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(57)  A  porous  high  surface  area  composite  electroconductive 
catalytic  material,  particularly  as  electrocatalyst  for  electroly- 
sis  electrodes,  comprises  a  porous  pre-formed  matrix  which 
is  a  catalytic  mixed  crystal  material  of  at  least  one  platinum 
group  metal  oxide  and  at  least  one  valve  metal  oxide 
throughout  which  a  subsequently-added  additional  catalyst 
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and  or  oxide  is  dispersed  by  chemideposition  in  an  oxidizing 
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post  heat  treatment.  The  porous  matrix  may  be  ruthenium- 
titanium  oxide  and  the  additional  catalyst  advantageously 
comprises  at  least  two  oxides  of  ruthenium,  rhodium, 
palladium  and  iridium,  other  combinations  being  possible. 
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TECHNICAL  F I E L D  

The  i n v e n t i o n   r e l a t e s   to   a  p o r o u s   h i g h   s u r f a c e   a r e a  

c o m p o s i t e   e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l   p a r t i c u l a r l y  

s u i t a b l e   f o r   u se   in  e l e c t r o l y t i c   p r o c e s s e s   as  w e l l   as  m e t h o d s  

of  p r o d u c i n g   t h i s   m a t e r i a l   and  e l e c t r o l y s i s   e l e c t r o d e s  

c o m p r i s i n g   t h i s   m a t e r i a l   as  e l e c t r o c a t a l y s t   e . g .   as  a n  

e l e c t r o c a t a l y t i c   c o a t i n g .   The  i n v e n t i o n   a l s o   r e l a t e s   to   t h e  

r e n e w a l   of  c o a t i n g s   on  d i m e n s i o n a l l y   s t a b l e   e l e c t r o l y s i s  

e l e c t r o d e s .   I t   f u r t h e r   r e l a t e s   to  m e t h o d s   of  e l e c t r o l y s i s   i n  

w h i c h   t he   r e a c t i o n   i s   c a t a l y z e d   by  t h i s   m a t e r i a l   e . g .   t h e  

e l e c t r o l y t i c   p r o d u c t i o n   of  h a l o g e n s   e s p e c i a l l y   c h l o r i n e ,  

h y p o c h l o r i t e   and  c h l o r a t e ,   m e t a l   e l e c t r o w i n n i n g   p r o c e s s e s   a n d  

so  f o r t h .  

BACKGROUND  ART 

The  mos t   i m p o r t a n t   d e v e l o p m e n t   in  e l e c t r o l y s i s   e l e c t r o d e s  

in  r e c e n t   y e a r s   has   b e e n   t h e   a d v e n t   of  s o - c a l l e d   d i m e n s i o n a l l y  

s t a b l e   a n o d e s   f o l l o w i n g   t h e   t e a c h i n g s   of  US  P a t e n t s   3  771  3 8 5  

and  3  632  4 9 8 .   The  mos t   s u c c e s s f u l   e l e c t r o c a t a l y t i c   c o a t i n g s  

fo r   such   a n o d e s   h a v e   b e e n   t h o s e   c o n s i s t i n g   of  a  m i x e d   o x i d e   o f  

a  p l a t i n u m - g r o u p   m e t a l   and  a  v a l v e   m e t a l   f o r m i n g   a  m i x e d  

c r y s t a l   or  s o l i d   s o l u t i o n   in  w h i c h   t h e   p r e c i o u s   m e t a l   o x i d e   i s  



s t a b i l i z e d   w i t h o u t   d e t r i m e n t   to   i t s   c a t a l y t i c   c h a r a c t e r i s t i c s .  

T h e s e   c o a t i n g s ,   in  p a r t i c u l a r   r u t h e n i u m - t i t a n i u m   o x i d e  

c o a t i n g s ,   h a v e   b e e n   e s p e c i a l l y   s u c c e s s f u l   in  c h l o r i n e  

p r o d u c t i o n   in  m e r c u r y   c e l l s ,   d i a p h r a g m   c e l l s   and ,   m o r e  

r e c e n t l y ,   in   m e m b r a n e   c e l l s .  

The  a b o v e   p a t e n t s   and  many  o t h e r s   h a v e   d e s c r i b e d  

m u l t i c o m p o n e n t   e l e c t r o d e   c o a t i n g s   in  w h i c h   t h e r m o d e c o m p o s a b l e  

c o m p o u n d s   of  t h e   c o m p o n e n t s   a r e   m i x e d   in  a  s o l u t i o n   w h i c h   i s  

r e p e a t e d l y   a p p l i e d   t o   t h e   e l e c t r o d e   s u b s t r a t e ,   d r i e d   a n d  

c o n v e r t e d   to   t h e   m u l t i c o m p o n e n t   c o a t i n g   by  b a k i n g .   In  t h i s   w a y ,  
i t   i s   f o r   e x a m p l e   p o s s i b l e   to   p r o v i d e   e l e c t r o d e s   w i t h   a n  

o u t s t a n d i n g   l i f e t i m e   p e r   gram  of  p r e c i o u s   m e t a l   e m p l o y e d ,   a s  

d e s c r i b e d   in  US  P a t e n t   3  948  751,   or  e l e c t r o d e s   w i t h  

i o n - s e l e c t i v e   p r o p e r t i e s   f o r   h a l o g e n   e v o l u t i o n   and  o x y g e n  
i n h i b i t i o n   as  d e s c r i b e d   in  US  P a t e n t   4  272  3 5 4 .  

M u l t i l a y e r   e l e c t r o d e   c o a t i n g s   p r o d u c e d   by  b u i l d i n g   u p  
a l t e r n a t e   l a y e r s   of  d i f f e r e n t   m a t e r i a l s   h a v e   a l s o   b e e n  

p r o p o s e d .   For   i n s t a n c e ,   US  P a t e n t   3  773  554  d e s c r i b e s   a l t e r n a t e  

l a y e r s   of  r u t h e n i u m   o x i d e   and  t i t a n i u m   o x i d e   and  US  P a t e n t   3 

869  312  d e s c r i b e s   a l t e r n a t e   l a y e r s   of  a  r u t h e n i u m - t i t a n i u m  

m i x e d   o x i d e   m a t e r i a l   and  of  t i t a n i u m   o x i d e .  

I t   h a s   a l s o   b e e n   p r o p o s e d   to   a n c h o r   or  embed  a n  

e l e c t r o c h e m i c a l l y   a c t i v e   m a t e r i a l   in   an  i n e r t   l a y e r   t y p i c a l l y  

c o n s i s t i n g   of  a  l a y e r   of  t i t a n i u m   o x i d e   on  a  t i t a n i u m  

s u b s t r a t e .   E a r l y   p r o p o s a l s   were   t o   form  t h i s   l a y e r   by  h e a t i n g   a  

t i t a n i u m   s u b s t r a t e   in  a i r   or  by  a n o d i c   o x i d a t i o n   of  a  t i t a n i u m  

s u b s t r a t e   as  d e s c r i b e d   in  US  P a t e n t   3  234  110 .   A  l a t e r   p r o p o s a l  

was  t o   e l e c t r o c o a t   Ti  w i t h   t i t a n i u m   o x i d e   from  a  s o l u t i o n  

c o n t a i n i n g   T i 4 + i o n s ,   see   US  P a t e n t s   3  773  555  and  4  039  4 0 0 .  

T h e s e   p r o p o s a l s   and  t h e i r   d r a w b a c k s   a r e   d i s c u s s e d   in  US  P a t e n t  

4  140  813  w h i c h   s e t   o u t   to   i m p r o v e   t h e   r e s i s t a n c e   of  t h e  

e l e c t r o d e   c o a t i n g s   to   c o n t a c t   w i t h   m e r c u r y   amalgam  by  p l a s m a  

s p r a y i n g   a  l a y e r   of  t i t a n i u m   o x i d e   in  t h e   p o r e s   of  w h i c h   a n  

a c t i v e   e l e c t r o d e   m a t e r i a l   i s   a n c h o r e d .  

US  P a t e n t   4  223  049  d i s c l o s e s   an  e l e c t r o d e   w i t h   a  

c o n d u c t i v e   b a s e   h a v i n g   a  c o a t i n g   of   t i t a n i u m   o x i d e   or  t i n   o x i d e  



i n t o   w h i c h   r u t h e n i u m   o x i d e   i s   s u p e r f i c i a l l y   m i x e d   b y  

i m m e r s i o n / w a s h i n g / b a k i n g   w i t h o u t   f o r m i n g   a  s e p a r a t e   o u t e r   l a y e r  

of  r u t h e n i u m   o x i d e .  

V a r i o u s   p r o p o s a l s   h a v e   a l s o   b e e n   made  in  w h i c h   an  o u t e r  

l a y e r   of  e l e c t r o c h e m i c a l l y   a c t i v e   m a t e r i a l   i s   d e p o s i t e d   on  a  

s u b - l a y e r   of  an  a c t i v e   m a t e r i a l   w h i c h   s e r v e s   p r i m a r i l y   as  a  

c o n d u c t i v e   i n t e r m e d i a t e   to   p r o t e c t   t h e   s u b s t r a t e .   For   e x a m p l e ,  

UK  P a t e n t   1  344  540  p r o v i d e d   an  e l e c t r o d e p o s i t e d   l a y e r   o f  

c o b a l t   o x i d e   or  l e a d   o x i d e   u n d e r   a  r u t h e n i u m - t i t a n i u m   o x i d e   o r  

s i m i l a r   a c t i v e   o u t e r   l a y e r .   V a r i o u s   t i n   o x i d e   b a s e d   s u b - l a y e r s  

a r e   d i s c l o s e d   in  US  P a t e n t s   4  272  354,   3  882  002  and  3  950  2 4 0 ,  

once   a g a i n   c o a t e d   w i t h   t he   same  t y p e   of  a c t i v e   o u t e r   l a y e r .   US 

P a t e n t   4  331  528  made  an  i m p o r t a n t   i m p r o v e m e n t   in  t h i s   a r e a   b y  

d e v e l o p i n g   a  p r e f o r m e d   b a r r i e r   l a y e r   f o r m e d   as  a  s u r f a c e   o x i d e  

f i l m   i n t e g r a l   w i t h   and  g rown  up  from  t h e   v a l v e   m e t a l   s u b s t r a t e  

w i t h   s i m u l t a n e o u s   i n c o r p o r a t i o n   of  a  s m a l l   q u a n t i t y   of   r h o d i u m  

or  i r i d i u m   as  m e t a l   or  o x i d e   in  t h e   s u r f a c e   o x i d e   f i l m ,   t h e  

a c t i v e   c o a t i n g   b e i n g   s u b s e q u e n t l y   d e p o s i t e d   on  t o p .  

A l o n g   s i m i l a r   l i n e s ,   J a p a n e s e   P a t e n t   p u b l i c a t i o n   0 2 8 2 6 2 / 7 8  

p r o v i d e d   an  u n d e r c o a t i n g   of  an  o x i d e   of  r u t h e n i u m ,   t i n ,   i r i d i u m  

or  r h o d i u m   on  a  v a l v e   m e t a l   s u b s t r a t e ,   and  an  a c t i v e   o u t e r  

c o a t i n g   of  p a l l a d i u m   o x i d e   or  a  m i x t u r e   of  p a l l a d i u m   o x i d e   a n d  

r u t h e n i u m   o x i d e .   In  J a p a n e s e   P a t e n t   p u b l i c a t i o n   1 1 5 2 8 2 / 7 6 ,   a  

s p i n e l - t y p e   u n d e r l a y e r   c o n s i s t i n g   p r e p o n d e r a n t l y   of  F e 2 0 3  
w i t h   o t h e r   n o n - p r e c i o u s   o x i d e s   was  c o a t e d   w i t h   a  t o p - l a y e r   o f  

p r e c i o u s   m e t a l   o x i d e s .  

US  P a t e n t   4  203  810  has   p r o p o s e d   to   e l e c t r o p l a t e   a  

r e l a t i v e l y   t h i c k   l a y e r   of  a  p l a t i n u m   g r o u p   m e t a l   o n t o   a n  

u n d e r c o a t   of  a  c h e m i d e p o s i t e d   p l a t i n u m - g r o u p   m e t a l   or  o x i d e .  

The  c o n v e r s e   a r r a n g e m e n t   is   d e s c r i b e d   in  p u b l i s h e d   E u r o p e a n  

p a t e n t   a p p l i c a t i o n   0  090  425 ,   in  w h i c h   an  o x i d e   of  r u t h e n i u m ,  

p a l l a d i u m   or  i r i d i u m   is  c h e m i d e p o s i t e d   i n t o   a  p o r o u s   l a y e r   o f  

p l a t i n u m   e l e c t r o p l a t e d   o n t o   an  e l e c t r i c a l l y - c o n d u c t i v e  

s u b s t r a t e .  

O t h e r   p r o p o s a l s   fo r   i n t e r m e d i a t e   l a y e r s   h a v e   i n c l u d e d   a n  

u n d e r l a y e r   of  r u t h e n i u m ,   r h o d i u m   or  p a l l a d i u m   o x i d e   to   w h i c h   a n  



o u t e r   l a y e r   of  a  p r e f o r m e d   s p i n e l   was  a t t a c h e d   by  means  of  a  

b i n d e r ,   s e e   UK  P a t e n t   1  346  369  and  a  p l a t i n u m - i r i d i u m  

u n d e r c o a t   t o p c o a t e d   w i t h   a  c o m p o s i t e   c o n t a i n i n g   l e a d ,  

r u t h e n i u m ,   t a n t a l u m ,   p l a t i n u m ,   i r i d i u m   and  o x y g e n ,   s e e  

P u b l i s h e d   PCT  P a t e n t   A p p l i c a t i o n   W 0 8 3 / 0 3 2 6 5 .  

The  p r i o r   a r t   d i s c u s s e d   a b o v e   c o n c e r n s   c o a t i n g  

f o r m u l a t i o n s   i n t e n d e d   f o r   t h e   p r o d u c t i o n   of  new  e l e c t r o d e s .   I t  

i s   a l s o   known  to   r e n o v a t e   p r e v i o u s l y - u s e d   d i m e n s i o n a l l y   s t a b l e  

a n o d e s   by  c l e a n i n g   t h e   o ld   c o a t i n g   and  a p p l y i n g   on  top   a  new  

c o a t i n g   of  s i m i l a r   c o m p o s i t i o n ,   s e e   US  P a t e n t   3  684  5 4 3 .  

R e c e n t l y ,   t h i s   s o - c a l l e d   t o p   c o a t i n g   p r o c e d u r e   has   b e e n  

i m p r o v e d   by  an  a c t i v a t i o n   of  t h e   o ld   c o a t i n g   p r i o r   t o  

a p p l i c a t i o n   of  t h e   new  o u t e r   e l e c t r o c a t a l y t i c   c o a t i n g ,   a s  

d e s c r i b e d   in   US  P a t e n t   4  446  245 .   In  t h i s   c a s e ,   t he   a c t i v a t e d  

o l d   c o a t i n g   s e r v e s   as  a  b a s e   f o r   t h e   new  c o a t i n g .   Thus ,   t h e  

t e a c h i n g   of   t h i s   p a t e n t   i s   c o n f i n e d   s o l e l y   to   t he   r e c o a t i n g   o f  

p r e v i o u s l y - u s e d   e l e c t r o d e s .  

The  a b o v e - m e n t i o n e d   e l e c t r o c a t a l y s t s   a r e   g e n e r a l l y   c o a t e d  

o n t o   a  m a s s i v e   s u b s t r a t e   s u c h   as  a  s h e e t   of  v a l v e   m e t a l ,   o n e  

common  c o n f i g u r a t i o n   b e i n g   an  e x p a n d e d   m e s h .   O t h e r   a r r a n g e m e n t s  

a r e   h o w e v e r   p o s s i b l e .   For  e x a m p l e ,   t h e   e l e c t r o c a t a l y s t   can  b e  

p a r t i c u l a t e   or  can   be  s u p p o r t e d   on  p a r t i c l e s   of  s u i t a b l e  

m a t e r i a l   s u c h   as  a  v a l v e   m e t a l   and  t h e s e   p a r t i c l e s   may  t h e n   b e  

a p p l i e d   to   a  c o n d u c t i v e   l e a d   s u b s t r a t e   ( s e e   US  P a t e n t   4  4 2 5  

217)   or   may  be  i n c o r p o r a t e d   in  a  n a r r o w   gap  e l e c t r o l y s i s   c e l l  

e . g .   by  b o n d i n g   to   a  m e m b r a n e   as  d i s c l o s e d   in  E u r o p e a n   P a t e n t  

A p p l i c a t i o n   0  081  251,   or  t h e y   may  be  u s e d   in  a  f l u i d i z e d   b e d  

e l e c t r o c h e m i c a l   c e l l   ( s e e   US  P a t e n t   4  206  0 2 0 ) .   O t h e r   s u b s t r a t e  

c o n f i g u r a t i o n s   i n c l u d e   w i r e s ,   t u b e s ,   p e r f o r a t e d   p l a t e s ,  

r e t i c u l a t e d   s t r u c t u r e s   and  so  f o r t h .  

E l e c t r o d e s   w i t h   c a t a l y t i c   c o a t i n g s   of  t h e   t y p e s   d e s c r i b e d  

a b o v e   may  be  u s e d   in  v a r i o u s   e l e c t r o l y t i c   p r o c e s s e s .   T y p i c a l l y  

t h e y   a r e   u s e d   as  a n o d e s   in  c h l o r - a l k a l i   c e l l s   or  as  o x y g e n  

e v o l v i n g   a n o d e s   e . g .   in  m e t a l   e l e c t r o w i n n i n g   p r o c e s s e s .   T h e i r  

use   as  c a t h o d e s   in  v a r i o u s   p r o c e s s e s   h a s   a l s o   been   p r o p o s e d ,  

e . c .   f o r   t h e   p r o d u c t i o n   of  c h l o r i n e   d i o x i d e ,   as  d i s c l o s e d   i n  



E u r o p e a n   P a t e n t   A p p l i c a t i o n   0  065  8 1 9 .   The  l a t t e r   p a t e n t  

a p p l i c a t i o n   a l s o   p r o p o s e d   the   same  m a t e r i a l s   as  h e t e r o g e n e o u s  

c a t a l y s t s   fo r   t h e   n o n - e l e c t r o c h e m i c a l   p r o d u c t i o n   of  c h l o r i n e  

d i o x i d e .   T y p i c a l   c a t a l y s t s   f o r   t h i s   a p p l i c a t i o n   i n c l u d e d  

c o d e p o s i t e d   o x i d e s   of  r u t h e n i u m / r h o d i u m ,  

r u t h e n i u m / r h o d i u m / p a l l a d i u m   and  r u t h e n i u m / p a l l a d i u m   u s u a l l y  

c o d e p o s i t e d   w i t h   a  m a t r i x   of  t i t a n i u m   d i o x i d e .   The  c a t a l y s t s  

w e r e   u s u a l l y   d e p o s i t e d   on  a  t i t a n i u m   s u b s t r a t e   bu t   o t h e r  

s u p p o r t s   such  as  a l u m i n a   were   a l s o   p r o p o s e d .  

E u r o p e a n   P a t e n t   P u b l i c a t i o n   0  099  866  d e s c r i b e s   a  c a t a l y s t  
f o r   t h e   o x y g e n   e v o l u t i o n   r e a c t i o n   in  w a t e r   e l e c t r o l y s i s .   T h i s  

c a t a l y s t   c o m p r i s e s   a  h o s t   m a t r i x   of  a  t r a n s i t i o n   e l e m e n t   n a m e l y  

c o b a l t ,   n i c k e l   or  m a n g a n e s e   wh ich   i n c o r p o r a t e s   one  or  m o r e  

m o d i f i e r   e l e m e n t s   d e p o s i t e d   f o r   e x a m p l e   by  vacuum  s p u t t e r i n g  

and  t h e n   s u b j e c t e d   to   a  h e a t   t r e a t m e n t   or  an  e l e c t r o c h e m i c a l  

t r e a t m e n t .   I m p r o v e d   a c t i v i t y   i s   c l a i m e d   in  r e l a t i o n   to   a  

n i c k e l   a n o d e .  

I t   is   a l s o   known  from  UK  P a t e n t   1  531  373  to   p l a c e ,   in  t h e  

a n o d e   c o m p a r t m e n t   of  a  d i a p h r a g m   c e l l ,   a  n o n - p o l a r i z e d   t i t a n i u m  

mesh  or  a  p o l y m e r   l a t t i c e   c o a t e d   w i t h   a  c a t a l y t i c   m a t e r i a l   s u c h  

as  r u t h e n i u m - t i t a n i u m   o x i d e   w h i c h   f u n c t i o n s   to  c a t a l y z e   t h e  

d e c o m p o s i t i o n   of  h y p o c h l o r i t e   i o n s .  

T h u s ,   b r o a d l y   s p e a k i n g ,   from  t h e   p r i o r   a r t   d i s c u s s e d   a b o v e  

i t   i s   known  to  h a v e   a  p o r o u s   h i g h   s u r f a c e   a r e a  

e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l   c o m p r i s i n g   at   l e a s t   o n e  

p l a t i n u m   g r o u p   m e t a l   a n d / o r   at  l e a s t   one  p l a t i n u m   g r o u p   m e t a l  

o x i d e   w h i c h   is  a p p l i e d   to   a  s u p p o r t ,   a d v a n t a g e o u s l y   a  p o r o u s  

p r e - f o r m e d   m a t r i x   e . g .   of  t i t a n i u m   o x i d e .   A l s o ,   b r o a d l y   k n o w n  

from  t h e   p r i o r   a r t   i s   a  p o r o u s   h i g h   s u r f a c e   a r e a  

e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l   c o m p r i s i n g   a  p o r o u s  

p r e f o r m e d   c a t a l y t i c   m a t r i x   s u p p o r t i n g   a  s u b s e q u e n t l y - a p p l i e d  

a d d i t i o n a l   c a t a l y s t .  

In  many  s t a n d a r d   a p p l i c a t i o n s   s u c h   as  e l e c t r o d e   c o a t i n g s  

fo r   c h l o r i n e   p r o d u c t i o n   in  d i a p h r a g m   c e l l s   and  m e r c u r y   c e l l s ,  

the   known  c a t a l y t i c   m a t e r i a l s   have   p r o v e n   to   be  o u t s t a n d i n g   ;1. 



t h e i r   p e r f o r m a n c e   and  c o s t   e f f e c t i v e n e s s .   H o w e v e r ,   f o r   s o m e  

a p p l i c a t i o n s   i t   s t i l l   r e m a i n s   d e s i r a b l e   to   i m p r o v e   t h e  

p e r f o r m a n c e   w i t h o u t   t h i s   b e i n g   o f f s e t   by  a  p r o h i b i t i v e   c o s t   d u e  

e i t h e r   to  a  h i g h   c o s t   of  t he   c a t a l y s t   or  a  h i g h   p r o d u c t i o n   c o s t  

or  a  c o m b i n a t i o n   of  t h e s e .  

For  e x a m p l e ,   i t   w o u l d   be  d e s i r a b l e   to   p r o v i d e   a n  

e c o n o m i c a l   a n o d e   c o a t i n g   w i t h   e n h a n c e d   r e s i s t a n c e   to   c a u s t i c  

for   u s e   in  m e m b r a n e   c e l l s .   A l s o ,   t h e r e   is   a  n e e d   f o r   a n  

e c o n o m i c a l   a n o d e   c o a t i n g   w i t h   h i g h   c h l o r i n e   s e l e c t i v i t y   ( i . e .  

s e l e c t i v e   i n h i b i t i o n   of  o x y g e n   e v o l u t i o n )   f o r   use   in  d i l u t e  

c h l o r i d e   s o l u t i o n s ,   in   c h l o r a t e   p r o d u c t i o n   c e l l s   or  s e a w a t e r  

e l e c t r o l y s i s .   T h e r e   i s   a l s o   a  n e e d   f o r   an  a n o d e   c o a t i n g   w i t h  

low  o x y g e n   o v e r p o t e n t i a l   and  l o n g   l i f e   in  s u l p h u r i c   a c i d   f o r  

m e t a l   e l e c t r o w i n n i n g   f rom  s u l p h a t e   s o l u t i o n s .   And  in  s o m e  

m e r c u r y   c e l l   p l a n t s   w h e r e   o p e r a t i n g   c o n d i t i o n s   a r e   p a r t i c u l a r l y  

s e v e r e   i t   w o u l d   be  d e s i r a b l e   to   i m p r o v e   t h e   r e s i s t a n c e   of  t h e  

a n o d e   c o a t i n g s   to   c o n t a c t   w i t h   a m a l g a m .  

SUMMARY  OF  THE  INVENTION 

As  s e t   o u t   in   t h e   c l a i m s ,   t h e   i n v e n t i o n   p r o v i d e s   a  p o r o u s  

h i g h   s u r f a c e   a r e a   c o m p o s i t e   e l e c t r o c o n d u c t i v e   c a t a l y t i c  

m a t e r i a l   c o m p r i s i n g   a  p o r o u s   p r e - f o r m e d   m a t r i x   t h r o u g h o u t   w h i c h  

is   d i s p e r s e d   a t   l e a s t   one  s u b s e q u e n t l y - a p p l i e d   p l a t i n u m - g r o u p  

m e t a l   a n d / o r   a t   l e a s t   one  p l a t i n u m - g r o u p   m e t a l   o x i d e .   T h e  

c o m p o s i t e   c a t a l y t i c   m a t e r i a l   has   an  o u t e r   f a c e   w h i c h   in  use  i s  

in  c o n t a c t   w i t h   a  f l u i d   m e d i u m ,   t y p i c a l l y   an  a q u e o u s  

e l e c t r o l y t e .   A c c o r d i n g   to   t he   i n v e n t i o n ,   t h e   p o r o u s   m a t r i x   i s  

a  c a t a l y t i c   m a t e r i a l   c o m p r i s i n g   a t   l e a s t   one  p l a t i n u m - g r o u p  

m e t a l   o x i d e   and  at   l e a s t   one  n o n - p r e c i o u s   m e t a l   o x i d e   m i x e d  

i n t i m a t e l y   in  a  p o r o u s   h i g h   s u r f a c e   a r e a   s t r u c t u r e .   T h e  

a p p l i e d   p l a t i n u m   g r o u p   m e t a l   a n d / o r   o x i d e   i s   c a r r i e d   by  t h i s  

s t r u c t u r e   as  a  t h i n ,   d i s c o n t i n u o u s   l a y e r   w h e r e b y   b o t h   (a)  t h e  

p l a t i n u m - g r o u p   m e t a l   o x i d e   of  t h e   p r e f o r m e d   m a t r i x   and  ( b )  

a p p l i e d   p l a t i n u m   g r o u p   m e t a l   a n d / o r   o x i d e   w h i c h   a r e   d i s p o s e :  



i n s i d e   t he   s t r u c t u r e   a r e   e x p o s e d   t h r o u g h   t he   p o r e s   of  t h e  

c o m p o s i t e   e l e c t r o c a t a l y t i c   m a t e r i a l   to   the   medium  c o n t a c t i n g  

t h e   o u t e r   f a c e   of   t h e   c o m p o s i t e   c a t a l y t i c   m a t e r i a l .   Such  a  
t h i n   l a y e r   of  t h e   s u b s e q u e n t l y - a p p l i e d   c a t a l y s t   w i l l   t y p i c a l l y  

be  n o n - u n i f o r m l y   d i s t r i b u t e d   in  t h e   m a t r i x .   A l s o ,   i t   m a y  

p a r t l y   be  i n t e g r a t e d   or  d i f f u s e d   i n t o   the   m a t r i x .  

A n o t h e r   a s p e c t   of  t h e   i n v e n t i o n   is  a  p o r o u s   h i g h   s u r f a c e  

a r e a   c o m p o s i t e   e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l   c o m p r i s i n g  

a  p o r o u s   p r e f o r m e d   c a t a l y t i c   m a t r i x   and  a  s u b s e q u e n t l y - a p p l i e d  

a d d i t i o n a l   c a t a l y s t   d i s p e r s e d   t h r o u g h o u t   and  s u p p o r t e d   by  t h e  

p r e f o r m e d   m a t r i x ,   w h e r e i n :  

(a)  t h e   p r e f o r m e d   m a t r i x   is   a  m ixed   c a t a l y t i c   m a t e r i a l  

c o m p r i s i n g   a t   l e a s t   one  p l a t i n u m - g r o u p   m e t a l   o x i d e   m i x e d  

i n t i m a t e l y   w i t h   a t   l e a s t   one  n o n - p r e c i o u s   m e t a l   o x i d e   in  a  

p o r o u s   h i g h   s u r f a c e   a r e a   s u p p o r t   s t r u c t u r e ,   p r e f e r a b l y   a s  

a  m i x e d - c r y s t a l   w i t h   t h e   n o n - p r e c i o u s   m e t a l   o x i d e   p r e s e n t  
in  an  a m o u n t   of  a t   l e a s t   50  m o l % ;  

(b)  t h e   s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t   i s   a  

m o d i f i e r   c a t a l y s t   w h i c h   is   of  d i f f e r e n t   c o m p o s i t i o n   to  t h e  

m i x e d   c a t a l y t i c   m a t e r i a l   of  t h e   p r e f o r m e d   m a t r i x ,   n o t a b l y  

t he   a d d i t i o n a l   c a t a l y s t   is   p r e d o m i n a n t l y   of  c a t a l y t i c  

m a t e r i a l   ( u s u a l l y ,   more   t h a n   90%  by  w e i g h t   and  p r e f e r a b l y  

more  t h a n   95%  by  w e i g h t   of  c a t a l y t i c   m a t e r i a l ) ,   a n d  

(c)  t he   s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t   i s  

c a r r i e d   by  t h e   p r e f o r m e d   m a t r i x   as  a  t h i n   d i s c o n t i n u o u s  

l a y e r   n o n - u n i f o r m l y   d i s t r i b u t e d   in  t he   p o r o u s   h i g h   s u r f a c e  

a r e a   s u p p o r t   s t r u c t u r e   w h e r e b y   t he   mixed   c a t a l y t i c  

m a t e r i a l   of  t h e   p r e f o r m e d   m a t r i x   l o c a t e d   w i t h i n   t he   h i g h  

s u r f a c e   a r e a   s u p p o r t   s t r u c t u r e   is   e x p o s e d   t h r o u g h  

d i s c o n t i n u i t i e s   of  t h e   s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l  

c a t a l y s t   to   e x t e r n a l   m e d i a .  

In  t h i s   c o m p o s i t e   c a t a l y t i c   m a t e r i a l   t he   p o r c  



a d v a n t a g e o u s l y   c o n s i s t s   e s s e n t i a l l y   of  a  m i x e d   c r y s t a l   m a t e r i a l  

of  r u t i l e   s t r u c t u r e ,   f o r   e x a m p l e   r u t h e n i u m - t i t a n i u m   o x i d e   ( e . g .  
in  a  mol  r a t i o   of  a b o u t   1 :1   to   1 : 3 ,   or  e v e n   down  to  1 : 1 0 ) ,  

r u t h e n i u m - t i t a n i u m - t i n   o x i d e   ( e . g .   in  a  mol  r a t i o   of  a b o u t  

1 : 2 - 5 : 0 . 5 - 1 ,   r u t h e n i u m - t i n   o x i d e ,   r u t h e n i u m - m a n g a n e s e   o x i d e  

( e . g .   in   a  mol  r a t i o   of  a b o u t   1:2  t o   1 : 9 ) ,   i r i d i u m - t a n t a l u m  

o x i d e   ( e . g .   in   a  mol  r a t i o   of  a b o u t   1 . 9 : 1   t o   5 . 5 : 1 )   and  s o  

f o r t h .   G e n e r a l l y ,   t h e s e   m i x e d   c r y s t a l   m a t e r i a l s   w i l l   c o n t a i n  

1 0 - 5 0   and  p r e f e r a b l y   1 5 - 4 5   mol%  of  t h e   p l a t i n u m - g r o u p   m e t a l  

o x i d e ( s )   and  t h e   b a l a n c e   n o n - p r e c i o u s   m e t a l   o x i d e s .   T h e s e  

mixed   c r y s t a l   m a t e r i a l s   a r e   p r o d u c e d   by  c o d e p o s i t i o n   of  t h e  

c o m p o n e n t s   and  form  a  s i n g l e   c r y s t a l l i n e   p h a s e   of  r u t i l e  

s t r u c t u r e .   H o w e v e r ,   t h e   m a t e r i a l   may  i n c l u d e   m i n o r   or  t r a c e  

a m o u n t s   of   c o d e p o s i t e d   o x i d e s   f i n e l y   d i s p e r s e d   in  t he   m i x e d  

c r y s t a l   m a t e r i a l   b u t   f o r m i n g   a  s e p a r a t e   c r y s t a l l i n e   p h a s e .  

Such  s e p a r a t e   c o d e p o s i t e d   o x i d e s   may  be  an  e x c e s s   of  one  of  t h e  

c o m p o n e n t s   of  t h e   m i x e d   c r y s t a l   m a t e r i a l ,   or  may  be  a  s e p a r a t e  

c o m p o n e n t   s u c h   as  a  d o p a n t .   The  p o r o s i t y   of   c o d e p o s i t e d   m i x e d  

c r y s t a l   m a t e r i a l s   i s   n o n - u n i f o r m   and  in  p r a c t i c e   t h e s e  

m a t e r i a l s   h a v e   a  s o - c a l l e d   m u d - c r a c k e d   a p p e a r a n c e .   I t   is   t h i s  

n o n - u n i f o r m   p o r o s i t y   w h i c h   p r o v i d e s   t h e   m i x e d   c r y s t a l   m a t e r i a l s  

w i t h   an  e x c e p t i o n a l l y   h i g h   s u r f a c e   a r e a .  

A d v a n t a g e o u s l y ,   t h e   m i x e d   c r y s t a l   m a t e r i a l   of  t he   p o r o u s  
m a t r i x   i s   a  c o a t i n g   k e y e d   t o   t he   s u r f a c e   of  a  v a l v e   m e t a l   b a s e  

p r i o r   t o   i n c o r p o r a t i o n   of  t h e   a p p l i e d   p l a t i n u m - g r o u p   m e t a l  

a n d / o r   o x i d e .   By  " v a l v e   m e t a l "   is  m e a n t   t i t a n i u m ,   z i r c o n i u m ,  

n i o b i u m ,   t a n t a l u m   and   t u n g s t e n   and ,   as  f a r   as  t h e   b a s e   i s  

c o n c e r n e d ,   t h i s   t e r m   i s   a l s o   meant   t o   c o v e r   a l l o y s   of  t h e s e  

m e t a l s   or   of   a t   l e a s t   one  of  t h e s e   m e t a l s   w i t h   a n o t h e r   m e t a l   o r  

m e t a l s   w h i c h   when  c o n n e c t e d   as  a n o d e   in  an  e l e c t r o l y t e   in  w h i c h  

the   c o a t e d   b a s e   i s   s u b s e q u e n t l y   to  o p e r a t e   as  a n o d e ,   t h e r e  

r a p i d l y   f o r m s   a  p a s s i v a t i n g   o x i d e   f i l m   p r o t e c t i n g   t h e  

u n d e r l y i n g   m e t a l   f rom  c o r r o s i o n   by  t h e   e l e c t r o l y t e .   For  m o s t  

a p p l i c a t i o n s ,   t i t a n i u m   w i l l   be  the   p r e f e r r e d   b a s e   m a t e r i a l .  

For   t h e   m a n u f a c t u r e   of   new  e l e c t r o d e s   a c c o r d i n g   to  t h e  

i n v e n t i o n ,   t h e   p o r o u s   m a t r i x   is   f o r m e d   by  c o m p o s i t i n g  



t h e r m a l l y   d e c o m p o s a b l e   p l a t i n u m - g r o u p   m e t a l   and  n o n - p r e c i o u s  

m e t a l   c o m p o u n d s   o n t o   a  v a l v e   m e t a l   b a s e   and  b a k i n g   in  a n  

o x i d i z i n g   a t m o s p h e r e   to   p r o d u c e   a  p o r o u s   c o a t i n g   p r e f e r a b l y  

h a v i n g   a  t h i c k n e s s   c o r r e s p o n d i n g   to   a t   l e a s t   a b o u t   5g/m2  o f  

t h e   p l a t i n u m   g r o u p   m e t a l   p l u s   n o n - p r e c i o u s   m e t a l .  

H o w e v e r ,   t h e   i n v e n t i o n   a l s o   a p p l i e s   to   t he   r e n e w a l   of  u s e d  

e l e c t r o d e s   and  in  t h i s   c a s e   t h e   p o r o u s   m a t r i x   c o n s i s t s   of  a  

u s e d   e l e c t r o c a t a l y t i c   c o a t i n g   of  a  d i m e n s i o n a l l y   s t a b l e  

e l e c t r o l y s i s   e l e c t r o d e .  

U n e x p e c t e d l y   good   r e s u l t s   h a v e   b e e n   o b t a i n e d   when  t h e  

p o r o u s   m i x e d   c r y s t a l   m a t e r i a l   is   u s e d   as  a  h i g h   s u r f a c e   a r e a  

h o s t   m a t r i x   to   s u p p o r t   a  s u b s e q u e n t l y - a d d e d   a d d i t i o n a l   c a t a l y s t  

in  a c c o r d a n c e   w i t h   t h e   c l a i m s ,   u s u a l l y   a  t h i n   l a y e r   o f  

p l a t i n u m - g r o u p   m e t a l   a n d / o r   o x i d e .   I t   i s   b e l i e v e d   t h a t   t h e  

c a t a l y s t ( s )   of  t h e   m i x e d   c r y s t a l   m a t e r i a l   and  t h e  

s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t ( s )   a c t   as  i t   were   i n  

t a n d e m   s i n c e   t h e   i n c r e a s e   in  p e r f o r m a n c e   i s   u s u a l l y   a  m u l t i p l e  

of  t he   p e r f o r m a n c e   one  wou ld   e x p e c t   f rom  t he   i n d i v i d u a l  

c a t a l y s t s   o p e r a t i n g   s e p a r a t e l y .   I t   s eems   l i k e l y   t h a t   t h e   h i g h  

s u r f a c e   a r e a   of   t h e   p o r o u s   m i x e d   c r y s t a l   h o s t   m a t r i x   m a x i m i z e s  

t h e   e f f e c t i v e n e s s   of   t h e   a d d i t i o n a l   or  a u x i l i a r y   c a t a l y s t   w h i l e  

a t   t h e   same  t i m e   t h e   e f f e c t   of  t h e   c a t a l y s t   in  t he   p o r o u s  
m a t r i x   i s   s u s t a i n e d .   For  mos t   c a t a l y s t   c o m b i n a t i o n s ,   t h e  

s y n e r g i s t i c   e f f e c t   i s   i n c r e a s e d   by  an  a n n e a l i n g   t r e a t m e n t  

d i s c u s s e d   in  d e t a i l   b e l o w ;   i t   t h e r e f o r e   seems  l i k e l y   t h a t   a  

p r o l o n g e d   h e a t   t r e a t m e n t   m o d i f i e s   t h e   mode  o f  

i n c o r p o r a t i o n / d i s t r i b u t i o n   of  t he   a d d i t i o n a l   c a t a l y s t   in  t h e  

h o s t   m a t r i x .   H o w e v e r ,   t he   A p p l i c a n t s   do  no t   wish   to   be  b o u n d   b y  

any  t h e o r i e s   in  t h e s e   r e s p e c t s .  

When  a  s i n g l e   a d d i t i o n a l   c a t a l y s t   is   u s e d ,   r h o d i u m   o x i d e ,  

p a l l a d i u m   o x i d e ,   i r i d i u m   o x i d e   and  p l a t i n u m   m e t a l   h a v e   a l l  

g i v e n   v e r y   good   r e s u l t s   when  added   to   a  p o r o u s   m a t r i x   b a s e d   o n  

r u t h e n i u m   o x i d e ,   e . g .   r u t h e n i u m - t i t a n i u m   o x i d e .  

E x c e l l e n t   r e s u l t s   h a v e   b e e n   o b t a i n e d   w i t h   one  t y p e   o f  

c o m b i n a t i o n   in  w h i c h   t h e   a p p l i e d   comprenent   c o m p r i s e s   p l a t i n u m  

m e t a l   and  a t   l e a s t   one  o x i d e   of  r h o d   p a l l a d i u m   and  i r i d i u m  



w i t h   r u t h e n i u m   o x i d e   as  an  o p t i o n a l   t h i r d   c o m p o n e n t .  

In  a n o t h e r   t y p e   of   c o m b i n a t i o n   t h a t   h a s   p r o d u c e d  

o u t s t a n d i n g   r e s u l t s ,   t h e   a p p l i e d   c o m p o n e n t   c o m p r i s e s   a t   l e a s t  

two  o x i d e s   of  r u t h e n i u m ,   r h o d i u m ,   p a l l a d i u m   and  i r i d i u m .   T h e  

b e s t   r e s u l t s   t o   d a t e   h a v e   been   o b t a i n e d   w i t h   the   f o l l o w i n g  

c o m b i n a t i o n s   on  a  r u t h e n i u m - t i t a n i u m   o x i d e   m a t r i x   (or   a  

r u t h e n i u m - t i n   o x i d e   m a t r i x )  :   r h o d i u m - p a l l a d i u m   o x i d e s ,  

r h o d i u m - p a l l a d i u m - i r i d i u m   o x i d e s ,   r h o d i u m - i r i d i u m   o x i d e s ,  

r u t h e n i u m - r h o d i u m   o x i d e s ,   p a l l a d i u m - i r i d i u m   o x i d e s ,   a n d  

r u t h e n i u m - p a l l a d i u m - i r i d i u m   o x i d e s .   The  f o u r   o x i d e s   may  o f  

c o u r s e   a l s o   be  c o m b i n e d   in  v a r i o u s   p r o p o r t i o n s .  

In  one  a d v a n t a g e o u s   e m b o d i m e n t ,   t he   a d d i t i o n a l   c a t a l y s t   i s  

c o m p o s e d   of  r h o d i u m - p a l l a d i u m   o x i d e s   r a n g i n g   from  95 :5   to  5 : 9 5  

w e i g h t %   r h o d i u m   t o   p a l l a d i u m .  

A n o t h e r   e x c e l l e n t   a d d i t i o n a l   c a t a l y s t   c o m b i n a t i o n   i s  

r u t h e n i u m - r h o d i u m   o x i d e s   h a v i n g   10-40%  r u t h e n i u m   and  6 0 - 9 0 %  

r h o d i u m   by  w e i g h t   of   t h e   m e t a l s .  

In  a n o t h e r   a d v a n t a g e o u s   e m b o d i m e n t ,   t h e   a d d i t i o n a l  

c a t a l y s t   i s   c o m p o s e d   of   r u t h e n i u m - p a l l a d i u m - i r i d i u m   o x i d e s  

c o n t a i n i n g   f rom  5 0 - 9 0 %   r u t h e n i u m ,   5-25%  p a l l a d i u m ,   and  5 - 2 5 %  

i r i d i u m ,   a l l   by  w e i g h t   of  t he   m e t a l s .  

Yet   a n o t h e r   a d v a n t a g e o u s   c o m b i n a t i o n   of  a d d i t i o n a l  

c a t a l y s t s   is   r h o d i u m - p a l l a d i u m - i r i d i u m   o x i d e s   in  t he   r a t i o  

50-90%  r h o d i u m ,   5 -25%  p a l l a d i u m   and  5-25%  i r i d i u m ,   a l l   b y  

w e i g h t   of  t h e   m e t a l s .  

G e n e r a l l y   s p e a k i n g ,   t h e   a d d i t i o n a l   c a t a l y s t   w i l l   b e  

v a l v e - m e t a l   f r e e   and   in  any  e v e n t   t h e   a d d i t i o n a l   c a t a l y s t   w i l l  

c o n s i s t   of  a t   l e a s t   90%  and  a d v a n t a g e o u s l y   95%  or  more  b y  

w e i g h t   of   c a t a l y t i c   m a t e r i a l s ,   i . e . ,   s p e c i f i c a l l y   e x c l u d i n g   a n y  

s i g n i f i c a n t   a m o u n t   of  i n e r t   m a t e r i a l s   such   as  v a l v e   m e t a l  

o x i d e s .   In  a d d i t i o n   to   t h e   p l a t i n u m - g r o u p   m e t a l s   a n d / o r  

p l a t i n u m   g r o u p   m e t a l   o x i d e s   i t   w i l l   in  some  i n s t a n c e s   b e  

a d v a n t a g e o u s   t o   i n c o r p o r a t e   n o n - p r e c i o u s   c a t a l y t i c   m a t e r i a l  

s u c h   as  t h e   o x i d e s   of   c o b a l t ,   n i c k e l ,   i r o n ,   l e a d ,   m a n g a n e s e   a n d  

t i n   or  t i n / b i s m u t h ,   t i n / a n t i m o r y   ar.,  t h e   s u b s e q u e n t l y - a p p l i e d  

a d d i t i o n a l   c a t a l y s t s .   I n c o r p   of  t h e s e   c a t a l y t i c  



n o n - p r e c i o u s   m e t a l   o x i d e s   in  t h e   a d d i t i o n a l   c a t a l y s t   i s  

p a r t i c u l a r l y   a d v a n t a g e o u s   when  m i x e d   or  c o m b i n e d   w i t h   a t   l e a s t  

one   p l a t i n u m   g r o u p   m e t a l   a n d / o r   o x i d e .  

A n o t h e r   a s p e c t   of  t h e   i n v e n t i o n   c o n s i s t s   of  t h e   c o m p o s i t e  

c a t a l y t i c   m a t e r i a l   w h e r e i n   t h e   p o r o u s   m a t r i x   i s   a  c a t a l y t i c  
m i x e d   c r y s t a l   m a t e r i a l   c o m p r i s i n g   a t   l e a s t   one  p l a t i n u m - g r o u p  

m e t a l   o x i d e   and  a t   l e a s t   one  c o - f o r m e d   n o n - p r e c i o u s   m e t a l   o x i d e  

f o r m i n g   a  p o r o u s   h i g h   s u r f a c e   a r e a   c o a t i n g   on  a  v a l v e   m e t a l  

b a s e ,   t h e   s u b s e q u e n t l y - a p p l i e d   p l a t i n u m   g r o u p   m e t a l   a n d / o r  

o x i d e   b e i n g   d i s p e r s e d   in  t h i s   s t r u c t u r e   by  c h e m i d e p o s i t i o n   f r o m  

an  e s s e n t i a l l y   n o n - p r e c i o u s   m e t a l   f r e e   s o l u t i o n   of  a t   l e a s t   o n e  

t h e r m o d e c o m p o s a b l e   p l a t i n u m - g r o u p   m e t a l   compound   f o l l o w e d   b y  

a n n e a l i n g   w h e r e b y  b o t h   (a)   t h e   p l a t i n u m - g r o u p   m e t a l   o x i d e   o f  

t h e   p r e f o r m e d   m a t r i x   and  (b)  t h e   a p p l i e d   p l a t i n u m   g r o u p   m e t a l  

a n d / o r   o x i d e   d i s p o s e d   i n s i d e   t h e   s t r u c t u r e   a r e   e x p o s e d   t h r o u g h  
t h e   p o r e s   of  t h e   c o m p o s i t e   e l e c t r o c a t a l y t i c   m a t e r i a l   t o   t h e  

med ium  c o n t a c t i n g   t h e   o u t e r   f a c e   of  t h e   c o m p o s i t e   c a t a l y t i c  

m a t e r i a l .  

The  e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l s   d e s c r i b e d   a b o v e  

may  be  p r o d u c e d   b y :  

p r o v i d i n g   a  p o r o u s   m a t r i x   w h i c h   i s   a  c a t a l y t i c   m a t e r i a l  

c o m p r i s i n g   at   l e a s t   one  p l a t i n u m - g r o u p   m e t a l   o x i d e   and  a t  

l e a s t   one  n o n - p r e c i o u s   m e t a l   o x i d e   m i x e d   i n t i m a t e l y   in  a  

p o r o u s   h i g h   s u r f a c e   a r e a   s t r u c t u r e ,   p r e f e r a b l y   a  m i x e d  

c r y s t a l   m a t e r i a l   of  r u t i l e   s t r u c t u r e ;  

i m p r e g n a t i n g   t he   p o r o u s   m a t r i x   w i t h   e i t h e r   an  e s s e n t i a l l y  

n o n - p r e c i o u s   m e t a l   f r e e   s o l u t i o n   c o n t a i n i n g   a t   l e a s t   o n e  

t h e r m o d e c o m p o s a b l e   p l a t i n u m - g r o u p   m e t a l   c o m p o u n d   o r ,   m o r e  

b r o a d l y ,   a  s o l u t i o n   c o n t a i n i n g   c o m p o u n d s   w h i c h   a r e  

d e c o m p o s a b l e   to  form  a  m o d i f i e d   c a t a l y s t   of  d i f f e r e n t  

c o m p o s i t i o n   to  t he   m i x e d   c a t a l y t i c   m a t e r i a l   of  t h e   p o r o u s  

m a t r i x ,   the   m o d i f i e r   c a t a l y s t   c o n t a i n i n g   a t   l e a s t   90%  b y  

w e i g h t   of  a  c a t a l y s e   m a t e r i a l ;  



and  h e a t   t r e a t i n g   t h e   i m p r e g n a t e d   p o r o u s   m a t r i x   to   c o n v e r t  

t h e   c o m p o u n d ( s )   t o   a t   l e a s t   one  p l a t i n u m - g r o u p   m e t a l  

a n d / o r   o x i d e   o r   o t h e r   m o d i f i e r   c a t a l y s t   d i s p e r s e d  

t h r o u g h o u t   t h e   p o r o u s   m a t r i x .  

The  h e a t   t r e a t m e n t   may  t a k e   p l a c e   in  an  o x i d i z i n g  

a t m o s p h e r e   s u c h   as  a i r   or   in  c o n t r o l l e d   n o n - o x i d i z i n g   o r  

p a r t i a l l y   o x i d i z i n g   c o n d i t i o n s   i . e .   in  a  r e d u c i n g ,   i n e r t   o r  

m i l d l y   o x i d i z i n g   a t m o s p h e r e   s u c h   an  a m m o n i a - a i r   m i x t u r e   or  a  

n i t r o g e n - h y d r o g e n   m i x t u r e .   A  r e d u c i n g   a g e n t   may  a l s o   b e  

i n c l u d e d   in  t h e   s o l u t i o n .   Each  a p p l i e d   c o a t   is   s u b j e c t e d   to   a 

s h o r t   h e a t   t r e a t m e n t   to   c o n v e r t   t he   c o m p o u n d ( s )   to   t h e   m e t a l  

a n d / o r   o x i d e   and  a f t e r   a p p l i c a t i o n   of  t h e   f i n a l   c o a t   t he   h e a t  

t r e a t m e n t   i s   p r e f e r a b l y   c o m p l e t e d   by  a n n e a l i n g   in  a i r   a t   a  

t e m p e r a t u r e   of  f rom  300  to   600°C  f o r   up  to   100  h o u r s .  

E x c e l l e n t   r e s u l t s   h a v e   b e e n   o b t a i n e d   w i t h   s u c h   a  p o s t   h e a t  

t r e a t m e n t   a t   4 5 0 - 5 5 0 ° C   f o r   f rom  2 -30   h o u r s .  

For   many  a d d i t i o n a l   c a t a l y s t s   t h i s   p o s t   h e a t   t r e a t m e n t   h a s  

b e e n   f o u n d   to   p r o v i d e   a  r e m a r k a b l e   i n c r e a s e   in  p e r f o r m a n c e .  

T h i s   i s   s o m e t i m e s   l i n k e d   w i t h   b a k i n g   in  n o n - o x i d i z i n g   o r  

p a r t i a l   o x i d i z i n g   c o n d i t i o n s   w h e r e b y   t h e   a d d i t i o n a l   c a t a l y s t   i s  

i n i t i a l l y   f o r m e d   as  a  m e t a l   or  a  p a r t l y   o x i d i z e d   m e t a l ,  

e s p e c i a l l y   f o r   a d d i t i o n a l   c a t a l y s t s   i n c l u d i n g   p a l l a d i u m .   I n  

t h i s   c a s e   t h e   p o s t   h e a t   t r e a t m e n t   in  a i r   s e r v e s   to   o x i d i z e   o r  

t o   c o m p l e t e   o x i d a t i o n   of  t h e   a d d i t i o n a l   c a t a l y s t .   H o w e v e r ,   t h e  

p o s t   h e a t   t r e a t m e n t   i s   a l s o   b e n e f i c i a l   when  t he   a d d i t i o n a l  

c a t a l y s t   is   i n i t i a l l y   f o r m e d   in  o x i d i z i n g   c o n d i t i o n s   and  m a y  
a l r e a d y   be  c o m p l e t e l y   o x i d i z e d .  

The  e f f e c t   of  t h i s   p o s t   h e a t   t r e a t m e n t   i s   q u i t e   s u r p r i s i n g  

s i n c e   t h e   same  b e n e f i c i a l   e f f e c t   is  no t   o b s e r v e d   to   t he   s a m e  

d e g r e e   w i t h   s t a n d a r d   c o a t i n g s   c o m p r i s i n g   one  or  m o r e  

p l a t i n u m - g r o u p   m e t a l   o x i d e s   c o d e p o s i t e d   w i t h   a  v a l v e   m e t a l  

o x i d e   as  a  m i x e d   c r y s t a l .  

T h u s ,   t h e   p o s t   h e a t   t r e a t m e n t   has   an  a n n e a l i n g   e f f e c t  

w h i c h   in  some  i n s t a n c e s   is   a s s o c i a t e d   w i t h   a  d i s t r i b u t i o n   o r  

e q u a l i z a t i o n   of  LTe  a d d i t i o n a l   c a t a l y s t   in  t he   m a t r i x .   W i t h o u t  



p o s t   h e a t   t r e a t m e n t   t h e r e   may  be  a  p r o n o u n c e d   n o n - u n i f o r m  

d i s t r i b u t i o n   of  t h e   a d d i t i o n a l   c a t a l y s t   w i t h   g r e a t e r   d e n s i t y   o f  

t h e   a u x i l i a r y   c a t a l y s t   n e a r   t h e   s u r f a c e .   A f t e r   p o s t   h e a t  

t r e a t m e n t ,   t h e   a d d i t i o n a l   c a t a l y s t   is   more  u n i f o r m l y  

d i s t r i b u t e d   ( b u t   r a r e l y   e n t i r e l y   u n i f o r m l y   d i s t r i b u t e d )   in  t h e  

m a t r i x .   T h e r e f o r e ,   one  of  t he   c h a r a c t e r i s t i c s   of  m o s t  

c o m p o s i t e   c a t a l y t i c   m a t e r i a l s   of  t h e   i n v e n t i o n   i s   a  n o n - u n i f o r m  

d i s t r i b u t i o n   of  t h e   a d d i t i o n a l   c a t a l y s t   t h r o u g h o u t   t h e  

t h i c k n e s s   of  t h e   m a t e r i a l .  

When  t h e   c o m p o s i t e   c a t a l y t i c   m a t e r i a l   of  t h e   i n v e n t i o n   i s  

to   be  u sed   in  p a r t i c u l a t e   fo rm,   e . g .   in  a  s o - c a l l e d   s o l i d  

p o l y m e r   e l e c t r o l y t e   (SPE)  c e l l   or  in  a  f l u i d i z e d   bed  c e l l ,   t h e  

m e t h o d   of  t h e   i n v e n t i o n   may  c o m p r i s e   f i r s t   f o r m i n g   p o r o u s  
m a t r i x   p a r t i c l e s   of  an  e l e c t r o c a t a l y t i c   m i x e d   c r y s t a l   m a t e r i a l  

of  a t   l e a s t   one  p l a t i n u m   g r o u p   m e t a l   o x i d e   and  a t   l e a s t   o n e  

n o n - p r e c i o u s   m e t a l   o x i d e   f o r   e x a m p l e   by  s p r a y i n g   a  s o l u t i o n   o f  

t h e r m o d e c o m p o s a b l e   c o m p o u n d s   of  t h e   c o m p o n e n t s   i n t o   a i r   h e a t e d  

to   a b o u t   4 0 0 - 5 0 0 ° C   in  a  c o n v e n t i o n a l   s p r a y   d r y i n g   a p p a r a t u s ,  

or  a l t e r n a t i v e l y   u s i n g   c o p r e c i p i t a t i o n   t e c h n i q u e s .  

The  m a t r i x   p a r t i c l e s   a r e   t h e n   mixed   i n t o   a  s o l u t i o n   o f  

t h e r m o d e c o m p o s a b l e   c o m p o u n d s   of  t h e   a u x i l i a r y   c a t a l y s t s ,   d r i e d  

in  a  c o n v e n t i o n a l   p a r t i c l e   d r y i n g   a p p a r a t u s   and  h e a t e d   in  a i r  

or  a  r e d u c i n g   a t m o s p h e r e ,   o p t i o n a l l y   f o l l o w e d   by  a  p r o l o n g e d  

h e a t   t r e a t m e n t   as  o u t l i n e d   a b o v e .   A l t e r n a t i v e l y ,   s u p p o r t  

p a r t i c l e s   of  v a r i o u s   m a t e r i a l s   s u c h   as  f i l m - f o r m i n g   m e t a l s   c a n  

be  c o a t e d   w i t h   an  e l e c t r o c a t a l y t i c   m ixed   c r y s t a l   m a t e r i a l   of  a  

p l a t i n u m   g r o u p   m e t a l   o x i d e   and  a t   l e a s t   one  n o n - p r e c i o u s   m e t a l  

o x i d e   f o r m i n g   a  p o r o u s   m a t r i x   f o r   a  s u b s e q u e n t l y   a d d e d   c a t a l y s t  

f o r   e x a m p l e   one  or  more  of  t he   o x i d e s   of  r u t h e n i u m ,   r h o d i u m ,  

p a l l a d i u m   and  i r i d i u m .   T h e s e   c a t a l y t i c   p a r t i c l e s ,   and  i n  

p a r t i c u l a r   t h o s e   w i t h   f a v o u r a b l e   p r o p e r t i e s   f o r   o x y g e n  

e v o l u t i o n   from  a c i d   e l e c t r o l y t e s ,   may  t h e n   f o r   e x a m p l e   b e  

p r e s s e d   i n t o   a  s u p p o r t i n g   l e a d   s u b s t r a t e   as  d i s c l o s e d   in  U . S .  

P a t e n t   4  425  217.   A l t e r n a t i v e l y ,   t h e y   may  be  i n c o r p o r a t e d   in  a  

n a r r o w   c7.:  e l e c t r o l y s i s   c e l l   e . g .   by  b o n d i n g   to  a  m e m b r a n e ,   a s  

d i s c l o s e   f l u r o p e a n   P a t e n t   P u b l i c a t i o n   0  Cai  2 5 1 .  



A  f u r t h e r   a s p e c t   of  t h e   i n v e n t i o n   i s   a  c a t a l y t i c  

e l e c t r o l y s i s   e l e c t r o d e   c o m p r i s i n g   as  e l e c t r o c a t a l y s t   t h e  

c a t a l y t i c   m a t e r i a l   as  s e t   ou t   a b o v e   and  in  the   c l a i m s   or  a s  

p r o d u c e d   by  t h e   m e t h o d s   as  s e t   o u t   a b o v e   and  in  t h e   c l a i m s .  

The  i n v e n t i o n   a l s o   p e r t a i n s   t o   a  m e t h o d   of  r e n e w i n g   a  u s e d  

c o a t i n g   of   a  d i m e n s i o n a l l y   s t a b l e   e l e c t r o l y s i s   e l e c t r o d e   h a v i n g  

a  v a l v e   m e t a l   b a s e   and  a  p o r o u s   e l e c t r o c a t a l y t i c   c o a t i n g  

c o m p r i s i n g   a t   l e a s t   one  o x i d e   of  a  p l a t i n u m - g r o u p   m e t a l   and  a t  

l e a s t   one   n o n - p r e c i o u s   m e t a l   o x i d e   w i t h o u t   r e c o a t i n g   t h e  

e l e c t r o d e   w i t h   a  s i m i l a r   new  c o a t i n g .   T h i s   m e t h o d   c o m p r i s e s  

i m p r e g n a t i n g   t h e   p o r o u s   u sed   c o a t i n g   w i t h   an  e s s e n t i a l l y  

n o n - p r e c i o u s   m e t a l   f r e e   s o l u t i o n   c o n t a i n i n g   at  l e a s t   o n e  

t h e r m o d e c o m p o s a b l e   p l a t i n u m - g r o u p   m e t a l   c o m p o u n d .   T h e  

i m p r e g n a t e d   p o r o u s   c o a t i n g   i s   t h e n   h e a t e d   to   c o n v e r t   t h e  

c o m p o u n d ( s )   t o   a t   l e a s t   one  p l a t i n u m - g r o u p   m e t a l   a n d / o r   o x i d e  

d i s p e r s e d   t h r o u g h o u t   t h e   p o r o u s   c o a t i n g .  

An  a l t e r n a t i v e   m e t h o d   of  r e n e w i n g   t h e   used   c o a t i n g   of  a  

d i m e n s i o n a l l y   s t a b l e   e l e c t r o l y s i s   e l e c t r o d e   of  t h e   t y p e   h a v i n g  

a  v a l v e   m e t a l   b a s e   and  a  p o r o u s   e l e c t r o c a t a l y t i c   c o a t i n g  

c o m p r i s i n g   a t   l e a s t   one  o x i d e   of  a  p l a t i n u m - g r o u p   m e t a l   and  a t  

l e a s t   one   n o n - p r e c i o u s   m e t a l   o x i d e   c o m p r i s e s   i m p r e g n a t i n g   t h e  

p o r o u s   u s e d   c o a t i n g   w i t h   an  e s s e n t i a l l y   n o n - p r e c i o u s   m e t a l   f r e e  

s o l u t i o n   c o n t a i n i n g   a t   l e a s t   one  t h e r m o d e c o m p o s a b l e  

p l a t i n u m - g r o u p   m e t a l   compound   and  h e a t   t r e a t i n g   t h e   i m p r e g n a t e d  

p o r o u s   c o a t i n g   in  a  n o n - o x i d i z i n g   or  p a r t i a l l y   o x i d i z i n g  

a t m o s p h e r e   f o l l o w e d   by  a n n e a l i n g   in  a i r   a t   a  t e m p e r a t u r e   o f  

f rom  300  to   6 0 0 ° C   f o r   up  to   100  h o u r s   to   c o n v e r t   t h e  

c o m p o u n d ( s )   t o   a t   l e a s t   one  p l a t i n u m - g r o u p   m e t a l   a n d / o r   o x i d e  

d i s p e r s e d   t h r o u g h o u t   t h e   p o r o u s   c o a t i n g .   The  e l e c t r o d e   w i t h  

t he   t h u s   a c t i v a t e d   c o a t i n g   can   t h e n   be  u s e d   fo r   e l e c t r o l y s i s ,  

or  i t   i s   p o s s i b l e   to   a p p l y   on  t o p   a  new  c o a t i n g   of  s i m i l a r  

c o r p o s i t i o n   t o   t h e   o l d   o n e ,   as  t a u g h t   in  US  P a t e n t   4  446  2 4 5 .  

Such   m e t h o d s   of  r e n e w a l   f i n d   p a r t i c u l a r   a d v a n t a g e   when  i t  

is  d e c i d e d   t o   c o n v e r t   a  c h l o r - a l k a l i   d i a p h r a g m   c e l l   t o   t h e  

a c r o - e x c h a n g e   m e m b r a n e   p r o c e s s .  



D i m e n s i o n a l l y   s t a b l e   a n o d e s   r e n e w e d   by  t h e   m e t h o d s   s e t   o u t  

a b o v e   c o n s t i t u t e   a n o t h e r   a s p e c t   of  t h e   i n v e n t i o n .  

F i n a l l y ,   t h e   i n v e n t i o n   a l s o   p e r t a i n s   to   a  m e t h o d   o f  

e l e c t r o l y s i s   w h e r e i n   e l e c t r o l y s i s   c u r r e n t   i s   p a s s e d   b e t w e e n  

e l e c t r o d e s   in  an  e l e c t r o l y t e ,   a t   l e a s t   one  of  t h e   e l e c t r o d e s  

i n c l u d i n g   a  p o r o u s   c a t a l y s t   h a v i n g   an  o u t e r   f a c e   in  c o n t a c t  

w i t h   t h e   e l e c t r o l y t e ,   w h e r e i n   t h e   c a t a l y s t   i s   t h e   c a t a l y t i c  

m a t e r i a l   as  s e t   ou t   a b o v e   and  in  t h e   c l a i m s   or  as  p r o d u c e d   b y  

t h e   m e t h o d s   s e t   ou t   a b o v e   and  in  t h e   c l a i m s .   M o r e  

s p e c i f i c a l l y ,   a  p a r t i c u l a r l y   a d v a n t a g e o u s   a p p l i c a t i o n   of  t h e  

i n v e n t i o n   i s   t h e   p r o d u c t i o n   of  c h l o r i n e / c a u s t i c   in  a n  

i o n - e x c h a n g e   m e m b r a n e   c e l l   u s i n g   a n o d e s   h a v i n g   c a t a l y t i c  

c o a t i n g s   p r o d u c e d   by  r e n e w i n g   or  c o n v e r t i n g   t he   c o a t i n g s   o f  

d i a p h r a g m - c e l l   a n o d e s   as  s e t   ou t   a b o v e .  

BEST  MODES  OF  CARRYING  OUT  THE  INVENTION 

The  i n v e n t i o n   w i l l   be  f u r t h e r   d e s c r i b e d   in  t h e   f o l l o w i n g  

E x a m p l e s .  

EXAMPLE  1 

T i t a n i u m   c o u p o n s   m e a s u r i n g   a p p r o x i m a t e l y   20  x  100  x  1 .5   mm 

were   d e g r e a s e d ,   r i n s e d   in  w a t e r ,   d r i e d ,   e t c h e d   f o r   6  h o u r s   i n  

10%  o x a l i c   a c i d   a t   950C,  and  t h e n   w a s h e d   in  w a t e r .   They   w e r e  

t h e n   c o a t e d   w i t h   a  s o l u t i o n   of  6  ml  n - p r o p a n o l ,   0 . 4   ml  HC1 

( c o n c e n t r a t e d ) ,   3 .2   ml  b u t y l   t i t a n a t e   and  1  g  R u C l 3 .   In  a l l ,  

f i v e   c o a t s   were   a p p l i e d ,   e a c h   c o a t   b e i n g   h e a t e d   in  a i r   a t  

500°C  f o r   t e n   m i n u t e s .   T h i s   p r o d u c e d   e l e c t r o d e s   w i t h   a  

r u t h e n i u m - t i t a n i u m   o x i d e   mixed   c r y s t a l   c o a t i n g   in  a n  

a p p r o x i m a t e l y   3 0 / 7 0   mol  r a t i o   and  c o n t a i n i n g   a p p r o x i m a t e l y   8  

g/m2  of  r u t h e n i u m .   The  mixed   c r y s t a l   c o a t i n g   had   p o r o u s  

m u d - c r a c k e d   c o n f i g u r a t i o n   and  was  u s e d   as  h o s t   m a t r i x   f o r  

a d d i t i o n a l   c a t a l y s t s   as  f o l l o w s .  

The  p o r o u s   m i x e d   c r y s t a l   c o a t i n g s   were   i m p r e g n a t e d   w i t h   a  



s o l u t i o n   c o n t a i n i n g   v a r i o u s   q u a n t i t i e s   of  r h o d i u m   c h l o r i d e  

a n d / o r   p a l l a d i u m   c h l o r i d e   in  10ml  i s o p r o p y l   a l c o h o l ,   0 . 4 m l   HC1 

(37%)  and  10ml  of   l i n a l o o l .   Four   a p p l i c a t i o n s   were  made  a n d  

a f t e r   e a c h   i m p r e g n a t i o n   t h e   e l e c t r o d e s   were   h e a t e d   in  a n  

a m m o n i a - a i r   m i x t u r e   ( o r ,   in  t he   c a s e   of  e l e c t r o d e s   #53  and  # 3 1 ,  

in  a  n i t r o g e n - h y d r o g e n   m i x t u r e   or  in   a i r )   a t   500°C  f o r   t e n  

m i n u t e s .   Then   t h e   e l e c t r o d e s   we re   s u b m i t t e d   to   a  f i n a l   h e a t  

t r e a t m e n t   in  a i r   f o r   20  h o u r s   a t   5 0 0 ° C .   T h i s   p r o d u c e d  

c o a t i n g s   w i t h   a  r u t h e n i u m - t i t a n i u m   o x i d e   m a t r i x   t h r o u g h o u t  

w h i c h   r h o d i u m   o x i d e   a n d / o r   p a l l a d i u m   o x i d e   was  d i s t r i b u t e d .  

The  a m o u n t   of   t he   a d d i t i o n a l   c a t a l y s t   c o r r e s p o n d e d   t o  

a p p r o x i m a t e l y   5  g/m2  of  r h o d i u m   a n d / o r   p a l l a d i u m   fo r   e a c h  

e l e c t r o d e .   The  a m o u n t s   of  r h o d i u m   and  p a l l a d i u m   in  e a c h  

e l e c t r o d e   a r e   shown  in  T a b l e   1.  The  e l e c t r o d e s   were   t h e n  

s u b j e c t e d   to   t he   f o l l o w i n g   t e s t s   and   t h e   r e s u l t s   a r e   shown  i n  

T a b l e   1 .  

T e s t   P r o c e d u r e s  

The  e l e c t r o d e s   we re   s u b j e c t e d   t o   a c c e l e r a t e d   l i f e t i m e  

t e s t s   (a )   in  1 8 0 g / l   H2SO4  w i t h o u t   e x t e r n a l   h e a t i n g   i . e .   a t  

a b o u t   30°C  and  a t   an  a n o d e   c u r r e n t   d e n s i t y   of  15  kA/m2  a n d  

(b)  in   30%  NaOH  a t   9 5 - 9 6 0 C   and  a t   an  a n o d e   c u r r e n t   d e n s i t y   o f  

28  k A / m 2 .   The  e l e c t r o d e   l i f e t i m e s   u n d e r   c u r r e n t   r e v e r s a l  

c o n d i t i o n s   ( p o l a r i t y   i n v e r s i o n   e v e r y   2  m i n u t e s )   were   m e a s u r e d  

a t   an  a n o d e   c u r r e n t   d e n s i t y   of  20  kA/m2  (a)   in  180  g / 1  

H2S04  a t   30°C  and  (b)  25%  NaCl  a t   80°C  and  pH  3 - 4 .   A l l  

of  t h e s e   l i f e t i m e s   a r e   g i v e n   in  h o u r s   in   t h e   T a b l e s .  

The  h a l f - c e l l   p o t e n t i a l s   f o r   o x y g e n   and  c h l o r i n e   e v o l u t i o n  

were   m e a s u r e d   a t   an  a n o d e   c u r r e n t   d e n s i t y   o f  

5  kA/m2  in  180  g /1   H2SO4  and  in  25%  NaCl  of  pH  2 - 3 ,   b o t h  

at   8 0 ° C .   The  m e a s u r e d   v a l u e s   were   r e l a t e d   to   a  n o r m a l  

h y d r o g e n   e l e c t r o d e   (NHE)  and  a r e   r e p o r t e d   in  T a b l e   1  i n  

m i l l i v o l t s .   T h e s e   v a l u e s   h a v e   n o t   b e e n   c o r r e c t e d   f o r   o h m i c  

d r o p .  



All   t h e s e   e l e c t r o d e s   h a v e   v e r y   good   p e r f o r m a n c e .  

S a m p l e s   #5  and  #6  a r e   o u t s t a n d i n g .   H e a t i n g   of  t h e   r h o d i u m   o x i d e  

c o n t a i n i n g   e l e c t r o d e   #53  in  n i t r o g e n - h y d r o g e n   i m p r o v e d   t h e  

p e r f o r m a n c e   c o m p a r e d   t o   #27  w h i c h   was  h e a t e d   in  a m m o n i a - a i r .  

The  s i m i l a r   e l e c t r o d e   #31  b a k e d   in  a i r   had   s l i g h t l y   l o w e r  

l i f e t i m e s   in  t he   a c c e l e r a t e d   t e s t s   b u t   an  e x c e l l e n t   l i f e t i m e   o f  

85  h o u r s   in  t h e   c u r r e n t   r e v e r s a l   t e s t   in   b r i n e .  

EXAMPLE  2 

F u r t h e r   e l e c t r o d e s   we re   p r e p a r e d   w i t h   t h e   same  t o t a l  

c o n t e n t   of  s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t   ( 1 . 5 g   Rh 

and  3 . 5 g   Pd)  as  s a m p l e   #1  of  E x a m p l e   1  b u t   v a r y i n g   o t h e r  

p a r a m e t e r s .   C o m p a r a t i v e   e l e c t r o d e s   w i t h   t h e   same  o v e r a l l  

c a t a l y s t   l o a d i n g   were   a l s o   p r e p a r e d .   T h e s e   e l e c t r o d e s   w e r e  

s u b j e c t e d   to   t he   same  t e s t s   and  t he   r e s u l t s   a r e   shown  in  T a b l e  

2 .  



By  s u b j e c t i n g   t h e   t i t a n i u m   s u b s t r a e   of  t h e   e l e c t r o d e   #7  

to   a  p r e - h e a t   t r e a t m e n t   a t   500°C  in  a i r  f o r   20  h o u r s ,   t h e  

a c i d   l i f e t i m e   was  i n c r e a s e d   to   316  h o r  s.  For   s a m p l e   #8,  t h e  

r e d u c i n g   a g e n t   l i n a l o o l   was  o m i t t e d   from  t he   a c t i v a t i n g  



s o l u t i o n   and  t h e   o v e r a l l   p e r f o r m a n c e   of  t h e   e l e c t r o d e   i m p r o v e d  

m a r g i n a l l y   o v e r   s a m p l e   #1.   For  s a m p l e   #10,   l i n a l o o l   was  a l s o  

o m i t t e d   and  c o n v e r s i o n   of  t h e   Rh/Pd  s o l u t i o n   was  done   in  a i r  

i n s t e a d   of  in  a i r / a m m o n i a .   The  r e s u l t i n g   e l e c t r o d e   had  a  p o o r  
a c i d   l i f e t i m e .   For  s a m p l e   #3,  c o n v e r s i o n   was  c a r r i e d   o u t   i n  

a i r   i n s t e a d   of  a i r / a m m o n i a .   In  t h i s   c a s e ,   t h e   a c c e l e r a t e d   a c i d  

l i f e t i m e  w a s   112  h o u r s .   T h u s ,   f o r   t h i s   c a t a l y s t   c o m b i n a t i o n   i t  

is   e v i d e n t l y   v e r y   b e n e f i c i a l   to   d e p o s i t   t h e   Rh /Pd   in  a  r e d u c e d  

or  p a r t i a l l y   o x i d i z e d   s t a t e   and  f o l l o w   t h i s   by  a n  

o x i d i z i n g / a n n e a l i n g   t r e a t m e n t .  

S a m p l e s   #11 ,   #12  and  #14  were   s u b j e c t e d   to   p o s t   h e a t  

t r e a t m e n t s   in  a i r   a t   500°C  f o r   d i f f e r e n t   d u r a t i o n s .   S a m p l e  

#11  w i t h   a  3  h o u r   t r e a t m e n t   d e m o n s t r a t e s   q u i t e   g o o d  

p e r f o r m a n c e .   S a m p l e   #14  w i t h   a  90  h o u r   t r e a t m e n t   has   a n  

e x c e l l e n t   l i f e t i m e   in  t h e   a c c e l e r a t e d   a c i d   t e s t .  

The  s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t   of  s a m p l e  

#58  c o n s i s t e d   of  c o d e p o s i t e d   r h o d i u m / p a l l a d i u m / t i t a n i u m   o x i d e s  

c o n t a i n i n g   1 . 5 g   Rh,  3 . 5 g   Pd  and  0 . 5 g   T i ,   o b t a i n e d   by  i n c l u d i n g  

b u t y l   t i t a n a t e   in  t h e   s o l u t i o n .   T h i s   c o n s i d e r a b l y   d e c r e a s e d  

t h e   a c i d   l i f e t i m e   and  i n c r e a s e d   t h e   o x y g e n - e v o l u t i o n   p o t e n t i a l  

c o m p a r e d   to   #1.   The  l i f e t i m e   in  t he   c u r r e n t   r e v e r s e   t e s t   i n  

b r i n e   was  g o o d .  

In  s a m p l e   #59,   t he   mol  r a t i o   of   r u t h e n i u m   o x i d e   t o  

t i t a n i u m   o x i d e   in  t h e   m a t r i x   was  a d j u s t e d   t o   1 5 / 8 5 .   T h i s  

e l e c t r o d e   has   good  a l l   r o u n d   p e r f o r m a n c e   w i t h   a  h i g h   o x y g e n  

e v o l u t i o n   p o t e n t i a l   w h i c h   makes   i t   u s e f u l   in  p r o c e s s e s   w h e r e  

o x y g e n   e v o l u t i o n   is   u n d e s i r a b l e ,   f o r   e x a m p l e   c h l o r i n e   o r  

c h l o r a t e   p r o d u c t i o n .  

The  r e s u l t s   f o r   s a m p l e   #61  show  a  c o m p a r a t i v e l y   g o o d  

p e r f o r m a n c e   w i t h   a  l o w e r   p r e c i o u s   m e t a l   l o a d i n g   of  2g  Rh /Pd   + 

8g  Ru  i n s t e a d   of  5g  Rh/Pd  +  8g  Ru  f o r   # 1 .  

#C1,  #C2,  #C3  and  #C4  a r e   c o m p a r a t i v e   e l e c t r o d e s .   F o r  

#C1,  t h e   e l e c t r o d e   c o a t i n g   c o n s i s t e d   s o l e l y   of  t h e  

r u t h e n i u m - t i t a n i u m   o x i d e   m a t e r i a l   in  an  a m o u n t   c o r r e s p o n d i n g   t o  

1 3 g / a 2   of  Ru,  i . e .   t h e   same  t o t a l   p r e c i o u s   m e t a l   l o a d i n g   a s  

in  #1.  The  r e s u l t s   shown  a r e   f o r   an  e l e c t r o d e   w i t h o u t   t h e  



p o s t b a k e .   H o w e v e r ,   i t   was  f o u n d   t h a t   t h e   p o s t b a k e _ i n   a i r   a t  
5 0 0 ° C   f o r   20  h o u r s   d i d   n o t   m a t e r i a l l y   i m p r o v e   t h i s   e l e c t r o d e ;  

t h e   a c c e l e r a t e d   l i f e t i m e   in  a c i d   i n c r e a s e d   by  o n l y   2  h o u r s   t o  

24  h o u r s .  

The  c o a t i n g   o f   c o m p a r a t i v e   e l e c t r o d e   #C2  c o n s i s t e d   s o l e l y  

of  r h o d i u m - p a l l a d i u m   o x i d e   d e p o s i t e d   on  t h e   t i t a n i u m   s u b s t r a t e  

u n d e r   t h e   same  c o n d i t i o n s   b u t   w i t h o u t   t h e   r u t h e n i u m - t i t a n i u m  

o x i d e   m a t r i x .   A g a i n ,   f o r   t h e   p u r p o s e s   of  c o m p a r i s o n ,   t h e  

p r e c i o u s   m e t a l   l o a d i n g   was  13g /m2  ( 3 . 9 g   Rh  and  9 . l g   P d ) .   F o r  

t h i s   e l e c t r o d e ,   t h e   a c c e l e r a t e d   l i f e t i m e   in  t he   a c i d   t e s t   was  a  

m e a g e r   1 .75   h o u r s .   T h i s   l i f e t i m e   was  i n c r e a s e d   to   6  h o u r s   b y  

b a k i n g   in  a i r   i n s t e a d   of  a m m o n i a - a i r .  

C o m p a r a t i v e   e l e c t r o d e   #C3  l i k e w i s e   had  a  c o a t i n g  

d e p o s i t e d   d i r e c t l y   on  t h e   t i t a n i u m   s u b s t r a t e   w i t h o u t   t h e  

r u t h e n i u m - t i t a n i u m   o x i d e   m a t r i x .   T h i s   c o a t i n g   was  c o m p o s e d   o f  

p a l l a d i u m - r h o d i u m - t i t a n i u m   o x i d e   in   a  mol  r a t i o  

p a l l a d i u m - r h o d i u m   o x i d e  :   t i t a n i u m   o x i d e   of  3 0 : 7 0   and  w a s  

c o d e p o s i t e d   f rom  a  m i x e d   s o l u t i o n .   The  c o a t i n g   c o n t a i n e d   3 . 9 g  

Rh  and   9 . l g   Pd.   The  l i f e t i m e   in  t h e   a c c e l e r a t e d   a c i d   t e s t   w a s  

o n l y   4  h o u r s   and  t h e   o x y g e n   and  c h l o r i n e   e v o l u t i o n   p o t e n t i a l s  

w e r e   v e r y   h i g h .  

C o m p a r a t i v e   e l e c t r o d e   #C4  had  a  c o a t i n g   p r o d u c e d   f rom  a  

s o l u t i o n   in  w h i c h   a l l   o f   t h e   f o u r   c o m p o n e n t s   ( R u / R h / P d / T i )   w e r e  

m i x e d ,   e ach   m e t a l   i n   t h e   c o d e p o s i t e d   m u l t i c o m p o n e n t   c o a t i n g  

b e i n g   p r e s e n t   in  a  c o r r e s p o n d i n g   a m o u n t   to   t h e   same  m e t a l s   i n  

t h e   m a t r i x   and  in  t h e   a d d i t i o n a l   c a t a l y s t   of  #1.  The  b a k i n g  

n e c e s s a r i l y   had   t o   be  in   a i r .   A t t e m p t s   were   made  to  p r o d u c e  

t h e   m i x e d - s o l u t i o n   m u l t i c o m p o n e n t   c o a t i n g   in  a  r e d u c i n g  

a t m o s p h e r e ,   b u t   no  a d h e r e n t   c o a t i n g   c o u l d   be  o b t a i n e d .   T h e  

r e s u l t i n g   e l e c t r o d e   i s   an  i m p r o v e m e n t   o v e r   t h e   s t a n d a r d  

e l e c t r o d e   #Cl  b u t   t h e   i m p r o v e m e n t   i s   l a r g e l y   o f f s e t   b y  

i n c r e a s e d   c o s t .   F u r t h e r m o r e ,   i n c o n s i s t e n t   r e s u l t s   have   b e e n  

o b t a i n e d   w i t h   t h e s e   m u l t i c o m p o n e n t   c o a t i n g s   from  m i x e d  

s o l u t i o n s .   Some  g o o d   r e s u l t s   h a v e   b e e n   o b t a i n e d   b u t   a r e  

d i f f i c u l t   to   r e p r o d u c e .  

A l s o ,   i t   i s   t o   be  n o t e d   t h a t   t h e   e l e c t r o d e s   a c c o r d i n g   t o  



t h e   i n v e n t i o n   a l l   h a v e   a  l i f e t i m e   in  c a u s t i c   w h i c h   i s   a  

m u l t i p l e   of  t h a t   of   t h e   p r i o r   a r t   r e f e r e n c e   e l e c t r o d e   #C1,  e . g .  
t h i r t e e n   t i m e s   as  l o n g   f o r   e l e c t r o d e s   #5  ( T a b l e   1)  and  # 8  

( T a b l e   2 ) .   T h i s   m a k e s   t h e s e   e l e c t r o d e s   of  t h e   i n v e n t i o n  

e x c e l l e n t l y   s u i t e d   f o r   s e r v i c e   in  m e m b r a n e   e l e c t r o l y z e r s  

w h e r e i n   t h e   a n o d e   c o a t i n g s   mus t   be  r e s i s t a n t   to   t h e   e f f e c t s   o f  

c a u s t i c   ( e . g .   NaOH)  w h i c h   may  r e s u l t   from  c o n t a c t   of  t h e   a n o d e s  

a g a i n s t   t h e   m e m b r a n e ,   f rom  c e l l   s h u t   down  and  f rom  r u p t u r e   o f  

t he   m e m b r a n e .  

EXAMPLE  3 

A  f u r t h e r   e l e c t r o d e   was  p r e p a r e d   w i t h   t h e   same  q u a n t i t y  

of  s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t   (4g  Rh  and  l g   P d )  

as  s a m p l e   #6  of   E x a m p l e   1  b u t   i n c o r p o r a t e d   in   a  m a t r i x   o f  

r u t h e n i u m - t i n   o x i d e .   T h i s   p o r o u s   m a t r i x   was  p r e p a r e d   in  t h e  

same  m a n n e r   as  t h e   m a t r i x   of  E x a m p l e   1  b u t   u s i n g   a  s o l u t i o n   o f  

9 . 2 m l   n - p r o p a n o l ,   0 . 4 m l   HC1  ( c o n c e n t r a t e d ) ,   2 . 0 2 g   SnCl2   a n d  

lg  R u C l 3 .   A  w e l l   p e r f o r m i n g   e l e c t r o d e   was  o b t a i n e d   h a v i n g  

l i f e t i m e s   of  192  h o u r s   and  96  h o u r s   in  t h e   a c c e l e r a t e d   a c i d   a n d  

c a u s t i c   t e s t s .   L i f e t i m e s   in  t h e   c u r r e n t   r e v e r s e   t e s t s   w e r e   2 . 5  

h o u r s   in  a c i d   and  5 .5   h o u r s   in  b r i n e .   The  h a l f - c e l l   p o t e n t i a l s  

were   1580mV  f o r   o x y g e n   e v o l u t i o n   and  1310mV  f o r   c h l o r i n e  

e v o l u t i o n .   The  o v e r a l l   p e r f o r m a n c e   was  t h e r e f o r e   g o o d ,   b u t   n o t  

as  good  as  t he   c o r r e s p o n d i n g   s a m p l e   #6  w i t h   t h e  

r u t h e n i u m - t i t a n i u m   o x i d e   m a t r i x .  

EXAMPLE  4 

F u r t h e r   e l e c t r o d e s   w e r e   p r e p a r e d   in  t h e   same  m a n n e r   as  i n  

Example   1  b u t   v a r y i n g   t h e   a d d i t i o n a l   c a t a l y s t   c o m b i n a t i o n s .  

T h e s e   e l e c t r o d e s   were   s u b j e c t e d   to   t h e   same  t e s t s   and  t h e  

r e s u l t s   a r e   shown  in  T a b l e   3 .  



S a m p l e   #17  i l l u s t r a t e s   t he   r o l e   of  r u t h e n i u m   a s  

a  d i l u e n t   f o r   t h e   p a l l a d i u m   c a t a l y s t .   The  p e r f o r m a n c e   o f  

t h i s   e l e c t r o d e   i s   c o m p a r a b l e   to   s a m p l e   #54  of  T a b l e   1 

w h i c h   c o n t a i n e d   5g  of  p a l l a d i u m .   F u r t h e r m o r e ,   s a m p l e   # 1 7  

has   a  low  o x y g e n   e v o l u t i o n   p o t e n t i a l   of  1490mV  m a k i n g  

t h i s   e l e c t r o d e   a d v a n t a g e o u s   f o r   o x y g e n - e v o l v i n g  

a p p l i c a t i o n s .  

S a m p l e   #28  shows   a  s i m i l a r   e f f e c t   of  r u t h e n i u m  

as  d i l u e n t   f o r   r h o d i u m   ( c o m p a r e   w i t h   s a m p l e   #27  of  T a b i e  

1)  bu t   in  t h i s   c a s e   t h e   l i f e t i m e   in  t h e   a c c e l e r a t e d   a c i d  

t e s t   is   i n c r e a s e d   by  100  h o u r s   t o   t h e   e x c e l l e n t   v a l u e   c i  

325  h o u r s .  



Both   of  t h e   t e r n a r y   c a t a l y s t   c o m b i n a t i o n s   o f  

s a m p l e s   #24  and  #22  g i v e   e x c e l l e n t   a l l - r o u n d   r e s u l t s   w i t h  

e x c e p t i o n a l l y   l o n g   l i v e s   in  t h e   a c c e l e r a t e d   a c i d   t e s t .  

S a m p l e   #24  is   p a r t i c u l a r l y   r e m a r k a b l e   in  v i ew   of  t h e   f a c t  

t h a t   t h e   a u x i l i a r y   c a t a l y s t   c o n s i s t s   p r e d o m i n a n t l y   ( 8 0 % )  

of  r u t h e n i u m   w i t h   o n l y   m o d e s t   a m o u n t s   of  p a l l a d i u m   a n d  

i r i d i u m .  

S a m p l e   #33  in   w h i c h   t h e   a u x i l i a r y   c a t a l y s t   i s  

p l a t i n u m / r h o d i u m   o x i d e   h a s   good  a l l - r o u n d   p e r f o r m a n c e   a n d  

v e r y   good  p e r f o r m a n c e   in  t h e   c u r r e n t   r e v e r s e   t e s t   i n  

b r i n e .  

S a m p l e   #5P  ( w h i c h   was  p r o d u c e d   w i t h   b a k i n g   i n  

a i r   i n s t e a d   of  a m m o n i a   a i r )   i s   e x t r a o r d i n a r y   in  t h a t   i t  

c o m b i n e s   t he   l o n g   a c i d   l i f e t i m e   of  I r o 2 / P t   w i t h   a  

r e l a t i v e l y   low  o x y g e n   e v o l u t i o n   p o t e n t i a l   ( 1 0 0 - 1 5 0 m V  

b e l o w   t h a t   of  I r O 2 / P t   a l o n e ,   d e p e n d i n g   on  t h e   b a k i n g  

c o n d i t i o n s   of  t h e   I r O 2 / P t   c o a t i n g ) .   I t   a l s o   h a s   a  v e r y  

good   l i f e t i m e   in  t h e   c u r r e n t   r e v e r s e   t e s t   in  H 2 S 0 4 .  
T h i s   i s   t h e r e f o r e   an  e x c e l l e n t   a n o d e   f o r   use   in  o x y g e n  
e v o l v i n g   c o n d i t i o n s ,   e . g .   f o r   m e t a l   e l e c t r o w i n n i n g   or  a s  

an  a n o d e   fo r   i m p r e s s e d - c u r r e n t   c a t h o d i c   p r o t e c t i o n .  

S a m p l e   #22P  i s   a l s o   e x t r a o r d i n a r y   in  t h a t ,  

c o m p a r e d   to   a  c o r r e s p o n d i n g   e l e c t r o d e   c o a t e d   w i t h   5g  o f  

p l a t i n u m   ( i . e .   w i t h o u t   t h e   m a t r i x ) ,   i t   h a s   a  much  l o n g e r  

l i f e t i m e   and  an  o x y g e n   e v o l u t i o n   p o t e n t i a l   w h i c h   i s  

250-350mV  l o w e r .  

EXAMPLE  5 

A  t i t a n i u m - b a s e d   e l e c t r o d e   was  p r e p a r e d   w i t h   a  

r u t h e n i u m - t i t a n i u m   o x i d e   m a t r i x   c o n t a i n i n g   9g/m2  of  Ru 

and  i m p r e g n a t e d   w i t h   i r i d i u m   o x i d e   as  a d d i t i o n a l   c a t a l y s t  

in  an  amount   of  2g  I r / m 2 .   The  a d d i t i o n a l   c a t a l y s t   w a s  

d e p o s i t e d   from  a  s o l u t i o n   c o n t a i n i n g   a p p r o x i m a t e l y   0 . 1 g  

i r i d i u m   c h l o r i d e ,   6ml  b u t a n o l   and  0 . 4 m l   HC1 



( c o n c e n t r a t e d ) .   In  a l l ,   t w e n t y - f o u r   c o a t s   were   a p p l i e d  

to   p r o d u c e   t h e   m a t r i x   and   a d d i t i o n a l   c a t a l y s t   of  t h e  

c o m p o s i t e   c o a t i n g .   To  t e s t   i t s   s u i t a b i l i t y   fo r   u s e  

m a i n l y   in   h y p o c h l o r i t e   e l e c t r o l y s i s ,   t h e   e l e c t r o d e   w a s  

s u b j e c t e d   t o   p e r i o d i c   c u r r e n t   r e v e r s a l   in  a  1 2 0 g / l  

s o l u t i o n   of  s o d i u m   s u l p h a t e   a t   a  c u r r e n t   d e n s i t y   o f  
4 6 5 0 A / m 2 .   In  a  t h r e e   m i n u t e   r e v e r s a l   t e s t   t h e   l i f e t i m e  

was  88  h o u r s   and  in  a  t h r e e   h o u r   r e v e r s a l   t e s t   i t   was  2 4 6  

h o u r s .  

In  o r d e r   t o   a c h i e v e   c o m p a r a b l e   l i f e t i m e s   w i t h   a  

c o a t i n g   of  r u t h e n i u m - t i t a n i u m   o x i d e   o n l y ,   i t   is  n e c e s s a r y  
to  p r o v i d e   a  c o a t i n g   c o n t a i n i n g   a b o u t   30g /m2   o f  

r u t h e n i u m   r e q u i r i n g   t h e   a p p l i c a t i o n   of  a b o u t   35  l a y e r s .  

Such  an  e l e c t r o d e   i s   t h e r e f o r e   more   e x p e n s i v e   in  t e r m s   o f  

i t s   c a t a l y s t   c o s t   and  a l s o   has   a  s u b s t a n t i a l l y   g r e a t e r  

m a n u f a c t u r i n g   c o s t .  

EXAMPLE  6 

T i t a n i u m   s p o n g e   p a r t i c l e s   w e r e   d e g r e a s e d   in  a  

5 0 / 5 0 v o l %   m i x t u r e   of  a c e t o n e   and  c a r b o n   t e t r a c h l o r i d e .  

The  p a r t i c l e s   w e r e   t h e n   m i x e d   w i t h   a  s o l u t i o n   of  1 5 . 6 m l  

p r o p y l   a l c o h o l ,   0 . 4 m l   HC1  ( c o n c e n t r a t e d ) ,   3 . 2 m l   b u t y l  

t i t a n a t e   and   lg  R u C l 3 . H 2 O ( 4 0 %   Ru)  in  a  r a t i o   of  lg  o f  

t h e   p a r t i c l e s   f o r   0 . 5   ml  of  t he   s o l u t i o n .   The  s p o n g e  
p a r t i c l e s   w e r e   t h e n   d r i e d   by  h e a t i n g   in   a i r   in   t h r e e  

s t a g e s ,   a t   8 0 ° C ,   1 5 0 ° C   and  250°C  a n d ,   a f t e r   d r y i n g ,  

h e a t   t r e a t e d   in  a i r   a t   500°C  f o r   15  m i n u t e s .   T h i s  

p r o d u c e d   a  r u t h e n i u m - t i t a n i u m   o x i d e   m i x e d   c r y s t a l   m a t r i x  

on  t h e   s p o n g e   p a r t i c l e s   in   an  a m o u n t   c o r r e s p o n d i n g   t o  

a b o u t   8g  r u t h e n i u m   p e r   700g  of  t h e   t i t a n i u m   s p o n g e  

p a r t i c l e s .  

1g  of  t h e   m i x e d - c r y s t a l   c o a t e d   p a r t i c l e s   w e r e  

t h e n   m i x e d   w i t h   0 . 5 m l   of   a  s o l u t i o n   made  ur  cf  0 . 6 5 g  

r h o d i u m   c h l o r i d e ,   O . l O g   of  p a l l a d i u m   c h l o r i d e ,   1 0 m l  



p r o p y l   a l c o h o l ,   10ml  l i n a l o o l   and  0 . 4 m l   HC1.  The  s p o n g e  
was  t h e n   d r i e d   a t   100°C  f o l l o w e d   by  a  h e a t   t r e a t m e n t   a t  
5 0 0 ° C   in  an  a m m o n i a - a i r   m i x t u r e   f o r   30  m i n u t e s .   T h i s  

p r o d u c e s   a  s e p a r a t e   p h a s e   of  r h o d i u m - p a l l a d i u m  

a p p r o x i m a t e l y   8 0 - 2 0   w e i g h t   p e r c e n t   in  t h e  

r u t h e n i u m - t i t a n i u m   o x i d e   m a t r i x .   The  t h u s   t r e a t e d   s p o n g e  
i s   t h e n   p o s t   h e a t   t r e a t e d   a t   500°C  in  a i r   f o r   20  h o u r s  

to   f u l l y   o x i d i s e   t h e   p a l l a d i u m - r h o d i u m .  

T h i s   s u r f a c e - a c t i v a t e d   s p o n g e   may  t h e n   f o r  

e x a m p l e   be  p r e s s e d   i n t o   a  l e a d   s u b s t r a t e   as  d i s c l o s e d   i n  

U . S .   P a t e n t   4  425  217 .   When  700g  of  t h e   s p o n g e   i s  

p r e s s e d   i n t o   1  m2  of  t h e   l e a d   s u r f a c e ,   t h i s   c o r r e s p o n d s  

to   a b o u t   5g  of  t h e   r h o d i u m / p a l l a d i u m   p e r   s q u a r e   m e t e r   o f  

t h e   e l e c t r o d e   s u r f a c e .  

EXAMPLE  7 

T i t a n i u m   s p o n g e   p a r t i c l e s   w e r e   c o a t e d   w i t h   a  

r u t h e n i u m - t i t a n i u m   o x i d e   p o r o u s   m a t r i x   w h i c h   w a s  

i m p r e g n a t e d   w i t h   an  i r i d i u m   o x i d e   a d d i t i o n a l   c a t a l y s t   i n  

a  s i m i l a r   m a n n e r   t o   t h e   p r o c e d u r e   of   E x a m p l e   6  e x c e p t  

t h a t   t h e   b a k i n g   was  in   a i r   and  t h e r e   was  no  p o s t   h e a t i n g .  

V a r i o u s   c a t a l y s t   l o a d i n g s   were   p r o v i d e d   and  c o m p a r a t i v e  

c o a t i n g s   w i t h o u t   t h e   i r i d i u m   o x i d e   a d d i t i o n a l   c a t a l y s t  

were   a l s o   p r o v i d e d   as  shown  in  T a b l e   4.  The  p a r t i c l e s  

we re   t h e n   p r e s s e d   i n t o   a  l e a d   s u b s t r a t e   as  d i s c l o s e d   i n  

US  P a t e n t   4  425  217  and  t h e   c a t a l y z e d   l e a d   e l e c t r o d e s  

we re   s u b j e c t e d   to   an  a c c e l e r a t e d   l i f e t i m e   t e s t   as  o x y g e n  

e v o l v i n g   a n o d e s   in  1 5 0 g / l   H2S04  a t   50°C.   T h e  

l i f e t i m e s   g i v e n   in  T a b l e   4  a r e   in  d a y s   on  l i n e   ( D O L ) .  



I t   can   be  s e e n   f rom  t h i s   T a b l e   t h a t   a d d i t i o n   o f  

a  s m a l l   q u a n t i t y   of  i r i d i u m   o x i d e   a s  

s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t   i n c r e a s e s   t h e  

l i f e t i m e   by  50%  to   100%.  S i m i l a r   r e s u l t s   were   o b t a i n e d  

when  t h e   r u t h e n i u m - t i t a n i u m   o x i d e   m a t r i x   on  t h e   s p o n g e  

p a r t i c l e s   had   a  mol  r a t i o   of  a p p r o x i m a t e l y   1:1  i n s t e a d  

of  1 : 2 .  

EXAMPLE  8 

A  t i t a n i u m   mesh   p i c k l e d   in  h o t   h y d r o c h l o r i c   a c i d  

f o r   1  h o u r   was  r i n s e d   w i t h   w a t e r ,   d r i e d   in  a i r   and  c o a t e d  

w i t h   a  s o l u t i o n   of   6 . 2 m l   b u t y l   a l c o h o l ,   0 . 4 m l   HC1  36%,  

3ml  b u t y l   t i t a n a t e ,   and  1g  RuCl3  H20  (40%  R u ) .  

In   a l l ,   e i g h t   c o a t s   were   a p p l i e d ,   e a c h   c o a t   b e i n g  

h e a t e d   in   a i r   a t   500°C  f o r   t e n   m u n u t e s .   The  r e s u l t i n g  



e l e c t r o d e   had   a  c o a t i n g   of  r u t h e n i u m   o x i d e   c o p r e c i p i t a t e d  

w i t h   t i t a n i u m   o x i d e   in  a  m o l a r   r a t i o   of  30%  R u 0 2 : 7 0 $  

TiO2  and  an  o v e r a l l   l o a d i n g   of  8g  R u / m 2 .  

T h i s   a n o d e   w h i c h   had   b e e n   in   o p e r a t i o n   fo r   s e v e r a l  

y e a r s   in  a  c h l o r - a l k a l i   d i a p h r a g m   c e l l   was  r e m o v e d   due  t o  

t h e   t r a n s f o r m a t i o n   of  t h e   c e l l   t o   t h e   ion  e x c h a n g e  

m e m b r a n e   p r o c e s s .   Due  to   t h e   more   s e v e r e   o p e r a t i n g  

c o n d i t i o n s   in  t h e s e   m e m b r a n e   c e l l s   i t   is   no t   a d v i s a b l e   t o  

r e i n s t a l l   t h e   u s e d   a n o d e s   or  to   t o p c o a t   them  w i t h   t h e  

same  R u 0 2 . T i 0 2  c o a t i n g   p r e v i o u s l y   u s e d   b e c a u s e   t h i s  

m i g h t   no t   p r o v i d e   t h e   d e s i r e d   i m p r o v e d   p e r f o r m a n c e   a n d  

c o r r o s i o n   r e s i s t a n c e .   For   t h i s   r e a s o n   t h e   d i a p h r a g m   c e l l  

a n o d e   c o a t i n g   i s   m o d i f i e d   as  f o l l o w s  :  

A f t e r   r e m o v a l   f rom  t h e   d i a p h r a g m   c e l l s ,   t h e  

e l e c t r o d e s   a r e   c l e a n e d   to   r e m o v e   a n y   a l i e n   m a t e r i a l   w i t h  

h i g h   p r e s s u r e   w a t e r   and  m i l d   e t c h i n g   in  HC1  15%  f o r   1 0  

m i n u t e s .   The  p o r o u s   m i x e d   c r y s t a l   c o a t i n g  

( R u O 2 . T i O 2 )   i s   i m p r e g n a t e d   w i t h   a  r h o d i u m   a n d  

p a l l a d i u m   c h l o r i d e   c o n t a i n i n g   s o l u t i o n   as  d e s c r i b e d   i n  

E x a m p l e   1  and  s u b m i t t e d   to   t h e   same  h e a t   t r e a t m e n t   so  a s  

to   d i s p e r s e   t h r o u g h o u t   t h e   r u t h e n i u m - t i t a n i u m   d i o x i d e  

m a t r i x   a  r h o d i u m   o x i d e   and  p a l l a d i u m   o x i d e   p h a s e   in  a n  

a m o u n t   c o r r e s p o n d i n g   to   4g /m2  of   Rh  and  l g / m 2   of  P d .  

The  r e s u l t i n g   anode   c o a t i n g   h a s   o u t s t a n d i n g   p e r f o r m a n c e  

as  c o m p a r e d   w i t h   s t a n d a r d   m i x e d   m e t a l   o x i d e   c o a t i n g s   i n  

m e m b r a n e   e l e c t r o l y z e r s ,   w i t h   h i g h   r e s i s t a n c e   to  c a u s t i c  

b r i n e ,   i m p r o v e d   s e l e c t i v i t y   f o r   c h l o r i n e   e v o l u t i o n  

( i n h i b i t i o n   of  u n w a n t e d   o x y g e n )   and   h i g h   c o r r o s i o n  

r e s i s t a n c e .  



1.  A  p o r o u s   h i g h   s u r f a c e   a r e a   c o m p o s i t e  

e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l   c o m p r i s i n g   a  p o r o u s  

p r e - f o r m e d   m a t r i x   and  a  s u b s e q u e n t l y - a p p l i e d   c a t a l y s t  
c o n s i s t i n g   of  a t   l e a s t   one  p l a t i n u m - g r o u p   m e t a l   a n d / o r   a t  

l e a s t   one  p l a t i n u m - g r o u p   m e t a l   o x i d e ,   d i s p e r s e d  

t h r o u g h o u t   and  s u p p o r t e d   by  t h e   p r e f o r m e d   m a t r i x ,   t h e  

c o m p o s i t e   c a t a l y t i c   m a t e r i a l   h a v i n g   an  o u t e r   f a c e   w h i c h  

in  u s e   i s   in  c o n t a c t   w i t h   a  f l u i d   m e d i u m ,   c h a r a c t e r i z e d  

in  t h a t   t he   p o r o u s   m a t r i x   i s   a  c a t a l y t i c   m a t e r i a l  

c o m p r i s i n g   a t   l e a s t   one  p l a t i n u m - g r o u p   m e t a l   o x i d e   and  a t  

l e a s t   one  n o n - p r e c i o u s   m e t a l   o x i d e   m i x e d   i n t i m a t e l y   in  a  

p o r o u s   h i g h   s u r f a c e   a r e a   s t r u c t u r e .  

2.  The  c a t a l y t i c   m a t e r i a l   of  c l a i m   1,  w h e r e i n   t h e  

p o r o u s   m a t r i x   c o n s i s t s   e s s e n t i a l l y   of  a  mixed   c r y s t a l  

m a t e r i a l   of  r u t i l e   s t r u c t u r e .  

3.  The  c a t a l y t i c   m a t e r i a l   of  c l a i m   2,  w h e r e i n   t h e  

p o r o u s   m a t r i x   i s   a  m i x e d   c r y s t a l   c o a t i n g   k e y e d   to  t h e  

s u r f a c e   of  a  v a l v e   m e t a l   b a s e ,   and  t h e   a p p l i e d  

p l a t i n u m - g r o u p   m e t a l   a n d / o r   o x i d e   i s   i n c o r p o r a t e d   in  t h i s  

c o a t i n g .  

4.  The  c a t a l y t i c   m a t e r i a l   of  c l a i m   3,  w h e r e i n   t h e  

p o r o u s   m a t r i x   is  a  r u t h e n i u m - t i t a n i u m   o x i d e   mixed   c r y s t a l  

on  a  v a l v e   m e t a l   b a s e .  

5.  The  c a t a l y t i c   m a t e r i a l   of  c l a i m   1,  2,  3  or  4 ,  

w h e r e i n   t h e   s u b s e q u e n t l y - a p p l i e d   c a t a l y s t   is  p l a t i n u m  

m e t a l   or   an  o x i d e   of  r h o d i u m ,   p a l l a d i u m   or  i r i d i u m .  

6  The  c a t a l y t i c   m a t e r i a l   of  c l a i m   1,  2,  3  or  4 ,  

w h e r e i n   t h e   s u b s e q u e n t l y - a p p l i e d   c a t a l y s t   c o m p r i s e s  

p l a t i n u m   m e t a l   mixed   w i t h   a t   l e a s t   one   o x i d e   o f  

r u t h e n i u m ,   r h o d i u r ,   p a l l a d i u m ,   and  i r i d i u m .  



7.  The  c a t a l y t i c   m a t e r i a l   of  c l a i m   1,  2,  3  or   4 ,  

w h e r e i n   t h e   s u b s e q u e n t l y - a p p l i e d   c a t a l y s t   c o m p r i s e s   a t  

l e a s t   two  o x i d e s   of  r u t h e n i u m ,   r h o d i u m ,   p a l l a d i u m ,   a n d  

i r i d i u m .  

8.  A  p o r o u s   h i g h   s u r f a c e   a r e a   c o m p o s i t e  

e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l   c o m p r i s i n g   a  p o r o u s  

p r e - f o r m e d   m a t r i x   on  t h e   s u r f a c e   of  a  v a l v e   m e t a l   b a s e  

and  a  s u b s e q u e n t l y - a p p l i e d   c a t a l y s t   c o n s i s t i n g   of   a t  

l e a s t   one  p l a t i n u m - g r o u p   m e t a l   a n d / o r   a t   l e a s t   o n e  

p l a t i n u m - g r o u p   m e t a l   o x i d e   d i s p e r s e d   t h r o u g h o u t   t h e  

p o r o u s   m a t r i x ,   t h e   c o m p o s i t e   c a t a l y t i c   m a t e r i a l   h a v i n g   a n  

o u t e r   f a c e   w h i c h   in  use   i s   in  c o n t a c t   w i t . h   a  f l u i d  

m e d i u m ,   c h a r a c t e r i z e d   in  t h a t   t h e   p o r o u s   m a t r i x   i s   a  

c a t a l y t i c   m i x e d   c r y s t a l   m a t e r i a l   c o m p r i s i n g   a t   l e a s t   o n e  

p l a t i n u m - g r o u p   m e t a l   o x i d e   and  a t   l e a s t   one   c o - f o r m e d  

n o n - p r e c i o u s   m e t a l   o x i d e   f o r m i n g   a  p o r o u   s  h i g h   s u r f a c e  

a r e a   c o a t i n g   on  t h e   v a l v e   m e t a l   b a s e ,   t h e  

s u b s e q u e n t l y - a p p l i e d   p l a t i n u m   g r o u p   m e t a . l   a n d / o r   o x i d e  

b e i n g   d i s p e r s e d   in  t h i s   s t r u c t u r e   by  c h e m i d e p o s i t i o n   f r o m  

at   l e a s t   one  t h e r m o d e c o m p o s a b l e   p l a t i n u m - g r o u p   m e t a l  

c o m p o u n d   f o l l o w e d   by  a n n e a l i n g   w h e r e b y   b o t h   and  (a)   t h e  

p l a t i n u m - g r o u p   m e t a l   o x i d e   of  t h e   p r e f o r m e d   m a t r i x   a n d  

(b)  t h e   s u b s e q u e n t l y - a p p l i e d   p l a t i n u m   g r o u p   m e t a l   a n d / o r  

o x i d e   w h i c h   a r e   d i s p o s e d   i n s i d e   t h e   s t r u c t u r e   a r e   e x p o s e d  

t h r o u g h   t h e   p o r e s   of  t h e   c o m p o s i t e   e l e c t : r o c a t a l y t i c  

m a t e r i a l   to   t he   medium  c o n t a c t i n g   t h e   o u t e r   f a c e   of  t h e  

c o m p o s i t e   c a t a l y t i c   m a t e r i a l .  

9.  A  p o r o u s   h i g h   s u r f a c e   a r e a   c o m p o s i t e  

e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l   c o m p r i s i n g   a  p o r o u s  
p r e f o r m e d   c a t a l y t i c   m a t r i x   and  a  s u b s e q u e n t l y - a p p l i e d  

a d d i t i o n a l   c a t a l y s t   d i s p e r s e d   t h r o u g h o u t   and  s u p p o r t e d   b y  
t h e   p r e f o r m e d   m a t r i x ,   c h a r a c t e r i z e d   in  t h a t :  

(a)  the  p r e f o r m e d   m a t r i x   i s   a  m i x e d   c a t a l y t i c  



m a t e r i a l   c o m p r i s i n g   a t   l e a s t   one  p l a t i n u m - g r o u p  
m e t a l   o x i d e   m i x e d   i n t i m a t e l y   w i t h   a t   l e a s t   o n e  

n o n - p r e c i o u s   m e t a l   o x i d e   in  a  p o r o u s   h i g h   s u r f a c e  

a r e a   s u p p o r t   a t r u c t u r e ;  

(b)  t h e   s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t  
i s   a  m o d i f i e r   c a t a l y s t   w h i c h   i s   of  d i f f e r e n t  

c o m p o s i t i o n   t o   t h e   m i x e d   c a t a l y t i c   m a t e r i a l   of  t h e  

p r e f o r m e d   m a t r i x ;   a n d  

(c)  t h e   s u b s e q u e n t l y - a p p l i e d   a d d i t i o n a l   c a t a l y s t  
i s   c a r r i e d   by   t he   p r e f o r m e d   m a t r i x   as  a  t h i n  

d i s c o n t i n o u s   l a y e r   n o n - u n i f o r m l y   d i s t r i b u t e d   i n  

t 'he  p e r o u s   h i g h   s u r f a c e   a r e a   s u p p o r t   s t r u c t u r e .  

10.   T h e   c a t a l y t  i c   m a t e r i a l   of   c l a i m   9,  w h e r e i n   t h e  

p o r o u s   m a t r i x  c o n s i s t s   of  a  m i x e d - c r y s t a l   m a t e r i a l   i n  
w h i c h   t h e   n o n - p r e c i o u s   m e t a l   o x i d e   i s   p r e s e n t   in   a n  
a m o u n   of  a t   l e a s t   50  mol  %  and  t h e   s u b s e q u e n t l y - a p p l i e d  

a d d i t i o n a l   c a t a l y s t   c o n t a i n s   a t   l e a s t   90%  by  w e i g h t   o f  

c a t a l y t i c   m a t e r i a l .  

11.   The  c a t a l y t i c   m a t e r i a l   of   c l a i m   10,  w h e r e i n   t h e  

a d d i t i o n a l   c a t a l y s t   c o n s i s t s   of  a t   l e a s t   one  p l a t i n u m  

g r o u p   m e t a l   a n d / o : r   a t   l e a s t   one  p l a t i n u m   g r o u p   m e t a l  

o x i d e ,   or  m i x t u r e s   t h e r e o f   w i t h   a t   l e a s t   one  c a t a l y t i c  

n o n - p r e c i o u s   m e t a l   o x i d e .  

12.   A  m e t h o d   o f   p r o d u c i n g   t h e   c o m p o s i t e  

e l e c t r o c o n d u c t i v e   c a t a l y t i c   m a t e r i a l   of  c l a i m   1 ,  

c o m p r i s i n g :  

(a)   p r o v i d i n g   a  p r e f o r m e d   p o r o u s   m a t r i x   w h i c h   i s   a  

c a t a l y t i c   m a t e r i a l   c o m p r i s i n g   at   l e a s t   o n e  

p l a t i n u m - g r o u p   m e t a l   o x i d e   and  at  l e a s t   o n e  

n o n - p r e c i o u s   m e t a l   o x i d e   m i x e d   i n t i m a t e l y   in  a  

p o r o u s   h i g h   s u r f a c e   a r e a   s t r u c t u r e ;  



(b)  i m p r e g n a t i n g   t h e   p o r o u s   m a t r i x   w i t h   a n  

e s s e n t i a l l y   n o n - p r e c i o u s   m e t a l   f r e e   s o l u t i o n  

c o n t a i n i n g   a t   l e a s t   one  t h e r m o d e c o m p o s a b l e  

p l a t i n u m - g r o u p   m e t a l   c o m p o u n d ;   a n d  

(c)  h e a t   t r e a t i n g   t he   i m p r e g n a t e d   p o r o u s   m a t r i x   t o  

c o n v e r t   t h e   c o m p o u n d ( s )   to  a t   l e a s t   o n e  

p l a t i n u m - g r o u p   m e t a l   a n d / o r   o x i d e   d i s p e r s e d  

t h r o u g h o u t   t h e   p o r o u s   m a t r i x .  

13.   A  m e t h o d   of  p r o d u c i n g   the   c o m p o s i t e  

e l e c t r o c a t a l y t i c   m a t e r i a l   of  c l a i m   9,  c o m p r i s i n g :  

(a)   p r o v i d i n g   a  p r e f o r m e d   p o r o u s   m a t r i x   w h i c h   i s   a  
m i x e d   c a t a l y t i c   m a t e r i a l   c o m p r i s i n g   a t   l e a s t   o n e  

p l a t i n u m - g r o u p   m e t a l   o x i d e   m i x e d   i n t i m a t e l y   w i t h  

at   l e a s t   one  n o n - p r e c i o u s   m e t a l   o x i d e   in  a  p o r o u s  

h i g h   s u r f a c e   a r e a   s u p p o r t   s t r u c t u r e ;  

(b)  i m p r e g n a t i n g   t h e   p o r o u s   m a t r i x   w i t h   a  s o l u t i o n  

c o n t a i n i n g   c o m p o u n d s   d e c o m p o s a b l e   to   form  a  

m o d i f i e d   c a t a l y s t   of  d i f f e r e n t   c o m p o s i t i o n   to   t h e  

mixed   c a t a l y t i c   m a t e r i a l   of  t h e   p r e f o r m e d   m a t r i x ,  

t h e   m o d i f i e r   c a t a l y s t   c o n t a i n i n g  a t   l e a s t   90%  b y  

w e i g h t   of  c a t a l y t i c   m a t e r i a l ;   a n d  

(c)  h e a t   t r e a t i n g   t he   i m p r e g n a t e d   p o r o u s   m a t r i x   t o  

c o n v e r t   t he   c o m p o u n d s   to   s a i d   m o d i f i e r   c a t a l y s t  

d i s p e r s e d   t h r o u g h o u t   t he   p o r o u s   m a t r i x .  

14.  The  method   of  c l a i m   12  or  13,  w h e r e i n   t h e   h e a t  

t r e a t m e n t   t a k e s   p l a c e   in  an  o x i d i z i n g   a t m o s p h e r e .  

15.  The  method   of  c l a i m   12  or  13,  w h e r e i n   t h e   h e a t  

t r e a t r e n t   t a k e s   p l a c e   in  a  n o n - o x i d i z i n g   or  p a r t i a l l y  

o x i d i z i n g   a t m o s p h e r e .  



16.  The  m e t h o d   of  c l a i m   14  or  15,  w h e r e i n   t he   h e a t  

t r e a t m e n t   i s   c o m p l e t e d   by  a n n e a l i n g   in   a i r   a t   a  

t e m p e r a t u r e   of  f rom  300  to   600°C  f o r   up  to   100  h o u r s .  

17.   The  m e t h o d   of  c l a i m   12  or  13,   w h e r e i n   t h e   p o r o u s  
m a t r i x   i s   f o r m e d   by  c o d e p o s i t i n g   t h e r m a l l y   d e c o m p o s a b l e  

p l a t i n u m - g r o u p   m e t a l   and  n o n - p r e c i o u s   m e t a l   c o m p o u n d s   i n  

an  o x i d i z i n g   a t m o s p h e r e   o n t o   a  v a l v e   m e t a l   b a s e .  

18.  The  m e t h o d   of  any  one  of  c l a i m s   12  to  16,  w h e r e i n  

t he   p o r o u s   m a t r i x   c o n s i s t s   of  a  u s e d   e l e c t r o c a t a l y t i c  

c o a t i n g   of  a  d i m e n s i o n a l l y   s t a b l e   e l e c t r o l y s i s   e l e c t r o d e .  

19.  A  c a t a l y t i c   e l e c t r o l y s i s   e l e c t r o d e   c o m p r i s i n g   a s  

e l e c t r o c a t a l y s t   t h e   c a t a l y t i c   m a t e r i a l   of  any  one  o f  

c l a i m s   1 -11   or  as  p r o d u c e d   by  t h e   m e t h o d   of  any  one  o f  

c l a i m s   1 2 - 1 8 .  

20.  A  m e t h o d   of  r e n e w i n g   t he   c o a t i n g   of  a  u s e d  

d i m e n s i o n a l l y   s t a b l e   e l e c t r o l y s i s   e l e c t r o d e   h a v i n g   a  

v a l v e   m e t a l   b a s e   and  a  p o r o u s   e l e c t r o c a t a l y t i c   c o a t i n g  

c o m p r i s i n g   a t   l e a s t   one  o x i d e   of  a  p l a t i n u m - g r o u p   m e t a l  

and  a t   l e a s t   one   n o n - p r e c i o u s   m e t a l   o x i d e   w i t h o u t  

r e c o a t i n g   t h e   e l e c t r o d e   w i t h   a  s i m i l a r   new  c o a t i n g ,  

c h a r a c t e r i z e d   by  i m p r e g n a t i n g   t h e   p o r o u s   c o a t i n g   w i t h   a n  

e s s e n t i a l l y   v a l v e   m e t a l   f r e e   s o l u t i o n   c o n t a i n i n g   at  l e a s t  

one  c o m p o u n d   d e c o m p o s a b l e   to   at   l e a s t   one  c a t a l y t i c  

m a t e r i a l   and  h e a t   t r e a t i n g   t he   i m p r e g n a t e d   p o r o u s   c o a t i n g  

to  c o n v e r t   t h e   c o m p o u n d ( s )   to  at   l e a s t   one  c a t a l y t i c  

m a t e r i a l   d i s p e r s e d   t h r o u g h o u t   t h e   p o r o u s   c o a t i n g .  

21.  A  m e t h o d   of  r e n e w i n g   t he   c o a t i n g   of  a  u s e d  

d i m e n s i o n a l l y   s t a b l e   e l e c t r o l y s i s   e l e c t r o d e   h a v i n g   a  

v a l v e   m e t a l   b a s e   and  a  p o r o u s   e l e c t r o c a t a l y t i c   c o a t i n g  

c o m p r i s i n g   a t   l e a s t   one  o x i d e   of  a  p l a t i n u m - g r o u p   m e t a l  



and  a t   l e a s t   one  n o n - p r e c i o u s   m e t a l   o x i d e ,   c h a r a c t e r i z e d  

by  i m p r e g n a t i n g   t h e   p o r o u s   c o a t i n g   w i t h   an  e s s e n t i a l l y  

v a l v e   m e t a l   f r e e   s o l u t i o n   c o n t a i n i n g   at   l e a s t   o n e  

t h e r m o d e c o m p o s a b l e   p l a t i n u m - g r o u p   m e t a l   c o m p o u n d   and  h e a t  

t r e a t i n g   t h e   i m p r e g n a t e d   p o r o u s   c o a t i n g   in  a  

n o n - o x i d i z i n g   or  p a r t i a l l y   o x i d i z i n g   a t m o s p h e r e   f o l l o w e d  

by  a n n e a l i n g   in  a i r   a t   a  t e m p e r a t u r e   of  from  300  t o  

600oC  f o r   up  to   100  h o u r s   to  c o n v e r t   t h e   c o m p o u n d ( s )   t o  

a t   l e a s t   one  p l a t i n u m - g r o u p   m e t a l   a n d / o r   o x i d e   d i s p e r s e d  

t h r o u g h o u t   t he   p o r o u s   c o a t i n g .  

22.   A  m e t h o d   of  c o n v e r t i n g   a  d i m e n s i o n a l l y   s t a b l e  

a n o d e   w h i c h   has   b e e n   used   in  a  d i a p h r a g m - t y p e  

c h l o r - a l k a l i   c e l l   f o r   o p e r a t i o n   in  an  i o n - e x c h a n g e  

m e m b r a n e   c h l o r - a l k a l i   c e l l ,   w h i c h   a n o d e   h a s   a  v a l v e   m e t a l  

b a s e   and  a  p o r o u s   e l e c t r o c a t a l y t i c   c o a t i n g   c o m p r i s i n g   a t  

l e a s t   one  o x i d e   of  a  p l a t i n u m - g r o u p   m e t a l   and  a t   l e a s t  

one  n o n - p r e c i o u s   m e t a l   o x i d e ,   c h a r a c t e r i z e d   b y  

i m p r e g n a t i n g   t h e   p o r o u s   c o a t i n g   w i t h   an  e s s e n t i a l l y   v a l v e  

m e t a l   f r e e   s o l u t i o n   c o n t a i n i n g   at   l e a s t   o n e  

t h e r m o d e c o m p o s a b l e   p l a t i n u m - g r o u p   m e t a l   c o m p o u n d   and  h e a t  

t r e a t i n g   t h e   i m p r e g n a t e d   p o r o u s   c o a t i n g   in  a  

n o n - o x i d i z i n g   or  p a r t i a l l y   o x i d i z i n g   a t m o s p h e r e   f o l l o w e d  

by  a n n e a l i n g   in  a i r   a t   a  t e m p e r a t u r e   of  from  300  t o  

600°C  f o r   up  to  100  h o u r s   to   c o n v e r t   t h e   c o m p o u n d ( s )   t o  

at  l e a s t   one  p l a t i n u m - g r o u p   m e t a l   a n d / o r   o x i d e   d i s p e r s e d  

t h r o u g h o u t   t he   p o r o u s   c o a t i n g .  

23.  A  d i m e n s i o n a l l y   s t a b l e   a n o d e   r e n e w e d   by  t h e   m e t h o d  

of  c l a i m   20  or  2 1 .  

24.  A  m e t h o d   of  e l e c t r o l y s i s   w h e r e i n   e l e c t r o l y s i s  

c u r r e n t   i s   p a s s e d   b e t w e e n   e l e c t r o d e s   in  an  e l e c t r o l y t e ,  

at   l e a s t   one  of  t h e   e l e c t r o d e s   i n c l u d i n g   a  p o r o u s  

c a t a l y s t   h a v i n g   an  o u t e r   f a c e   in  c o n t a c t   w i t h   t h e  

e l e c t r o l y t e ,   c h a r a c t e r i z e d   in  t h a t   t he   c a t a l y s t   i s   t h e  



c a t a l y t i c   m a t e r i a l   of  any   one  of  c l a i m s   1 -11   or  a s  

p r o d u c e d   by  t he   m e t h o d   of  any   one  of  c l a i m s   1 2 - 1 8 .  

25.   The  p r o d u c t i o n   of  c h l o r i n e / c a u s t i c   in  a n  

i o n - e x c h a n g e   m e m b r a n e   c h l o r - a l k a l i   c e l l   u s i n g   an  a n o d e  

f o r m e r l y   u s e d   in  a  d i a p h r a g m   c e l l   and  c o n v e r t e d   by  t h e  

m e t h o d   of  c l a i m   2 2 .  
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