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. �

*� ¶N�Vf supercapacitor~ ßWj �þ &æº ~�2Ò� ¶N�V~ Ïïf ��� Özb� b�B ·�ö
~�B ²ÖB
. � ��öBº �*{ ~�2Ò� ®¢¶N�V~ B�¢ *� ·�~ Ïï �'z¢ >¯~&
.
40µm~ «¶ãj <º r��ª ªö" NaCl ªöj 4 : 1~ Z²j� b�~� :Ê� ;�~ *�j ò
� �¾Ò
¢ ~&
. �¾Ò ê 50oC~ Ã~>öB NaClj Ï��B �¾Ò Nêö V� Ïï" &�j jv~&
. �'~
�¾Ò ";j �� ê electropolishing 5 z�¾Ò, 1N 5 2N ö�j �êê� ¯~&� ''~ �êöB �'~
��j �Ò~&
. ''~ �êöB~ Ïï" &�f ac impedance analyzer¢ ÒÏ~� G;~&b� *�~ ��f
SEMj �Ï~� &V~&
. 2N ö� ê Ú*{� 300 V/� *�b� ò
V *~� 365 V� ·�Öz �Vb�,
ÖzB r��ª :Ê� *�j ÒÏ~� �* fj B�~� "2>ö V� Ïï" &� ßWj V�~ 300 V/ r
��ª *� ¶N�Vf jv~&
. 

Abstract: Capacitance of a hybrid capacitor that has characteristics of both electrolyte capacitor and supercapacitor
is determined by anode surface covered with oxide layer. In this study, optimal condition processes for anode to
fabricate a high voltage hybrid capacitor was investigated. We mixed aluminum powder having mean particle size
of 40µm with NaCl powders at weight ratio of 4 :1 and prepared a disk type electrode after annealing at various
temperature. After dissolving NaCl in 50oC distilled water, heat treatment, eletropolishing, chemical treatment, and
the first and the second etching of Al disk were conducted. In each process, capacitances and resistances of the
disk measured by ac-impedance analyzer were compared to find its optimum treatment condition. Also, the surface
morphology of treated disks were observed and compared by SEM. After the second etching, the Al disk was anodized
at 365 V to make an anode of hybrid supercapacitor that can be operated at 300 V. Capacitance and resistance of
the anodized Al disk electrode was compared with those of commercialized conventional aluminum electrolytic capacitor
at different frequencies. 

Key words : Hybrid supercapacitor, Aluminum powder disk electrode, Chemical treatment, Electrochemical etching,
Anodizing

1. B  �

1754j �.~ ;*V ¶N�V ;�� Leyden jar& �nB
�ê� ¶N�V VFf *Vz� ¶N�V VF� B*� >
Úz
. 6� 21̂ Vö 
ÚJ�B jÆ�� O�öB :æ^

O�b�~ *~b� �~� B®~ ²;z, �Ïïz, �"2
z, ;&z, �Çz& /ê*>� ®b� î�Ú ;�~ �WË
¶N�V BB� �ê>� ®
. 

 ß® ~ã�z'� ²Ò ÒÏ 5 >'�'� >«b� �~
� 2N *æf *� ¶N�V~ 7*' ßWj &æº
supercapacitor1-3)& � '7j AV �·~&
. ²;
supercapacitorº �� zÎÒ WëÏb� çÏz>î�, 7&Ï
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ï~ supercapacitorº ~�2Ò� *V¶ÿN�~ �� *öÏ
b� ^ê '�öB ôf ��BB� ê¯>î
.

Supercapacitorº �* f � Ôf ·ÿ*{b� �~� �*
{~ ÒÏj *�Bº fj çR �Ö�¢ ~� �� ��
voltage balance~ ^B& �6b� æ'>� ®
. �fº �Ò
*� ¶N�Vº ¸f ·ÿ*{j &î > ®æò ç&'b�
Ôf Ïïj &ê
. *� ¶N�V~ j»*Ïïj Ã&�ÊV
*�Bº F*ç>& � *�Òò¢ ÒÏ~�¾4) *�~ j�
�'j Ã&�B¢ �
5). *Ò r��ª *� ¶N�V~ ã
Ö �* �'� Ïïj ¸�V *� r��ª ;ïj ö�6)~

� ÒÏ~� ®
. &Ïï~ *� ¶N�V¢ B�� ãÖ ¦b
f 7ï� 
Ö 
æ² >º �6� ®º� �¢ ��~V *
~� B� 
� ßWj &ê ·�" r�j ÒÏ�b�� �

'f ¦b�� � Ïïj <º ~�2Ò� ¶N�V (hybrid
capacitor)~ Bv� � ��~ ÿV& >î
. 
~�2Ò� ¶N�Vº supercapacitor~ &*{ ßWj ��
~� *� ¶N�V~ &Ïïj ��� > ®º î�Ú Bv~
¶N�V�
7-10). �*{z~ 
*j *� *� ¶N�V~ ·
�j ÒÏ~� r�b�º ç&'b� � Ïïj &æº
supercapacitor~ r�bîj ÒÏ~º ¶N�V�
. ~�2Ò
� ¶N�Vº ·�" r�� çR �Ö>Ú ®bæ� *Ú f
~ »* Ïïf,

1/C = 1/C+ + 1/C- 

�VB C+ :·�~ Ïï, C- :r�~ Ïï
b� ��B
. V¢B �* f~ »*Ïïf v *� 7öB
Ïï� Ôf F*Ú ·�ö ~~� ²ÖB
9). ·�~ Ïïj
Ã&�Ò > ®
� *Ú'� ¶N�V~ Ïïj Ã&�Ò >
& ®
. 

2. 
þ O»

2.1. r��ª :Ê� *�~ B�
r��ª ªö(99.99%, High Purity Chemical, 150µm sieve

pass)j 20µm~ sieve¢ ÒÏ~� ªÒ ê ÒÏ®b�, NaCl
ªö" 4 : 1~ 7ïj� b�~&
. �¶Ïb� æª� 1 mm
� r��ª F(99.99%, Aldrich Chem.)j .;æö �Ò *~
�Ê� b�B ªöj If ê {O~� æª 2.5 cm� r��
ª ªö� ��Úê :Ê�¢ B�~&
. 
B�B r��ª :Ê� *�j j�
 ª*V ~öB �¾
Ò~&b� �¾Ò ê 50æ~ Ã~>öB NaCl~ Ï�~&
.
NaCl~ Ï�¾Ò ê �¾Ò Nêö V� *�~ Ïï" &�j
ac impedance G;»b� {�~&
. �¾Ò ê r��ª :
Ê� *�j EtOH : HClO4 (=4.2 :1) b�Ï�öB 7 V� 2ª
ÿn electropolishing ";j ¯~&
. Native oxide~ B�f
electropolishing ";öB �ÎÂ Öz[ 5 *� ��~ ®B
b B�¢ *~� 55oC~ 0.4 M H3PO4öB z�¾Ò(chemical
treatment)¢ ¯~&b� ¾Ò �*ö V� *�~ Ïï" &�
j G;~&
.
z�¾Ò ê FÎ��'j Ã&�ÊV *~� *Vz�'�
O»b� ö�j v �ê� ¾*ÚB ¯~&
. Pit &ê~ Ã
&¢ *�B 3 M~ �Ö" 1 M~ "Ö b�Ï�öB '' 10,
50, 100, 300, 500, 1000 mA/cm2~ *~&ê� 120. ÿn 1
N ö�j ~� 
� 2 M "ÖÏ�öB *~&êf Nêf ö

� �*j æz�Ê�B 2N ö�j � ê �r~ Ïï" &�
j G;~� �'~ ö� *~&ê¢ d�¶ ~&
. 

2N ö�j �� Al disk *�f ·�Öz �ÊV *ö
100oC~ böB 5ª* ¾Ò¢ ~&b� Ú*{� 300 V� Ö
zbj ò
V *�B 0.5 M boric acid(H3BO3, Junsei chemical)
f 0.05 M sodium tetraborate decahydrate (Na2B4O7Á10H2O,
Junsei chemical)~ b�böB 70oC� Fæ~�B 30 mA/cm2

~ *~&êöB 365 V� 2�* ÿn Fæ�Ê� ·�Öz¾Ò
¢ ®
. 
îæïb� �-² ·�Öz¾Ò B Al disk *�j ·�b
� ~� r�b�º �Wê²*�j ÒÏ�b�� ~�2Ò�
¶N�V¢ B�~&b� f �ã ";öB ¶çB Özr��
ªj Ò;W�ÊV *�B 350 V� 30ª ÿn ö�û(?W) ¾
Ò¢ ~&
. 
r��ª ï�«¶�Vº particle analyzer(Mastersizer 2000,

Malvern Instruments)j ÒÏ~� G;~&b� ''~ ";ö
B~ Al disk *�~ Ïï" &�f ac impedance analyzer
(IM6, Zhaner Elektrik)f LCR meter (3522-50 LCR HiTESTER,
HIOKI E. E. Corporation)¢ ÒÏ~� G;~&
. *� ��
Î��æº SEM (XL30, Philips) Òêb� {�~&
. 

2.2. �* f �ã" Ïï 5 &� G; O»
Ïï 5 &� G;j *� �* f�B ·�bî�º � 

þöB B·� Al disk¢ ÒÏ~&b� r�bî�º r��ª
;ïö slurry-coating B carbon *�j ÒÏ~&
. z�' ¾
Ò 5 ö� �~ Ïï" &�j G;~V *� çÏzB *�
¶N�VÏ *��j ÒÏ~&b� ·�Öz ê~ *� Ïï"
&�f Ã~> 1000 gö ammonium pentaborate 80 gj b��
Ï�j ÒÏ~&
. ªÒïb�º îö¢ ªÒïj ÒÏ~&
.
Ïïf 120 HzöB ac impedance »b� G;~&b� &�f
1 kHzöB G;~&
. ''~ "2>ö V� Ïïf 
r" ?
f ac impedance êÖ»b� �~&
.

C(F) = -1/(2*π*f*Z') 

�VB, f : Frequency (Hz), Z' : Imaginary component of
impedance (Ω)�
.

3. Ö" 5 �V

3.1. Al  ªö" NaCl ªö� b�B Al disk *�~ �¾Ò
�'z

Fig. 1f ÒÏB Al ªö~ «ê �V ª�¢ ¾æÞ ©�
.
Fig. 1öB �º :f ?� ªö~ «¶�Vº 10µmöB
100µmÒ�öB ª�~� ®îb� ï� «¶�Vº 40µmª
j r > ®
. 

Fig. 2º �¾Ò *" �¾Ò ";j �� ê Ï�¾Ò ê~
��" ��~ ç�¢ ��&
. ÒêöB �º :f ?� *�
Ú~ NaCl� Ã~>öB~ Ï� ¾Ò~� �~ B�Nj &V
� > ®îb� Ï� ¾ÒÖ"� �� �� 5 Ú¦ö � �*
� ;W>îb� �� �~� *� p?� �ræ ö�>º Î
"¢ V&� > ®
. 

Fig. 3f ''~ �¾Ò ª*V Nêö V� Al disk *�~
Ïï" &�j ��� �â�
. ''~ �¾Òöº *V&��
�F Nê(�~ �¾Ò Nê¢ ö�)º ¢ 720oC� ®j rö
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250µF/gb� &Ë � Ïïj �&b� � �ç~ NêöBº
6²~º ãËj ��
. &�(real part)f 720oCöB /Ï�
6²¢ ��
& 770oCöB 0.6Ω� &Ë Ôf 8j ¾æÚî

. 

Fig. 4º 670oC, 770oC, 820oC~ NêöB 3�* ÿn �
¾Ò � ê~ *���j ��&
. �âöB �º :f ?�
670oCöBº *�Ú~ «¶
 Ò�~ ²Ö~ *ç� *& ��
æ p� ®æò 770oCöBº «¶ Ò�~ ²Ö~ *ç� &V
>� ®b� ��� ²Ö *çb� �� «¶* ãê� Ã&&
*�~ &� 6² ö�� ©b� ÒòB
12). 6� 820oC �ç
öBº �âöB �º :f ?� r��ª «¶
~ ãê& j
*® Ò¢æº *ç� B�®b¾ *� *Ú'b� " r z
�ç~ disk ;�� Fæ>æ á~� *� *Ú& ÊæÒº *

ç� B�~&
. 
V¢B &Ë ·f &�� 0.627Ω~ 8j &æº 770oCöB

3�*ÿn �¾Ò~º ©� �'� ©b� ÒòB
. 

3.2. r��ª :Ê� *�~ electropolishing 5 z�¾Ò
(chemical treatment)
r��ª *�ö ®ÚB *� ��~ native oxides 5 ®B
b
f *�~ *V' Wî�¾ ¶V' Wîö ôf 'Ëj ¢
� >& ®b�13) �*{� �&>îj r *�~ break down
�¾ �£ö ~� sparking¢ ¢bÒ > ®
14). ��� *�Ú
~ ®Bb
f b�¾ j^Ê, zêRj �Ï~º ^¿O»b�
º ¾ B�>æ pº Wîj &æ� ®bæ� ¢>'b�
electropolishing 5 z�¾Ò¢ ~æ�� native oxidesf ®B

Fig. 2. SEM images of Al disk: (a) surface of Al disk (before annealing), (b) surface of Al disk (after annealing to 720oC), (c) cross section of Al
disk (before annealing), (d) cross section of Al disk (after annealing to 720oC).

Fig. 3. Capacitance and resistance of Al disk electrode at various
annealing temperature for 3 hrs. 

Fig. 1. Particle size distribution of Al powders which filtered from
20µm sieve.
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b
j B��
5).
� ��öBº EtOH" HClO4~ b�Ï�öB *{ 7 V� 2
ª ÿn electropolishingj ~&b� � êö 55oC~ 0.4 M
H3PO4öB z�' ¾Ò¢ �b�� ®Bb 5 native oxide[
j ì��¶ ~&
15). 

Fig. 5º Ï� ¾Ò ê~ *� ��" electropolishing ê~
*� �� �Ò� z�' ¾Òê~ ��j '' ��&
.
Eelectropolishing ~&j ãÖ ��� �}�ê ©j {�� >
®îb� �º z�' ¾Ò¢ �r z �³~² &�~ 6²¢
áj > ®º O»b� ÒòB
. Fig. 5~ (c)öB �º :f
?� electropolishingj ¯� ê z�' ¾Ò¢ ¯~&j ãÖ,
z�' ¾Ò êö *�Ú~ «¶ Ò�ö ôf �*� ;W B
©j r > ®î
. ��� �*~ ;W� *�~ Ïïj Ã&
�Ê� 6� &�j 6²�Î ö��¢� ÒòB
.

Fig. 6(a)º electropolishingj ~V *ö �*ö V¢ z�
' ¾Ò¢ � ãÖ�� (b)º electropolishing ê~ �*ö V
¢ z�' ¾Ò¢ ~&j r~ *�~ Ïï" &�j ���
�â�
. Electropolishingj ~æ p� z�' ¾Ò¢ � ãÖ
£ 120ª ê¦V 360µF/g~ Ïïj ��� �~ ¢;� 8j
Fæ~&b� �r~ &�f 0.513Ωb� G;>î
. ��¾
eletropolishingj � ê z�' ¾Ò¢ ~&j ãÖ 60ª~ ã
Öö 500//g~ Ïï� áÚrb� &� 6� 0.5Ωb� �~
¢;� 8j Fæ~&
. �f ?� electropoolishing~&j ã
Ö& ~æ p~j r�
 z�' ¾Ò �*j ��² ~� &
�~ 6²f Ïï~ Ã& Î"¢ &^J² Nj r > ®î
. 
V¢B, z�'¾Ò& native oxide[j Î"'b� B�~º
��öò jî¢ ö�~ Î"ræ ®rj r > ®î
. 6�,
Ïï" &�� ¢;� 8j ¾æÚº 60ªj z�' ¾Ò~ �

Fig. 4. SEM images of Al disk: (a) cross section of Al disk after
annealing at 670oC for 3 hrs, (b) cross section of Al disk after
annealing at 770oC for 3 hrs, (c) cross section of Al disk after
annealing at 820oC for 3 hrs. 

Fig. 5. SEM images of Al disk: (a) surface of Al disk after
dissolution treatment of NaCl, (b) surface of Al disk after
electropolishing treatment, (c) surface of Al disk after chemical
treatment. 
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'�*b� ~&
. 

3.3. ö�(etching)
r��ª *� ¶N�V~ ãÖ ¢>'b� *Vz�'� ö
� O»j ÒÏ~� Al foil~ j��'j Ã&�Ê� ®
. ·
�Öz *{� 150 V �~� ãÖ ö�O�f v~*öj �Ï
~� ·�Öz *{� �*{¢ ãÖ ç~*öj �Ï�
16,17).
� 
þöBº �*{ ~�2Ò� ¶N�V ·�~ B�¢ Ï
'b� ~&bæ� ç~*öj ÒÏ~� ö�j ¯~&
. 6�
Al disk *�~ Î"'� ö�j *~� v �ê~ ö�j ¯
~� *�~ Ïïj Ã&�Ê�¶ ~&
. Ñ ®� �ê� pit
&ê Ã&¢ *� ö�j ¯~&
. &Ú� sulfate �Nf
hydrochloric acid solutionöB chloride �N" ãç'b� �
O~Jº Wîj &æ� ®
. ��� Wîj &æº sulfateº
*� ¶N�V~ ·�B� �;öB pit~ &ê Ã&¢ *� ô
� ÒÏ>� ®
18,19). � 
þöBº 1N ö�Ï�b� pit~
;Wj *~� 1 M~ HCl Ï�" 3 M~ �ÖÏ�~ b�bj
ÒÏ~&b� 2N ö� �ê�º pit~ WËj *~� 2 M HCl
Ï�öB 65oC¢ Fæ~�B ''~ *~&êöB ö�j ~&

.

Fig. 7f B� 
� ''~ *~&êöB 120. ÿn 1N ö
�j � ê 300 mA/cm2 180. ÿn 2N ö�j � ê áÚ
ê Ïï" &�j ��� �â�
. 1N ö� �~ 50 mA/cm2

*~&êöB &Ë � Ïïj ¾æÚ� � �ç~ *~&êö
Bº Ïï~ 6²¢ �&
. &� 6� 50 mA/cm2 ¢ r
0.358Ωb� &Ë Ô~b� z � *~&êöBê �² æ~æ
p� �~ ¢;� 8j Fæ~&
. V¢B, 2N ö�~ �'�
�j �Ò~V *~� 50 mA/cm2b� 120.* 1N ö�j �

ê 2N ö�j ~&
. 6� 1N ö�~ Nê¢ 65oC� ~&º
� �º 70oC �çöB ö�j ~&j ãÖ /Ï� Nê~ Ã
&� �~� *�� "~² ö�� >� z �ç *�~ ;�
¢ Fæ>æ pº *ç� B�~&V r^�
. V¢B 1N ö
�öº Nê¢ 65oC� Fæ~&
. 50 mA/cm2� 120. ÿn
1N ö�j � êö 2 M HClöB 65oC¢ Fæ�Ê�B 2N
ö�j ~&
. 

Fig. 8f 1N ö� êf 2N ö�ê~ *�~ ��" ��~
ç�¢ ��&
. � Òêb�¦V 1N ö� röº *���ö
pit& �W>º ©j {� � > ®îb� 2N ö� � pit~
WËj {�� > ®î
. ��� pit~ WË� Al disk ~ �
�'j Ã& �BB Ïï� Ã&B ©b� ÒòB
.

Fig. 9~ (a)º 2N ö� �ö B� 
� ''~ *~ &êf
�*ö V� *�~ Ïïj ��� ©�
. ''~ *~&êf
�*öB 2N ö�j � Ö" 500 mA/cm2~ *~&êöBº
30.~ ö��*öB &Ë � Ïï� 1080µF/gj ¾æÚ� �
�ê�º 6²~º ãËj ��
. 100~300 mA/cm2~ *~&
êöBº ö��*� 180ªöB �&~ »*Ïïj &æ� �
�êöº 6²~º ãËj ��&
. V¢B, ö� *~&ê&
�>� f �*ö �� ö� Î"¢ áj > ®rj {��
> ®îb� 300 mA/cm2öB 180. ÿn ö� ®j r
1083µF/gb� &Ë � Ïïj áîj > ®º :²ç� ö�
���¢� ÒòB
. Fig. 9~ (b)º 2N ö� � ''~ *~
&êf ö��*ö V� *�~ &�j ��� ©�
. 100~
500 mA/cm2öB &�f 180.~ ö��* ræ 6² ãËj
��
& Ã&~&b� 50 mA/cm2öBº 60.~ ö��*¦V
&�� Ã&~V �·~&
. 6� 2N ö�öB &Ë Ôf &
�8� áÚê ãÖº *~&ê 300 mA/cm2öB 180.~ ö
� �*¢ ãÖ&
. V¢B Al disk *�~ ·� Öz¾Ò *
ö �'~ 2N ö� ";b� 300 mA/cm2� 180. ÿn ö�
j ~º ©� �'ªj r > ®î
. 

Fig. 10f 2N ö�~ *~&êf ö��*ö V� *�~ Z
²æz¢ ¾æÞ ©�
. �âöB �º :f ?� *~&êf
ö��*� Ã&�>� *�~ 7ï 6²& � ©j r > ®

. 
¢>'b� Al foil~ ö�ö ®ÚB pit~ ;Wöº Nê&
¸j>� FÒ~
� rJ^ ®b� £ 80oC~ ö�NêöB
&Ë ÎN'b� pit& �W WËB
� rJ^ ®
5). ��¾
� ��öBº Al foil� jò Al powder¢ {O� disk *�

Fig. 6. Capacitance and resistance of Al disk after chemical
treatment (a) without electropolishing (b) with electropolishing
treatment at various chemical treatment time.

Fig. 7. Capacitance and resistance of Al disk at various current
densities in the first etching time.
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j ÒÏ~V r^ö *�~ vþf Vê' ;ê 5 *�~ &
�j �J� ö�j �¢ ~æ� Nê¢ æz�Ê� 2N ö�
j ~&
. Fig. 11f ''~ NêöB 300 mA/cm2~ *~&ê

Fig. 8. SEM images of Al disk: (a) surface of Al disk after the first etching, (b) surface of Al disk after the second etching, (c) cross section of
Al disk after the first etching, (d) cross section of Al disk after the second etching.

Fig. 9. Capacitance (a) and resistance (b) of Al disk at various
etching time and current density in the second etching.

Fig. 10. Weight change of Al disk at various etching time and
current density in the second etching.

Fig. 11. Capacitance and resistance of Al disk at various etching
temperature in the second etching (current density : 300 mA/cm2,
etching time: 180 sec).
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� 180. ÿn 2N ö�j ~&j r~ Ïï" &�8j ��
� ©�
. �âöB �º :f ?�, Nê& Ã&�>� Ïï
f Ã&~� &�f 6²~&b� 65oCöB &Ë � Ïï"
Ôf &�� áÚrb� � �ç~ NêöBº J®J Ïïf
6²~� &�� Ã&~º ßWj �&
. 
B� 80oCöB ö
�j 
�~&j ãÖ ôf ªö
~ ;Ò*ç� &V>î
.
V¢B, 2N ö�~ �'Nêº 65oC� ©b� 6�� > ®
î
.

3.4. ·�Öz¾Ò(anodizing)
65oC~ NêöB 300 mA/cm2� 180. ÿn 2N ö�j 

� � ê 300 V~ Ú*{j <º ·�j B�~V *~� ·�
Öz ¾Ò¢ ~&
. �*{Ïb�� ~&~� 
Ö b� j
;î ;�~ Özb ;ï[j ;W�ÊV *�B ·�Öz¾Ò
Ï�j 0.5 M boric acidf 0.05 M Sodium borate~ b�Ï�
j ÒÏ~&
. � Ï�j 70~80oC� Fæ�Î ê 30 mA/cm2

� 365 Vræ 2�* ÿn Fæ�Ê� zW¾Ò¢ ~&
20). 6
� f �ã ";öB "¶F &ËW� ®º r��ª Özb[
j Ò;W�ÊV *�B Ã~>f ammonium pentaborate *�
îÏ�öB 350 V� 30ª* ö�û ~&
.

Fig. 12º � ��öB~ ·�Öz ¾Ò�Î Al disk *�"
V�~ çÏzB r��ª *� ¶N�V~ ·�;ö &~� "
2>ö V� Ïï" &�~ æz¢ jv� �â�
. �r~ r
�b�º �� *�j ÒÏ~&b� *��b�º ammonium
pentaborate b�Ï�j ÒÏ~&b� ªÒïb�º îö¢ ª
Òïj ÒÏ~&
. �âöB �º :f ?�, 10 Hz �~~ "
2>öBº Al disk~ Ïï� çÏzB Ò¾� r��ª *�
¶N�V ·�~ Ïï�
 z � ßWj ��� ®b� &�
6� 10 Hz �~öBº z Ôf ©j ��&
. V¢B, � �

�öB~ Al disk ·�j �Ï� ~�2Ò� ¶N�Vº ¸f
"2> '�öB *� ¶N�V~ ßWj &æ� Ôf "2>
'�öBº supercapacitor~ ßWj &æº ©j {�� > ®
î
. � 
þöB B·� Al disk ·�f, ¯�V *��'ö
&� j»*Ïï� 3.6µF/cm2(120 Hz)�� 1 KHzöB~ ESR
f 57Ωb� G;>î
. 

Fig. 13f çÏz>Ú ®º Ò¾� *� ¶N�Vf � ��
öB~ ~�2Ò� ¶N�V~ "2> æzö &� Ïï" ESR
~ æz ßWj ZNö 8b� ��� ©�
. ¯, Ïïf
120 Hz, ESRf 1 kHz¢ r¢ V&b� ~� "2> æzö V
� ''~ æz ãËj r > ®
. Fig. 13~ (a)öB �º :
f ?�, çÏzB *� ¶N�V~ ãÖ &"2> '�öBê
�~ ¢;� Ïïj ��� £ 10 kHz �çöBº Ïï~ /Ï
� 6²& ®² >� J®J �{ZÊö ~� ÏïßWj æV
~º '�� B
. �Þ, � ��öB~ ~�2Ò� ¶N�Vº
Ôf "2> '�öBº J®J Ïï� Ã&~� ¸f "2>
'�b� .>� Ïï� &~>º supercapacitorf ?f *Vz
� ¶N�V~ ßWj ��
. ��¾ 100 kHz~ �"2 '�
öBê /Ï� Ïï6²º ��æ pº
. Fig. 13~ (b)öB �
º :f ?�, çÏzB *� ¶N�V~ ãÖ £ 100 Hz �ç
~ "2> '�öBº z �ç ESR� 6²~æ pb� �~
¢;� 8j Fæ~æò � ��öB~ ~�2Ò� ¶N�Vº
100 kHz~ �"2'�ö ��Vræ �~ F;'b� ESR�
6²~º ßWj <º
. Fig. 13j Û~�, � ��öB~ ~
�2Ò� ¶N�Vº supercapacitorf *� ¶N�V~ ßWj
�þ &æ� �
 7º*� "2> '�öB ÒÏ� &Ë� î
�Ú ;�~ ¶N�Vªj {�� > ®î
.

Fig. 13. Capacitance(a) and ESR (b) comparison of the hybrid
supercapcitor with anodized Al disk electrode and commercialized
Al electrolytic capacitor.

Fig. 12. Capacitance (a) and ESR (b) comparison of anodized Al
disk electrode with conventional 300 V electrolytic capacitor. 
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4. Ö �

� 
þöBº 300 V/ ~�2Ò� ¶N�V~ ·�j B�
~V *~� Al ªö" templateÏê~ NaCl ªöj �Ï~�
{O 5 �¾Ò¢ ~&
. �'~ �¾Ò ";j �� Al *�
j electropolishing, z�' ¾Ò, 1N ö� 5 2N ö�j ~
&b� ''~ ";öB �'~ ��j �Ò~&
. 2N ö�ê
~ Al disk¢ Ú*{� 300 V� *�b� ·�Öz ¾Ò¢ ~
&b� �-² ò
Úê Al disk *�~ Ïï" &�j V�~
*� ¶N�V~ ·�" jv~� �~b� � Ö"¢ º£~
� 
r" ?
.

1. 40µm~ ï� «¶�V¢ <º r��ª ªö" NaCl
ªöj 4 : 1� b�~� �¾Ò� Ö", 720oC(*V� �F &
�Nê)öB 250µF/gb� &Ë � Ïïj �&b¾ 770oC~
ãÖ& &Ë Ôf &� 8� 0.627Ω(real part)j �&
. 

2. z�' ¾ÒöBº electropolishing ";j �
j r z
Î"'� Ïï Ã&f &� 6²& áÚrb� 1�*~ z�'
¾Ò ãÖ 536µF/g" 0.494Ωb� &Ë � Ïï" Ôf &�
j áj > ®î
. 6� z�' ¾Ò¢ Û~� native oxide~
B�~ Î"öò jî¢ ö�~ Î"& ®rj r > ®î
. 

3. 50 mA/cm2öB 120. ÿn 1N ö� �Î ê 300 mA/
cm2b� 180.ÿn 2N ö�j ~&j r Ïï" &�� ''
1083µF/g" 0.538mb� áÚrb� �'~ ��ªj r > ®
î
. 

4. 2N ö� �ö ö�Nê~ 'Ëj ÚÚ� Ö" 65oC�
:²ç�j r > ®î
. 

5. 300 mA/cm2b� 180. ÿn 2N ö� � ê 300 V~
Ú*{j &æº ·�j B�~� V�~ 300 V r��ª *�
¶N�V~ ·�" jv� Ö", 10 Hz �~~ "2>öBº Al
disk~ Ïï� V�~ r��ª *� ¶N�V~ ·�~ Ïï�

 z � ßWj {�~&
.

6. � ��öB~ Al disk ·�j �Ï� ~�2Ò� ¶N�
Vº supercapacitorf *� ¶N�V~ ßWj �þ &æ� 7
º*� "2> '�öB ÒÏ� &Ë� î�Ú ;�~ ¶N�
Vªj {�~&
. ß®, Ôf "2> '�öB »*Ïï� Ã
&~� 100 kHzræ~ ¸f "2> '�öBê /Ï� Ïï~
&~ & ìb� ESR� F;'b� 6²~º ßWj &æº ©
j r > ®î
. 

6Ò~ & 

� ��º "�VF¦~ �&æ;��
Òë ��j æöö
~� >¯>îb� �ö 6Ò�ãî
.
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