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Abstract − Catalytic mixed oxide electrodes of Ru/Ti, Ru-Sn/Ti, and Ru-Sn-Ti/Ti effective to destruction of refractory organ-

ics in aqueous waste were studied in views of their electrochemical properties and lifetimes. The electrochemical activity of the
Ru-based mixed oxide electrode increased almost linearly to the amount of Ru included in the oxide layer, and it decreased ra-

pidly at sintering temperature over 550oC because of decrease of the degree of non-stochiometry within Ru oxide. The elec-

trode roughness increased linearly with the electrochemical activity and the number of coating layers on electrode. The life-

time of Ru oxide electrode was the longest at the sintering temperature of 450oC, and the sintering temperature did not affect

lifetimes of Ru-Sn and Ru-Sn-Ti oxide electrodes. The lifetime of oxide electrode increased exponentially with the number of

coating layers. The existence of Sn and Ti in the Ru-Sn-Ti oxide electrode generally had a bad effect on its lifetime. The elec-

trochemical activity and the lifetime of Ru-Sn-Ti oxide electrode were the best at a specific ratio of Sn to Ti of 1.5.

Key words: Catalytic Oxide Electrode, DSA, Organic Oxidation, Organic Combustion, Ru Oxide, Mixed Oxide Electrode,

Electrode Lifetime, Electrode Roughness
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F�� �! A KL. ,-� +)0 �)� ��� ����! ��\

�� ��' �C, �z { �-�z' #$ �[ w_� |}��2 J
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 �� ��� ��� |�� ��� �YD =J,
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1 9M
�� 1 9M¢' - �Q ��
�[12] £¤¥ Ru, Ru-Sn,

Ru-Sn-Ti �� ��' xy { h; t�
 ¦§#, �S ��' 0.5 M ̈

�
� �� (�� �© NZ
� ª ��' ��Aa! wg ��=«L.

2. � �

�� [[/2� ¬� 99.4% 1 cm­1 cm­3 mm ®- Ti0 X<=

«L. 1 9M
� ¯° �±
 X<¥ Ti [[/� 61²1 oC ,[6³

8&' 35% ́ � <µ
 16W �f [[/0 ¶� 
·=«L(��0

�� ¸¹º � 
·! � jk� 86²1 oC 8&', 10 wt% »�' ¸

¹º �
 Ti [[/0 16W ¶� A¼=«L). ��h; ½¾	 ��

�¿
[12] 8À=c £¤¥ RBÁ Ti [[/
 RuCl3 <µ(0.4 M in

1 : 1 v/o ́ �), TiCl4(0.4 M in 1 : 1 v/o ́ �), SnCl2(0.4 M in 1 : 1 v/o

´�) ªª Â� �S' Ã}<µ! Ä
 ') ÅÆ=«L. 1 9M


�� ÇÈ precursor <µ! 60oC +�-
� É$Ê(brushing)=J �

0 10+W 90oC
� ZN� � 350oC
� 10+ 
�=J >| Ë+

)0 410oC
� 16W BC=«��, Ì� ��! d- �)� 
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ËBC Ì�0 410-650oC2 5�6ÍL. [[/ Q_' ��� ÅÆ

În0 Ï�6:- �)�� �' �g! ÐÑ=«L. 1 9M
� X

<¥ �� Ò	 4-neck flask
 10+ Ar �Ó2 de-aeration¥ 150 ml 0.5 M

H2SO40 ÔÕ X<=«��, ÖN���2� SHE(Standard Hydrogen

Electrode)! X<=«��, �×���2� SUS 316! X<=«L. h

N¥ ��	 #$ �[ wg
 Ø� Ù 200 mV/sec sXU�2 Ú �

� Û�(+0.3~+1.3 V)
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4 A
� ���� �� �ÞO +1.1~−0.45 V
� Potentiostat(Bas

100 W)0 X<=# sXU� 40 mV/sec2 ¬� ��-�� sX¾
 '

� cyclic voltammogram! wg=«��, �� (��� sXU� 40

mV/sec�2 +0.3~+1.03V
� wg¥ �=ß(voltammetric charge: Q*)

! ��=# wg=«L. �� Q_' Ýà- N�(roughness factor)�

s ��-�á ��(redox transition)� â2 IYi- �' ��O ã½

��(open circuit potential)?B
�(1 9M
�� 0.95 V vs. SHE)
�

sX U�5�
 �� ��' F�0 �<=# ��=«L[13, 14]. h

;¥ ª ��' Aa! d- �=# 2-�� �0 X<=# 50oC, ̈ �

0.5 M
� g �� 345 mA/cm20 ä¤=_� ��� 5 V �-r['

6W! �� Aa�2 =# �S å! ��=«L.
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 '� ç®2 ëg¥L[4, 11]. 
� Ì�� Ï�\Aì

voltammogram' ��� íYî� R! ï A K�ð �� ��' (�

� ñ
�� R! 'ò�L.

Fig. 2
� �� �Þ +0.5~+1.23 V(vs. SHE)
� sX U� 40 mV/sec


� wg¥ cyclic voltammogram! �+� å! sXU�2 ióY �

�¥ Ru, 60%Ru+40%Sn, 35%Ru+39%Sn+26%Ti ��
 �� voltam-

meric charge capacity(Q*)' å� iæi KL. Q* å	 ��' (�!

wg=� uô� ½¾' =i2, ��' (�� Ì�
 �õ 
� Ì�

Ù 400oC ?B
� >Jö! d�L 550oC �� ¤÷ø ñ
=� R

! ï A K�ð, �� - �Q ��
�[12] -ù� XPS' ç® +C
 '

) ��¥ Ru �� �' � Úúû(degree of non-stoichiometry)� 
� Ì
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 �õ, 
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�õ ��ü �' TU' ��8&(transient state), e RuO2−x(0<x<1)

Fig. 1. Cyclic voltammograms of Ru oxide electrode in 0.5 M H2SO4

with a change of sintering temperature.

Fig. 2. Voltammeric charge capacities(Q*) of Ru, Ru-Sn, and Ru-Sn-Ti
oxide electrodes in 1 N H2SO4 with sintering temperature.
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��� ñ
=- ���2 �ª¥L[12]. Q* å	 Q_ ���
� Ru

�ý' �+
 �� 5�dL� ����' Ru mß
 �þm! ï A

K�ð, �� IÐ��2 �¿
�[4, 16] Q* å	 ��� ÿ �' Ru'

^�ß
 �þ=� R�2 opq KL� X�� �	 �8�L. Fig. 2


� �	 ��� N�O jk Q_ SEM
 '� F~¥ morphology
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� Ì�
 �õ � 5�� ]�� F~��L. �� ��
� Ru

�I �+� 410oC
� 
�¥ jk� Q_
 mud-crack� � ��=

J Sn�i Ti� Ã}¥ jk� tg� N� �û' jk
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%� ���� R! o A K�L[12]. �$� X�2�� 
� Ì��
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J �[ �� Q
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Fig. 3
� capacitive current wg 6 ��0 �P >
�=� R�2

op
 ã½ �2 �� ?BO 0.95 V(vs. SHE) ��
� sX U� 5

�
 �� capacitive current' 5�� �%��2 5�m! ï A KL.

#-� wg¥ -�-4 IÐ��2 �k smooth Q_
� double layer

capacitance� Ù 2­10−5 F/cm2! "�L� �g[13]! �[J Ru, 60%

Ru+40%Sn, 35%Ru+39%Sn+26%Ti ��
 �) 
� Ì�
 ��

�� Q_ N� å(Roughness factor : Real active area/geometric area�

Fig. 4
 5�� iæi KL. IÐ��2 �¿
 iæ* Ru ����'

N� å	 � ®-� 102-103 g�2 opq K�ð 1 9M
� h;

¥ ��' N� å	 � Û�
 g�ø SY�! ï A KJ, Fig. 24

��\ � N�� Q* å
 �þm! ï A KL. Fig. 1
� X<¥ �

� Q_' RuÚ	 Ù 0.3 mg/cm2�2 Ru �� �c�' Q* å	 400oC


� Ù 50 mC/mgRu�2 � å	 ¸¹º 
·! � jk' �¿' å


 �=# 2� �8 �	 å�L[15]. �4 �� 1 9M
� h;¥ �

�' (�� �	 R	 L� �¿
� d�� ¸¹º � 
·dL 
·

� Q_ MN� �õ �� _��' �� �h ��_�� ��- ��

�2 �ª�L.

Fig. 5
 ´� 
·� ¸¹º � 
·! � Ti[[/' ��� ��'

Q* å ��� iæi KL. 1 9M¢' - �Q ��
�[12] 
· N

Z	 ��' x��, Q_
 ÅÆ�� ���' Ú { ���' �C�

�M�
 ��! �LJ =«�ð �4 �HY 
·8&� ��' (

�
� ��! �L� R! o A KL.

Fig. 6
� ÅÆ �A
 �� ��' Q* å 5�� iæi KL. Ti [

[/' precursor <µ' ÅÆ �A' Ï�
 �õ 
� � ���' Ú

	 Ý' �%��2 5�m! ï A KL[12]. Fig. 6' Q* å' �%�

Ï�� ÅÆ �A' Ï�
 �� ��� �' ��(�
 -#=� Ru

Ï�
 -O�L� R! o A KL. �� N� å� Þ6 Q* å
 Ý

Fig. 3. Capacitive charging current at 0.95 V vs. SHE with a change of
scan rate.

Fig. 4. Roughness factors of Ru, Ru-Sn, and Ru-Sn-Ti oxide electrodes
with a change of sintering temperature.

Fig. 5. Voltammetric charge capacities of several oxide electrodes in 0.5
M H 2SO4 with HCl and oxalic acid etching.

Fig. 6. Voltammetric charge capacities of several oxide electrodes in 0.5
M H 2SO4 with a number of coating layers.
���� �39� �2� 2001� 4�
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' �%��2 �þ=# Ru ��� jk 1� ÅÆ 6 Q* å	 Ù 17,

N� å 320
� 4� ÅÆ 6 Q* å	 Ù 100, N� å	 2,200 g�

� ��L.

Fig. 7
� 2�+ precursor <µ u' Ru� Sn' �û� 5�\ �

wg¥ Ru-Sn ��� ��' Q* å� iæi KL. ö�	 100% Ru

��! -��2 =# Ru �û� ñ
� � Ru-Sn ��� ��' Q*

�8	2 Ru-Sn ��� �� Q* å� Ru ���' å
 Ý' �þm

! ï A KL. �R�2�� Sn	 Ru �� (�
� ��! ò	[ 


�! o A KL. - �Q ��
�[12] Ru-Sn ��� ��	 Sn mß

� 60% g�r[ ��' ý% morphology� Ý' ��� mud-crack

%�õ� R! o A K�L. �$� X�2�� Sn	 Ru-Sn ��� �

�
� �� Q_ macro ý%
 ��! í � �� (�
� ��! s

[ 
�LJ �ª¥L.

Fig. 8
� 2�+ precursor <µ u' Ru� Ti' �û� 5�\ � w

g¥ Ru-Ti ��� ��' Q* å� iæi KL. ö�	 ���[2

100% Ru ��! -��2 =# Ru �û� ñ
� � Ru-Ti ��� �

�' Q*� �ú� �8	 Ru-Ti ��� �� Q* ådL �/��2 �

å! d�L 100% Ti ��
� (� å� Ý' h2� �� R! ï

A KL. 100% Ti ��
� Q* å� h2õ� X�	 Ti Þ6 ��(

�� ]L� R! 'ò=� R�L. 1 9M' - �Q ��
� Ru-Ti

��� �� � Ti'  x� Ru-Ti �� Q_ ý%
 mud-crack(macro-

structure)� ]� compact %! Vî� R�2 iæ!L. �õ� Ru-Ti

��� ��
� Q* å� �	 Ú' Ru V' ��
� Q* ådL ®

L� R	 �� (�� ]� Ti� Ru-Ti ��� ÿ
� Ru V' ��

ÿ
� dL òÀMN(micro-structure)0 VSY �	 Ú' Ru Ú
 �

=# dL E	 �� (� ö(active site)! Vî� R�2 �ª¥L.

Fig. 9� 3�+ precursor <µu' Ig� 35% Ru
 �) Sn� Ti'

�û� 5�\ � wg¥ Ru-Sn-Ti ��� ��' Q* å� iæi K

L. Sn/Ti' �û 3/2I � Q* å� ç®0 dOL. �$� �8	 70%

Ru
 �) Sn� Ti' �û� 5�\ �
� �I=c F~��L. �4

,X� �� ���
 �� -  �¿[7]
 '=_ ÷"� �
 ��!

Ý� ��	 1 9M ��4 ,X=c Sn mß� 0%
� Ï�m
 �

õ Q* å� ñ
=L Sn/Ti' �û� 3/7I � ç® ö! d�J L6

ñ
=� ��0 d«L. � 9M ��
�� �$� �,
 �=# t

#ø $a	 =[ 
%L. 1 9M' �� �Q
�[12] Ig� 35% Ru


 �) Sn� Ti' �û� 3/2I � ��' ý% morphology� �P �

��¥LJ =«L. �$� X�� Fig. 74 8' ��2�� Sn/Ti' �

û� �^m å(#-�� 3/2)I � �	 Ú' Ru
 �) �� Q_�

� �P ®�ì �� Q_' ý% MN(macro-structure)4 ��MN(micro-

structure)� %�¥L� R! ëg\ A KL. �$� ��2�� ��

��' (�	 (� ���' Ú� Q_ morphology
 �6
 ��!

&�L� R! o A KL. xy� Fö
� ' �$� tg Sn/Ti �û


� �P �	 ��_� MN0 �[�[ � �,� ��	 o A ]

��, �
 �� ë��O 9M� �� � 
¼� R�L.

Fig. 10
� 50oC 0.5 M ̈ � <µ
� 2 ���' �� (� 345 mA/

cm20 ä¤=# Ru, 60%Ru+40%Sn, 35%Ru+39%Sn+26%Ti ���

��' ��� 5 Vr[ � �r[' 6W! wg� ��Aa 5�� i

æi KL. ;<��� �×���' ��� 5 V
 �)_ �� Q_'

���� Ý' <)�Y Ti [[/ â*' �� +� iæ,! F~\

A K�L. Ru ��� �� Aa	 
� Ì�� 450oCI � �P -c

iæ!��, 600oC �8
� 
�¥ ��
�� �� Q_ È.� �

k �� �� Aa! wg\ A ]�L. 60%Ru+40%Sn, 35%Ru+

39%Sn+26%Ti ��� �� Aa	 Ru V' ��� ���' Ru mß


 �0 Jp=�õ� Ru ��� �� Aa
 �=# �k ��! ï

A KJ, 
� Ì�
 �õ�� �� Aa' 5�� ®[ 
�! ï A

KL. �R�2�� Sn�i Ti� Ru �� Aa
 �g�O ��! ò

Fig. 7. Voltammetric charge capacity of Ru(100−−−−x)Snx oxide electrode in
0.5 M H2SO4 with a change of nominal Sn mole % in the pre-
cursor solution.

Fig. 8. Voltammetric charge capacity of Ru(100−−−−x)Ti x oxide electrode in
0.5 M H2SO4 with a change of nominal Ti mole % in the precur-
sor solution.

Fig. 9. Voltammetric charge capacity of Ru35%SnxTi(75−−−−x) oxide electrode
in 0.5 M H2SO4 with a change of nominal Sn and Ti mole % in
the precursor solution with constant 35% Ru.
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��
�L� R! o A KL. Fig. 11
� ��� ��' ÅÆ A
 �� �

� Aa' 5�� iæi KL.�R	 Ru ���' Ú� ÅÆ �A


�þ=�2 ��' Aa� �� Q_' Ru mß
 �õ Ï��L. Q*

å� ÅÆ �A
 �%��2 �þ=� R	 Fig. 6
� ï A K��i,

�� Aa	 ÅÆ �A� Ï�m
 �õ Ý' [A mA %&2 Ï�=

�ð �R	 ÅÆ �A' Ï�� �¬� Ru m,ß' Ï�0 'ò=[


J �� Aa! /C� xy� 5�(���' �0 -M 5�)0 D

-=� R�2 ëg¥L. Ti [[/� ´�
 
·�� jk ¸¹º �


 
·�� jkdL �� Aa� ` R! ï A K�ð �R	 ��

�Q��� Fig. 5
� $a=1� ´� 
·� dL �	 Ýà-0 "

J �
 �õ Ti[[/
 dL E	 Ú' Ru� m,��- ���2 �

ª¥L. �õ� [[/' 
· 8&� ��' h;' x��, ��' �

C� ��, ��' (� { ��' Aa
� ��! ò	� R! o A

KL.

Fig. 124 13
� precursor <µ u' Ru� Sn �û Â� Ru� Ti �

û� 5�\ � wg¥ Ru-Sn� Ru-Ti ��� ��' �� Aa 5�

� iæi KL. ö�	 100% Ru ��! -��2 =# Ru �û� ñ


� � Ru-Sn Â� Ru-Ti ���' �� Aa �8	2 �S ���

�� Aa� Ru ��� �� Aa dL E� ;� Fig. 9
� £¤� R

BÁ Sn�i Ti� Ru ��� ��' Aa
 �øp i2 ��! s�

R�2 �ª¥L.

Fig. 14
� precursor <µ u' Ig� 35% Ru
 �) Sn� Ti' �

Fig. 10. Lifetimes of Ru, Ru-Sn, and Ru-Sn-Ti oxide electrodes in 0.5 M
H2SO4 at 50oC at a current density of 345 mA/cm2 with sinter-
ing temperature.

Fig. 11. Lifetimes of Ru, Ru-Sn, and Ru-Sn-Ti oxide electrodes in 0.5 M
H2SO4 at 50oC at a current density of 345 mA/cm2 with a num-
ber of coating layer.

Fig. 12. Lifetime of Ru(100−−−−x)Snx oxide electrode in 0.5 M H2SO4 at 50oC
at a current density of 345 mA/cm2 with a change of nominal Sn
mole % in teh precursor solution.

Fig. 13. Lifetime of Ru(100−−−−x)Tix oxide electrode in 0.5 M H2SO4 at 50oC
at a current density of 345 mA/cm2 with a change of nominal Ti
mole % in the precursor solution.

Fig. 14. Lifetime of Ru35%SnxTi (75%−−−−x) oxide electrode in 0.5 M H2SO4

with a change of nominal Sn and Ti mole % in the precursor
solution with constant 35% Ru.
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