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SUMMARY 

Electrode surfaces modified, by monolayers of heavy metals 

underpotential deposited: Pt/M electrodes, electrode 
ads 

surfaces modified by over layers of their own oxides grown 

in-situ, i.e. Ir-oxide electrodes, and electrode surfaces 

with preferred orientations, namely Pt single crystals were 

the modified electrode surfaces selected for this lecture. 

The potentialities and advantages of the elec trochemical 

methods, namely cyclic voltammetry and potential step pulses 

to produce modified electrode surfaces and simultaneously to 

monitor changes and to test the stabili ty and the activity 

of the modified and non-modified electrode surface will be 

emphasized and illustrated with experimental data. 
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1. INTRODUCTION 

There a r e s e v e r a l a r e a s of g r e a t s c i e n t i f i c and 

t e c h n o l o g i c a l i m p o r t a n c e demanding f o r more e f f i c i e n t , cheap 

and s t a b l e c a t a l y s t s . One of t h i s a r e a s i s e l e c t r o c h e m i c a l 

e n e r g y c o n v e r s i o n p a r t i c u l a r l y , f u e l c e l l s : good anodes f o r 

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

m o l e c u l e s , l i k e HCOOH, CH
g
OH, HCHO, e t c . a r e r e g u i r e d . 

B a r e o r m o d i f i e d n o b l e m e t a l s a r e s t i l l t h e b e s t c a t a l y s t s 

i n f u e l c e l l s t e c h n o l o g y . Such c a t a l y s t s can be made by 

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

th e y can a l s o be n o b l e m e t a l s w i t h s u p e r f i c i a l o r s t r u c t u r a l 

m o d i f i c a t i o n s i n d u c e d by v a r i o u s means, n a m e l y , by 

e l e c t r o d e p o s i t i o n o f p o l y m e r s , by u n d e r p o t e n t i a 1 d e p o s i t i o n 

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

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

or by i n d u c i n g r o u g h e n i n g , f a c e t t i n g o r r e c o n s t r u c t i o n on 

th e s t r u c t u r e o f t h e b a r e m e t a l s u r f a c e . A l l t h e s e 

m o d i f i c a t i o n s can be p r o d u c e d by e l e c t r o c h e m i c a l methods, as 

w e l l as by s e v e r a l o t h e r means. I t i s n o t o u r p u r p o s e t o 

r e v i e w t h e s u b j e c t , n o t even t o g i v e a b r o a d v i e w c o v e r i n g 

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

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

e l e c t r o d e s u r f a c e s and r e f e r e n c e s w i l l be g i v e n . 

The d e s i g n o f good c a t a l y s t s r e q u i r e s t h e u n d e r s t a n d i n g o f 

t h e r ô l e p l a y e d by t h e s i z e , s h a p e and g e o m e t r i c 

a r r a n g e m e n t s o f a c t i v e c e n t e r s . But, f i r s t o f a l l , i t i s o f 

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

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

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

D i f f e r e n c e s due to the p r e t r e a t m e n t o f the e l e c t r o d e 

s u r f a c e and a l s o on t h e t y p e o f p o t e n t i a l p r o f i l e used f o r 

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

might be the main r e a s o n f o r d i f f e r e n c e s in the a c t i v i t i e s 

of the "same" e l e c t r o d e material f o u n d by d i f f e r e n t g r o u p s . 
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T h e r e i n , t h e r e a s o n why we w i l l p l a c e s p e c i a l e m p h a s i s on 

s i m p l e b ut i m p o r t a n t a s p e c t s , e.g.: 

• C o n t r o l of t h e s t a t e o f t h e e l e c t r o d e s u r f a c e and of 

t h e c o m p o s i t i o n o f t h e medium; 

• R e p r o d u c i b i l i t y o f 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 t o t h e 

same p o t e n t i a l p e r t u r b a t i o n ; 

• S t a b i l i t y o f t h e b a r e and of t h e m o d i f i e d e l e c t r o d e 

s u r f a c e s ; 

T h i s l e c t u r e w i l l r e l i e on o u r e x p e r i e n c e w i t h b a r e P t 

e l e c t r o d e s , Pt/M and P t s i n g l e c r y s t a l e l e c t r o d e s , a s w e l l 
ad 

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

as c a t a l y s t s f o r t h e o x i d a t i o n o f HCOOH and o f CH
g
OH. I t i s 

a l s o t h e p u r p o s e o f t h i s l e c t u r e t o show how e l e c t r o c h e m i c a l 

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

t e c h n i q u e s a r e a che a p and p o w e r f u l mean t o p r o d u c e , t o 

c o n t r o l and even t o t e s t t h e a c t i v i t y o f t h e m o d i f i e d 

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

2. PLATINUM ELECTRODES MODIFIED BY AD-ATOMS: 

Pt/M ELECTRODES 
ad 

I n t e r e s t i n g c a t a l y t i c e f f e c t s i n d u c e d by ad-atoms on n o b l e 

metals- have been o b s e r v e d f o r t h e o x i d a t i o n o f HCOOH, HCHO, 

CH
g
OH and o t h e r o r g a n i c m o l e c u l e s , as w e l l a s i n t h e 

r e d u c t i o n o f 0 . But on t h e o t h e r h a n d, i n h i b i t i n g e f f e c t s 
2 

have a l s o been d e t e c t e d f o r some redox c o u p l e s and i n t h e 

hy d r o g e n e v o l u t i o n r e a c t i o n . 

T h u s , ad-atoms seem, t o p r o v i d e a p r o m i s i n g method f o r t h e 

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

e l e c t r o d e s u r f a c e s . As a c o n s e q u e n c e , t h e amount o f r e s e a r c h 

i n t h i s a r e a has been c o n s i d e r a b l e . The s u b j e c t was r e v i e w d 

t w i c e by A d z i c [ 1 , 2 ] and more r e c e n t l y by K o k k i n i d i s [ 3 ] . 
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At t h e p r e s e n t , some p r o b l e m s r e m a i n t o be s o l v e d , namely 

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

as w e l l as some t h e o r e t i c a l a s p e c t s . 

2.1. THE UNDERPOTENTIAL DEPOSITION OF MONOLAYERS OF HEAVY 

METALS ON Pt ELECTRODE SURFACES 

The m o d i f i c a t i o n o f t h e e l e c t r o d e s u r f a c e s by ad-atoms i s 

based on t h e f o r m a t i o n o f adatoms by t h e s o - c a l l e d u n d e r -

p o t e n t i a l d e p o s i t i o n p r o c e s s (UPD): f o r m a t i o n o f up t o a 

mo n o l a y e r o f m e t a l adatoms a t p o t e n t i a l s more p o s i t i v e t h a n 

t h e r e v e r s i b l e b u l k d e p o s i t i o n . The p r o c e s s i t s e l f , as w e l l 

as t h e p h y s i c a l and o p t i c a l p r o p e r t i e s o f t h e m o d i f i e d 

e l e c t r o d e s u r f a c e s has been a l r e a d y r e v i e w e d by K o l b i n 1978 

[ 4 ] . S i n c e t h e n , many g r o u p s w o r k i n g i n t h e f i e l d o f 

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

have u n d e r t a k e n p r o j e c t s w i t h t h e aim o f u n d e r s t a n d i n g t h e 

UPD p r o c e s s . UPD s t u d i e s on w e l l d e f i n e d s u r f a c e s , i . e . on 

s i n g l e c r y s t a l s have a l s o been s t a r t e d by Y e a g e r et al. [ 5 ] 

w i t h t h e UPD o f Pb on Au s i n g l e c r y s t a l s . The p r o c e s s has 

been u n d e r t a k e n by Bew i c k e i a l . [ 6 ] and by S c h u l t z e et al. 

[ 7 ] , who have c o n c l u d e d a b o u t a phase t r a n s i t i o n i n t h e UPD 

p r o c e s s , w h i l e L o r e n z et al. [ 8 ] were i n f a v o u r o f a c a t i o n -

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

B r u c k e n s t e i n and C a d l e [ 9 ] have c o n c l u d e d t h a t C u , a t low 

c o v e r a g e s , i . e . a t & < 0.5 d e p o s i t s p r e f e r e n t i a l l y on t h e P t 

(111) c r y s t a l f a c e . 

Improvements on t h e e x i s t i n g t h e o r i e s f o r t h e UPD p r o c e s s 

a r e s t i l l demanded. R i g o r o u s d a t a on adatom-adatom 

i n t e r a c t i o n s , s u r f a c e e l e c t r o n d e n s i t y and adatom bond 

e n e r g i e s on v a r i o u s c r y s t a l f a c e s a r e c e r t a i n l y v e r y u s e f u l , 

as w e l l a s d o u b l e - l a y e r d a t a f o r t h e n o n - m o d i f i e d and 

m o d i f i e d e l e c t r o d e s u r f a c e s . 
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2.2. PREPARATION AND CHARACTERIZATION OF THE Pt/M 
ad 

ELECTRODE SURFACES 

Pt/M ELECTRODES BY LINEAR SWEEP VOLTAMMETRY 
ad 

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

and p o t e n t i a l s t e p t e c h n i q u e s a r e s i m p l e and s u i t a b l e means 

f o r p r o d u c i n g in situ, a d - e l e c t r o d e s and, s i m u 1 t a n e a o u s 1 y a 

way f o r m e a s u r i n g t h e c o v e r a g e o f t h e m o d i f i e d s u r f a c e s . 

F i g . 2.1 i l l u s t r a t e s t h e UPD of B i , Pb, Cd and Cu adatoms on 

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

between +1.5 and 0.03 V v s . ( s h e ) , a t 0.1 V s
 1

, i n aqueous 

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

The v o l t a m m e t r i c r e s p o n s e s show p a r t i c u l a r c h a r a c t e r i s t i c s 

o f t h e c o r r e s p o n d i n g u n d e r p o t e n t i a 1 d e p o s i t i o n p r o c e s s . 

F i g . 2 . 1 . C y c l i c voltammograms o f t h e
 P t / M

a d
 e l e c t r o d e s . 

x> = 0.1 V s"
1

 D a t a f r o m r e f . [ 1 0 - 1 2 ] . 
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I t i s c l e a r l y shown by the" C y c l i c Vo1tammograms (CVs) i n 

F i g . 2.1 t h a t u n d e r t h e same e x p e r i m e n t a l c o n d i t i o n s , i . e . 

c o n c e n t r a t i o n o f t h e m e t a l l i c i o n s i n s o l u t i o n , sweep r a t e , 

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

v a r i e s f r o m m e t a l t o m e t a l . F o r a l l adatoms t h e 

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

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

t h e c a s e o f Cd and Cu. The e f f e c t o f t h e UPD i n t h e h ydrogen 

a d s o r p t i o n p e a k s i s q u i t e s i m i l a r f o r B i and P b , but v e r y 

d i f f e r e n t f o r Cd and Cu. B i and Pb adatoms c a u s e a b i g 

s u p p r e s s i o n on b o t h w e a k l y and s t r o n g l y bonded h y d r o g e n , 

w h i l e w i t h Cu and Cd u n d e r t h e e x p e r i m e n t a l c o n d i t i o n s o f 

F i g . 2.1 b u l k d e p o s i t i o n s t a r t s t o o c c u r a t 0.6 V, b e f o r e 

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

D u r i n g t h e a n o d i c sweep t h e I-E p r o f i l e o f t h e c o r r e s p o n d i n g 

v o l t a m m e t r i c r e s p o n s e shows a l s o t o be v e r y much dependent 

on t h e adatom c h o o s e n . W h i l e t h e r e m o v a l o f B i and Pb 

adatoms l e a d s t o a s i m i l a r p r o f i l e : a w e l l d e f i n e d and 

s y m m e t r i c peak p r e c e e d e d by a p r e - p e a k , i n t h e c a s e o f C u , a 

b r o a d and c o m p l ex peak a p p e a r s between 0.6 and 0.8 V and f o r 

Cd two w e l l d e f i n e d p e aks of a b o u t t h e same s i z e a r e 

o b s e r v e d a t +0.4 and +0.5 V v s . ( s h e ) r e s p e c t i v e l y , as w e l l 

as a peak a t c_a 0.3 V. T h i s peak a t 0.3 V i s due t o t h e 

r e m o v a l o f t h e b u l k d e p o s i t e d cadmium w h i l e , t h e o t h e r two 

a r e due t o t h e r e m o v a l o f adatoms i n two w e l l d e f i n e d s t e p s . 

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

r e s p o n s e s o f t h e v a r i o u s Pt/M e l e c t r o d e s c a n v a r y g r e a t l y : 
ad 

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

s o l u t i o n , by r e v e r s i n g t h e p o t e n t i a l a t l e s s n e g a t i v e v a l u e s 

d u r i n g t h e c a t h o d i c sweep o r by h o l d i n g t h e e l e c t r o d e f o r 

d i f f e r e n t t i m e s , i n t h e UPD r e g i o n . R e s u l t s i n f i g u r e s 2.2 

t o 2.4 i l l u s t r a t e t h o s e e f f e c t s . 

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

r o l e i n t h e s t r u c t u r e and i n t h e m o r p h o l o g y o f t h e Pt/M 
ad 

e l e c t r o d e . 
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F i g . 2.2. The e f f e c t o f t h e c o n c e n t r a t i o n o f M" 
p r o c e s s . CVs r e c o r d e d a t 0.1 V s

- 1

. 
on t h e UPD 

iKior̂ A Cu on Pt 

F i g . 2.3. The e f f e c t o f r e v e r s i n g t h e p o t e n t i a l o f t h e P t 
e l e c t r o d e i n a s o l u t i o n 1 x 10~

3

 M i n C u
2 +

, a t two 
c a t h o d i c l i m i t s , E^. v = 0.1 V / s . 

A c c o r d i n g t o F i g . 2.3 an homogeneous a d - l a y e r c a n be 

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



V a r i o u s d e g r e e s o f c o v e r a g e can be o b t a i n e d by h o l d i n g t h e 

p o t e n t i a l f o r d i f f e r e n t t i m e i n t e r v a l s a t any p o t e n t i a l i n 

the a d s o r p t i o n p o t e n t i a l r e g i o n . 

R e s u l t s i n F i g s . 2.1 t o 2.4 show c l e a r l y t h a t t h e s i m p l e s t 

and b e t t e r d e f i n e d m o d i f i e d Pt/M e l e c t r o d e s u r f a c e s c a n be 
ad 

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

i n s o l u t i o n t o l e v e l s o f t h e o r d e r o f 10~ M o r by r e d u c i n g 

the l i m i t s o f t h e p o t e n t i a l d u r i n g t h e n e g a t i v e sweep. 

A g r e a t number o f heavy m e t a l adatoms c a n be d e p o s i t e d on 

the P t s u b s t r a t e . T h u s , P t e l e c t r o d e s c o v e r e d by adatoms i n 

a wide p o t e n t i a l r a n g e between H and 0 e v o l u t i o n i n 
2 2 

aqueous s o l u t i o n s o r even i n a w i d e r r a n g e o f p o t e n t i a l i n 

non-aqueous s o l u t i o n s , c a n be p r e p a r e d . 
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EVALUATION OF COVERAGES, ©
P t 

M 

The UPD p r o c e s s i s a f a s t p r o c e s s , t h e r e i n q u a n t i t a t i v e 

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

p e r t u r b a t i o n s . F i g u r e 2.5 shows a p o t e n t I a 1 -1ime s e q u e n c e 

used f o r the e v a l u a t i o n o f c o v e r a g e s . The method has been 

d e s c r i b e d by Motoo and F u r u y a [ 1 3 ] and c o n s i s t s m a i n l y i n 

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

the e l e c t r o d e i n t h e a d s o r p t i o n p o t e n t i a l r e g i o n f o r a 

c e r t a i n t i m e . The p o t e n t i a l - t i m e s e q u e n c e c o n s i s t s o f a 

s e r i e s o f s c a n s between +0.05 and +1.6 V v s . ( s h e ) f o r 

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

f o r 60 s a t 1.6 V t o e n s u r e t h e o x i d a t i o n p r o c e s s . 

A f t e r w a r d s , t h e p o t e n t i a l i s s t e p p e d t o +0.3 V and k e p t 

t h e r e f o r 600 s t o a l l o w t h e f o r m a t i o n o f a m o n o l a y e r o f Cu 

adatoms and f i n a l l y s c a n n e d a t 10 V s
 1

 between 0.05 and 1.6 

V f o r t h e o x i d a t i o n o f t h e Cu m o n o l a y e r . 

1,6 V 

/60s] / 

1M HCI0
4
 + 1x Kf

5

Cu
2 + 

\ / 1M HCIO, 

F i g . 2 .5. P o t e n t i a 1 - t i m e s e q u e n c e used f o r t h e e v a l u a t i o n o f 

c o v e r a g e , 0 t h e 
Cu 

and t h e c o r r e s p o n d i n g 

- i 
v o l t a m m e t r i c r e s p o n s e r e c o r d e d a t 10 V s [ 1 1 - 1 3 ] 

The C o v e r a g e s , Ô, c a n be c a l c u l a t e d t h r o u g h t h e measured 

c h a r g e s Q ,Q . and Q 
C u H H 

where Q r e p r e s e n t s t h e 
c u 

t o t h e o x i d a t i o n o f Cu a d a t o m s , Q t h e c h a r g e due 
' H 

c h a r g e 

t o 

due 

t h e 
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o x i d a t i o n o f a d s o r b e d hydrogen i n a s o l u t i o n f r e e o f 

m e t a l l i c i o n s and Q t h e c h a r q e due t o t h e o x i d a t i o n o f 

H 

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

ad-a t o m s . 

The m e t h o d o l o g y f o r t h e c a l c u l a t i o n o f & assumes t h a t 

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

u n d e r p o t e n t i a 1 d e p o s i t e d . 

ADVANTAGES OF USING CYCLIC VOLTAMMETRY 

Ci> C y c l i c voltammograms show c h a r a c t e r i s t i c f e a t u r e s o f 

t h e UPD p r o c e s s t h u s , o f t h e c o r r e s p o n d i n g a d -

e l e c t r o d e s u r f a c e s ; 

<ii> Peak p o t e n t i a l s and peak c u r r e n t s c a n be measured 

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

k i n e t i c d a t a o f t h e UPD can be o b t a i n e d ; 

C i i i ) The c o v e r a g e o f t h e m o d i f i e d e l e c t r o d e s u r f a c e , &, 

can be c a l c u l a t e d by m e a s u r i n g t h e amount o f c h a r g e 

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

sub m o n o 1 a y e r , p r e v i o u s l y d e p o s i t e d , a s s u m i n g 
—2 

z x 2 0 0 /JC cm as t h e c h a r g e o f a m o n o l a y e r [ 1 4 ] ; 

Civ> A l l o y f o r m a t i o n i n t h e UPD r e g i o n can be 

d i s t i n g u i s h e d from a m o n o l a y e r o f adatoms t h r o u g h t h e 

maximum amount o f c h a r g e u n d e r t h e I-E c u r v e d u r i n g 

t h e s c a n o f t h e p o t e n t i a l i n t h e p o s i t i v e d i r e c t i o n . A 

l i m i t i n g v a l u e o f z x 2 0 0 yuC cm
- 2

 i n t h e UPD r e g i o n 

d o e s n o t e x i s t f o r t h e a l l o y s ; 

<v) K i n e t i c and m e c h a n i s t i c i n f o r m a t i o n f o r t h e UPD 

p r o c e s s c a n be o b t a i n e d f r o m CVs r e c o r d e d i n a w i d e 

r a n g e o f s c a n r a t e s ; 

<vi> The number o f P t s i t e s o c c u p i e d by e a c h adatom can be 

d e t e r m i n e d t h r o u g h t h e v o l t a m m e t r i c d a t a , i . e . by 
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u s i n g t h e method d e s c r i b e d by F u r u y a and Motoo [ 1 3 ] . 

C v i i ) S u r f a c e s c hanges can be. f o l l o w e d t h r o u g h t h e r e c o r d e d 

CVs . 

Some c h a r a c t e r i s t i c s o f t h e u n d e r p o t e n t I a 1 d e p o s i t e d l a y e r s 

of B i , P b , Cu and Cd o b t a i n e d f r o m e l e c t r o c h e m i c a l 

measurements a r e g i v e n i n T a b l e 2 . 1 . 

T a b l e 2 . 1 . C h a r a c t e r i s t i c s o f t h e Pt/M e l e c t r o d e s [ 1 5 ] 

N ° of P t P o t e n t i a 1 

S o l u t i o n o c c u p i e d r a n g e f o r E/V 
Adatom by e a c h adatom 

c o m p o s i t i o n adatom remova 1 e = 0 . 5 

B i l x l O
_ 3

M B i (NO ) 
3 3 

3 0 . 7 1 . 0 0 9 0 

Pb l x l O ~
3

M P b ( N 0 ) 
3 2 

2 0 . 5 0 . 7 5 0 61 

Cd l x l O ~
3

M Cd SO 2 0 . 4 — 0 . 6 5 0 54 

Cu i x i o ~
=

r i CuSO 
4 

1 0 . 6 0 . 8 0 . 4 0 

Pt/M
 J

 ELECTRODES BY POTENTIAL STEP PULSES 
ad 

As s t r e s s e d by F l e t c h e r &t al. [ 1 1 , 1 5 ] u n c e r t a i n t i e s 

a s s o c i a t e d w i t h t h e dependence o f c o v e r a g e on p o t e n t i a l c a n 

d i s a p p e a r i f p u l s e t e c h n i q u e s a r e used i n s t e a d o f l i n e a r 

sweep v o l t a m m e t r y . P o t e n t i a l p u l s e s s e q u e n c e s as t h o s e shown 

i n F i g . 2 . 6 , i l l u s t r a t e t h e a p p l i c a t i o n o f t h e p u l s e 

t e c h n i q u e s f o r t h e c a l c u l a t i o n o f t h e number o f P t s i t e s 

o c c u p i e d by e a c h adatom u n d e r p o t e n t i a 1 d e p o s i t e d on P t . 

C o v e r a g e s c a n be c a l c u l a t e d f r o m p u l s e t r a n s i e n t s o r by a 

s e q u e n c e o f p u l s e s f o l l o w e d by a ramp o f p o t e n t i a l ( s e e F i g . 

2 . 6 ( b ) ) . 
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F i q . 2.6. P l o t s o f (Q
s

-Q ) v s . Q / 2 . C h a r g e s o b t a i n e d f r o m 
* H H C u 

e x p e r i m e n t s f o l l o w i n g s e q u e n c e (a) >< and s e q u e n c e 

(b) © [ 1 1 , 1 2 ] . 

F i g . 2.7 g i v e s t h e c o v e r a g e o f t h e P t e l e c t r o d e by Cu 

adatoms as a f u n c t i o n o f a d s o r p t i o n and o x i d a t i o n 

p o t e n t i a l s . D a t a was o b t a i n e d from s h o r t t r a n s i e n t s ( 2 s ) 

f o l l o w i n g t h e p u l s e p r o f i l e (a) f o r t h e e v a l u a t i o n o f 

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

p r o f i l e (b) f o r d e f i n i n g t h e c u r v e & v s . o x i d a t i o n 

p o t e n t i a l . 

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

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

can be deduced f r o m p l o t s , i . e . by t h o s e i n F i g . 2.7. 

F i g . 2.7. C o v e r a g e o f t h e P t / C u e l e c t r o d e s a s a f u n c t i o n 
o f t h e ad s o r p t i o n § and o f t h e o x i d a t i o n a 
p o t e n t i a l [ 1 1 , 1 5 ] . 
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2 .3. STABILITY OF THE Pt/M ELECTRODES 
a d 

Watanabe e t a.L . [ 1 6 ] have r e c e n t l y r e p o r t e d ad-atom 

e l e c t r o d e s of P t / R u and P t / S n r e m a i n i n g s t a b l e s f o r more 

than 20 h of p o l a r i z a t i o n a t +0.4 V v s . ( s h e ) i n H SO 
2 4 

aqueous s o l u t i o n s . H o l z e and C a t t a n e o [ 1 7 ] r e p o r t P t / S n 
ad 

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

f r e e and i n a t i n c o n t a i n i n g s o l u t i o n . F u r u y a and S h i b a t a 

[ 1 8 ] have o b t a i n e d s t a b l e P t / C u e l e c t r o d e s a c t i n g as 
a d 

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

a c t i v i t y a t Q ~ 0 . 1 . S i m i l a r r e s u l t s have been o b t a i n e d by 

us f o r t h e o x i d a t i o n o f HC00H [ 1 9 ] . 

3. ELECTRODE SURFACES MODIFIED BY OVERLAYERS OF OXIDES: 

Ir/OXIDE ELECTRODES 

Hydrous o x i d e s on n o b l e and n o n - n o b l e m e t a l s a r e a t o p i c o f 

i n c r e a s i n g i n t e r e s t t o e l e c t r o c h e m i s t s , as t h e s e m a t e r i a l s 

p l a y a c e n t r a l r<Me i n e 1 ec t r o c a t a 1 y s i s , c o r r o s i o n and 

p a s s i v a t i o n o f m e t a l s , f o r m a t i o n o f p r o t e c t i v e and 

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

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

o x i d e s i n v a r i o u s o x i d a t i o n p r o c e s s e s . 

B u r k e and S u l l i v a n [ 2 0 ] r e p o r t an enhancement i n t h e 

a c t i v i t y o f r h o d i u m f o r 0^ e v o l u t i o n due t o t h e p r e s e n c e o f 

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

c y c l i n g . A r v i a and c o - w o r k e r s [ 2 1 ] have a l s o o b t a i n e d T a f e l 

s l o p e s f o r 0^ e v o l u t i o n on r h o d i u m s t r o n g l y d e p e n d e n t on t h e 

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

S m i c k l e r and S c h u l t z e [ 2 2 ] i n t h e i r r e v i e w on e l e c t r o n -

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

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

t h i c k n e s s o f t h e o x i d e s on t h e r a t e o f e l e c t r o n t r a n s f e r 

r e a c t i o n s . 

The amount o f d a t a on t h e g r o w t h o f o x i d e s on n o b l e m e t a l s , 
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t h e i r - p h y s i c a l and o p t i c a l p r o p e r t i e s , i s c o n s i d e r a b l e ( s e e 

r e v i e w s by Woods [ 1 4 ] , by S u l l i v a n and C a l v o [ 2 3 ] , by B u r k e 

and L y o n s [ 2 4 ] and by S c h u l t z e and S m i c k l e r [ 2 2 ] , and o t h e r 

more r e c e n t p u b l i c a t i o n s ) . 

3.1. GROWTH OF HYDROUS OXIDES ON NOBLE METALS 

The c a p a b i l i t y o f t h e e l e c t r o c h e m i c a l methods f o r p r o d u c i n g 

t h i c k o x i d e f i l m s on n o b l e m e t a l s was e a r l i e r d e t e c t e d i n 

t h e c a s e o f i r i d i u m ( s e e r e v i e w by Woods [ 1 4 ] and r e f e r e n c e s 

t h e r e i n ) . O n l y more r e c e n t l y , t h e g r o w t h o f h y d r o u s o x i d e s 

on o t h e r n o b l e m e t a l s l i k e p l a t i n u m , g o l d , r u t h e n i u m and 

rh o d i u m e l e c t r o d e s was a l s o a c h i e v e d ( s e e B u r k e e t al. [ 2 5 ¬

2 7 ] , A r v i a et al. [ 2 1 ] and K ô t z et al. [ 2 8 ] . 

H y d r o u s o x i d e f i l m s can be p r o d u c e d by r e p e t i t i v e p o t e n t i a l 

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

S i n u s o i d a l , s q u a r e o r t r i a n g u l a r waves o f p o t e n t i a l c an be 

u s e d ; t h e l i n e a r sweep v o l t a m m e t r y , h o w e v e r , i s t h e most 

p o p u l a r : t h e e l e c t r o c h e m i c a l s p e c t r u m o f t h e g r o w t h p r o c e s s 

i s p r o d u c e d . The t h i c k n e s s o f t h e o x i d e f i l m c a n be measured 

and t h e r e d o x b e h a v i o u r can be d e t e c t e d . 

The u p p e r and l o w e r l i m i t s o f t h e p o t e n t i a l , as w e l l as t h e 

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

d e t e r m i n a n t r ô l e on t h e t h i c k n e s s and on t h e k i n e t i c s o f t h e 

g r o w t h p r o c e s s . These and o t h e r e f f e c t s w i l l be i l l u s t r a t e d 

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

t h e g r o w t h o f o x i d e s on i r i d i u m i n a c i d i c medium. 

3.2 . THE GROWTH OF OXIDES ON IRIDIUM IN ACID MEDIUM 

3.2.1. THE GROWTH OF OXIDES ON IRIDIUM BY CONTINUOUS 

POTENTIAL CYCLING 

C y c l i n g t h e p o t e n t i a l o f t h e I r e l e c t r o d e e i t h e r i n F^SO^ o r 

i n HC10 aqueous s o l u t i o n s between +0.05 and +1.35 V 
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v s . ( s h e ) l e a d s , a f t e r a few r u n s , t o t h e a p p e a r a n c e o f 

h i g h l y r e v e r s i b l e p e a k s i n t h e o x i d e r e g i o n a t c a +0.9 V, 

t h e i r s i z e i n c r e a s i n g w i t h t h e number o f c y c l e s ( s e e F i g . 

3.1) . 

S i m i l a r b e h a v i o u r has been r e p o r t e d e a r l i e r by O t t e n and 

V i s s c h e r [ 2 9 ] , and l a t e r by B u r k e and Whelam [ 3 0 ] and by 

Mo z o t a and Conway [ 3 1 ] . 

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

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

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

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

and i n p e r c h l o r i c medium. R e s u l t s a r e su m m a r i z e d i n F i g s . 

3 . 1 . and 3.2 and a l s o on T a b l e 3 . 1 . Q i s t h e c h a r q e u n d e r 
O x 

t h e a n o d i c b r a n c h o f t h e v o l t a m m e t r i c c u r v e between +0.3 and 

+1.35 V v s . ( s h e ) , a f t e r s u c c e s s i v e c y c l e s o f p o l a r i z a t i o n 

a t 0.1 V s
- 1

. 

F i g . 3 . 1 . T h e g r o w t h o f i r i d i u m o x i d e by c o n t i n u o u s 
p o t e n t i a l c y c l i n g between +0.05 and +1.35 V 
d u r i n g 1 h , a t 0.1 V s

_ i

, i n : (a) 1M HC10 aqueous 
s o l u t i o n ; (b) 0.1 M H SO aqueous s o l u t i o n . 
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F i g . 3.2. C h a r g e s , Q , and peak p o t e n t i a l s o f peak C, 
E

C

, a s a f u n c t i o n o f t h e number o f c y c l e s f r o m I r 

o.m H so • 
aqueous s o l u t i o n s 

0.5 M H SO 
2 

and IM H C 1 Ü A 
4 

W h i l e i n HCIO^ aqueous medium t he i n c r e a s e i n c h a r g e 

t e n d s t o a p l a t e a u o f c a . 1.5 mC cm
- 2

, i n
 H

2

S 0

4
 medium a 

l i n e a r r e l a t i o n s h i p between Q and t h e number o f c y c l e s i s 
O x 

o b t a i n e d a t l e a s t f o r up t o 350 c y c l e s t h e s l o p e s o f t h e 

s t r a i g h t l i n e s b e i n g d e p e n d e n t on t h e c o n c e n t r a t i o n o f 

H SO : h i g h e r r a t e s i n t h e o x i d e g r o w t h a r e o b t a i n e d w i t h 
2 4 

more d i l u t e d s o l u t i o n s , i . e . a t 0.1 M i n c o m p a r i s o n w i t h 0.5 

M. A n o t h e r f e a t u r e r e s u l t i n g f rom c o n t i n u o u s c y c l i n g i s t h e 

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

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

t h e f i r s t 50 c y c l e s and s l o w s down a f t e r w a r d s ( s e e f i g . 3.1 

and 3 . 2 ) . 

The p r o c e s s l e a d i n g t o peak D, a t +0.97 V u s (s h e ) i s most 

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

by: 

I r O + H
+

 + e 
2 

IrOOH 

D i f f e r e n c e s i n d u c e d by t h e c o m p o s i t i o n o f t h e s o l u t i o n may 

be due t o t h e c o m p e t i t i o n between a d s o r p t i o n o f t h e a n i o n s 

o f t h e bas e e l e c t r o l y t e and t h e e 1 e c t r o d e p o s i t i o n o f OH
-

 and 
2 - 2 -

o f 0 s p e c i e s . E f f e c t i v e l y , i t i s w e l l known t h a t SO and 
4 

HSO^ i o n s a r e s p e c i f i c a l l y a d s o r b e d on n o b l e m e t a l s . A n o t h e r 

p o s s i b i l i t y r e s i d e s on t h e p o t e n t i a l i t i e s o f SO
2 -

 as a 
4 

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

t he f i l m . 

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

s u l p h u r i c , h y d r o u s o x i d e f i l m s do n o t grow on I r : a f t e r 1 h 

of c y c l i n g a t 0.1 V s
 1

 no s i g n s o f t h e r e v e r s i b l e peak D 

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

T h e r e f o r e , t h e u s e o f a h i g h c o n c e n t r a t i o n o f t h e bas e 

e l e c t r o l y t e ( i . e . > 2M) i s a mean t o r e d u c e t h e g r o w t h o f 

o x i d e s on i r i d i u m t o m o n o l a y e r l e v e l s . 

3.2.2. THE GROWTH OF OXIDES ON IRIDIUM BY POTENTIAL STEP 

METHODS 

As a l r e a d y m e n t i o n e d f o r t h e Pt/M e l e c t r o d e s , p o t e n t i a l 
ad 

s t e p methods a r e v e r y c o n v e n i e n t p o t e n t i a l p e r t u r b a t i o n s f o r 

th e p r e p a r a t i o n o f o x i d e f i l m s o f known t h i c k n e s s . P o t e n t i a l 

s t e p p r o f i l e s , as t h o s e r e p o r t e d i n F i g . 3.3, were u s e d t o 

grow i r i d i u m o x i d e f i l m s on I r i n H SO aqueous m e d i a . 
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T a b l e 3 . 1 s u m m a r i z e s r e s u l t s from p o t e n t i a l s t e p p u l s e s 

T a b l e 3 . 1 . Growth o f t h e o x i d e s f i l m s on I r a f t e r p o t e n t i a l 

s t e p s e . g . . + 1 . 3 5 V + 1 . 3 5 V 

\ 0 . 0 3 V / 0 . 0 3 V 
- r i — 

i n i t i a l i n i t i a l 

s t a t e •
a n

 (AC) 
O x 

s t a t e 

9 7 2 /JC 5 3 2 /JC 

t ( s ) H SO ( 0 . 5 M ) 
2 4 

H C 1 0 ( 1 M ) 
4 

t ( s ) 

9 0 1 2 9 0 6 4 4 9 0 

1 8 0 1 3 5 0 7 3 2 1 8 0 

3 0 0 1 4 1 0 7 9 0 3 0 0 

R e g a r d l e s s t h e i n i t i a l s t a t e o f t h e e l e c t r o d e , t h e 

s u c c e s s i v e a p p l i c a t i o n o f p u l s e s from 0 . 0 3 t o + 1 . 3 5 V w i t h 

d i f f e r e n t l e n g t h s l e a d s t o an i n c r e a s e s i n c h a r g e , 

p a r t i c u l a r l y n o t i c e a b l e f o r p o l a r i z a t i o n t i m e s a t 1 . 3 5 V 

s m a l l e r t h a n 9 0 s . Once more, t h e f i l m grows f a s t e r i n
 H

2

S 0

4 

medium ( 0 . 5 ) t h a n i n H C 1 0 ( 1 M ) . 

P o t e n t i a l s t e p m e a s u r e m e n t s have a l s o shown t h a t t h i c k e r 

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

s h o r t t i m e s ( 4 - 3 0 0 s ) , i n c o m p a r i s o n w i t h t h o s e p r o d u c e d by 

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

3.3. THE REDUCTION OF OXIDE FILMS ON IRIDIUM 

The r e s i s t a n c e o f i r i d i u m o x i d e f i l m s t o r e d u c t i o n i s one of 

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

e l e c t r o c a t a l y s i s . A n s w e r s f o r q u e s t i o n s i . e . : 

( i ) how s t a b l e i s the f i l m or ( i i ) how easy i s to reduce 

- 2 3 -

The amount o f t h e i r i d i u m - o x i d e f i l m s r e d u c e d a f t e r 

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

+ 1 . 8 5 V 'os ( s h e ) , depends s t r o n g l y on t h e p o t e n t i a 1 - 1 i m e 

p e r t u r b a t i o n p r e v i o u s l y used t o grow t h e o x i d e . T h i s has 

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

grown o x i d e f i l m . 

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

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

even i n H ^ S O ^ aqueous medium. 

The f o l l o w i n g c o n c l u s i o n s have emerged f r o m o u r s t u d i e s : 

• I r o x i d e f i l m s grown by c o n t i n u o u s c y c l i n g a t h i g h sweep 

r a t e s i . e . , a t v > 1 V/s o r by p o t e n t i a l s t e p s p u l s e s , 

between t h e same p o t e n t i a l l i m i t s ( 0 . 0 3 1 . 3 5 V) a r e h a r d e r 

to r e d u c e t h a n t h o s e o f i d e n t i c a l t h i c k n e s s grown by 

c o n t i n u o u s c y c l i n g t h e p o t e n t i a l a t low sweep r a t e s ( i . e . a t 

0 . 1 V/s) . 

• P o l a r i z a t i o n a t v e r y h i g h a n o d i c p o t e n t i a l s , i . e . a t 

+ 1 . 8 5 V, w i t h h o l d i n g t i m e s o f t h e o r d e r o f 5 m i n u t e s 

d e p e n d i n g on t h e f i l m t h i c k n e s s i s an e f f i c i e n t method f o r 

t h e e l e c t r o c h e m i c a l r e d u c t i o n o f t h e o x i d e f i l m s grown on 

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

• F i l m s o f t h e same t h i c k n e s s grown by c o n t i n u o u s c y c l i n g i n 

H C 1 0 a r e h a r d e r t o r e d u c e t h a n t h o s e qrown i n H SO medium, 
4 ^ 2 4 ' 

t h e r e v e r s e b e i n g v a l i d f o r f i l m s grown p o t e n t i o s t a t i c a 1 1 y . 

• T h i c k o x i d e f i l m s on I r can be r e d u c e d t o m o n o l a y e r l e v e l s 

by t h e r m a l t r e a t m e n t : h e a t i n g t h e e l e c t r o d e f o r a few s e c o n d s 

i n a gas f l a m e (+ 1 2 0 0 C ) . 

• A r e p r o d u c i b l e s t a t e o f t h e I r - o x i d e e l e c t r o d e s u r f a c e i s 

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

a d s o r p t i o n / d e s o r p t i o n r e g i o n i s a p p l i e d even d u r i n g s h o r t 

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

of c r u c i a l i m p o r t a n c e . 

B o t h s t a t e s can c e r t a i n l y be a c h i e v e d d e p e n d i n g on the 

e x p e r i m e n t a l c o n d i t i o n s . The e s t a b 1 i s h e m e n t o f t h o s e 

c o n d i t i o n s has been t h e main p u r p o s e o f o u r e x p e r i m e n t s 

b e f o r e t e s t i n g t h e e 1 e c t r o c a t a 1y11c a c t i v i t y o f t h e m o d i f i e d 

e l e c t r o d e s u r f a c e . CVs on F i g s . 3.4 and 3.5 i l l u s t r a t e t h e 

r e d u c t i o n of t h i c k o x i d e f i l m s b o t h by e l e c t r o c h e m i c a l means 

and by t h e r m a l t r e a t m e n t 

F i g 3.4 The v o l t a m m e t r i c r e s p o n s e s o f t h e I r - O x i d e 

e l e c t r o d e a f t e r : 
(a) 70 c y c l e s a t 0.1 V/s i n 0 
(b) 15 m i n u t e s a t +1.85 V 

5 M H SO 
2 4 

135 V 

F i g . 3 .5. V o l t a m m e t r i c r e s p o n s e s o f t h e I r e l e c t r o d e i n 0.5 M 

H SO . 
2 4 

(a) b e f o r e and (b) a f t e r f l a m e t r e a t m e n t ; 

( c ) 6 c y c l e s a f t e r s t a t e ( b ) . 
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4. ELECTRODE SURFACES WITH PREFERRED ORIENTATIONS: Pt SINGLE 

CRYSTALS 

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

i s w e l l r e c o g n i z e d . Not o n l y t h e k i n e t i c s b u t a l s o t h e 

mechanism o f s e v e r a l e l e c t r o o x i d a t i o n r e a c t i o n s have shown t o 

be s t r o n g l y d e p e n d e n t on t h e c r y s t a 1 1 o g r a p h i c o r i e n t a t i o n and 

on 'the symmetry o f t h e s u p e r f i c i a l atoms o f t h e e l e c t r o d e 

s u r f a c e . S t r u c t u r a l e f f e c t s have been o b s e r v e d f o r s m a l l 

o r g a n i c m o l e c u l e s , as w e l l as f o r l a r g e r m o l e c u l e s l i k e t h e 

b u t a n o l i s o m e r s , t h e D - g l u c o s e and t h e D - s o r b i t o l among 

o t h e r s ( s e e t h e r e c e n t r e v i e w by P a r s o n s and V a n d e r N o o t [ 3 2 ] 

and r e f e r e n c e s t h e r e i n ) . 

4.1. SINGLE CRYSTAL ELECTRODE SURFACES 

The i m p o r t a n c e o f h a v i n g w e l l d e f i n e d s u r f a c e s has been 

s t r e s s e d by s e v e r a l w o r k e r s . 

The most d i r e c t a p p r o a c h f o r t h e c h a r a c t e r i z a t i o n o f t h e 

s i n g l e c r y s t a l e l e c t r o d e s u r f a c e s i s Low E n e r g y E l e c t r o n 

D i f f r a c t i o n ( L E E D ) : e a c h s i n g l e f a c e g i v e s a d e f i n i t e LEED 

p a t t e r n [ 3 3 ] ; t h e t e c h n i q u e , h o w e v e r , i s q u i t e e x p e n s i v e , 

r e q u i r e s h i g h - u 1 t r a v a c u u m and i s n o t an in sitxi t e c h n i q u e . 

E l e c t r o c h e m i s t s have found t h e p o s s i b i l i t y o f u s i n g 

e l e c t r o c h e m i c a l m e t h o d s , namely c y c l i c v o l t a m m e t r y f o r t h e 

c h a r a c t e r i z a t i o n o f t h e s i n g l e c r y s t a l e l e c t r o d e s u r f a c e s . 

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

s e n s i t i v e t o t h e s t r u c t u r e o f t h e e l e c t r o d e . The 

d i s t r i b u i t i ' o n o f t h e m u l t i p l e h y d r o g e n a d s o r p t i o n s t a t e s i s 

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

a n o t h e r , t h u s , l e a d i n g t o peaks a t d i f f e r e n t p o t e n t i a l s : t h e 

p o s i t i o n , t h e number o f p e a k s , t h e i r r e l a t i v e a m p l i t u d e and 

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

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

c r y s t a l s and a l s o f o r t h e Au and I r e l e c t r o d e s u r f a c e s e i t h e r 
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i n a c i d and i n b a s i c medium have been e s t a b l i s h e d and 

r e p o r t e d i n t h e l i t e r a t u r e [ 3 4 - 4 7 ] . D i f f e r e n c e s r e p o r t e d i n 

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

p l a n e s from t h e v a r i o u s l a b o r a t o r i e s might be due t o t h e 

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

a c t i v a t i o n by e l e c t r o c h e m i c a l means. S t r u c t u r a l m o d i f i c a t i o n s 

of t h e P t s i n g l e c r y s t a l s due t o p o t e n t i o d y n a m i c c y c l i n g have 

been d e t e c t e d by LEED [ 3 3 ] . D i f f e r e n c e s i n d u c e d by t h e 

e l e c t r o l y t e , p a r t i c u l a r l y f o r t h o s e a n i o n s w h i c h c a n be 

s p e c i f i c a l l y a d s o r b e d have been r e c e n t l y r e p o r t e d by Armand 

and C l a v i l i e r [ 4 1 ] f o r P t ( 1 0 0 ) , P t ( l l l ) and P t ( l l O ) s i n g l e 

c r y s t a l s and e a r l i e r by Motoo and F u r u y a [ 4 5 ] f o r I r ( 1 0 0 ) , 

I r ( l l O ) and I r ( l l l ) s i n g l e c r y s t a l s . 

PRETREATMENT AND ACTIVATION OF THE SINGLE CRYSTAL ELECTRODE 

SURFACES 

Work w i t h s i n g l e c r y s t a l s i s v e r y d e l i c a t e . S i n g l e c r y s t a l s 

a r e v e r y e x p e n s i v e and t h e y can e a s i l y s u f f e r s t r u c t u r a l 

m o d i f i c a t i o n s d u r i n g e l e c t r o c h e m i c a l p o l a r i z a t i o n . They a r e 

a l s o v e r y s e n s i t i v e t o i m p u r i t i e s i n t h e s o l u t i o n . As i t has 

been d e t e c t e d by Wagner and R o s s [ 3 3 ] a n d , by s e v e r a l o t h e r s 

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

s c a n i s c r i t i c a l . Wagner and R o s s r e p o r t s t a b i l i t y o f t h e P t 

low i n d e x s u r f a c e , i n a c i d medium, o n l y when t h e v a l u e o f 

0.82 V us ( s h e ) i s n o t e x c e e d e d . 

The p r o c e d u r e d e v e l o p e d by C l a v i l i e r [ 3 4 ] and by A d z i c e i al. 

[ 3 7 ] f o r t h e p r e t r e a t m e n t o f t h e s i n g l e c r y s t a l e l e c t r o d e 

s u r f a c e s i s q u i t e d i f f e r e n t . The m e t h o d o l o g y o f C l a v i l i e r has 

been most w i d e l y used and c o n s i s t s o f t h e r m a l t r e a t m e n t i n a 

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

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

t r a n s f e r t o t h e e l e c t r o c h e m i c a l c e l l . 
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ELECTROCHEMICAL ACTIVATION 

The s t a t e o f t h e e l e c t r o d e s u r f a c e as w e l l as t h e p u r i t y o f 

t h e s y s t e m can be c h e c k e d t h r o u g h t h e c y c l x c voltammograms 

r e c o r d e d f r o m t h e e l e c t r o d e i n t h e base e l e c t r o l y t e . The 

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

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

d i r e c t i o n ( s e e F i g s . 4.1 t o 4 . 3 ) . 

Q25 

n — L 

Pt(IOO) 

j / m A - c r r i 2 

1 » J H M W : r • 

-Q2 " 

Pt(HO) 
''1 

-i '\ i 

02-

-A_,''Q2 

^ V ( S M E ) 

PtdU) 

- S t — -

F i g . 4 . 1 . V o l t a m m e t r i c r e s p o n s e s o f t h e P t ( h k l ) l o w - i n d e x 
p l a n e s i n 1 M HC10 . v = 50 mV s"

1

 [ 4 2 ] . 

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

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

hy d r o g e n a d s o r p t i o n / d e s o r p t i o n r e g i o n and i n t h e o x i d e 

r e g i o n . In b a s i c medium P t ( 1 1 0 ) and P t ( l l l ) u n d e r g o 

r e c o n s t r u c t i o n a f t e r r e p e t i t i v e a d s o r p t i o n - d e s o r p t i o n o f 

oxy g e n a t h i g h c o v e r a g e s . The e f f e c t i s even more d r a s t i c i n 

a c i d medium. 
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F i g . 4 . 2 . V o l t a m m e t r i c r e s p o n s e s f o r t h e P t ( h k l ) l o w - i n d e x 
p l a n e s i n 0.1 M NaOH. v = 0.2 V s

- 1

 [ 4 6 ] . 

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

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

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

a c t i v i t y d e pends on t h e s t r u c t u r e o f t h e e l e c t r o d e s u r f a c e . 

I t has been o b s e r v e d r e c e n t l y [ 4 8 ] t h a t a f t e r f i v e c y c l e s t h e 

e l e c t r o a c t i v i t y o f t h e P t ( h k l ) l o w - i n d e x p l a n e s , f o r t h e 

o x i d a t i o n o f t h e D - s o r b i t o l i n p e r c h l o r i c medium d e c r e a s e s 

57'/., 747., 687. and 527. f o r t h e P t ( 1 0 0 ) , P t ( l l O ) , P t ( l l l ) and 

P t ( p o l y ) , r e s p e c t i v e l y ( s e e T a b l e 3 . 1 ) . 
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F i g . 4 . 3 . V o l t a m m e t r i c p r o f i l e s f r o m t h e P t ( h k l ) l o w - i n d e x 
p l a n e s i n 0.1 M NaOH a f t e r e x t e n d i n g t h e u p p e r 
l i m i t o f t h e p o t e n t i a l [ 4 7 ] . 

TABLE 3 . 1 . 

Maximum peak c u r r e n t d e n s i t i e s and peak p o t e n t i a l s f o r t h e 

o x i d a t i o n o f 0.1 M D - s o r b i t o l a t v = 100 mV s "
1

, on P t 

e l e c t r o d e s o f d i f f e r e n t s t r u c t u r e s [ 4 8 ] . 

E l e c t r o d e 

s u r f a c e 

i /mA 
P

-2 

cm 

E /V 
P 

(•vs. RHE) 

Peak 

l
a l

 — * 2 
eye 1 e 

d e c r e a s e (7.) 
nd j S l ^ ^nd 

eye l e 

P t ( 1 0 0 ) 3.8 0.72 30 57 
P t ( l l O ) 2.9 0.63 64 74 
P t d l l ) 2.4 0.68 40 68 
P U p o l y ) 2.2 0.65 44 52 

1.4 0.75 36 67 
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4.2. ELECTROCHEMICAL FACETED ELECTRODE SURFACES 

A r v i a e£ al. [ 4 9 ] have n o t i c e d t h a t f a s t e l e c t r o c h e m i c a l 

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

m o d i f i c a t i o n s on p o 1 y c r y s t a 1 1 i n e m e t a l e l e c t r o d e s . From t h o s e 

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

e l e c t r o d e s w i t h w e l l - d e f i n e d s u r f a c e s t r u c t u r e s were 

e s t a b l i s h e d . The m e t h o d o l o g i e s a r e w e l l d e s c r i b e d by A r v i a et 

al. [ 4 9 ] and c o n s i s t m a i n l y i n t h e a p p l i c a t i o n o f f a s t 

r e p e t i t i v e p o t e n t i a l p e r t u r b a t i o n s o f p r e s e l e c t e d 

c h a r a c t e r i s t i c s . 

The c h a r a c t e r i s t i c s o f t h e p o t e n t i a l p e r t u r b a t i o n s s u c h as 

t h e l i m i t s o f p o t e n t i a l , range o f sweep r a t e , r a n g e of 

f r e q u e n c i e s , symmetry o f t h e ramp, e t c . have been w e l l 

e s t a b l i s h e d by A r v i a e t al. f o r t h e p l a t i n u m , g o l d , rhodium 

and p a l l a d i u m p o 1 y c r y s t a 1 1 i n e e l e c t r o d e s u r f a c e s [ 5 0 - 5 2 ] . 

The d e v e l o p m e n t o f t h e p r e f e r r e d c r y s t a 1 l o g r a p h i c 

o r i e n t a t i o n s on t h e p o l y c r y s t a l 1 i n e m e t a l e l e c t r o d e s have 

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

c o n f i r m e d by t h e c o r r e s p o n d i n g X-ray d i f f r a c t o g r a m s . 

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

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

p o t e n t i a l p e r t u r b a t i o n s s u c h a s , r e p e t i t i v e s q u a r e wave 

p o t e n t i a l s c a n n i n g , r e p e t i t i v e t r i a n g u l a r p o t e n t i a l sweeps, 

o r r e p e t i t i v e s i n u s o i d a l p o t e n t i a l p e r t u r b a t i o n s , a p p l i e d t o 

th e p o l y c r i s t a l 1 i n e e l e c t r o d e s u r f a c e s . 

A r v i a e£ a l . [ 5 0 ] have t e s t e d t h e s t a b i l i t y o f t h o s e 

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

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

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

w a t e r and p u r e e l e c t r o l y t e s o l u t i o n s o r even i n t h e p r e s e n c e 

o f a c l e a n n i t r o g e n a t m o s p h e r e . 
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E l e c t r o d e s u r f a c e s o f n o b l e m e t a l s can a l s o be rou g h e n e d by 

e l e c t r o c h e m i c a l m e t h o d s . N e a r l y two d e c a d e s ago B i e g l e r and 

Woods [ 5 3 ] have r e p o r t e d enhancement o f r o u g h n e s s and 

s m o o t h i n g o f e l e c t r o d e s u r f a c e s due t o low f r e q u e n c y a n o d i c -

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

i n t h e s u p p o r t i n g e l e c t r o l y t e . 

R e c e n t r e s u l t s on p o l y c r y s t a l 1 i n e p l a t i n u m e l e c t r o d e s have 

d e m o n s t r a t e d t h e a b i l i t y o f t h e a n o d i c - c a t h o d i c t r e a t m e n t s t o 

p r o d u c e c h a n g e s i n s u r f a c e t o p o g r a p h y d e p e n d i n g on f r e q u e n c y , 

symmetry and l i m i t s o f t h e p e r i o d i c p e r t u r b a t i o n s [ 4 9 , 5 0 ] . 

These and o t h e r r e s u l t s o b t a i n e d by A r v i a and c o l l a b o r a t o r s 

show t h a t d a t a o b t a i n e d w i t h d i f f e r e n t r e l a x a t i o n t e c h n i q u e s 

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

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

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

p o l y c r y s t a l l i n e P t e l e c t r o d e s i n a c i d medium e s t a b l i s h e d i n 

ou r l a b o r a t o r y and r e p o r t e d i n a p r e v i o u s p a p e r [ 5 4 ] have 

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

r e s p o n s e s t h a t m i g h t be due m a i n l y t o t h e r o u g h e n i n g Df t h e 

e l e c t r o d e s u r f a c e . P e a k s i n t h e h y d r o g e n a d s o r p t i o n -

d e s o r p t i o n r e g i o n become b e t t e r d e f i n e d , as w e l l as t h o s e i n 

t h e o x i d e r e g i o n ; t h e p o s i t i o n and t h e r e l a t i v e s i z e o f t h e 

pea k s i n t h e h y d r o g e n r e g i o n , h o w e v e r , do n o t show 

s i g n i f i c a n t c h a n g e s , as i t i s c l e a r l y shown by t h e CVs i n 

F i g . 4 . 4 . 

Enhancements i n t h e d e g r e e o f r o u g h n e s s o f smooth e l e c t r o d e 

s u r f a c e s c a n be p r o d u c e d by e l e c t r o c h e m i c a l p o l a r i z a t i o n o f 

t h e P t e l e c t r o d e s o v e r a wide r a n g e o f p o t e n t i a l . 

E l e c t r o c h e m i c a l a c t i v a t i o n , h o w e v e r , can p r o d u c e a p a r t from 

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

l i m i t s o f t h e s c a n n i n g p o t e n t i a l , r a t e o f s c a n n i n g , e t c . 
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own e l e c t r o d e s depending. on the type of p o t e n t i a l 

perturbation used f o r the electrochemical a c t i v a t i o n . 

F i a 4.4. CV's fro m P t / 1 M H SO i n t e r f a c e a t 0.1 V s . 
F i g

" „ _ )
 l s t

 c y c l e ; ( - . - . * . ) ' 2nd c y c l e ; (...) a f t e r t e n 
c y c l e s a t 0.1 V s "

1

; ( ) i m m e d i a t e l y a f t e r t h e 
a p p l i c a t i o n o f t h e p o t e n t i a l p r o f i l e g i v e n i n s i d e [ 5 4 ] . 

FINAL REMARKS 

The p o t e n t i a l i t i e s o f t h e e l e c t r o c h e m i c a l methods as a cheap 

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

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

e l e c t r o c a t a l y s t s have been d e m o n s t r a t e d . 

We would n o t l i k e t o c o n c l u d e t h i s l e c t u r e , h o w e v e r , w i t h o u t 

m e n t i o n i n g two p a r t i c u l a r a s p e c t s : 

( i ) The r e l e v a n t and i n c r e a s i n g i m p o r t a n c e o f t h e 

s p e c t r o e l e c t r o c h e m i c a l m e t h o d s , namely o f EMIRS, PMRS and 

S N I F T I R S , i n t h e i d e n t i f i c a t i o n of t h e p o i s o n i n g s p e c i e s 

- 3 3 -

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

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

( i i ) The i m p o r t a n c e o f s e v e r a l o t h e r t y p e s o f m o d i f i e d 

e l e c t r o d e s u r f a c e s , namely of e l e c t r o d e s u r f a c e s m o d i f i e d by 

p o l y m e r s , by c o m p l e x e s s p e c i e s c h e m i c a l l y a t t a c h e d , by 

e 1 e c t r o d e p o s i t e d r e d o x c e n t e r s , by i o n i m p l a n t a t i o n , e t c . 
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POROUS CARBON ELECTRODES FOR NON-MERCURY 

CHLOR-ALKALI CELLS 

S.M.A.SHIBLI,* GOPU KUMAR, S.KRISHNAMURTHY and K.l.VASU
+ 

CENTRAL ELECTROCHEMICAL RESEARCH INSTITUTE, 

KARA IKUDI - 623 006, INDIA 

SUMMARY 

Porous carbon e l e c t r o d e s were prepared u s i n g carbon 

powders of d i f f e r e n t types u s i n g v a r i o u s c a t a l y s t s . P h y s i c a l 

p r o p e r t i e s of the prepared e l e c t r o d e s were e v a l u a t e d u s i n g 

s c a n n i n g e l e c t r o n microscopy (SEM), s u r f a c e a r e a a n a l y s e r e t c . 

Performance c h a r a c t e r i s t i c s of these e l e c t r o d e s were e v a l u a t e d by 

g a l v a n o s t a t i c p o l a r i s a t i o n a t v a r i o u s t e m p eratures i n 6M 

pota s s i u m and sodium h y d r o x i d e s o l u t i o n s . 

INTRODUCTION 

C h l o r i n e and c a u s t i c are almost e n t i r e l y produced by 

e l e c t r o c h e m i c a l means. Caught between h i g h energy c o s t and low 

prod u c t p r i c e s , ch I or-a. 1 ka I i producers world-wide a r e now t u r n i n g 

towards membrane c e l l t e c h n o l o g y f o r s u r v i v a l . Membrane based 

t e c h n o l o g i e s have improved so much i n r e c e n t yea.rs. One 

development i s the oxygen d e p o l a r i z i n g cathode p r o c e s s . In t h i s 

p r o c e s s , an a l t e r n a t e c a t h o d i c r e a c t i o n , t h a t i s , the r e d u c t i o n 

of oxygen r a t h e r than the c o n v e n t i o n a l d e c o m p o s i t i o n of wat e r , i s 

used f o r p r o d u c i n g c a u s t i c [ 1 1 . 

E l e c t r o c h e m i c a l power sources such as m e t a l / a i r 

b a t t e r i e s and f u e l c e l l s c o n t a i n carbon e l e c t r o d e s f o r oxygen 
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