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I n f l u e n c e of the S u r f a c e S t r u c t u r e of M e t a l E l e c t r o d e s on t h e 

D o u b l e L a y e r P a r a m e t e r s and R e a c t i o n K i n e t i c s . * 
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I . INTRQDUCTI ON. 

Most of f u n d a m e n t a l e l e c t r o c h e m i s t r y was b u i l t on e x p e r i m e n t a l 

r e s u l t s o b t a i n e d w i t h l i q u i d e l e c t r o d e s : m e r c u r y or amalgams. 

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

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

an e x p e r i m e n t . On the c o n t r a r y f o r s o l i d s t h e s u r f a c e c a n n o t 

be e a s i l y r e n e w e d . F u r t h e r m o r e f o r one s o l i d m e t a l e l e c t r o d e t h e 

s u r f a c e may be: 

- e i t h e r c o v e r e d by a d i s t u r b e d l a y e r of i t s atoms, 

- or j u s t a b u l k t e r m i n a t i o n . 

In the s e c o n d c a s e i f the b u l k of the metal i s p o 1 y c r y s t a 1 1 i n e , 

d i f f e r e n t g r a i n s and g r a i n b o u n d a r i e s e x i s t a t t h e s u r f a c e . If t h e 

b u l k of t h e m e t a l i s o n l y one g r a i n ( t h e n i t i s a s i n g l e c r y s t a l ) 

the b u l k t e r m i n a t i o n has 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 ( c o ) of 

the p l a n e ( o r f a c e ) a l o n g w h i c h the metal i s c u t . T h i s p l a n e can be 

s p e c i f i e d by a s e t of M i l l e r i n d i c e s . 

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

l o w i n g s e c t i o n s . M o s t l y r e s u l t s o b t a i n e d w i t h g o l d and s i l v e r f a c e s 

w i l l be d i s c u s s e d ; t h e s e two m e t a l s c r y s t a l l i z e i n t h e f a c e c e n t e r e d 

c u b i c s y s t e m ( f e e ) . A l l p l a n e s of a s y s t e m may be r e p r e s e n t e d 

on a map ( w h i c h i s a f l a t s p h e r e ) ( f o r f e e see f i g . l ) . P u r e m e t a l s 

have a h i g h l e v e l of symmetry, t h e r e f o r e i t i s s u f f i c i e n t t o c o n s i _ 

der one U n i t S t e r e o g r a p h ! c P r o j e c t e d T r i a n g l e ( f i g . 2 ) . 
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Figure 1 . Standard (001) s tenographic projection of poles and zones circles 
for cubic crystals (after E. A. Wood, Crystal Orientation Manual, Columbia Univ. 
Press, New York, 1963). 

1 0 ( 1 0 0 ) - ( 1 1 D ) • 3(100)-(I10) 2(I10)-(100) 3(1I0)-{100) 
2(.I00)-(1)0) 

F i g u r e 2. U n i t p r o j e c t e d s t e r e o g r a p h i c t r i a n g l e f o r the 
M i l l e r i n d i c e s and s t e p n o t a t i o n a r e ' g i v e n . 

f c c s t r u c t u r e, 
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I I .SURFACE 

E l e c t r o c h e m i s t r y t a k e s p l a c e on the o u t e r m o s t l a y e r of t h e m e t a l 

atoms of t h e e l e c t r o d e . T h e r e f o r e as w e l l t h e c h e m i c a l s t a t e as t h e 

p h y s i c a l s t a t e of t h i s top l a y e r a r e r e s p o n s i b l e f o r t h e e l e c t r o c h e _ 

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

The c h e m i c a l s t a t e of the s u r f a c e , i n e l e c t r o c h e m i c a l s i t u a t i o n s , 

d e p ends on t h e q u a l i t y of the m e t a l i t s e l f , t h e s u r f a c e p r e p a r a t i o n 

and t h e c l e a n l i n e s s of the i n t e r f a c e ( s o l v e n t , i o n s , gas, t u b i n g 

of t h e gas, g l a s s w a r e ) . I t i s o b v i o u s t h a t t o o b s e r v e a phenomenon 

w h i c h depends on t h e d i s t r i b u t i o n of atoms , w h i c h a r e a few a n g s t r o m 

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

t h e i n t e r f a c e . The i n t e r f a c e has to r e m a i n c l e a n d u r i n g t h e o b s e r v a _ 

t i o ' n s ; f o r m e r c u r y d r o p s a b o u t 4 s e c o n d s were s u f f i c i e n t , f o r s o l i d s 

i t has t o r e m a i n c l e a n f o r s e v e r a l h o u r s . T h i s f a c t makes c l e a r why 

r e l i a b l e r e s u l t s on s o l i d e l e c t r o d e s a r e n o t numerous, and why 

some of them a r e s t i l l c o n t r o v e r s i a l . 

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

t o be k e p t u n d e r c o n t r o l . A f a c e i s an a t o m i c a l l y f l a t s u r f a c e : t h e 

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

t h e b u l k of t h e m e t a l and i t s h o u l d be m a i n t a i n e d so d u r i n g 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 . Assuming t h a t t h e m e t a l atoms a r e j u s t h a r d 

s p h e r e any f a c e c a n be r e p r e s e n t e d by b a l l m o d e l s . M o d e l s f o r low and 

h i g h e r i n d e x f a c e s a, r e g i v e n ( f i g . 3 , 4 ) . F o r the f e e s y s t e m , (111) 
/ 

i s t h e most c l o s e p a c k e d f a c e and (210) the r o u g h e s t on an a t o m i c s c a _ 

l e . A t o m i c a l l y f l a t s u r f a c e s n e a r l y p a r a l l e l t o low i n d e x f a c e s can be 

d e s c r i b e d by a c o m p o s i t i o n of t e r r a c e s ( 1 1 1 ) , (100) or (110) and mono_ 

a t o m i c s t e p s . T h i s model i s c a l l e d t h e TLK ( t e r r a c e , 1 e d g e , k i n k ) model. 

A c o n v e n i e n t n o t a t i o n was p r o p o s e d : n ( h . k t 1 t ) - ( h s k $ 1 s ) , where ( h t k f c l t ) 
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r e p r e s e n t s t h e co of the t e r r a c e s , ( h 4 k s 1 s ) r e p r e s e n t s t h e s t e p 

f a c e and n d e n o t e s the w i d t h of the t e r r a c e s i n number of atoms. 

A c c o r d i n g t o t h e " j e l l i u m mode!" of m e t a l s , b e s i d e s t h e p o s i t i v e 

i o n s t h e r e i s a " g a s " of e l e c t r o n s . At the s u r f a c e , t h e e l e c t r o n 

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

c u l a r l y to t h e p o s i t i v e i o n 1 a t t i o e ( f i g . 5 a ) . The c h a r g e d e n s i t y 

i s n e g a t i v e on the o u t e r s i d e and p r e d o m i n a n t l y p o s i t i v e j u s t 

i n s i d e the m e t a l : an e l e c t r i c d o u b l e l a y e r i s c r e a t e d ( f i g . 5 b ) . The 

d i p o l e moment of t h i s d o u b l e l a y e r v a r i e s w i t h the n a t u r e of t h e 

metal and w i t h t h e co f o r one m e t a l . The v a r i a t i o n s of t h e 

e l e c t r o n i c work f u n c t i o n w i t h t h e co i s due to t h i s d o u b l e l a y e r . 

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

f o r a c o r r u g a t e d f a c e (on an a t o m i c s c a l e ) , or a s t e p p e d f a c e , t h e 

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

c o r r e s p o n d i n g t o t h o s e of the d i s t r i b u t i o n of t h e p o s i t i v e i o n s 

a t the s u r f a c e , but t h e y a r e s m o o t h e r ( f i g . 5 c ) . The amount by w h i c h 

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

moment w i l l be t h e g r e a t e r t h e r o u g h e r , on an a t o m i c s c a l e , t h e 

s u r f a c e i s . T h i s " s m o o t h i n g " makes t h e r o u g h e r f a c e t o have 

t h e lower work f u n c t i o n and ( 1 1 1 ) , f o r the f e e sy s t e m , t o 

have t h e h i g h e s t work f u n c t i o n . 

P r a c t i c a l 1y how may be o b t a i n e d c h e m i c a l l y c l e a n and p h y s i c a l l y 

w e l l d e f i n e d i n t e r f a c e s ? 

O n l y the use of w e l l p r e p a r e d s i n g l e c r y s t a l f a c e s a l l o w s t o c o n t r o l 

the p h y s i c a l s t a t e . As f o r a c h e m i c a l l y c l e a n i n t e r f a c e i t may be 

p r o d u c e d , f o r i n s t a n c e f o r g o l d , by f l a m e t r e a t m e n t (town gas and 

oxygen) t o b u r n a l l d i r t and c o o l i n g i n u l t r a p u r e w a t e r . U i t h o u t any 

c o n t a c t w i t h t h e a m b i e n t a i r , the f a c e i s put i n c o n t a c t w i t h the 
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F i g u r e 5 - a) S p r e a d i n g o u t of t h e e l e c t r o n gas o f t h e m e t a l 

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

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

gas p a r a i l e l y t o t h e s u r f a c e ( a f t e r S m o 1 u c h o w s k i ) . 
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s o l u t i o n a c c o r d i n g to the h a n g i n g e l e c t r o l y t e method ( f i g . 6 ) . 

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

non-aqueous s o l v e n t , by c o o l i n g i n a f l o w of a r g o n i n s t e a d of w a t e r . 

In a l 1 c a s e s c o n t a c t w i t h a m b i e n t a i r was a v o i d e d . 

Ex s i t u c h e c k s of s o l i d s u r f a c e s may be done i n UHV. A r e t h e s u r f a c e s 

o b s e r v e d i n UHV c l o s e t o t h e baI 1 models? In some c a s e s t h e y a r e , 

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

of atoms was o b s e r v e d f o r low i n d e x f a c e s . Now do t h e s e r e c o n s t r u c t e d 

s t r u c t u r e s e x i s t when t h e s u r f a c e i s put i n c o n t a c t w i t h t h e e 1 e c _ 

t r o l y t e ? The answer i s n o t y e t c l e a r c u t . 

In s i t u c h e c k s of t h e s t a t e o f t h e s u r f a c e of t h e e l e c t r o d e and of 

the whole i n t e r f a c e i s n e c e s s a r y . F o r g o l d on CVs t h e p r o f i l e of t h e 

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

i s c o n s i d e r e d as a " f i n g e r p r i n f o f t h e f a c e ( f i g . 7 a ) , c o m p a r i s o n 

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

a t e s t of t h e c l e a n l i n e s s of t h e i n t e r f a c e ( f i g . 7 b ) . 

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

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

of the d i f f u s e p a r t of t h e d o u b l e l a y e r on t h e d i f f e r e n t i a l c a p a c i t y -

p o t e n t i a l c u r v e s ,C(E),when w o r k i n g i n d i l u t e s o l u t i o n , i s a p o s s i b l e 

c h e c k of the s t a t e of t h e i n t e r f a c e ( f i g . 7 c , d ) . A most i m p o r t a n t c h e c k , 

i s t h e s t a b i l i t y and t h e r e p r o d u c i b i l i t y of t h e r e s u l t s , f o r a p r e _ 

c i s e p o t e n t i a 1 - t i m e programme. 

F i g u r e 6. O n l y t h e f a c e of 
i n t e r e s t i s i n c o n t a c t w i t h 
the so 1 u t i o n . 
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F i g u r e 7.a) C y c l i c vo1tammograms f o r t h e t h r e e low i n d e x f a c e s 
of a o l d C 1]; b) CV f o r g o l d (111) i n 10 mM p e r c h l o r i c a c i d (80 mV/s) 
put i n c o n t a c t w i t h t h e s o l u t i o n a t + 1.15 V vs R H E , f i r s t s e c o n d 
and t e n t h c y c l e s a r e s u p e r i m p o s e d 121 ;c> C(E) f o r go d (210 i n NaF 

, 4.-~~= ton u T o o « C ) • (- - -) 0 . 01 , ( . - . - ) 0 . 02, ( . . . . ) • . U4 ,( + + +) 
0° " a n d (--•-" O S „ 3 ; d ) C(E) f o r AgClOO) i n KPF6 s o l u t i o n s : < -
0'A,C- - -) 0 . 0 4 , ( - . - . - ) 0 . 0 2 ; (-...-...) 0. 01 ; < ^0. 00S M (20 H 
[4] 
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[ [ [ . S T A B I L I T Y OF FACES AND INTERFACES; 

The s t a b i l i t y of t h e s u r f a c e of metal f a c e s a t the e l e c t r o c h e m i c a l 

i n t e r f a c e has now t o be c o n t e m p l a t e d . Double l a y e r s t u d i e s a r e 

done i n a r a n g e of p o t e n t i a l i n which t h e r e i s no f a r a d a i c r e a c t i o n . 

E x p l o r a t i o n beyond t h e l i m i t s of t h i s range of p o t e n t i a l can a l t e r 

t h e i n t e r f a c e : t h e f a c e of the m e t a l , s o l v e n t , i o n s i n t e r a c t i o n s . 

L e t us examine a few c a s e s . 

F o r Au(111) i n 10 mM p e r c h l o r i c a c i d ( f i g . 7 b ) from 0 V vs RHE 

( a t w h i c h thermodynamica1 l y r e d u c t i o n of s o l v a t e d p r o t o n s may 

b e g i n ) t o +1.15 V, o n l y t h e c a p a c i t i v e c u r r e n t i s v i s i b l e on t h e 

c y c l i c vo1tammogram; f o r more p o s i t i v e p o t e n t i a l s a m o n o l a y e r of 

o x i d e i s f ormed and s u b s e q u e n t l y r e d u c e d . A few y e a r s ago i t was 

u n d e r s t o o d from the change of the p o t e n t i a l of the c a p a c i t y m i n i _ 

mum c o r r e s p o n d i n g to the c o n t r i b u t i o n of the d i f f u s e p a r t of t h e 

d o u b l e l a y e r , E min.and t h e change of the c a p a c i t y v a 1 u e s ( f i g . 8 a , b ) 

t h a t t h e i n t e r f ac.e^ or t h e t o p l a y e r ( s ) of g o l d c o u l d p o s s i b l y 

be a 1 ter_ed_ r e v e r s i b l_y by the f o r m a t i o n of a m o n o l a y e r of o x i d e 

and c o u l d come back, to the f o r m e r s t a t e e l e c t r o c h e m i c a l l y . 

F o r m a t i o n of a m o n o l a y e r of o x i d e and i t s r e d u c t i o n i s not j u s t 

a mean to m a i n t a i n c l e a n t h e g o l d s u r f a c e . F o r Au(111) ,a 1 t e r a t i o n 

of the i n t e r f a c e i s even c l e a r e r when l o o k i n g a t the i n f l u e n c e 

of the t e m p e r a t u r e of the i n t e r f a c e ( v i d e i n f r a ) ' . 

F o r Au(100) t h e s i t u a t i o n i s more c o m p l i c a t e d . The i n f l u e n c e 

of the n e g a t i v e l i m i t of t h e range of p o t e n t i a l e x p l o r e d f o r d i l u t e 

and c o n c e n t r a t e d s o l u t i o n s , and of the time when the p o t e n t i a l i s 

f i x e d , was c l e a r l y d e m o n s t r a t e d ( f i g . 8 c , d ) . These changes a r e 

e l e c t r o c h e m i c a l l y r e v e r s i b l e . 

r 
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J>) 

F i gur e 8. a) A u ( l l l ) , C ( E) ,0.02 M NaBF4 (20 Hz) iSl ; 

b) A u ( l l l ) , CV i n p e r c h l o r i c a c i d [23 5 2 3 ° C ) . 

p o s i t i v e l i m i t . - T h . i n f l u e n c e of t h e n . , . t . » . l i . l t 

l i m i t s and c o r r e s p o n d i n g CVs t o r two s 
and a s t o p of 30 s a t -0.78 V. 

http://li.lt
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I t was c l a i m e d f o r Au(100) i n d i l u t e p e r c h l o r i c a c i d , t h a t t h e r e i s 

a s h i f t ( e l e c t r o c h e m i c a l l y i r r e v e r s i b l e ) of 220 mV of E min C7], 

f o r a change of t h e p o s i t i v e l i m i t of p o t e n t i a l s e x p l o r e d from 0.4 

t o 0.6 V vs SCE between t h e f i r s t and s e c o n d n e g a t i v e c y c l e s . We 

have not o b s e r v e d t h i s f a c t i n r i g o r o u s l y c l e a n e l e c t r o c h e m i c a l 

c o n d i t i o n s ( f i g . 8 c ) . 

F o r a l l f a c e s , i f t h e p o s i t i v e l i m i t , the one we have c h o s e n , i s 

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

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

t h e f a c e i s a l t e r e d . F o r i n s t a n c e , f o r Au(100) the p r o f i l e of the 

o x i d a t i o n c u r r e n t i s m o d i f i e d a f t e r twenty e x c u r s i o n s t o -0.4 V 

vs RHE ( f i g . 9 ) ; i n t h i s c a s e the fo r m e r c u r v e c o u l d n o t be r e s t o r e d 

by e l e c t r o c h e m i c a l t r e a t m e n t but was r e s t o r e d i m m e d i a t e l y upon 

a n n e a l i n g ( f l a m e t r e a t m e n t ) . F o r A g ( l l l ) , e x p l o r a t i o n i n a range 

of p o t e n t i a l i n w h i c h t h e r e i s h y d r o g e n e v o l u t i o n a l t e r s the C(E) 

c u r v e ( f i g . 1 0 ) , a bump c o r r e s p o n d i n g t o c a p a c i t y peaks of 

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

F a c e s may a l s o be a 1 t e r e d i r r e v e r s i b l y by e l e c t r o c h e m i c a l 

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

t o f o r m a t i o n of b u l k o x i d e or t o s t r o n g e r h y d r o g e n e v o l u t i o n t h a n 

c o n s i d e r e d a b o v e . F u r t h e r m o r e even i f the range of p o t e n t i a l i s the 

one we have shown on our f i g u r e s , a much f a s t e r sweep r a t e ( more 

t h a n 0.1 V/s) not a l l o w i n g the metal atoms to r e m a i n i n t h e i r 

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

(111) a f t e r v e r y f a s t c y c l i n g may d i s p l a y the E min of a p o l y c r y s t a l , 

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

In o t h e r words a f a c e i s damaged by f a s t c y c l i n g . 
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Au ( 4 0 0 ) 

CH M HC10,, 

S0 >rrV- S"* 

0.5 1.5 

• rhe. 

F i g u r e 9. CV f o r Au(100) i n 0.1 M p e r c h l o r i c a c i d (50 mV/s); 
( ) j u s t a f t e r f l a m e t r e a t m e n t ; (- - - ) a f t e r 20 e x t e n _ 
ded c y c l e s t o -0.4 V a t 5 mV/s [ 8 ] . 

F i g u r e 10. A g ( l l l ) i n 0.1 M KPF6, C ( E ) and CV f o r d i f f e r e n t nega 
t i v e l i m i t s . E x p l o r a t i o n s t o -1.5 V and f u r t h e r g i v e r i s e t o a 
bump i n b e t w e e n -1.15 and -0.95 V c o r r e s p o n d i n g t o h i g h v a l u e s o f 
c a p a c i t y on d e f e c t s [9,101. 
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IV. POTENTIALS OF ZERO CHARGE ( p z c ) . 

At an e l e c t r o c h e m i c a l i n t e r f a c e , f o r an imposed p o t e n t i a l , a 

p o 1 y c r y s t a 1 I i n e s u r f a c e i s an e q u i p o t e n t i a 1 but i t i s n o t an 

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

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

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

t i o n of c h a r g e i s c o n t r o l l e d and can be r e l a t e d t o t h e 

a t o m i c s t r u c t u r e . I t i s t h e c a s e f o r p z c s o b t a i n e d f r o m 

C(E) ( f i g . 7 a , b ; 8 a , c ; 1 0 ) . In the c a s e of no a d s o r p t i o n the 

p z c i s r e l a t e d l i n e a r l y [11] to the e l e c t r o n i c work f u n c t i o n |j 

E r ! . = 5 / e • [ J ^ T - 9 f r f i p ) 0 ] + K (1) 

Iji , from the a t o m i c d e s c r i p t i o n of the f a c e s ( s e e II J 

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

( ( 1 1 1 ) f o r the f e e system) and the l o w e s t f o r the r o u g h e s t 

on an a t o m i c s c a l e . T h e terms i n the s q u a r e b r a c k e t s a r e the 

changes of the m e t a l d o u b l e l a y e r d i p o l e when put i n c o n t a c t 

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

when put i n c o n t a c t w i t h the m e t a l . K i s the a b s o l u t e p o t e n t i a l 

of the r e f e r e n c e e l e c t r o d e . If the term i n the s q u a r e b r a c k e t s 

i s s m a l l , the o r d e r of t h e pzc s h o u l d be t h a t of t h e e l e c t r o n i c 

work f u n c t i o n : (110) < (100) < ( 1 1 1 ) . I t i s the c a s e f o r g o l d 

and s i l v e r i n aqueous s o l u t i o n s . 

I r r e g u l a r i t i e s , on an a t o m i c s c a l e , lower the work f u n c t i o n and 

s h i f t t h e pzc n e g a t i v e l y . 

E x p e r i m e n t a l l y monoatomic s t e p s on t e r r a c e s of s i n g u l a r f a c e s 

s h i f t t h e p z c n e g a t i v e l y . I t was o b s e r v e d f o r 17 d i f f e r e n t c o s 

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

[12] ( f i g . 1 1 ) . Of c o u r s e a l l p z c s have to be o b s e r v e d f o r one 

c o n c e n t r a t i o n of one e l e c t r o l y t e . 

P z c s s h i f t n e g a t i v e l y w i t h a d s o r p t i o n of a n i o n s . 

C o m p a r i s o n of p z c s o b s e r v e d f o r the t h r e e low i n d e x f a c e s of 

g o l d i n t h e c a s e of s l i g h t a d s o r p t i o n i s summarized i n f i g u r e 12. 

( I n no c a s e f o r g o l d no s h i f t of the p z c w i t h c o n c e n t r a t i o n was 

o b s e r v e d , e x c e p t f o r (111) i n KPF6 ( f i g . 1 3 ) ) . 

A l l t h e s e p z c s were o b s e r v e d a t room t e m p e r a t u r e . In f a c t t h e 

p z c v a r i e s w i t h the t e m p e r a t u r e of the i n t e r f a c e . F o r A u ( l l l ) 

i n 0.01 M p e r c h l o r i c a c i d , t h e r e i s a p o s i t i v e s h i f t w i t h 

t e m p e r a t u r e ( f i g . 1 4 ) . A c o m p l e t e s t u d y was done f o r Au(210) 

i n p e r c h l o r i c a c i d : dEmin/dT v a r i e s from +0.020 mV/K i n 0.01 M 

to -0.142 mV/K i n 0.1 M. F o r A u ( l l O ) i n the same medium, dEmin/dT 

v a r i e s from +0.358 mV/K i n 0.0125 M to -0.366 mV/K i n 0.1 M. F o r 

Au(100) t h e work i s i n p r o g r e s s . E a c h f a c e has a s p e c i f i c b e h a _ 

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

( f i g . 1 5 ) . F o r A u ( l l l ) t h e i n f l u e n c e of t h e f o r m a t i o n of a 

m o n o l a y e r of o x i d e on C(E) depends on t h e t e m p e r a t u r e ( f i g . 1 6 ) . 

L a t e l y g o l d f a c e s were s t u d i e d i n non-aqueous s o l v e n t s . 

In DMS0 t h e o r d e r of the p z c s i s t h e r e v e r s e of the o r d e r of t h e 

e l e c t r o n i c work f u n c t i o n s : (111) < (100) < (110) .< (210) [ 1 5 ] . T h e 

sum i n t h e s q u a r e b r a c k e t s i n (1) i s o b v i o u s l y v e r y 1 a r g e , i . e . t h e 

s o l v e n t - m e t a l i n t e r a c t i o n s (gold/DMSO) a r e s t r o n g . 
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F i g u r e 11. C o r r e l a t i o n between 
the p z c s of Ag f a c e s (o) and t h e 
r e l a t i v e s u r f a c e e n e r g y ( ) 
c a l c u l a t e d on t h e b a s i s of t h e 
s o l e n e a r e s t n e i g h b o u r i n t e r a c _ 
t i o n s ; Y<210) =1. The d i s t a n c e oj-
t h e f a c e s on t h e x a x i s i s p r o _ 
p o r t i o n n a l t o t h e a n g l e between 
them. 5 mM KPF6 so 1 u t i o n . C121 

-0.1 - H — -
KPF. 0 

( 1 10 ) 

T o T 
KPF, 

(100) 

Hcia NaBF, Ï 

0.2 
KPF . 

0.3 E c 

(111) 

F i g u r e 12. Summary of the d i f f e r e n t E min p u b l i s h e d i n 1 i t t e r a t u r e 

f o r A u ( l l l ) i n 0.01 M p e r c h l o r i c a c i d (20 Hz) a t 
t e m p e r a t u r e s , f o r two d i f f e r e n t p o t e n t i a 1-time 
- ) a f t e r c y c l e s i n c l u d i n g f o r m a t i o n of a m o n o l a y e r 
) f o r a s u r f a c e w h i c h has n e v e r been o x i d i z e d 121. 

F i g u r e 14. C(E) f o r d i f f e r e n t c o n c e n t r a t i o n s of KPF6 f o r A u ( l l l ) 
a f t e r two c y c l e s nor i n c l u d i n g o x i d a t i o n [ 1 3 ] . 

F i g u r e 13. C ( E ) 
t h r e e d i f f e r e n t 
programme : <- -
of o x i d e ; ( 
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F i g u r e 15. C(c~) c u r v e s f o r Au(210) i n 0.03 M p e r c h l o r i c a c i d under 
i s o t h e r m a l c o n d i t i o n s f o r d i f f e r e n t t e m p e r a t u r e s . T h e c u r v e s a r e 
numbered a c c o r d i n g to e x p e r i m e n t a l s e q u e n c e o b s e r v a t i o n [ 1 4 ] . 

C / V F . c m " 

r40 

30 

44 *C 

a.) 

05 MC 

6) 

+ 0.5 Erhç/V 

F i g u r e 16. C ( E ) f o r A u ( l l l ) i n 0.006 M p e r c h l o r i c a c i d (20 H z ) . 
a ) At 44°C ( ) a f t e r c y c l e s i n c l u d i n g f o r m a t i o n of a m o n o l a y e r 
of o x i d e , ( - - - -) a f t e r one or more c y c l e s n o t i n c l u d i n g f o r m a t i o n 
of oxide'; b) a t 0.5°C (....) a f t e r c y c l e s i n c l u d i n g f o r m a t i o n of a 
m o n o l a y e r of o x i d e , o t h e r c u r v e s a f t e r 4, 6, 8, 12 c y c l e s n o t 
i n c l u d i n g f o r m a t i o n of o x i d e . [ 2 ] . 
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V. I ON ADSORPTION AND UPD. 

The phenomenology of i o n a d s o r p t i o n on metal f a c e s i s q u a l i t a t i v e l y 

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

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

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

( f i g . 1 7 ) and p o s i t i v e l y f o r c a t i o n s a d s o r p t i o n . F o r one m e t a l and 

one e l e c t r o l y t e , t h e shape of C(E) c u r v e s d i f f e r s s i g n i f i c a n t l y f o r 

d i f f e r e n t c o s ( f i g . 1 8 ) . One co g i v e s C(E) c u r v e s of t h e same p a t t e r n 

i n a 1.1 e l e c t r o l y t e s ( f i g . 19). G e n e r a l l y t h r e e c a p a c i t y peaks a r e 

o b s e r v e d , i n some c a s e s one peak can merge w i t h a n o t h e r . 

The most n e g a t i v e peak i s p o s s i b l y due to r e o r i e n t a t i o n of t h e 

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

h a l f c o v e r a g e ( i n f l e x i o n p o i n t of t h e i s o t h e r m ) , t h e t h i r d peak 

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

t r a n s f e r . 

F o r s i l v e r C ( E ) c u r v e s a r e s i m i l a r f o r p o s i t i v e and n e g a t i v e sweeps, 

i t i s n o t t h e c a s e f o r g o l d ( f i g . 8 d , 2 0 ) . T h e o r i g i n of t h i s h y s t e r e _ 

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

s t r u c t u r e of t h e f a c e . I t i s e 1 e c t r o c h e m i c a 1 1 y r e v e r s i b l e . 

U n d e r s t a n d i n g of i o n i c a d s o r p t i o n was improved by c o n s i d e r a t i o n of 

the i n f l u e n c e of t h e co i n a g e n e r a l way:to s y s t e m a t i c c h a n g e s of 

co of f a c e s (on one zone of U n i t P r o j e c t e d S t e r e o g r a p h i c T r i a n g l e , 

see f i g u r e 2) c o r r e s p o n d s y s t e m a t i c changes of the C ( E ) c u r v e s ( f i g . 

2 1 ) . T h e TLK model of the s u r f a c e s e x p l a i n s t h e s e s y s t e m a t i c c h a n g e s 

a d s o r p t i o n of one a n i o n r e q u i r e s l e s s e n e r g y on s t e p s t h a h on t e r r a _ 

c e s . The peak due t o a d s o r p t i o n on s t e p s i n c r e a s e s w i t h t h e d e n s i t y 

of s t e p s a t t h e s u r f a c e , t h e peak c o r r e s p o n d i n g to a d s o r p t i o n on 

t e r r a c e s i n c r e a s e s w i t h the w i d t h of t e r r a c e s . 
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F i g u r e 17. C(E) f o r A g ( l l O ) i n x M KBr + (0.02 - x) M KPF6. 
X = Q ( ) ; 0.00062 (- o - o ) ; 0.00125 ( - . . - . . ) ; 0 . 0 0 2 5 ( - - - ) ; 
0.005 (' ); 0.01 ( - . - . ) ; 0.02 ( — -- - - ) C 4 i . 

F i g u r e 18. C ( E ) f o r low i n d e x f a c e s of g o l d i n 0.1 M KI. 

F i g u r e 19. C(E) f o r A u ( l l l ) i n 0.1 M KI. KBr, KC1.K2S04, NaF (80 H z ) . 

F i g u r e 20. Au(lOO) i n 0.002 M KBr, C ( E ) (20 Hz) and c o r r e s p o n d i n g 
CV (20 mV/s) 
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F i g u r e 21. CCE) f o r g o l d f a c e s of 
the ( 1 1 D - C 1 1 0 ) zone i n 0.1 M KI 
( s e e t e x t J. 

° -1.0 ^05 
UPD, Under P o t e n t i a l D e p o s i t i o n of a s u b m o n o l a y e r ( o r m o n o l a y e r ) 

of a f o r e i g n m e t a l ( l e a d ) on g o l d f a c e s i s a c a s e of a d s o r p t i o n 

w i t h c o m p l e t e c h a r g e t r a n s f e r a t each imposed p o t e n t i a 1.For f a c e s 

d i s t r i b u t e d on the t h r e e main zones of the U n i t S t e r e o g r a p h i c 

P r o j e c t e d T r i a n g l e , t h e c u r r e n t - p o t e n t i a l c u r v e s f o r s t r i p p i n g a r e 

g i v e n f i g u r e 22.These r e s u l t s a r e e a s i l y u n d e r s t o o d i f we a c c e p t 

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

O b v i o u s l y t h e more n e g a t i v e peak i s due to a d s o r p t i o n on s t e p s , 

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

( f r o m (111) t o (110) f o r i n s t a n c e ) , and the o t h e r c u r r e n t peak 

i s due to s t r i p p i n g from t e r r a c e s . (311) and (210) a p p e a r as 

t u r n i n g p o i n t s on t h e i r r e s p e c t i v e zones, so t h e y a r e i n the 

s t e p p e d f a c e n o t a t i o n . To s y s t e m a t i c changes of t h e s u r f a c e of the 

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

r e s u 1 t s . D e f i n i t e 1 y the a t o m i c s t r u c t u r e of t h e e l e c t r o d e i s 

r e f l e c t e d by the a d s o r p t i o n phenomena. 

F i g u r e 22. C u r r e n t - p o t e n t i a 1 c u r v e s f o r s t r i p p i n g of a m o n o l a y e r 
of l e a d from d i f f e r e n t g o l d f a c e s d i s t r i b u t e d on the t h r e e main 
zones of t h e U n i t P r o j e c t e d S t e r e o g r a p h i c T r i a n g l e ( s e e f i g . 2 ) . 



VI. REDUCTION OF SOLVATED PROTONS AT GOLD FACES. 

On CVs of g o l d f a c e s a t p o t e n t i a l s - m o r e n e g a t i v e t h a n t h e RHE 

p o t e n t i a l , a c u r r e n t c a n be o b s e r v e d w h i c h c o r r e s p o n d s t o the r e d u c _ 

t i o n of t h e s o l v a t e d p r o t o n s ( f i g . 7 a,b, 8 b, 9 ) . By e x t e n d i n g t h e 

e x c u r s i o n of p o t e n t i a l t o -0.4 V vs R H E , t h i s r e a c t i o n c a n be s t u d i e d 

by l i n e a r sweep vo 1 tarnraetry. Not o n l y t h e t h r e e f a c e s of s i m p l e 

i n d i c e s of g o l d , but a l s o (332) wh i c h i s on t h e ( l l l ) - ( l l O ) zone, 

(311) and (210) w h i c h have shown extreme e l e c t r o c h e m i c a l b e h a v i o u r s 

and (531) w h i c h i s i n s i d e t h e u n i t p r o j e c t e d s t e r e o g r a p h i c t r i a n g l e , 

were s t u d i e d ( f i g . 2 ) . F u r t h e r m o r e a p o 1 y c r y s t a 1 1 i n e e l e c t r o d e was 

p r e p a r e d and s t u d i e d i n t h e same manner as t h e f a c e s . 

T h i s s t u d y was f i r s t c o n d u c t e d i n 1 M p e r c h l o r i c a c i d , t h e r e a c t i o n 

was f o u n d s l o w e r on t h e d e n s e l y p a cked f a c e s and f a s t e r when t h e r e 

a r e k i n k s and s t e p s on t h e s u r f a c e of t h e e l e c t r o d e . F o r t h e p o l y _ 

c r y s t a l t h e r a t e c o n s t a n t has an i n t e r m e d i a t e v a l u e ( f i g . 2 3 a ) . 

In a c i d i f i e d l i t h i u m or sodium p e r c h l o r a t e s o l u t i o n s t h e s e q u e n c e of 

r a t e c o n s t a n t s i s t h e same. I t i s n o t w i t h i n t h e s c o p e of t h i s 

l e c t u r e t o d i s c u s s t h e e f f e c t of t h e d i f f e r e n t c a t i o n s , we j u s t 

i n t e n d t o show t h e i n f l u e n c e of t h e s u r f a c e s t r u c t u r e . 

In sodium, p e r c h l o r a t e s o l u t i o n t h e r e a c t i o n i s 3.5 f a s t e r on (210) 

t h a n on (111) ( f i g . 2 3 b ) . To a s c e r t a i n t h i s p o i n t c o r r e c t i o n f o r 

t h e d o u b l e l a y e r e f f e c t was done. The m a g n i t u d e of t h i s c o r r e c t i o n 

i s t h e l a r g e s t f o r (111) and the s m a l l e s t f o r ( 2 1 0 ) , i t a c c e n t u a t e s 

the i n f l u e n c e of t h e co ( f i g . 2 3 b ) . The r e a c t i o n r a t e d e pendency 

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

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

c o r r e c t e d t r a n s f e r c o e f f i c i e n t i s 0.50 to 0.55 and n = l . 
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-500 
E/mV vs. SCE 

-600 -500 -600 

E/mV vs SCE 

F i g u r e 23. L o g a r i t h m of o b s e r v e d r a t e c o n s t a n t on g o l d f a c e s 
p l o t t e d a g a i n s t e l e c t r o d e p o t e n t i a l . ( o ) ( 1 1 1 ) ; ( A ) ( 1 0 0 ) ; 
( V ) ( 1 1 0 ) ; ( D ) ( 3 3 2 ) ; ( « ) ( 3 3 1 ) ; ( A ) ( 2 1 0 ) ; ( ^ ) ( 5 3 1 ) j 
(4-)-po 1 y c r y s t a 1 . 
a) i n 0.1 M p e r c h l o r i c a c i d ; 
b) i n 0.09 M sodium p e r c h l o r a t e + 0.01 M p e r c h l o r i c a c i d . P o i n t s i n 

p a r e n t h e s e s a r e d o u b l e l a y e r c o r r e c t e d v a l u e s u s i n g d e n s i t y of 
c h a r g e on t h e metal and p o t e n t i a l d r o p i n d o u b l e l a y e r ( e x t r a c _ 
t e d f r o m p z c s and C(E) c u r v e s u s i n g t h e Gouy-Chapman model) [81. 

Gold faces i n 
0.09 H NaClDj+O.ni M HC10„ 

elope -0.IB 

F i g u r e 24. V a r i a t i o n s of t h e 
e l e c t r o d e p o t e n t i a l f o r an 
o b s e r v e d r a t e c o n s t a n t of 1x10 
cm/s, a t v a r i o u s g o l d f a c e s as 
a f u n c t i o n of t h e i r p z c s . 
E l e c t r o l y t e : 0.09 sodium p e r _ 
c h l o r a t e + 0.01 M p e r c h l o r i c 
a c i d [ 8 ] . 
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The p o t e n t i a l , a t c o n s t a n t o b s e r v e d r e a c t i o n r a t e , v e r s u s the 

pz c i s r o u g h l y l i n e a r w i t h a s l o p e of -0.18 ( f i g . 2 4 ) . E q u i v a l e n t l y 

t h i s c r y s t a l f a c e d e p e n d e n c e c a n be e x p r e s s e d i n terms of r a t e 

c h a n g e s a t a f i x e d p o t e n t i a l as a f u n c t i o n of t h e p z c s : t h e n 

the s l o p e ( A l o g k o b / A E p z c ) i s -1.1 t o -1.6 / V. 

The d e p e n d e n c e of t h e p r o t o n r e d u c t i o n r a t e upon t h e n a t u r e of t h e 

metal has been shown by T r a s a t t i C16] f o r a wide r a n g e of p o l y c r y s _ 

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

e l e c t r o n i c work f u n c t i o n ( o r t h e p z c ) , t h e s l o p e i s +7 / V. T h i s 

t r e n d f o r our f a c e s i s o p p o s i t e and s m a l l e r . I t can be u n d e r s t o o d : 

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

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

of t h e e l e c t r o n s i s , of c o u r s e , t h e same, b u t t h e s u r f a c e 

d i p o l e component ( s e e I I ) v a r i e s . 

To c o n c l u d e t h i s s e c t i o n , l e s s p o s i t i v e p z c i s o b s e r v e d ( i n aqueous 

s o l v e n t ) f o r t h e h i g h e r i n d e x f a c e s and t h e most p o s i t i v e f o r t h e 

most d e n s e l y p a c k e d f a c e s . F a s t e r r e a c t i o n a t h i g h i n d e x f a c e s 

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

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

i n t e r m e d i a t e s [83. 
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