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analysis, run at various stages of the recharge process, 
showed a progressive attenuation of the Cu and Li2S re- 
flections, followed by the formation of a complex mix- 
ture of sulfides (e.g., Cul.96S, Cu2S, Cul.sS, CuS). 

The rather complicated oxidation mechanism for the 
LYCu~S system excludes any immediate application of 
this system in secondary lithium batteries. 
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Electron Microscopy Study of Formation of Thick Oxide Films on Ir 
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ABSTRACT 

The thick (5-60 ~m) oxide films that can be formed electrochemically at Ir and Ru electrodes are examined by 
scanning and transmission electron microscopy. Their morphologies are discussed in relation to the remarkable reversi- 
bility of redox processes associated with the thick films and the enhancement of apparent electrocatalytic effectiveness 
of the oxide films, which is found for anodie Cl2 and 02 evolution processes to increasing extents with growth of the ox- 
ide film. The latter effects are much larger at Ir than at Ru. This difference is likely to be associated with the different 
morphologies of electrochemically grown oxide films that are observable on these two metals. In the case of Ir, the ap- 
parent enhancement of electroeatalysis for anodic Cl~ or O2 evolution seems to be associated with development of a 
hyperextended, microporous, hydrous oxide film that is accessible to H20 and Cl- ions. Comparisons are made with 
thermally formed oxide films generated by decomposition of RuCl3 coatings. 

The formation of oxide films on noble metals has been 
the subject of a large number  of papers on account of the 
interest of this topic for (i) electrocatalysis of organic mol- 
ecule oxidations (1-3), anodic C12 evolution (4-6), and 02 
reduction (7), and (ii) as a model-type system for studying 
the transition from monolayer oxide film formation to 
development  of multilayer oxide phases (8-10) on metals. 
The states of thick oxide films on Ir and Ru, where the 
oxides are principally-IrO2 and RuO2, respectively, are of 
particular interest in relation to electrocatalysis for C12 ev- 
olution as treated in previous papers from this and other 
laboratories. 

Much of the earlier work was concerned with the mech- 
anisms and characteristics of formation of monolayer 
films of OH and O species on Pt and Au, and the resolu- 
tion of the reversible from the irreversible stages of the 
oxide film formation processes at the submonolayer level 
of coverage. [For review, see Ref. (3).] 

The growth law for potentiostatic oxide film extension 
at Pt was established by Gilroy and Conway (11) as the di- 
rect logarithmic one in time, even at submonolayer levels 
of surface oxide formation, and a possible mechanism for 
this behavior was treated by Gilroy (12). Applications of 
the Mott-Cabrera "high field" growth mechanism (13), 
which applies to development  of thicker insulating di- 
electric films, were made by Ord and Ho (8), by Damjano- 
vid et al. (9, 10), and in related ways by Vetter and 
Schultze (14). 

The first indication that the oxide film formation and 
growth process at Ir is different from that at Pt or Au was 
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given in the work of Stonehart et al. (15), who showed 
that surface oxide formation and reduction at Ir behaves 
as a reversible process which can also be observed as op- 
tically (16) reversible. Subsequently, a number  of papers 
appeared characterizing this "reversible" type of oxide 
film behavior; in particular, Gottesfeld et al. (17) showed 
that the reversible behavior is not associated with metal 
oxidation and reduction of oxide back to the metal, but 
rather the oxide remains on the surface throughout  a cyc- 
lic variation of potential between 0.0 and 1.4 E~, but a 
redox process takes place within the film. The transition 
between true OH/O monolayer formation and reduction at 
Ir and development  of thicker films was recently studied 
by Mozota and Conway (18). 

Following the work on Ir (15, 18, 19, 20), similar behav- 
ior was found at Ru by Hadzi-Jordanov et al. (21) in this 
laboratory and by Rand et al. (22), and the transition from 
monolayer oxide formation and reduction to reversible 
redox behavior at oxide films formed at Ru either ther- 
mally or by potential cycling was demonstrated in the 
work of Hadzi-Jordanov et al. (21). Since that time, Burke 
(23) has shown that similar behavior can be generated at 
several other metals, even Rh and Pt, by a potential cy- 
cling regime. 

By extensive cycling at Ir and Ru, optically and elec- 
tron optically visible oxide films can be generated and 
their morphologies examined and related to their electro- 
chemical behavior, e.g., electrocatalysis for C12 (24) or 02 
(25, 26) evolution reactions. This paper reports scanning 
electron microscopy studies on such oxide films. Else- 
where (30), we report XPS results on the electronic states 
of Ir and O in electrochemically formed oxide films at Ir. 
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Experimental 
Electrodes.--High pu r i t y - g r ade  (Mater ials  R e s e a r c h  a n d  

E n g e l h a r d )  Ir  rod  or wi res  we re  e m p l o y e d  as t he  Ir  elec- 
t r o d e  mate r ia l s .  The  4 m m  d i a m  r od  was  cu t  in to  0.5 m m  
t h i c k  c i r cu la r  sec t ions  a n d  s po t - w e l ded  to an  Ir  wi re  t h a t  
was  p r e s e a l e d  in to  a sof t-glass  t u b e  as e l ec t rode  ho lder .  I r  
wi re  e l ec t rodes  were  s po t - w e l ded  to a ve ry  s h o r t  l e n g t h  of 
fine P t  wi res  p r e sea l ed  in to  glass  tubes .  T he  p u r p o s e  of  
th i s  p r o c e d u r e  is to avo id  p r e o x i d a t i o n  of  Ir, w h i c h  can  
occu r  u n d e r  f lame t r e a t m e n t .  Zone- re f ined  Ru  rods  were  
also o b t a i n e d  f rom Mater ia l s  R e s e a r c h  C o m p a n y ,  cut ,  a n d  
s imi la r ly  m o u n t e d  or  d i r ec t ly  sea led  in to  glass  t ubes .  Ru  
wire  was  no t  ob ta inab le .  

Solutions.--1.O or 0.5M a q u e o u s  H2SO4 so lu t i ons  u s e d  in  
t he  w o r k  we re  p r e p a r e d  f r o m  C1--free B D H  Ar i s t a r  g r a d e  
su l fu r ic  acid;  in  our  expe r i ence ,  th i s  is t h e  be s t  g r ade  of  
th i s  ac id  ava i l ab le  f rom t he  p o i n t  of v i ew  of  pur i ty .  Pyro-  
d i s t i l l ed  w a t e r  (27) was  u s e d  for  p r e p a r a t i o n  of  all solu- 
t ions ,  a n d  h i g h  p u r i t y  t e c h n i q u e s  were  e m p l o y e d  in  all 
t h e  e l e c t r o c h e m i c a l  e x p e r i m e n t s ,  as r e p o r t e d  e l s e w h e r e  
(18, 24, 27). 

Types of experiments.--Oxide f i lms we re  g e n e r a t e d  on  
R u  a n d  Ir  e l ec t rodes  b y  a po ten t i a l - cyc l ing  r e g i m e  [cf. 
Ref. (18-21)] u s i n g  a n  a n o d i c  p o t e n t i a l  l imi t  of at  l eas t  
+1.4V a n d  a ca thod ic  l imi t  of +0.05V EH. P o t e n t i a l s  we re  
r e f e r r ed  to t h a t  of a n  H2 r e v e r s i b l e  e l ec t rode  in  t he  s a m e  
so lu t ion  (scale d e s i g n a t e d  "Era V"), b u t  in  a s epa ra t e  com-  
p a r t m e n t  of  a t h r e e - c o m P a r t m e n t  cell. T he  p o t e n t i a l  cy- 
c l ing  r e g i m e  was  e s t a b l i s h e d  b y  m e a n s  of  a cycl ic  vo l t am-  
m e t r y  s e tup  e m p l o y i n g  a W e n k i n g  p o t e n t i o s t a t  a n d  a 
f u n c t i o n  g e n e r a t o r  in  t h e  u sua l  way. T he  coun te re l ec -  
t r o d e s  we re  a lways  m a d e  of t he  s a m e  meta l ,  R u  or Ir, as 
t h a t  u s e d  as t he  r e spec t ive  t e s t  e l ec t rode  in o rde r  to avo id  
c o n t a m i n a t i o n  b y  a fo re ign  meta l ,  e.g., f rom a P t  coun te r -  
e l ec t rode  b y  d i s so l u t i on  [cf. Ref. (28)]. 

In  s o m e  e x p e r i m e n t s ,  po t en t i o s t a t i c  ox ide  f i lm forma-  
t ion  was  inves t iga t ed .  As f o u n d  p r e v i o u s l y  (15), t h e  ox ide  
fi lm On I r  c a n n o t  be  g r o w n  in  t i m e  b y  h o l d i n g  t he  po ten-  
t ial  c o n s t a n t  a t  an  a p p r o p r i a t e  value,  1.4 - 1.6V EH; on ly  
u n d e r  a cyc l ic -po ten t ia l  p r o g r a m  does  i t  grow. However ,  
t he  o x i d e  fi lm at R u  can  b e  g r o w n  e i the r  b y  t he  cyc l ing  
r e g i m e  or u n d e r  c o n s t a n t  po t en t i a l  cond i t ions ,  viz., at  
> 1.45V, EH, w i t h  t h e  g r o w t h  ra te  i n c r e a s i n g  w i t h  h i g h e r  
a n o d i c  po ten t ia l s .  

D u r i n g  t he  cou r se  of  t h e  g r o w t h  of  t he  fi lm o n  Ir, t h e  
n o w  w e l l - k n o w n  e l e c t r o c h r o m i c  effect  (29) is o b s e r v e d ,  
p r o v i d e d  t h e  e x t e n t  of ox ide  fi lm t h i c k e n i n g  is n o t  too 
g rea t  (18), w h e n  t he  fi lm b e c o m e s  b l a c k  at all po ten t i a l s .  
Ru  also s h o w e d  s o m e  e l e c t r o c h r o m i c  effect  in  a lka l ine  so- 
lu t ion ,  b u t  th i s  is less  m a r k e d  t h a n  t h a t  a t  Ir. 

D u r i n g  t he  ox ide  f i lm- fo rmat ion  process ,  e i t he r  at  I r  or 
Ru, s o m e  d i s so lu t i on  of  t h e  m e t a l s  occu r s  g iv ing  b r o w n -  
i sh  so lu t i ons  a f te r  p r o l o n g e d  cycl ing.  T he  d i s s o l u t i o n  (at 
Ru) is g rea te r  u n d e r  cycl ing  c o n d i t i o n s  [cf. Ref. (28)] t h a n  
u n d e r  s t e a d y  a n o d i c  polar iza t ion .  

In  a n o t h e r  se t  of  e x p e r i m e n t s ,  g r o w t h  of  t he  ox ide  was  
ca r r i ed  ou t  at  Ru  u n d e r  c o n s t a n t  c u r r e n t  c o n d i t i o n s  or 
u n d e r  t h e  in f luence  of  a p r o g r a m  in w h i c h  t h e  c u r r e n t  
was  i n c r e a s e d  f rom 0.1 to 5 m A c m  -2 over  4h. T he  e x t e n t  
of  g r o w t h  of t h e  ox ide  fi lm u n d e r  c o n s t a n t  c u r r e n t  condi-  
t i ons  for  4 - 5h was  f o u n d  to b e  e q u i v a l e n t  to  t h a t  u n d e r  
p o t e n t i a l  cyc l ing  (0.05 to 1.45V, EH) over  a p e r i o d  of 3 - 4 
days.  Of  course ,  in  a p o t e n t i a l  cyc l ing  reg ime ,  t he  f r ac t ion  
of  t i m e  s p e n t  in  each  hal f -cycle  ove r  t he  p o t e n t i a l  
r a n g e  w h e r e  ox ide  g r o w t h  ra te  is s ignif icant ,  wil l  on ly  b e  
ca. 20%. U n d e r  con t ro l l ed  c u r r e n t  cond i t ions ,  h o w e v e r ,  02 
gas  is e v o l v e d  so t h a t  t he  fi lm g r o w t h  par t i a l  c u r r e n t  is a 
sma l l  f r ac t ion  of t he  overa l l  c u r r e n t  pass ing .  I f  O2, r a t h e r  
t h a n  C12 [cf. Ref. (24)], is evo l ved  at  ox id ized  Ir  e l ec t rodes ,  
t h e  ox ide  f i lm suffers  m e c h a n i c a l  deg rada t ion .  Th i s  does  
no t  o c c u r  w h e n  C12 is evolved.  

Scanning electron and optical microscopy.--A " S e m c o "  
N a n o l a b  7 s c a n n i n g  e l ec t ron  m i c r o s c o p e  was  e m p l o y e d  to 
s t u d y  t h e  m o r p h o l o g y  of  t he  ox ide  fi lms u p  to h i g h  mag-  
n i f i ca t ions  u s i n g  a LaB6 f i lament .  P h o t o m i c r o g r a p h s  

we re  t a k e n  at  va r ious  t i l t  ang les  w h i c h  i l l u s t r a t ed  th ree -  
d i m e n s i o n a l  a spec t s  of  m o r p h o l o g i e s .  The  ox ides  of  I r  or  
Ru g e n e r a t e d  in t h e s e  e x p e r i m e n t s  d id  no t  r equ i r e  coat- 
ing  b y  C or Au  as t h e y  were  a l ready  qu i te  Conduc t ing .  

Opt ica l  m i c r o s c o p y  o b s e r v a t i o n s  were  also m a d e  u s i n g  
a N o m a r s k i  i n t e r f e r e n c e  mic roscope .  

X-ray emission analyses.--The S E M  was  f i t ted w i t h  
Mic rospec  w a v e l e n g t h  a n d  K e v e x  e n e r g y  d i s p e r s i v e  x- ray  
ana lyze r  sys t ems ,  w h i c h  e n a b l e d  e l e m e n t a l  c o m p o s i t i o n s  
of  ma te r i a l s  to b e  m o n i t o r e d  d u r i n g  SEM. 

O :Ru  a n d  O:Ir  ra t ios  were  e v a l u a t e d  u s i n g  t h e  x-ray 
s p e c t r o m e t e r s  a t t a c h e d  to the  SEM. The  o x y g e n : m e t a l  ra- 
t ios  we re  d e t e r m i n e d  on  va r ious  s a m p l e s  of  ox id i zed  Ru  
or I r  b y  r e f e r ence  to t h e r m a l l y  f o r m e d  b u l k  s t a n d a r d  ma-  
ter ia ls  (RuO2 a n d  IrO2). The  Ru c o u n t  ra te  was  deter -  
m i n e d  on  t he  e l ec t rochemica l l y  f o r m e d  ox ide  fi lm at  Ru 
a n d  c o m p a r e d  w i th  t h a t  f r om t h e  RuO2 s t anda rd .  S imi la r  
m e a s u r e m e n t s  were  m a d e  on  ox id ized  Ir  e lec t rodes .  

Morphology and electrochemical history.--Photomicro- 
g r a p h s  were  t a k e n  on  ox ide  f i lms g r o w n  to va r ious  th ick-  
nesses .  E a c h  s a m p l e  was  cha rac t e r i zed  by  a cycl ic  vol- 
t a m m o g r a m  t a k e n  j u s t  be fo re  t he  e l ec t rode  was  
t r an s f e r r ed ,  a f te r  a b r i e f  w a s h  in py rod i s t i l l ed  water ,  to  
t he  S E M  c h a m b e r .  With some  e lec t rodes ,  a cyclic vo l t am-  
m o g r a m  was  t a k e n  also i m m e d i a t e l y  af te r  t he  e l ec t ron  
m i c r o g r a p h y  to c h e c k  i f  any  i r r eve r s ib l e  c h a n g e s  h a d  
o c c u r r e d  on  a c c o u n t  of  t he  e l ec t ron  m i c r o s c o p y  obse rva -  
t ions ,  e.g., due  to v a c u u m  d r y i n g  or e l e c t r o n - b e a m  reduc-  
t ion.  T h e  cyclic v o l t a m m o g r a m s  for Ru were  h a r d l y  
c h a n g e d  af te r  e x p o s u r e  of the  ox ide  fi lms in  t he  SEM. 

The  opt ica l  m i c r o s c o p y  was  d o n e  on  e l ec t rodes  t rans -  
f e r red  in t he  we t  s ta te  to t he  m i c r o s c o p e  s tage  so t h a t  arti- 
fact  s t r u c t u r e s  t h a t  cou ld  r e su l t  f r om d r y i n g  at a n  eleva-  
t ed  t e m p e r a t u r e  were  avo ided .  

Severa l  m i c r o g r a p h s  were  m a d e  by  t r a n s m i s s i o n  elec- 
t r o n  m i c r o s c o p y  (TEM) af te r  m a k i n g  rep l icas  b y  m e a n s  of 
co l lod ion  t r e a t m e n t .  Th i s  p r o c e d u r e  gave  h i g h e s t  levels  
of  m a g n i f i c a t i o n  up  to 25 n m  p e r  c m  of  t he  p r i n t e d  pho-  
t og raphs .  In  t h e  T E M  i n s t r u m e n t ,  e l ec t ron  d i f f rac t ion  
cha rac t e r i z a t i on  of t he  ac tua l  ob jec t  ma te r i a l  cou ld  also 
be  made .  

"Electrochemical" film thickness.--By m e a n s  of  t he  
cycl ic  v o l t a m m e t r y  m e a s u r e m e n t s ,  t he  e l e c t r o c h e m i c a l l y  
d e t e r m i n e d  a p p a r e n t  fi lm t h i c k n e s s  of  the  ox ide  f i lms 
was  d e t e r m i n e d  in t e r m s  of  t he  ratio,  CEF,  of  t he  c h a r g e  
u n d e r  t he  cyclic v o l t a m m o g r a m ,  i dt =- i/s �9 dV, for a 
sweep - r a t e  s = dV/dt, for  a g i v e n  ox ide  fi lm to t h a t  for  ini- 
t ial  t r ue  m o n o l a y e P  f o r m a t i o n  or r e d u c t i o n  (18). Th i s  ra t io  
was  t e r m e d  t he  " c h a r g e  e n h a n c e m e n t  fac to r"  (CEF) in 
p r e v i o u s  p u b l i c a t i o n s  (18, 24). 

Results and Discussion 
Electrochemical characterization of oxide films at Ir 

and R u . - - T y p i c a l  cyclic v o l t a m m o g r a m s  s h o w i n g  t he  
t r a n s i t i o n  f rom m o n o l a y e r  to m u l t i l a y e r  ox ide  fi lm for- 
m a t i o n  at I r  a n d  Ru  are  s h o w n  in  Fig. 1 a n d  2, a n d  illus- 
t ra te  t he  m a j o r  d i f fe rence  b e t w e e n  t he  b e h a v i o r  of t he  
t w o - d i m e n s i o n a l  sur face  m o n o l a y e r  p rocesses ,  w h i c h  are 
i r revers ib le ,  a n d  t he  r eve r s ib l e  b e h a v i o r  of  t he  m u l t i l a y e r  
f i lms h a v i n g  CEF  va lues  u p  to severa l  h u n d r e d  (18). The  
v a r i a t i o n  in  t he  s h a p e s  of  t he  cycl ic  v o l t a m m o g r a m s  w i t h  
potential for oxide films formed at Ir (Fig. I) is princi- 
pally due to the change of conductivity (31) of the oxide 
film at Ir as it is reduced from IrO~ to Ir~O3 (29) at poten- 
tials < ca. 0.65V Em In the case of the ruthenium oxide 
film (Fig. 2), good conductivity is retained throughout 
the potential range 0.05-1.4V Em i.e., down to the H2 re- 

SCare must  be exercised at Ir or Ru in the evaluation of the 
true oxide monolayer formation and reduction cyclic 
vol tammogram (18): thus, it is easy for multilayer oxide forma- 
tion to begin unless the potential limits of the cyclic- 
vol tammogram are carefully controlled and appropriately lim- 
ited (18). Such effects are seen in some previously published 
work (30) where monolayer behavior was referred to, but, in fact, 
the currents correspond to some multilayer redox component  
processes. 
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ve r s ib l e  p o t e n t i a l  in  t he  " r e d u c e d "  s ta te  as wel l  as in  t h e  
ox id i zed  state .  

T he  t h i c k n e s s e s  of  ox ide  f i lms e s t i m a t e d  f r o m  CE F  
va lues  (based  on  0.3 n m  pe r  layer,  c o r r e s p o n d i n g  to pas-  
sage  of  c h a r g e  of  220 ~C c m  -2) are  s u b s t a n t i a l l y  sma l l e r  
t h a n  are  i n d i c a t e d  f rom the  d i m e n s i o n s  of  edges  of  
c r a c k e d  fi lms t h a t  are o b s e r v e d  in S E M  p ic tu r e s  (see be-  
low). A c o m p a r i s o n  of  n o r m a l i z e d  c u r r e n t s  a t  a g iven  po- 
t en t i a l  (0.SV E , )  in  t h e  cycl ic  v o l t a m m o g r a m s  for  Ru  a n d  
I r  d u r i n g  t he  g r o w t h  u n d e r  cyc l ing  cond i t ions ,  w i t h  t h e  
film t h i c k n e s s e s  o b s e r v e d  in t he  SEM, is s h o w n  in  Fig. 3. 
T h e s e  l ines  give an  a p p r o x i m a t e  idea  of  t he  r e l a t i o n s h i p  
b e t w e e n  t he  ef fec t ive  " e l e c t r o c h e m i c a l "  t h i c k n e s s  of  t h e  
f i lms a n d  t h e  a p p a r e n t  (i.e., a l l owing  for  po ros i ty  in  t h e  
s t r uc tu r e s )  geome t r i c a l  t h i c k n e s s .  The  d i s c r e p a n c y  is b y  a 
f ac to r  of  ca. 10 or m o r e  for  Ir  ox ide  f i lms a n d  50-100 for  
R u  ox ide  f i lms g r o w n  e lec t rochemica l ly .  T h e s e  d i sc rep-  
ancy  fac to rs  m a y  b e  d u e  to (i) m i c r o p o r o s i t y  in  t h e  
h y d r o u s  ox ide  films, and /o r  (it) l imi ted  e l e c t r o c h e m i c a l  
access ib i l i t y  of t he  ma te r i a l  i n s ide  the  films, or (iii) to 
e l e c t r o c h e m i c a l  r e d o x  ac t iv i ty  b e i n g  r e s t r i c t ed  on ly  to t h e  
su r f aces  of  pores ;  t h a t  is, t h e  c h a r g i n g / d i s c h a r g i n g  pro- 
cesses  o b s e r v e d  in c y c l i c - v o l t a m m e t r y  e x p e r i m e n t s  m a y  
ar i se  q u a s i - t w o - d i m e n s i o n a l l y  at  t h e  sur face  of  a h y p e r e x -  
t e n d e d  m i c r o p o r o u s  s t ruc tu re .  

Optical interference microscopy observations.--The 
first m i c r o s c o p i c  o b s e r v a t i o n s  of t he  ox ide  fi lm on  cy- 
c led  Ru  e l ec t rodes  we re  m a d e  b y  m e a n s  of  a N o m a r s k i  
op t ica l  i n t e r f e r e n c e  mic roscope ,  w i t h  t he  e l ec t rodes  still 
in  a we t  or d a m p  state.  Two p h o t o g r a p h s  of t he  ox ide  
f i lm d e v e l o p e d  af te r  ca. 200 cycles  of  p o t e n t i a l  c h a n g e  
f rom 0.05 to 1.4V EH are  s h o w n  in  Fig. 4a. Th i s  p h o t o  

Fig. 4. Nomarski optical microscope photos of the hard shell layer that 
develops on Ru electrodes as they are oxidized in a potential cycling pro- 
gram. Original photos are Kodachrome showing interference contrast 
colors of various regions of the surface, a (top left): initial stage of film 
formation, ca. SO nm. b (top right), c (bottom left), and d (bottom right): 
thicker films peeling off electrode, ca. S/~m. 
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Fig. 3. Relation of normalized currents at 0.8V EH for Ru and 1.0V for 
Ir in cyclic voltammograms taken during the oxide film growth during cy- 
cling, to film thickness determined by SEM observations. (Normalized 
currents are approximately proportional to CEF's.) Conditions: O.SM 
H2S04, 298 K, cycling between 0.0 and 1 .SV EH~ at 0.1 V s -1. 

s h o w s  t h a t  t h e  ox id ized  Ru  e l ec t rode  h a s  a s m o o t h  s h i n y  
o u t e r  su r face  layer ,  b u t  t h e  u n d e r l y i n g  t h i c k  film forma-  
t ion  c a n n o t  b e  o b s e r v e d  in  t h e  S E M  (see below).  Af ter  
t h i c k  fi lm f o r m a t i o n  has  occur red ,  th i s  s m o o t h  ou te r  
layer  s e e m s  to over lay  some  looser  ox ide  ma te r i a l  u n d e r -  
n e a t h  i t  (Fig. 4b). T h e  s m o o t h  ou te r  layer  is e x t r e m e l y  
hard ,  as was  i n d i c a t e d  by  i ts  r e s i s t ance  to a t t e m p t s  to 
p r o b e  in to  i t  w i th  a s teel  needle .  However ,  by  m e a n s  of  
t h e  n e e d l e  or a scalpel ,  f lakes of  th i s  h a r d  ox ide  layer  c an  
b e  s e p a r a t e d  off  f rom t h e  u n d e r l y i n g  b u l k  R u  ox ide  or  t he  
meta l ,  r evea l i ng  a looser  ma te r i a l  b e n e a t h .  At  Ir, s u c h  a 
l ayer  is n o t  obse rved .  

A n  i n t e r e s t i n g  a spec t  of  t h e  d e v e l o p m e n t  of t h e  ox ide  
f i lms on  Ru  is t h a t  i f  t h e  or ig ina l  m e t a l  su r face  is 
s c r a t ched ,  or o t h e r w i s e  r e t a in s  some  p o l i s h i n g  l ines,  t h e  
s c r a t ch  m a r k s  are r e t a i n e d  o n  t h e  ou t s ide  of  t h e  e lect ro-  
c h e m i c a l l y  g r o w n  ox ide  film. T h e  ou t e r  su r face  of t he  
ox ide  film, r e fe r red  to above ,  h a s  a n  a p p e a r a n c e  s h o w n  
in  Fig. 4a a n d  4b. T h e  r e t e n t i o n  of t h e  s c r a t c h  m a r k s  indi-  
ca tes  t h a t  t h e  ox ide  f i lm g rows  b y  m i g r a t i o n  of  OH or O 
ions  in to  t h e  f i lm r a t h e r  t h a n  t h e  r eve r se  p r o c e s s  of  m e t a l  
ion  f o r m a t i o n  a n d  m i g r a t i o n  o u t w a r d s  (cf., t h e  radio-  
i so tope  m a r k i n g  p r o c e d u r e  of  Davies  (32) for  s t u d y i n g  O 
or m e t a l  ion  m i g r a t i o n  p r o c e s s e s  in  oxide- f i lm f o r m a t i o n  
at  b a s e  meta l s )  co u p l ed  w i t h  p r o v i s i o n  of  OH-  or 02- spe- 
cies f r o m  H20 at  t h e  ox ide / so lu t i on  in terface .  

More  de ta i l ed  i n d i c a t i o n s  of  t h e  s t r u c t u r e  of  t h e  ox ide  
fi lms at  Ru a n d  Ir are g iven  by  t h e  e l ec t ron  m i c r o s c o p -  
ical  o b s e r v a t i o n s  to  b e  d e s c r i b e d  nex t .  

Scanning electron microscopy observations.--In t h i s  
s ec t ion ,  we sha l l  d e s c r i b e ,  first, t h e  g e n e r a t  m o r p h o l o g y  
of  t h e  o x i d e  f i lms a t  Ru  a n d  Ir  as s e e n  w i t h  t h e  S E M  
a n d  t h e n  r e f e r  m o r e  spec i f ica l ly  to  c e r t a i n  a s p e c t s  of  t h e  
m o r p h o l o g y  of  t h e  o x i d e  fi lms, e.g., t h e  p r e s e n c e  of  co- 
l u m n a r  s t r u c t u r e s  a n d  t h e  i d e n t i f i c a t i o n  of  r a t h e r  s m a l l  
sca le  po ros i t y .  

General morphological features .--The a p p e a r a n c e  in  t h e  
S E M  of t h e  h a r d  o u t e r  l aye r  ma te r i a l ,  r e f e r r e d  to a b o v e ,  
is s h o w n  in  Fig. 5. T h e  p e r s i s t e n c e  of  t h e  o r ig ina l  
s c r a t c h  m a r k s  on  t h e  meta l ,  n o w  on  t h e  o u t e r  s u r f a c e  of  
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Fig. 5. SEM photos of the hard outer shell layer at an electrochemically 
oxidized Ru electrode (cf. Fig. 4a and 4b). Note retention of scratch 
marks. 

the oxide film, is seen again. At higher  magnification, 
the general  appearance of the film is shown in Fig. 6, 
where the scratch marks are again clearly seen on the 
outside of the film. Figure 6 shows the structure of the 
film at a still h igher  magnification ("4.0 ~m"  scale) 
looking into its edge. 

Figure 8 shows a region where some oxide has broken 
away, exposing an underlying oxide or the substrate Ru 
metal  itself. (Compare the optical photomicrographs  in 
section 2, Fig. 4a and 4b). The CEF values for the oxide 
films shown in the above figures are ca. 400. The depth 
of the depression in Fig. 8 is ca. 6 gm, indicating an ox- 
ide thickness of at least this magnitude.  The CEF was 
400 which would correspond only to an "electrochem- 
ical th ickness"  of ca. 0.12 t~m. This verifies the deduc- 
tion that  the electrochemical  charge associated with a 
change of oxidation state of the film in cyclic voltam- 
metry exper iments  corresponds to only a small fraction 
of the oxide film material actually generated by the po- 
tential cycling procedure.  Alternatively, the film is 
highly porous or the reversible electrochemical  activity 
originates only at the outer regions of a porous struc- 
ture. 

The oxidation behavior of Ir appears to be signifi- 
cantly different from that of Ru in the following ways. 
Although a thick oxide film can also be formed, as at 
Ru, it is only generated by potential  cycling, not under  
constant potential  or constant current  conditions where 

Fig. 6. General appearance of the oxide film at a Ru electrode at 
higher magnification than that of Fig. S. Note retention of scratch marks. 

Fig. 7. SEM photo of the oxide film at Ru at high magnification show- 
ing edge of a fractured region. 

Fig. 8. SEM photo of the oxide layer at Ru showing o region where the 
film has broken away exposing underlaying material. 

Ru will form a thick oxide film. Also, very little dissolu- 
tion of Ir is detectable, even after several hundred  
growth cycles; hence Ir oxide film growth is not con- 
nected with a dissolution redeposit ion cycle. This is 
demonstra ted by the independence  of growth rate upon 
electrode rotation (Fig. 9) (0 or 4000 rpm) using an Ir 
rotating disk electrode. At Ru, by contrast, appreciable 
metal  dissolution takes place during the oxide forming 
process, as can be seen visually from the gradual colora- 
tion of the solutions which became brown. 

Figures 10a, 10b, and 10c show the structure of an 
electrochemical ly formed oxide film at Ir with a CEF of 
180. Again, the thicknesses of the films are substantially 
greater than corresponds to the CEF value. A cracked 
structure, similar to dried-out mud, is seen, and, al- 
though the oxide film appears to be peeling off in some 
photos, it was found that e lectrochemical ly oxidized Ir 
electrodes are mechanical ly stable to C12 evolut ion for 
ex tended  periods of t ime at 100 mA cm -2. Thus, a given 
electrode does not suffer diminut ion of CEF by this 
t reatment,  though the stability to 02 evolution is not as 
good as to C12 evolution. 

The " tubular"  pore structures found at oxidized Ru 
(Fig. 11 below) are not observed at Ir al though the appar- 
ent electrocatalytic behavior (24) for CI~ evolut ion does 
suggest the presence of a microporous,  hyperextended  
large area structure. 

Specific morphological features.--Under certain condi- 
tions and/or at high magnifications, several special fea- 



Vol. 131, No. 7 THICK OXIDE FILMS 

20 I 

~rr"iL~ Ir 1.0 MH2S04 , o a  r.p.m.4000295 K , / ~  

x 900 / B /  
[] 1600 

z 
w 
~ 1.5 

U ., 

- r  

W 

T 
t )  

1 . 0  ' I , I , I 
0 I0 20 30 

NUMBER OF CYCLES 
Fig. 9. Independence of anodic currents in cyclic voltammograms for 

oxidation processes at Ir electrode on electrode rotation rate. CEF's are 
independent of rotation rate. (Outer lines show breadth of errors; differ- 
ences at various rotation rates ore less than these errors.) 

1507 

t u r e s  of  t h e  s t r u c t u r e  of  t h e  o x i d e  f i lms f o r m e d  on  Ru  
c a n  b e  o b s e r v e d .  

F i rs t ,  Fig.  11 s h o w s  t h e  r e m a r k a b l e  c o l u m n a r  s t ruc -  
t u r e  t h a t  is s e e n  in  a f r a c t u r e  s e c t i o n  a c r o s s  t h e  o x i d e  
f i lm g r o w n  a t  a fas t  cyc l i ng  r a t e  (1 V s -1) to  a C E F  of  ca. 
200. T h e  p h o t o  in  Fig. 12 s h o w s  t h i s  c o l u m n a r  s t r u c t u r e  
a t  a h i g h e r  m a g n i f i c a t i o n  t o g e t h e r  w i t h  t op  e n d s  of  t h e  
pa ra l l e l  c o l u m n s .  T h e  o r i e n t a t i o n s  of  t h e  c o l u m n a r  
s t r u c t u r e s  s e e m  to d e p e n d  o n  t h e  g r a i n  o r i e n t a t i o n  of  
t h e  o r ig ina l  m e t a l  or  e lse  spec i f ic  o r i e n t a t i o n s  of  g r a i n s  
of  o x i d e  a re  d e v e l o p e d  d u r i n g  t h e  o x i d e  g r o w t h ,  as 
s h o w n  in  Fig. 13. As  wil l  b e  d i s c u s s e d  la ter ,  t h e s e  c o l u m -  
n a r  s t r u c t u r e s  m a y  r e s u l t  f r o m  a n o d i c  e t c h i n g  w i t h  con-  
c u r r e n t  o x i d e  fi lm f o r m a t i o n  a t  t he  e t c h e d  r eg ions ,  i.e., 
i n v o l v i n g  a n o n p a s s i v a t i n g  o x i d e  layer .  

A n  o x i d e  f i lm t h a t  h a s  b e e n  f o r m e d  a t  a Ru  e l e c t r o d e  
b y  c o n s t a n t - c u r r e n t  o x i d a t i o n  or b y  a p r o g r a m m e d  
c h a n g e  of  c u r r e n t  (Fig. 14), in  b o t h  cases  w i t h  c o n c o m i -  
t a n t  02 e v o l u t i o n ,  does  no t  s h o w  the  c o l u m n a r  s t ruc -  
t u r e s  i l l u s t r a t e d  above .  T h e  s t r u c t u r e  is m o r e  
a m o r p h o u s  a n d  is a s s o c i a t e d  w i t h  a h i g h e r  O : R u  rat io,  
d e t e r m i n e d  in  t h e  x - ray  s p e c t r o m e t r y  e x p e r i m e n t s ,  t h a n  
is f o u n d  at  t h e  c y c l e d  ma te r i a l .  H o w e v e r ,  t h e s e  expe r i -  
m e n t s  a l w a y s  gave  s u b s t a n t i a l l y  l o w e r  O :Ru  r a t i o s  t h a n  
c o r r e s p o n d  to t h e  n o m i n a l  s t o i c h i o m e t r i c  c o m p o s i t i o n  
"RuO2"  t a k e n  for  a t h e r m a l l y  p r e p a r e d  RuO2 s p e c i m e n  
as s t a n d a r d .  A t  e l e c t r o c h e m i c a l l y  o x i d i z e d  Ir, t h e  corre-  
s p o n d i n g  O:Ir  r a t ios  we re  l a r g e r  a n d  c lose r  to  t h e  ex- 
p e c t e d  "I rO2" s t o i c h i o m e t r y  for  a n  IrO2 s t a n d a r d .  

Pore structures.--Attempts w e r e  m a d e  a t  h i g h  S E M  
m a g n i f i c a t i o n s  to  d e t e c t  a p o r e  s t r u c t u r e  t h a t  m i g h t  ac- 
c o u n t  for  t h e  l a rge  o x i d a t i o n / r e d u c t i o n  c h a r g e  assoc ia -  
t ed  w i t h  t h e  e l e c t r o c h e m i c a l  b e h a v i o r  of  o x i d e  f i lms de- 
v e l o p e d  o n  I r  a n d  Ru to a p p r e c i a b l e  t h i c k n e s s e s  (CEF  
v a l u e s  of  200-500). T h e  c o l u m n a r  s t r u c t u r e s  d e v e l o p e d  a t  
R u  u n d e r  c e r t a i n  c o n d i t i o n s  (cf., Fig. 11, 12, a n d  13) ind i -  
ca te  t h e  p o s s i b i l i t y  of  e x t e n d e d  p o r e s  d o w n  or  b e t w e e n  
t h e  c o l u m n s .  H o w e v e r ,  d i r e c t  h i g h  m a g n i f i c a t i o n  obse r -  
v a t i o n s  in  t h e  S E M  were  u n a b l e  to  d i s t i n g u i s h  fine- 
sca le  r o u g h n e s s  f r o m  p o s s i b l e  e n t r a n c e s  to  p o r e s  in  t h e  
su r face ,  e.g., in  Fig. 6. B e c a u s e  of  t h i s  p r o b l e m ,  s ev e ra l  
o b s e r v a t i o n s  w e r e  m a d e  a t  v e r y  h i g h  m a g n i f i c a t i o n s  b y  
m e a n s  of  T E M  w h i c h  a re  d e s c r i b e d  be low.  

Fig. 10. SEM photos of the structure of electrochemically formed thick 
oxide films at an Ir electrode. (Note crocked structures not seen at Ru, 
and absence of outer shell layer.) 

Morphologies of  other deposits.--Comparison w i t h  o x i d e  
f i lms f o r m e d  in  o t h e r  ways  is o f  s o m e  in t e r e s t .  F i g u r e  
15a s h o w s  t h e  m o r p h o l o g y  o f  a n  RuO~ o x i d e  f i lm 
f o r m e d  t h e r m a l l y  f rom a RuC13-coated e l e c t r o d e  (Ti sub-  
s t rafe ,  as w i t h  a D S A - t y p e  e lec t rode) .  F i g u r e  15b s h o w s  
a n  o x i d e  fi lm d e v e l o p e d  b y  t h e  cyc l ing  p r o c e d u r e  f r o m  
Ru  e l e c t r o p l a t e d  on  Au.  C o m p a r e d  w i t h  f e a t u r e s  devel -  
o p e d  in  t h e  o x i d a t i o n  of  b u l k  Ru,  t h e  o x i d e  s t r u c t u r e  
s e e m s  to b e  i n f l u e n c e d  m a i n l y  b y  t h e  m o r p h o l o g y  of  
t h e  e l e c t r o p l a t e d  R u  m e t a l  s u b s t r a t e .  

Transmission electron microscopy.--During t h e  S E M  
s t u d i e s  of  t h e  o x i d e  f i lms f o r m e d  at  Ru  b y  p o t e n t i a l  cy- 
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Fig. 11. SEM photo showing columnar and apparently tubular structure 
at electrochemically oxidized Ru electrode. Region is a fracture section. 

Fig. 13. Columnar structures of oxidized Ru electrode developed in 
relation to different grain orientations. Note detached pieces. 

Fig. 12. Another SEM photo of the columnar structure of the oxidized 
Ru electrode at higher magnification and at an 86 ~ tilt. 

cling, it had been noticed that columnar structures de- 
velop in the latter material (see Fig. 5 and 11-13). It was 
possible to replicate the oxide surface with Formvar  
and, in so doing, to include some fragments of the oxide 
layer formed at Ru by the cycling procedure in the 
Formvar  replica. These replicas were then examined by 
transmission electron microscopy. (Fig. 16a and 16b). 

Fig. 14. SEM photo of amorphous oxide film formed at Ru under con- 
stant current oxide film formation conditions. 

Figure 16a shows a TEM photograph of such a replica 
of the surface of the columnar  film on Ru. At these high 
magnifications (scale of original photo 60 nm per cm), 
the oxide material  is seen to be made up of remarkable  
parallel cylindrical bodies ca. 30 nm in diameter.  Some 
are seen to have become separated and apparent ly bent  
around on top of other material. Details at a level of res- 

Fig. 15. a, left: SEM photo of oxide film at Ru formed thermally by decomposition of RuCI~ coatings, b, right: Oxide film on Ru electroplated on Au. 
Film developed by the electrochemical cycling procedure. 



Vol .  131, No .  7 T H I C K  O X I D E  F I L M S  1509 

Fig. 16. a, top left: TEM photograph of the columnar structures devel- 
oped at electrochemically oxidized Ru electrodes, b, top right: TEM 
photo of outer region of oxide film at Ru. c, left: SEM photo of a region of 
an actuaJ oxide fragment trapped in the replica; see part of the TEM 
photo in Fig. 16a at the bottom right-hand side. In b, the circular 
microfeatures are clearer in the original photomicrographs than in this 
reproduction. 

o l u t i o n  of  < 5 n m  c a n  b e  d e t e c t e d  in  t h i s  pho to .  A n  S E M  
p i c t u r e  of  t h e  a c t u a l  r ep l i c a  of  t h e  c o l u m n a r  m a t e r i a l  is 
s h o w n  in  Fig.  16c. 

S i n c e  t h e  T E M  p h o t o  s h o w s  t h e  i m a g e  of  a rep l ica ,  i t  
is to b e  n o t e d  t h a t  t h e  a p p a r e n t  t o p o l o g y  is a n e g a t i v e  of  
t h a t  of  t h e  a c t u a l  s a m p l e  f r a g m e n t ?  

T h e  s m a l l  p i eces  of  o x i d e  w h i c h  we re  e x t r a c t e d  i n to  
t h e  r e p l i c a  f r o m  t h i s  r e g i o n  a p p e a r  as t h e  v e r y  d a r k  
a r e a s  o f  t h e  T E M  p h o t o g r a p h  in  Fig. 16a a t  t h e  l o w e r  
r igh t .  T h e  fac t  t h a t  t h e  t i n y  o x i d e  f r a g m e n t s  e x h i b i t  t h e  
s a m e  c o l u m n a r  s t r u c t u r e  as in  t h e  r ep l i c a  m a t e r i a l  (cf. 
Fig. 16a) c o n f i r m s  t h e  i n t e r p r e t a t i o n  of  t h e  p h o t o m i c r o -  
g r a p h s  t h a t  h i g h l y  o r i e n t e d  p o r e s  are  a n  i n t r i n s i c  p a r t  of  
t h e  o x i d e  s t r u c t u r e .  I t  s h o u l d  also be  n o t e d  t h a t  t h e  
o u t e r  wal l s  of  t h e  p o r e s  in  t he  o x i d e  p i eces  a l i gn  wel l  
w i t h  t h e  o b s e r v e d  c o l u m n  e d g e s  on  t h e  r e m a i n d e r  of  t h e  
rep l ica ,  d e m o n s t r a t i n g  t h e  a c c u r a c y  of  t h e  r e p l i c a t i o n  
p r o c e d u r e  a n d  t h e  h o m o g e n e i t y  of  t h e  s t r u c t u r e .  F i g u r e  
16a s h o w s  also t h a t  t h e  c h a n n e l s  or  p o r e s  of  t h i s  o x i d e  
r e g i o n  a re  of  a p p r o x i m a t e l y  10-15 n m  d iam.  F i g u r e  16b 
is a n o t h e r  T E M  p h o t o  of  a d i f f e r e n t  r ep l i c a  of  t h e  oxi- 
d i zed  Ru  s u r f a c e  t a k e n  f r o m  a n  a rea  w h e r e  t h e  o u t e r  
l aye r  of  t h e  o x i d e  was  st i l l  c o m p l e t e l y  i n t a c t  (cf. Fig. 4a, 
4b, a n d  5), so t h a t  t h i s  p h o t o  s h o w s  t he  a c t u a l  o u t e r  sur-  
face  of  t h e  oxide .  Th i s  p h o t o  s h o w s  m a n y  c i r c u l a r  fea- 
t u r e s  h a v i n g  a d i a m e t e r  of  ca. 10 n m .  I t  is p o s s i b l e  t h a t  
t h e s e  f e a t u r e s  are  t h e  e x p o s e d  e n d s  of  s o m e  of  t h e  p o r e s  
in  t h e  o x i d e  film. T h e  b a c k g r o u n d  ha s  a fine s t r u c t u r e  
on  t h e  o r d e r  of  1 n m  in  d i m e n s i o n s ,  p r o b a b l y  d u e  to car- 
b o n  c o a t i n g  t h e  rep l icas .  

3It is also to be noted that Formvar replicas of a smooth sub- 
strate surface are themselves entirely structureless, so the co- 
lumnar features in Fig. 16a are not artifacts of the replication 
procedure. In any case, the columnar structures are seen di- 
rectly under  the SEM (Fig. 11-13). 

A n  S E M  p h o t o  of  t h e  o x i d e  f r a g m e n t  s h o w n  in  Fig. 
16a is r e p r o d u c e d  in  Fig. 16c. Once  aga in ,  t h e  c o l u m n a r  
s t r u c t u r e  is c lea r ly  seen.  

I n  t h e  ca se  o f  I r  o x i d e  fi lms, t h e s e  c o l u m n a r  s t ruc -  
t u r e s  c o u l d  n o t  b e  d e t e c t e d ,  a n d  t h e  fine s t r u c t u r e  at  
h i g h  m a g n i f i c a t i o n s  s e e m s  g e n e r a l l y  l ike  t h a t  of  a n  
a m o r p h o u s  ma te r i a l .  P r e s u m a b l y ,  t h e  a p p a r e n t  h i g h  
a rea  i n d i c a t e d  b y  t h e  p r o p o r t i o n a l i t y  of  e l e c t r o c a t a l y t i c  
a c t i v i t y  for  a n o d i c  CI~ e v o l u t i o n  (24) to  f i lm t h i c k n e s s  
(CEF) is a s s o c i a t e d  w i t h  a h i g h l y  m i c r o p o r o u s  s t r u c t u r e  
w i t h  d i m e n s i o n s  b e l o w  t h o s e  r e s o l v a b l e  in  t h e  SEM.  We 
r e f e r  to t h i s  as a h y p e r e x t e n d e d  mate r i a l .  

Compar ison  of  oxide f i lms at  Ir  and  R u . - - T h e s e  re- 
su l t s  l e n d  c r e d e n c e  to t h e  v i e w  t h a t  t h e  h i g h  c a p a c i t y  for  
a c c e p t a n c e  of  e l e c t r o c h e m i c a l  c h a r g e  e x h i b i t e d  by  t h e  
h y d r o u s  o x i d e  t y p e  of  m a t e r i a l s  t h a t  c a n  b e  g e n e r a t e d  
on  Ir, Ru,  a n d  o t h e r  m e t a l s  [cf. B u r k e  (23)] is c o n n e c t e d  
w i t h  a h i g h  a rea  p o r e  s t r u c t u r e  w h i c h  p r o v i d e s  a c c e s s  
for  e l e c t r o l y t e  i ons  a n d  p a s s a g e s  or  c h e m i c a l  w a t e r  
c h a n n e l s  for  m i g r a t i o n  of  t h e  p r o t o n s  r e q u i r e d  in  t h e  ox- 
ide  r e d o x  p r o c e s s e s ;  t h e s e  are  of  a r e m a r k a b l y  r e v e r s i b l e  
k ind .  

F r o m  a n  e l e c t r o c h e m i c a l  p o i n t  of  v iew,  t h e  s t r i k i n g  
f e a t u r e  (18, 19, 21) of  t h e s e  a n o d i c a l l y  f o r m e d  t h i c k  ox- 
ide  f i lms is t h a t  t h e y  e x h i b i t  a c h a r g e  vs. p o t e n t i a l  rela-  
t i o n s h i p  of  t h e  s a m e  k i n d  as t h a t  of  a n  e l e c t r o c h e m i c a l  
t w o - d i m e n s i o n a l  s u r f ace  p roces s ,  e.g., s u b m o n o l a y e r  
s u r f ace  o x i d a t i o n  of  P t  o r  u n d e r p o t e n t i a l  d e p o s i t i o n  of  
m e t a l  m o n o l a y e r s  on  Au,  a n d  ye t  t h e  m a t e r i a l  is  d e m o n -  
s t r a b l y  p r e s e n t  in  b u l k  fo rm.  In  pa r t i cu l a r ,  for  a n y  g i v e n  
f r a c t i o n a l  d e g r e e  of  o x i d a t i o n  or  r e d u c t i o n  of  t h e  m a t e -  
rial, t h e r e  is a c o r r e s p o n d i n g  r e v e r s i b l e  p o t e n t i a l ,  as 
w i t h  a n  e l e c t r o s o r p t i o n  i s o t h e r m  (33) or w i t h  a t h ree -d i -  
m e n s i o n a l  r e d o x  s y s t e m ,  as in  t h e  case  of  a r e d o x  t i t ra-  
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t ion.  For  a no rma l  bu lk  phase  oxide,  on the  contrary,  
the re  is: (i) an a lmos t  u n i q u e  ( theoret ical ly ,  ac tua l ly  
un ique)  s ing le -va lued  po ten t ia l  for the  fo rma t ion  or  re- 
duc t i on  of  the  oxide,  and (ii) in a cycl ic  v o l t a m m e t r y  ex- 
pe r imen t ,  the  cu r ren t  vs. poten t ia l  profi les  in anodic  
and  ca thod ic  d i rec t ions  are n e v e r  mi r ro r  images  of  each  
other,  bu t  co r r e sp ond  to p rocesses  r equ i r ing  an overpo-  
tent ia l  in e i ther  d i rec t ion  for s ignif icant  cu r ren t s  to 
pass; hence ,  the  anodic  and ca thod ic  i vs. V profi les  are 
c o m p l e t e l y  a s y m m e t r i c  wi th  respec t  to one  ano the r  for 
o ther  sol id bu lk  phase  mater ia ls .  

While the  e l ec t rochemica l  behav io r  of  Ir and Ru is in 
s o m e  ways  s imilar  wi th  r e spec t  to the  d e v e l o p m e n t  of  
th ick  ox ide  films upon  po ten t ia l  cycl ing  wh ich  exh ib i t  
r eve r s ib l e  r edox  behav io r  over  a wide  r ange  of  po ten-  
t ials (wider  at Ru than  at Ir due  to loss  of  c o n d u c t i v i t y  
(18, 31) in Ir ox ide  films be low  ca. 0.65V EH, assoc ia ted  
wi th  r e d u c t i o n  to a lower  va l ence  state of  the  Ir  ions), 
the  p r e sen t  w o r k  d e m o n s t r a t e s  i m p o r t a n t  s t ruc tu ra l  and  
s o m e  s ignif icant  chemica l  d i f fe rences  in the  films. 

The  p r inc ipa l  s t ruc tu re  d i f fe rence  is the  d e v e l o p m e n t  
of  the  c o l u m n a r  fea tures  in the  case of  ox id ized  Ru and 
the  r e t en t ion  of  a ha rd  sur face  on the  ex te r io r  of  the  
e l e c t r o c h e m i c a l l y  gene ra t ed  ox ide  films at Ru. At  Ir, 
ne i the r  of  these  fea tures  is obse rved  and the  ox ide  ap- 
pears  s t ruc tu ra l ly  more  h o m o g e n e o u s  (amorphous )  
apar t  f rom " m u d  cracks ."  Also,  wi th  Ir, no hard  ou te r  
sur face  is re ta ined.  I t  m a y  be  sugges t ed  tha t  t he  struc- 
tures  d e v e l o p e d  at Ru are the  resu l t  of  anodic  e t ch ing  
a c c o m p a n i e d  by fo rmat ion  of  a th in  layer  of  ox ide  on the  
s t ruc tu res  resu l t ing  f rom e tching .  This  w o u l d  be  con- 
s i s ten t  wi th  the  appea rance  of  subs tan t ia l  quan t i t i e s  of  
d i s so lved  Ru species  in so lu t ion  dur ing  the  film forma-  
t ion  p rocess  u n d e r  cyc l ing  or dc polar iza t ion  condi t ions .  
An ox id i zed  e t ched  s t ruc tu re  wou ld  also be cons i s t en t  
wi th  the  low O:Ru  rat ios  found  in c o m p a r i s o n  wi th  the  
h ighe r  O:Ir  rat ios  found  at Ir, whe re  the  ox ide  film 
s t ruc tu re  is v i s ib ly  different .  Thus,  at Ru, the  x-ray sig- 
nals m a y  or ig ina te  re la t ive ly  m o r e  f rom u n o x i d i z e d  
me ta l  con t a ined  in the  film than  is the  case at Ir. How-  
ever,  t he  e l e c t rochemica l l y  access ib le  sur face  at the  Ru 
mate r ia l  is ce r ta in ly  in an ox id ized  state,  as i nd ica t ed  by 
the  " r e v e r s i b l e "  cycl ic  v o l t a m m o g r a m  and the  associa-  
t ed  increase  of  C E F  wi th  cyc l ing  (Fig. 2), as wel l  as by 
the  d i f f e rence  of  the  fea tures  of  the  cycl ic  v o l t a m m o -  
g r a m  c o m p a r e d  wi th  tha t  for m o n o l a y e r  ox ide  fo rma t ion  
and  r e d u c t i o n  [see Ref. (21)] 

O the r  e l e c t rochemica l  d i f fe rences  in the  p rope r t i e s  of  
t he  fi lms at Ru  and  Ir  can  be  s u m m a r i z e d  as fol lows:  (i) 
fa i lure  of  ox ide  films to g row at Ir  u n d e r  dc po ten t io -  
stat ic  cond i t ions  whi le  t hey  do g row at Ru urider  con- 
s tant  cu r r en t  or cons tan t  po ten t ia l  polar izat ion,  as wel l  
as by cycl ing;  (ii) progress ive  increase  of  anod ic  C12 or 
02 cu r ren t s  wi th  ox ide  film th i ckness  (CEF) at Ir  bu t  
no t i c eab ly  less at Ru e lec t rodes ,  and (iii) disso lu t ion  of  
so luble  species  dur ing  ox ide  film fo rma t ion  at Ru  bu t  
not  s igni f icant ly  at Ir. Also,  the  change  of  c o n d u c t i v i t y  
of  ox ide  films at Ir  wi th  po ten t ia l  (18, 31), r e f e r r ed  to 
earl ier ,  is to be noted .  

The  th ick  ox ide  film at Ir  seems  to be  d e v e l o p e d  as a 
h y p e r e x t e n d e d  hydrous  ox ide  layer  in wh ich  r e d o x  pro- 
cesses  i n v o l v i n g  the  Ir  i t se l f  can p roceed  r eve r s ib ly  4 and  
in which ,  t h rough  a m i c r o p o r o u s  s t ruc ture ,  o ther  
faradaic  react ions ,  such  as ox ida t ion  of  C1 , can also oc- 
cur  at cur ren t s  p ropor t iona l  to C E F  (24) and h e n c e  prob-  
ab ly  to real  e l e c t rochemica l l y  access ib le  area. H o w e v e r ,  
at Ru,  whi le  s imi lar  r edox  p rocesses  i n v o l v i n g  s o m e  
ionic  s tates  (Ru II, Ru  III,  Ru  IV) of  Ru  i t se l f  can evi- 
den t ly  t ake  p lace  revers ib ly ,  the  body  of  t he  fi lm struc-  
ture  r ema ins  inaccess ib le  for o the r  faradaic  react ions ,  
such  as C12 ~volut ion.  This,  we suggest ,  m a y  be  due  to 
the  p r e sence  of  the  i m p e r v i o u s  outer  layer  of  ox ide  
wh ich  is seen  to ex is t  at Ru  bu t  not  at Ir e lec t rodes .  

4Very recently, photos of thick films that can also be formed 
on Pt (34) have been published (35). However, the films do not 
show reversible redox behavior like that at Ru or Ir. 
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