ræ J®J Ïï� �.O Ã&~

& 
� 6²~º *çj BÒ~&b� � ö�j �«~V *
� ��& >¯F ê³ö ®
.

4. Ö � 

� ��¢ Û~�, >ÏW KOH *��j ÒÏ~º ~�2Ò
� *Vz� »*V~ ·ÿ*{j 1.6 Vræ ¸¢ > ®rj
{�~&
. ·�~ �bî�� Ni(OH)2f AC¢ b�~� Ò
Ï� r, AC «¶º OH-" Ni(OH)2 «¶ Ò�öB B�>º
Öz~ö >w~ ³ê 6º OH-~ �ÿ³ê¢ BÚ~² >�
�¢ �Ï~� Öz b� 6º ~ö b�~ Î·" �V 5 �
b�B� **¢ æz�Ò > ®î
. ·�~ Öz~ö b�~
�& *~8f &w>º **öB r�~ ÏÁO* *~~ 8�

 ·~bæ� r�" ·�~ ·ÿ*{� �;j �� > ®î

. 
·�öº Ni(OH)2ö ~� Öz~ö >w� �Ò~æò

0.8 V �ç~ *{b� Ï*B �* f~ ãÖ *V�7[ ßW
� æV'� ©j v~ ªb~Ê G;ªCj Û~� r > ®
î
. 
·�" r�~ îïj& 1.6� �* föB O* *~&ê

10 mA/cm2¢ r, ·�" r�~ ï� *� îïö &� j»
*Ïï(half-cell 8)f 580 F/g�îb� �¢ "�� ~Ö� ö
.æ&êº 38 Wh/kg ªj r > ®î
. 6�, ·�" r�~
îïj& 1.2�� O* *~&ê 50 mA/cm2¢ r~ ·�"
r�~ ï� *� îïö &� j»*Ïïf 460 F/g�� ö.
æ&êº 31 Wh/kg ªj r > ®î
. 30 mA/cm2 �~~ j
v' Ôf ÏÁO* *~&ê�� ÏÁO* ³ê& ��æ pj
ê >º ÒÏÏêöº ·�" r�~ îïj¢ 1.6ræ �²
~º ©� :²ç~�, 50 mA/cm2 �ç~ � ÏÁO* *~&
ê�� ÏÁO* ³ê& ��² ~� ÒÏ~º ãÖöº îïj
¢ 1.2ræ Ôºº ©� :²ç�j r > ®
. 

6Ò~ &

� ��º "�VF¦f ��ö.æVF��ö~ ��j æ
öö ~� >¯>îb� �ö 6Ò�ãî
.

^�^ò 
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Fig. 8. Photo of a proto-type hybrid capacitor.

Fig. 9. Cycle stability of a proto-type hybrid capacitor.


