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The Electrochemistry of Iridium Oxide Films in Some Nonaqueous 

Solvents 

Peter G. Pickup*" and Viola I. Birss* 

Department of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N IN4 

A B S T R A C T  

Ir  o x i d e  f i lms,  g r o w n  in  a q u e o u s  LiC104 s o l u t i o n s  (pH - 9), h a v e  b e e n  f o u n d  to e x h i b i t  e x c e l l e n t  c h a r g e  capac i t i e s ,  
c h a r g i n g  a n d  d i s c h a r g i n g  k ine t i c s ,  a n d  s t a b i l i t y  in  a c e t o n i t r i ] e  a n d  p r o p y l e n e  c a r b o n a t e  w i t h  LiC104 as t h e  s u p p o r t i n g  
e lec t ro ly te ,  wh i l e  t he  resu l t s  in  T H F  also a p p e a r  to b e  qu i t e  p romis ing .  The  ox ide  is e l e c t r o c h r o m i c  in all of  t h e s e  media .  In  
o r d e r  to  o b t a i n  t he  o p t i m u m  r e s p o n s e  of  Ir  ox ide  in  n o n a q u e o u s  so lu t ions ,  i t  is i m p o r t a n t  to p r e v e n t  t h e  d r y i n g  ou t  of  the  
oxide when transferring it from the aqueous to nonaqueous media. Discharging and charging of the oxide appears to in- 
volve Li + insertion and expulsion from the oxide, respectively. Oxides formed in neutral aqueous LiCiO4 solutions have 
been found to be mechanically more stable than those grown in aqueous 0.5M H2SO4 or in 50% aqueous acetonitrile/ 
LiCIO4. This is supported by SEM evidence of a less cracked and more adherent Ir oxide film when grown in neutral aque- 
ous LiCIO4 solutions, as compared to the case in the latter solutions. 

H y d r o u s  i r i d i u m  o x i d e  f i lms,  g r o w n  a t  I r  e l e c t r o d e s  

u n d e r  p o t e n t i a l  cyc l i ng  c o n d i t i o n s  in  a q u e o u s  m e d i a ,  ex-  

h i b i t  a v e r y  r a p i d  a n d  r e v e r s i b l e  I r ( IV)/ I r ( I I I )  r e d o x  reac-  

t i o n  in  a q u e o u s  s o l u t i o n s  (1-5). I n  a q u e o u s  ac id  so lu-  

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

(and  o x i d a t i o n )  by  t h e  i n j e c t i o n  (and  e j ec t ion )  of  p r o t o n s  

a n d  a n i o n s  (X-) ( r e a c t i o n  [1]) (4, 6) 

[ I r ( IV)ox ide  - xH20]5 + 5e- + 7H + + 2X -  

= [H~(Ir[I I I ]oxide - xH20).~]2+(X -) 2 [1] 

We h a v e  s h o w n  t h a t  in  n e u t r a l  a q u e o u s  s o l u t i o n s  con-  

t a i n i n g  Li  § ions ,  i n s e r t i o n  of  t h e s e  m e t a l  i ons  i n to  t h e  ox- 

i de  c a n  o c c u r  r a p i d l y  d u r i n g  o x i d e  r e d u c t i o n  ( r e a c t i o n  

[2]) (6), a l t h o u g h  t h e s e  ions  a re  r e p l a c e d  b y  p r o t o n s  w i t h  
t ime .  

[ I r ( IV)ox ide  �9 xH20]5 + 5e-  + 4H20 + M + 

= (M+)[H4Ir(II I )oxide - xH~O]- + 4 O H -  [2] 

I f  t h i s  t y p e  of  ion  i n s e r t i o n  r e a c t i o n  w o u l d  o c c u r  r a p i d l y  

in  n o n a q u e o u s  m e d i a ,  t h e n  I r  o x i d e  w o u l d  be  p o t e n t i a l l y  

u s e f u l  as a c a t h o d e  in  s e c o n d a r y  L i - b a s e d  ba t t e r i e s .  

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

of  h y d r o u s  Ir  o x i d e  f i lms in  a v a r i e t y  of  n o n a q u e o u s  sol- 
v e n t s .  S h a y  a n d  c o - w o r k e r s  (7) h a v e  r e p o r t e d  t h a t  I r  ox- 

ide  is e l e c t r o a c t i v e  in  s o l u t i o n s  of  K O H  or (CH3)4 N O H  in  

e t h a n o l  or  a c e t o n i t r i l e ,  b u t  n o t  in  s o l u t i o n s  of  HC104 or  

H2SO4 in  D M S O  or ace ton i t r i l e .  G o t t e s f e l d  a n d  M c I n t y r e  

(2) h a v e  r e p o r t e d  t h a t  I r  o x i d e  is n o t  e l e c t r o a c t i v e  in  d ry  

acetonitrile containing either Bu4NCIO4 or LiAsF6. 

Mclntyre et al. (8) demonstrated that Li + and Na + inser- 

tion into Ir oxide occurred in 2-methyl-tetrahydrofuran 

containing LiAsF6 and in propylene carbonate con- 

taining NaAsF6, respectively. However, the rate of 

charging and discharging of the oxide in these media 

was very slow. Pickup and Birss (9) have used chrono- 

coulometry to investigate the kinetics of iridium oxide 

charge and discharge in Li+-containing acetonitrile solu- 

tions, and have suggested that ion transport in the oxide 
limits the charge/discharge kinetics. 

In this work, we have attempted to optimize the condi- 

tions for Ir oxide electrochemistry in nonaqueous sol- 

vents. To this end, we have been able to significantly im- 

prove the kinetics of Ir oxide charging and discharging 

in a number of Li+-containing organic solutions. 

Experimental 
Electrochemistry.--All  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  

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

g lass  cel ls  u n d e r  a r g o n  a t  r o o m  t e m p e r a t u r e .  T h e  work -  

i n g  e l e c t r o d e s  w e r e  99.9% p u r i t y  I r  w i r e  ( J o h n s o n  
M a t t h e y ;  0.5 m m  d iam) .  T h e  l e n g t h  of  w i r e  in  c o n t a c t  
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with the electrolyte was determined and controlled by 

the position of a polyethylene collar on the Ir wire, which 

was replaced between most sets of experiment s (I0). 

The wire electrode was electrochemically cleaned be- 

fore e a c h  e x p e r i m e n t  at  ca. 2V vs. S S C E  in  10% H2SO4 for  

ca. 5 m i n  a n d  h a d  a r o u g h n e s s  f a c t o r  of  2.4 -+ 0.2 (]0). Po-  

t e n t i a l  p u l s e s  i n t o  t h e  h y d r o g e n  e v o l u t i o n  r e g i o n  (e.g., 
- 0 . 7 V )  h e l p e d  to r e m o v e  o x i d e  r e m a i n i n g  f r o m  t h e  pre-  

v i o u s  e x p e r i m e n t .  All  e l e c t r o d e  a reas  u s e d  in  t h i s  p a p e r  

a re  g e o m e t r i c  areas .  

C o u n t e r e l e c t r o d e s  w e r e  P t  g a u z e  or  w i r e  a n d  SCE,  

S S C E ,  or  Ag /Ag  + r e f e r e n c e  e l e c t r o d e s  w e r e  used .  All  po- 

t e n t i a l s  a re  q u o t e d  r e l a t i v e  to t h e  S S C E  (+236  m V  vs. 
NHE).  

A n  EG&G P A R C  173 p o t e n t i o s t a t  was  u s e d  w i t h  a 

P A R C  175 U n i v e r s a l  P r o g r a m m e r  a n d  a P A R C  179 digi-  

t a l  c o u l o m e t e r .  V o l t a m m o g r a m s  w e r e  r e c o r d e d  on  a 

H e w l e t t - P a c k a r d  7044A X-Y r e c o r d e r .  

Scanning electron microscopy.--Scanning e l e c t r o n  mi-  

c r o s c o p y  was  p e r f o r m e d  u s i n g  a C a m b r i d g e  S t e r e o s c a n  

2500. T h e  o x i d e  c o a t e d  e l e c t r o d e  was  s o a k e d  in  w a t e r  for  

10 r a in  a n d  d r i e d  in  a i r  b e f o r e  t h e  S E M  s tudy .  I t  was  n o t  

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

t h e  SEM.  

General.--Aldrich Gold  L a b e l  ace ton i t r i l e ,  t e t r a h y d r o -  

f u r a n  a n d  1 ,3 -d ioxo l ane ,  a n d  r e a g e n t  g r a d e  p r o p y l e n e  

c a r b o n a t e  w e r e  d r i ed  ove r  m o l e c u l a r  s i eves  (F i sher ;  4A) 

b e f o r e  use .  LiC104 ( F i s h e r )  w a s  d r i e d  a t  60~ in  a vac -  

u u m .  L iBF4  ( A l d r i c h )  was  u s e d  as r e c e i v e d .  O t h e r  rea-  

g e n t s  w e r e  r e a g e n t  g r a d e  (F i sher )  or  b e t t e r  a n d  w e r e  a lso  
u s e d  as r ece ived .  

Results and Discussion 
Ir oxide in acetonitrile/LiClO4.--Since Li  + i n s e r t i o n  

( a n d  e x p u l s i o n )  i n to  I r  o x i d e  o c c u r s  d u r i n g  d i s c h a r g i n g  

( and  c h a r g i n g )  of  I r  o x i d e  in  n e u t r a l  a q u e o u s  LiC104 so- 

l u t i o n s  (6), t h i s  m e d i u m  was  c h o s e n  for  g r o w t h  of  t h e  Ir  

o x i d e  f i lms in  m o s t  of  t h i s  work .  T h e  ra t e  of  I r  o x i d e  f i lm 

g r o w t h  in  n e u t r a l  LiC104 s o l u t i o n s  as a f u n c t i o n  of  t i m e  

( n u m b e r  of  cyc l e s )  a n d  t h e  p o t e n t i a l  l i m i t s  h a s  b e e n  in-  

v e s t i g a t e d  ( l l ) ,  i n  c o m p a r i s o n  w i t h  I r  o x i d e  g r o w t h  in  al- 

k a l i n e  a n d  ac id ic  so lu t i ons .  I t  was  f o u n d  (11) t h a t  g r o w t h  

in  n e u t r a l  s o l u t i o n s  r e s u l t s  in  I r  o x i d e  f i lms t h a t  a re  less  

h y d r a t e d  a n d  m o r e  s t a b l e  t h a n  t h o s e  p r o d u c e d  in  0.5M 

H2SO4. G e n e r a l l y ,  0.01M Na2B407 (pH 9 buf fe r )  was  a d d e d  

to  t h e  LiC104 s o l u t i o n  to  p r e v e n t  l a r g e  p H  c h a n g e s  du r -  
i ng  o x i d e  g r o w t h  (11). 

F i g u r e  1 s h o w s  a cyc l i c  v o l t a m m o g r a m  of  a n  i r i d i u m  

e l e c t r o d e  w i t h  a n  a p p r o x i m a t e l y  1 ~ m  t h i c k  I r  o x i d e  
f i lm, in  t h i s  g r o w t h  m e d i u m  (1M LiC1OJ0 .01M Na2B40~) 

( ). T h e  c a t h o d i c  p e a k  a t  - 0 . 4 3 V  is d u e  to b o t h  H + 

(peak)  a n d  Li  + ( s h o u l d e r )  i n s e r t i o n  in to  t h e  o x i d e  as t h e  
I r  s i t e s  a re  r e d u c e d  f r o m  I r ( IV)  to I r ( I I I ) .  T h e  a n o d i c  

p e a k s  a t  - 0 . 1 2  a n d  +0.93V a re  d u e  to  Li  + a n d  H + e x p u l -  
s ion ,  r e s p e c t i v e l y ,  d u r i n g  o x i d a t i o n  of  t h e  o x i d e  (6). I t  is 
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Fig. 1. Cyclic voltammograms (100 mV/s) of Ir oxide (grown in 1M 
LiCIOJO.O1M Na2B407, ca. 1 I~m thick) in the aqueous growth medium 
( ) and in 1M LiCIO4/CH3CN (- -  -). 

c l e a r  f r o m  t h e  v o l t a m m o g r a m  in  Fig.  1 ( ) t h a t  ap-  

p r o x i m a t e l y  50% of  t h e  o x i d e  r e a c t s  v ia  e a c h  of  t h e s e  two  

m e c h a n i s m s ,  u n d e r  t h e s e  c o n d i t i o n s .  

A l s o  s h o w n  in  Fig.  1 is a v o l t a m m o g r a m  of  t h i s  s a m e  

e l e c t r o d e  in  1M LiC104/CH3CN (- - -). T h e  e l e c t r o d e ,  w i t h  

t h e  o x i d e  in  t h e  I r ( IV)  s t a t e ,  w a s  r i n s e d  w i t h  w a t e r  a n d  

a c e t o n e ,  b u t  was  n o t  a l l ow ed  to d r y  d u r i n g  t r a n s f e r  f r o m  

t h e  n e u t r a l  a q u e o u s  s o l u t i o n  to t h e  a c e t o n i t r i l e .  O x i d e  

f i lms  w h i c h  h a d  b e e n  d r i e d  p r i o r  to  s t u d y  in  t h e  n o n -  

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

(see be low) .  

T h e  v o l t a m m o g r a m  of  I r  o x i d e  in  a c e t o n i t r i l e  s h o w n  in  

Fig .  1 e x h i b i t s  a n  e n v e l o p e  o f  q u a s i - r e v e r s i b l e  r e d o x  

w a v e s  c e n t e r e d  at  ca. 0 V a n d  c o v e r i n g  a n  a p p r o x i m a t e l y  

2V p o t e n t i a l  r a n g e .  T h e  a n o d i c  a n d  c a t h o d i c  c h a r g e s  in  

t h i s  v o l t a m m o g r a m  are  a p p r o x i m a t e l y  e q u a l  a n d  co r r e -  

s p o n d  to  ca. 50% of  t h e  c h a r g e  in  t h e  v o l t a m m o g r a m  in  

a q u e o u s  s o l u t i o n  [Fig.~ 1 ( )]. U n d e r  o p t i m u m  cond i -  

t i ons ,  t h e  c h a r g e  c a p a c i t y  in  CHsCN e q u a l s  t h a t  in  aque -  

ous  s o l u t i o n  (see be low) .  T h e  I r  o x i d e  f i lms w e r e  e lec t ro -  

c h r o m i c  in  CH3CN, b e i n g  b l a c k  w h i l e  o x i d i z e d  a n d  l i gh t  
g r a y  w h i l e  r e d u c e d ,  as  h a d  b e e n  o b s e r v e d  in  a q u e o u s  

m e d i a  (2, 7). 

F i g u r e  2 s h o w s  s e v e r a l  v o l t a m m o g r a m s  of  t h e  s a m e  

e l e c t r o d e  in  t h e  s a m e  CH3CN s o l u t i o n  as in  Fig. 1 b u t  at  

l o w e r  s c a n  r a t e s  (s), a n d  w i t h  t h e  c u r r e n t  sca le  s e n s i t i v i t y  

(S) a d j u s t e d  so t h a t  S/s is c o n s t a n t .  A t  1 mV/s ,  t h e  v o l t a m -  
m o g r a m  is m o r e  r e v e r s i b l e  t h a n  t h a t  a t  100 mV/s  a n d  re- 

s e m b l e s  t h a t  o b t a i n e d  in  a q u e o u s  LiC104 [Fig. 1 ( )], 

b u t  w i t h  t h e  s h a r p  c a t h o d i c  p e a k  a t t r i b u t e d  to H + inse r -  

t i o n  ( c a t h o d i c  p e a k  p o t e n t i a l  = E,c = - 0 . 4 3 V )  a n d  t h e  
a n o d i c  p e a k  a t  +0 .93V a t t r i b u t e d  to  H § e x p u l s i o n  n o w  

a b s e n t .  T h e  p e a k  p o t e n t i a l s  a t  1 mV/s  in  a c e t o n i t r i l e  (E,a 

= - 0 . 3 0 V ;  Epc = - 0 . 4 V )  a re  c lo se  to  t h o s e  o b s e r v e d  for  
Li  § i n s e r t i o n  a n d  e x p u l s i o n ,  a t  100 mV/s  in  t h e  a q u e o u s  
s o l u t i o n  (Ep~ = -0 .12V;  Ep~ - -0 .3V) .  Also,  t h e  c h a r g e  ca- 

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

T h e  v o l t a m m o g r a m s  o f  I r  o x i d e  in  a c e t o n i t r i l e  can ,  

t h u s ,  b e  i n t e r p r e t e d  as i n v o l v i n g  Li  § i n s e r t i o n  d u r i n g  re- 
d u c t i o n  o f  I r ( IV) to I r ( I I I )  a n d  Li  § e x p u l s i o n  d u r i n g  oxi- 
d a t i o n .  T h e  b r o a d n e s s  o f  t h e  v o l t a m m o g r a m s  is c a u s e d  

:s ,a 

i I . / "~  ~....~. 
I /  r ~  +1 

~- - - " I / / ]  

, 2 '  

~ \ "  i " I  I ' " 2 ~ J  
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Fig. 2. Cyclic voltammograms of Ir oxide (grown in 1M 
LiCIO4/O.O1M Na2B4OT, ca. 1 I~m thick) in 1M LiCIO4/CH3CN at 1 
mV/s ( ), 10 mV/s (- - -), and 100 mV/s ( . . . . .  ). S = 0.05, 0.5, 
and 5 mAJcm 2, respectively. The small oxidation peak at +0.15V in the 
i mV/s voltammogram is due to trace Ag § from the reference electrode. 

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

ab ly  r e s u l t  f r o m  t h e  p r e s e n c e  of  a r a n g e  of  I r  s i t es  w i t h i n  

t h e  o x i d e  film. 

I n  o r d e r  to  ve r i fy  t h e  i n v o l v e m e n t  of  Li  § in  t h e  e lec t ro -  

c h e m i c a l  c h a r g i n g  a n d  d i s c h a r g i n g  of  I r  o x i d e  in  LiC104/ 

CH3CN, a n u m b e r  of  e x p e r i m e n t s  w e r e  f i rs t  p e r f o r m e d  in  

t h e  a b s e n c e  of  Li  § b e f o r e  t r a n s f e r  to  a L i + - c o n t a i n i n g  

CH3CN so lu t i on .  

A n  I r  o x i d e  f i lm was  g r o w n  at  I r  in  a q u e o u s  1M LiC104 

(no  b u f f e r )  a n d  a v o l t a m m o g r a m  in  t h i s  m e d i u m  is 

s h o w n  in  Fig.  3A [cf. Fig.  1 ( )]. T h e  e l e c t r o d e  w a s  

t h e n  r i n s e d  w i t h  w a t e r  a n d  ace tone ,  t r a n s f e r r e d  to ace to-  

n i t r i l e  c o n t a i n i n g  Et4NC104, a n d  t h e  v o l t a m m o g r a m  

s h o w n  in  Fig.  3B w a s  t h e n  o b t a i n e d .  W a t e r  was  t h e n  

a d d e d  to t h e  a c e t o n i t r i l e  (ca. 2%) a n d  t h e  v o l t a m m o g r a m  
s h o w n  in  Fig.  3C w a s  o b t a i n e d .  F i n a l l y ,  t h e  e l e c t r o d e  

was  r i n s e d  a g a i n  w i t h  a c e t o n e  a n d  t r a n s f e r r e d  to d r y  ace- 

t o n i t r i l e  c o n t a i n i n g  LiC104. T h e  v o l t a m m o g r a m  s h o w n  

in  Fig .  3D w a s  o b t a i n e d  a f t e r  s e v e r a l  p o t e n t i a l  c y c l e s  

i n c l u d i n g  a s c a n  of  t h e  p o t e n t i a l  to  + t .6V (see be low) .  

F i g u r e  3 s h o w s  t h a t  r e v e r s i b l e  o x i d a t i o n  a n d  r e d u c t i o n  

of  I r  o x i d e  in  a c e t o n i t r i l e  in  t h e  p o t e n t i a l  r a n g e  of  - 0 .5  to  

+ 0 . 5 V  d o e s  n o t  o c c u r  s i g n i f i c a n t l y  w h e n  Et4N +, C104-, 
a n d / o r  H20  a re  t h e  o n l y  a d d i t i v e s  to  t h e  a c e t o n i t r i l e .  

H o w e v e r ,  i t  d o e s  o c c u r  w h e n  Li  § is a d d e d  (Fig. 3D). T h e  

l a c k  o f  e l e c t r o c h e m i c a l  r e s p o n s e  in  Fig.  3B in  t h e  ab-  
s e n c e  of  Li  + or  w a t e r  s h o w s  t h a t  Et4N + a n d  C 1 0 (  m a y  be  

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

o x i d e  in  ace ton i t r i l e .  
F i g u r e  3C s h o w s  t h e  e l e c t r o c h e m i c a l  r e s p o n s e  of  Ir  ox- 

i de  to  t r a c e  w a t e r  in  a c e t o n i t r i l e .  T h e  c a t h o d i c  p e a k  a t  
- 1.04V is p r e s u m a b l y  d u e  to H § ( f r o m  t h e  w a t e r )  i n s e r -  
t i o n  i n to  t h e  ox ide ,  w h i l e  t h e  a n o d i c  p e a k  a t  + 1.06V c a n  

b e  a t t r i b u t e d  to  H § e x p u l s i o n .  T h i s  r e s p o n s e  w i t h  2% 
H20  a d d e d  is q u a l i t a t i v e l y  s i m i l a r  to  t h e  r e s p o n s e  d u e  to 
H § in  n e u t r a l  a q u e o u s  s o l u t i o n s  (see d i s c u s s i o n  of  Fig.  1) 
(6, 11). Clear ly ,  H + i n s e r t i o n  a n d  e x p u l s i o n  is n o t  r e s p o n -  

s ib l e  for  t h e  e l e c t r o c h e m i c a l  r e s p o n s e  o b s e r v e d  in  Fig. 2. 
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Fig. 3. Cyclic voltammograms (100 mV/s) of Ir oxide (grown in aque- 

ous 1M LiCIO4, c a .  0.5 ~m thick) in the growth medium (A), 0.1M 
Et4NCIO4/CH3CN (B), 0.1M Et4NCIO4/CH3CN + ca. 2% H20 (C), and 
in 0.1M LiCIO4/CHaCN (D). 

The e lec t rochemica l  response  in Fig. 3D mus t  be due 
primari ly to Li + insert ion and expuls ion since Li + is the 

only species which was not present  in the exper iments  of 
Fig. 3B and C. The response shown in Fig. 3D is not  opti- 

m u m  for Ir oxide in 0.1M LiC1OdCH3CN. As has just  been 
discussed, this electrode had been used in a variety of so- 

lutions and had probably suffered some structural  dam- 
age or changes. 

The init ial  response  of the Ir ox ide  coated e lec t rode  
when  first t ransfer red  from wet  Et4NC104/CH3CN 

(Fig. 3C) to dry LiC1OdCH3CN (Fig. 3D) was part icularly 

interesting.  Initially, the response between -1.5 and + 1V 

was almost  identical  to that shown in Fig. 3B for Ir oxide 

in dry Et4NC1OdCH3CN. When the potential  was scanned 
up to +l .6V, a large i r revers ib le  anodic  peak, s imilar  to 

that  at +l.06V in wet Et4NC104/CH3CN (Fig. 3C) was ob- 
se rved  at ca. +I . IV.  The v o l t a m m o g r a m  shown in 
Fig. 3D was then obtained. Thus, it appears that  H + must  
first be expel led from the oxide at Epa = + 1.1V before Li + 
insert ion can occur. 

Opt im i za t i on  o f  Ir oxide charging,  discharging,  and 
s tabi l i ty  in acetoni tr i le . --The vol tammograms  shown in 
Fig. 2 were  ach ieved  by growth of the oxide  in aqueous  
1M LiC104 (buffered at pH - 9) and by not  a l lowing the 
oxide to dry out during transfer to the acetonitr i le  solu- 

tion. This p rocedure  has cons i s ten t ly  y ie lded  Ir ox ide  
films with  exce l len t  stabili ty,  high charge capacity,  and 

rapid charging/discharging kinetics in LiC104/CH3CN. 
Cycling of the potential  above + 1V in acetonitrile, into 

an i r revers ib le  oxida t ion  wave, increases  the revers ib le  
charge capacity of the oxide, whereas cycling below ca. 
-1.5V, into an i r revers ib le  reduc t ion  wave, causes a de- 
crease in this capacity. This behavior  is probably due to a 
compet i t ion  be tween H + (from trace water) and Li + inser- 
t ion into the oxide.  At potent ia ls  above +IV,  H + is 

expe l l ed  f rom the oxide  (see above,  Fig. 3C), increas ing  
the number  of oxidized sites within the oxide. Reduct ion 
of  the oxide at potentials above -1.5V causes Li § but  not 
H § insert ion to occur and so the charge capacity for Li § 
inse r t ion /expu l s ion  (reversible)  is increased.  At poten- 
tials be low -1.5V, H + inser t ion  can occur  and this re- 
duces the number  of sites available for Li § insert ion and, 
hence, decreases the anodic current  in the next  sweep as 
less Li + is expelled.  

Tests of  the stability of Ir oxide in acetonitr i le  have in- 
d ica ted  that  there  is no inheren t  ins tabi l i ty  to potent ia l  
cycling.  Loss of  charge capacity,  when  observed,  has 

been due to drying of the oxide between exper iments  or 

to cycling of the potential  below -1.5V (see above). 

The v o l t a m m o g r a m s  shown in Fig. 4 exempl i fy  some 

of the points discussed above. The oxide .film was grown 
in aqueous  1M LiC1OdNa2B407 and t ransfer red  to 1M 

LiC1OdCH3CN without  being dried. The charge capacity 
was increased  after ten cycles of the potent ia l  be tween  
-0 .85V and an increas ing upper  potent ia l  l imi t  of up to 

+1.95V at 100 mV/s. Note  that  the v o l t a m m o g r a m  ob- 
tained after optimization is displayed at double the cur- 
rent  sensit ivi ty as compared to the other two vol tammo- 

grams. 
A direct  compar i son  be tween  the charge capaci t ies  of  

the oxide in the aqueous growth medium and in acetoni- 

t r i le  is not  a s imple  matter .  The v o l t a m m o g r a m  in the 
growth  m e d i u m  contains  charge cont r ibu t ions  due to 

the Ir(III/IV) couple and to 02 evolut ion (1, 11). In aceto- 
nitrile, 02 evolut ion does not take place and the potential  

of the Ir(III/IV) couple is unknown.  The upper  potential  

l i m i t  that should be used for integration of the current  to 
obta in  the charge  capaci ty  is, therefore,  u n k n o w n  in 
both cases. 

To make a comparison between the two media, the fol- 
lowing  potent ia l  l imits  were  chosen.  In the growth  me- 
dium, the anodic  current  was in tegra ted  up to the cur- 

rent  m i n i m u m  immed ia t e ly  p reced ing  the sharp rise in 

cur ren t  due to O2 evolu t ion  (+0.69V). The charge up t o  

this l imit  corresponds to approximately  one electron per 
Ir a tom in the oxide film (11). In acetonitrile, the current  

m in im um  immedia te ly  preceding the increase due to H + 
expu l s ion  [+0.96 for Fig. 4 ( . . . . .  ) or +1.28V for Fig. 4 

( )] was chosen for the integration limit. 
Us ing  these  in tegra t ion  l imits,  the  charge capaci ty  of 

the r fihn was 0.18, 0.13, and 0.19 C/cm 2 in the growth 

med ium,  in acetoni t r i le  initially, and after op t imiza t ion  

in acetonitrile,  respectively.  
Obviously,  charge capaci t ies  comparab le  to those ob- 

tained in aqueous media can be obtained in acetonitrile. 

However ,  the high charge capacity following optimiza- 
t ion in acetoni t r i le  could not be main ta ined  dur ing  cy- 
cl ing over  the potent ia l  range used for the vo l t ammo-  

gram shown in Fig. 4 (-- ). Fo l lowing  seven 

s u b s e q u e n t  cycles of  potent ia l  after the record ing  of  

Fig. 4 (- ), the charge capaci ty  of the oxide  film had 
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Fig. 4. Cyclic voltummograms (10 mV/s) of Ir oxide (grown in 1M 
LiCIO4/0.01M Na2B4OT, ca. 2 I~m thick) in the growth medium (- - -) 
and in 1M/iCIO4/CH~CN, initially ( . . . . .  ) and after ten potential cy- 
cles with the upper potential limit having been progressively increased 
to + 1.95V ( ). 
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Fig. 5. Scanning electron microgrophs of approximately 1 I~m thick 
anodic Ir oxide films grown in O.5M H2S04 (A), aqueous I M  
LiCIO~'O.O1M Na2B407 (B), and 50% aqueous CH~CN/1M LiCI04 (C). 

d r o p p e d  to 0.13 C/cm ~ ( in tegra ted  to § 1.11V). The  devel -  

o p m e n t  o f  an  i r r e v e r s i b l e  o x i d a t i o n  w a v e  at t h e  a n o d i c  
po ten t i a l  l imi t  i nd ica t ed  tha t  H + inse r t ion  into  the  ox ide  

was  o c c u r r i n g  at the  ca thod ic  end of  the  cycle.  This  was 
p r e s u m a b l y  r e p o n s i b l e  for  t h e  r e d u c e d . c a p a c i t y  for  Li  + 

inse r t ion .  I t  can  be  seen  f r o m  Fig.  3C tha t  H + i n s e r t i o n  
and  e x p u l s i o n  can  o c c u r  w i t h i n  t he  p o t e n t i a l  l im i t s  of  

Fig.  4 ( ). 

By  the  t i m e  the  v o l t a m m o g r a m  s h o w n  in Fig. 4 ( ) 
was  r eco rded ,  the  Ir  ox ide  had  been  in ace ton i t r i l e  for 4h 
u n d e r  c o n t i n u o u s  po ten t i a l  cyc l ing  cond i t i ons  (1, 10, and 

100 mV/s ;  c a t h o d i c  l im i t  as l ow as - 1 . 6 V ;  a n o d i c  l imi t  
was  as h igh  as + 1.95V). Obvious ly ,  t he  s tabi l i ty  of  the  ox- 

ide u n d e r  t he se  cond i t ions  is exce l len t .  
In fe r io r  resu l t s  have  been  ob ta ined  w h e n  Ir  ox ide  fi lms 

h a v e  b e e n  g r o w n  in 0.5M H~SO4, r a t h e r  t h a n  a q u e o u s  
LiC104, and  then  t r ans fe r red  to ace toni t r i le .  This  appea r s  
to be  due  to poor  adhes ion  of  these  fi lms to t he  e l ec t rode  

s u r f a c e  (11, 12). T h e  s c a n n i n g  e l e c t r o n  m i c r o g r a p h  

s h o w n  in Fig.  5A c lea r ly  s h o w s  tha t  Ir  o x i d e  g r o w n  in 
0.5M HzSO4 t ends  to be  c r acked  and does  no t  adhe re  wel l  
to t he  e l ec t rode  surface.  F i lms  g r o w n  in a q u e o u s  LiC104 
e x h i b i t  a s i gn i f i c an t l y  g rea t e r  m e c h a n i c a l  s tab i l i ty ,  a re  
m o r e  a d h e r e n t ,  and  less  s u s c e p t i b l e  to c r a c k i n g  
(Fig.  5B). T h e  p a t t e r n  of  c r a c k i n g  a n d  f lak ing  of  t h e  ox-  
ide  f i lm s h o w n  in Fig.  5A is in teres t ing .  The  la rge  area  in 

t h e  c e n t e r  of  t he  m i c r o g r a p h  is n o t  c r a c k e d  at all, 
wh e rea s  m u c h  of  the  ox ide  in t he  b o t t o m  lef t  co rne r  has  
b e e n  los t  f r o m  the  e l ec t rode  surface.  This  la t te r  a rea  was  
m o r e  charac te r i s t i c  o f  the  ma jo r  par t  o f  the  e l ec t rode  sur- 
face.  T h e  r e a s o n s  for  t h e s e  v a r i a t i o n s  on the  su r f ace  o f  

t he  s a m e  e l ec t rode  are  no t  clear.  
In  one  case, a film g rown  in 0.5M H2SO4 ini t ia l ly  gave  a 

r e s p o n s e  in a c e t o n i t r i l e  t ha t  was  v e r y  s im i l a r  to t h a t  
s h o w n  in Fig.  2. H o w e v e r ,  this  r e sponse  rap id ly  de ter io-  
ra ted  and  at t he  end  of  the  e x p e r i m e n t ,  t he  film cou ld  be 
w a s h e d  f rom the  e l ec t rode  wi th  a j e t  of  water .  

Cri t ical  po in t  d ry ing  (13), w h i c h  is a m e t h o d  of  d ry ing  
s a m p l e s  w i t h  a m i n i m u m  of  d a m a g e ,  has  b e e n  f o u n d  to 
p r o m o t e  adhes ion  of  Ir  ox ide  fi lms to the  e l ec t rode  (11). 
A f i lm g r o w n  in 0.5M H2SO4 a n d  d r i ed  by  th is  m e t h o d  
gave  a v e r y  good  and  s table  r e s p o n s e  in ace toni t r i le .  

Ir oxide growth in acetonitrile/water mixtures . - -We 
h a v e  also i n v e s t i g a t e d  the  e f fec t  o f  a c e t o n i t r i l e  on t h e  

g r o w t h  o f  I r  o x i d e  in a q u e o u s  so lu t ions .  I t  was  ant ic-  
i pa t ed  tha t  the  p r e s e n c e  of  CH3CN in the  g r o w t h  m e d i u m  

w o u l d  gene ra t e  an ox ide  tha t  e x h i b i t e d  i m p r o v e d  behav-  

ior  in dry  CH3CN as c o m p a r e d  to ox ides  g r o w n  in pu re ly  

a q u e o u s  solu t ions .  
I t  was found  tha t  the  add i t ion  of  10% or 50% CH3CN to 

a q u e o u s  1M LiC104 did no t  appea r  to in te r fe re  wi th  the  Ir 

o x i d e  g r o w t h  process ,  a l t hough  ox ide  fi lms g r o w n  in 50% 
CH3CN/H20 con ta in ing  1M LiC104 t e n d e d  to b e c o m e  de- 
t a c h e d  f rom the  e l ec t rode  du r ing  g rowth  or drying.  The  

a d d i t i o n  of  90% CH3CN p r e v e n t e d  I r  o x i d e  g r o w t h  al to-  

gether .  
The  s c a n n i n g  e l ec t ron  m i c r o s c o p y  p h o t o g r a p h s  s h o w n  

in Fig .  5B and  5C c lea r ly  s h o w  tha t  t he  p r e s e n c e  of  
CH3CN in the  g rowth  m e d i u m  (Fig. 5C) has  a m a r k e d  ef- 
fect  on the  ox ide  s t ruc ture .  The  fi lm g r o w n  in 50% aque-  

ous  CH3CN/L~CIO4 (Fig. 5C) is considerably more 

cracked and less adherent than that grown in aqueous 

LiCiO4 (Fig. 5B). 

Also, a film grown in 50% aqueous CH3CN/LiCIO4 ex- 

hibited a very low charge capacity and poor kinetics 

when subsequently transferred to dry acetonitrile con- 

taining LiCIO4. The response deteriorated with time and 

after the experiment, the film could be readily washed 

from the electrode with a jet of water. It appears that the 

poor adhesion of films grown in this medium makes 

them unsuitable for use in nonaqueous solutions. 

Ir oxide electrochemistry in other solvents.--Figure 6 
s h o w s  v o l t a m m o g r a m s  of  an  I r  o x i d e  f i lm in 1M LiC104 
in p r o p y l e n e  c a r b o n a t e  and  in 1M LiBF4 in t e t r a h y d r o -  
furan.  In  PC/LiC104, the  v o l t a m m o g r a m  of I r  ox ide  is al- 
m o s t  i d e n t i c a l  to its v o l t a m m o g r a m  in CH3CN/LiC104. 
Howeve r ,  in THF/LiBF4,  the  cha rge /d i scha rge  p rocess  is 
s h i f t e d  p o s i t i v e l y  by  a b o u t  0.5V and  t h e  k i n e t i c s  a re  
s o m e w h a t  s l o w e r  (note  t he  d i f f e r e n t  s can  s p e e d s  in 
Fig.  6). In  1,3-dioxolane/1M LiBF4 and CH3CN/1M LiBF4, 
v o l t a m m o g r a m s  s imi la r  to tha t  o b t a i n e d  in T H F / L i B F 4  
w e r e  ob ta ined .  Ir  ox ide  was  e l e c t r o c h r o m i c  in all of  t hese  

solu t ions .  
These  resul t s  s h o w  tha t  i t  is the  e lec t ro ly te ,  r a ther  t han  

the  so lvent ,  wh ich  has  t h e  g rea t e s t  e f fec t  u p o n  the  Ir ox-  
ide v o l t a m m o g r a m  in t he se  cases. F u r t h e r  i nves t i ga t i on  
r e v e a l e d  tha t  LiBF4 is h y d r o l y z e d  (14) by  t r a c e  w a t e r  in 
t h e s e  s o l v e n t s  to p r o d u c e  an ac id ic  so lu t ion .  Thus ,  t he  
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Fig. 6. Cyclic voltammograms of Ir oxide (grown in aqueous 1M 
LiCIO4/O.O1M Na2B407, ca. 0.2 I~m thick) in propylene carbonate/1M 
LiCIO4 ( ; 10 mV/s; S = 0.1 mA/cm 2) and in THF/1M LiBF4 (- - -; 
1 mV/s; S = 0.01 mA/cm2). 

potent ial  shift in THF (Fig. 6) is probably due to the dif- 
ferent  H + concen t ra t ion  of this solut ion as compared  to 
that  of PC (15, 16). 

C o n c l u s i o n s  

I r id ium oxide  films, grown in neutra l  aqueous  LiCIO4 
solut ions,  have been  found to exhib i t  very good charge 

capaci t ies  and ox ida t ion / reduc t ion  kinet ics  in Li +- 
con ta in ing  CH3CN solutions.  The oxide  is electro- 

ch romic  in this nonaqueous  m e d i u m  and yields very  
s imilar  charge capaci t ies  as in the aqueous  growth  me- 

dium. Ir oxide  reduc t ion  and oxida t ion  in CH3CN takes 

place with  the inser t ion  and expuls ion ,  respect ive ly ,  of 
Li + ions, comparable  to the situation in neutral,  aqueous 
Li+-containing solutions. 

In opt imizing the e lectrochemical  response of Ir oxide 

films in CH3CN, it was found to be very important  to pre- 
ven t  the  drying out of  the oxide  when  t ransfer r ing  it 
f rom the aqueous  growth  m e d i u m  to CH3CN. Also, the 

potential  l imits utilized in CH3CN are important  in main- 
ta in ing  the m a x i m u m  charge capacity.  Growth  of Ir ox- 

ide films in aqueous  H2SO4 or in mix tu res  of aqueous /  

CH3CN solut ions  led to d imin i shed  e l ec t rochemica l  

per formance  in CH3CN. SEM investigations showed that  
these oxides had a more cracked structure and were less 

adheren t  than those grown in neutra l  aqueous  LiC104 
solutions. 

The electrochemical  behavior  of Ir oxide has also been 
s tudied  in PC and THF. Al though  the oxide  is electro- 
chromic in both of these solvents, the oxide shows some- 

what  slower kinetics in THF than in PC and CH3CN. 
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New Technique for Measurement of Electrode Strain during 

Electrochemical Reactions 

M.  A.  But le r *  and D. S. G i n l e y *  

Sandia National Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

A new technique,  based on an optical fiber interferometer ,  is descr ibed for in situ measurement  of electrode strain 
during electrode reactions. A model is presented which relates changes in optical path length of the fibers to the various 
strain components  in the electrode. Measurements of strain associated with electrodeposition of nickel as a function of the 
thickness of the nickel layer are reported and compared to a simple model. Measurements of strain associated with the 
anodic oxidation of ti tanium are also reported. The strain generated in the ti tanium has a component  which is indepen- 
dent of applied potential after oxide growth is complete and a component  which is dependent  on the applied potential. 
The potential dependent  term is identified as an electrostriction effect in the anodic oxide enhanced by the porous nature 
of the electrode. The potential  independent  term comes from compress ive  stress in the anodic oxide induced by the 
growth process. 

In a recent  accelerated brief communica t ion  (1) we re- 
ported a new technique  for in situ measurement  of elec- 

t rode strain associated with electrode reactions. The ba- 
sic concep t  uti l izes a meta l -coa ted  optical  fiber as the 
work ing  e lec t rode  in an e l ec t rochemica l  cell, whi le  si- 
mu l t aneous ly  us ing the fiber as one arm of a Mach- 
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Z ehnde r  in te r fe rometer .  The optical  path length  of this 
fiber can thus be moni to red  dur ing the e lec t rochemica l  
react ions.  Strain induced  in the work ing  e lec t rode  by 
these reactions will also strain the fiber and modify its ef- 
fective optical path length. In this paper we expand the 
desc r ip t ion  of  the t echn ique  and consider ,  in detail,  
mode ls  for re la t ing the measured  strain to the strain in 
the e lec t rode  itself. With this end in mind,  we will  dis- 


