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A b s t r a c t 

The t r a n s f e r of e l e c t r o n s a c r o s s the e l e c t r o d e - s o l u t i o n i n t e r f a c e 
has l o n g been the s u b j e c t of much r e s e a r c h , n o t o n l y from a fundamental 
p o i n t of view, but a l s o because of i t s importance i n e l e c t r o c a t a l y s i s and 
ot h e r r e a c t i o n s of i n d u s t r i a l i n t e r e s t . E l e c t r o n t r a n s f e r i s v e r y o f t e n 
c o u p l e d w i t h p r e c e d i n g or f o l l o w i n g c h e m i c a l r e a c t i o n s , so t h a t e l u c i d a ­
t i o n of the f u l l r e a c t i o n mechanism and k i n e t i c s i s more complex. With 
the advent of hydrodynamic e l e c t r o d e s and, more r e c e n t l y , g r e a t l y impro­
ved ways of a n a l y s i n g e l e c t r i c a l t r a n s i e n t s , s i g n i f i c a n t developments i n 
the study of e l e c t r o d e k i n e t i c s have o c c u r r e d . These advances w i l l be 
surveyed and f u t u r e p r o s p e c t s i n d i c a t e d . 

I n t r o d u c t i o n 

The k i i f e t i c s of e l e c t r o d e p r o c e s s e s i s a s u b j e c t which has r e c e i v e d 
much a t t e n t i o n i n the l a s t t h i r t y t o f o r t y y e a r s , n o t o n l y because of a 
d e s i r e to understand the n a t u r e of the e l e c t r o n t r a n s f e r and a s s o c i a t e d 
phenomena, but a l s o because of i t s i m p o r t a n t p r a c t i c a l a p p l i c a t i o n s i n 
e l e c t r o c a t a l y s i s and r e a c t i o n s of i n d u s t r i a l i n t e r e s t ^ . As a r e s u l t a 
number of re v i e w a r t i c l e s and- monographs have appeared on the s u b j e c t i n 
re c e n t y e a r s e.g. Refs 2-9. 

In t h i s a r t i c l e I s h a l l f o c u s on the methodology of e l e c t r o d e 
k i n e t i c s , and not on the numerous a p p l i c a t i o n s of any one e l e c t r o c h e m i c a l 
t e c h n i q u e . 

S i g n i f i c a n t advances were made w i t h the development of the dro p p i n g 
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mercury e l e c t r o d e and s o l i d hydrodynamic e l e c t r o d e s which g i v e a s t e a d y -
s t a t e or q u a s i - s t e a d y - s t a t e response. 

More r e c e n t l y w i t h the important advances i n e l e c t r o n i c s and intégra 
te d c i r c u i t f a b r i c a t i o n , t h e r e have been c o r r e s p o n d i n g advances i n the 
accuracy o b t a i n a b l e from t r a n s i e n t or r e l a x a t i o n t e c h n i q u e s , which can 
measure f a s t e r r a t e c o n s t a n t s than the s t e a d y - s t a t e t e c h n i q u e s . 

Very important and u s e f u l i n f o r m a t i o n may be o b t a i n e d from s p e c t r o s ­
copy i n c o n j u n c t i o n w i t h e l e c t r o c h e m i s t r y . I n p a r t i c u l a r e l e c t r o c h e m i c a l 
e s r f o r d e t e c t i o n and c h a r a c t e r i s a t i o n of i n t e r m e d i a t e s , e l l i p s o m e t r y , 
ESCA, v i b r a t i o n a l s p e c t r o s c o p y and so o n l ^ ' ^ P h o t o e l e c t r o c h e m i s t r y ^ 

13 . . . and m o d i f i e d e l e c t r o d e s a r e o t h e r areas where e l e c t r o d e k i n e t i c s i s of 
fundamental importance. However these a s p e c t s w i l l not b e . t r e a t e d here. 

A f t e r a s h o r t s e c t i o n on the p r i n c i p l e s used to e x t r a c t 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 we w i l l c o n s i d e r t h e i r a p p l i c a t i o n t o s t e a d y - s t a t e 
and to t r a n s i e n t t e c h n i q u e s . F i n a l l y we w i l l d i s c u s s t r a n s i e n t t e c h n i q u e s 
a t hydrodynamic e l e c t r o d e s . 

Fundamental A s p e c t s 

( i ) Pathway of a Simple E l e c t r o d e R e a c t i o n 
Any d e s c r i p t i o n of e l e c t r o d e r e a c t i o n s has to e x p l a i n a number of 

p r a c t i c a l f a c t o r s , i n p a r t i c u l a r the p o s i t i o n and shape of the voltamme-
t r i c ( c u r r e n t - p o t e n t i a l ) wave — the l a t t e r i s very dependent on the 
e l e c t r o c h e m i c a l t e c h n i q u e employed. 

We can r e g a r d a s i m p l e e l e c t r o n t r a n s f e r r e a c t i o n a t an e l e c t r o d e 
as i n v o l v i n g the f o l l o w i n g s t e p s : 

( i ) D i f f u s i o n of the e l e c t r o a c t i v e s p e c i e s from b u l k s o l u t i o n t o 
j u s t o u t s i d e the double l a y e r (mass t r a n s f e r ) , 

( i i ) R e o r g a n i s a t i o n of the s o l v e n t i n the v i c i n i t y of the e l e c t r o d e , 
a d s o r p t i o n of the e l e c t r o a c t i v e s p e c i e s e t c . , to enable e l e c t r o n 
t r a n s f e r to o c c u r , 

( i i i ) E l e c t r o n t r a n s f e r , 
( i v ) I n v e r s e of step ( i i ) — r e l a x a t i o n of the double l a y e r , d e s o r p t i o n 

etc . . 
(v) D i f f u s i o n of the p r o d u c t t o b u l k s o l u t i o n (mass t r a n s f e r ) . 

The e l e c t r o n t r a n s f e r i t s e l f i s v e r y f a s t (-10 ^ s ) and the e l e c t r o c h e m i c a l 
r a t e c o n s t a n t s we measure i n v o l v e the g l o b a l e f f e c t of s t e p s ( i i ) to 
( i v ) . Steps ( i ) and (v) may be d e s c r i b e d by a mass t r a n s f e r c o e f f i c i e n t 
( e f f e c t i v e l y a r a t e c o n s t a n t ) . 
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( i i ) Mass T r a n s f e r ' 
D i f f u s i o n to the e l e c t r o d e s u r f a c e i s d e f i n e d by the c o n c e n t r a t i o n 

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

Z?(|£) a D

 ( C°°. C° = k' (c -c ) (1) 9z _ o D 0 0 o z=U 

where we make the a p p r o x i m a t i o n of a l i n e a r c o n c e n t r a t i o n g r a d i e n t . c ^ 
i s the c o n c e n t r a t i o n i n b u l k s o l u t i o n , c a t the e l e c t r o d e s u r f a c e and 6 

o 
i s known as the d i f f u s i o n - l a y e r t h i c k n e s s . The mass t r a n s f e r c o e f f i c i e n t 
i s k'^ and i n c r e a s e s as the d i f f u s i o n - l a y e r t h i c k n e s s d e c r e a s e s , f o r exam­
p l e due to f o r c e d c o n v e c t i o n . M i g r a t i o n of the e l e c t r o a c t i v e s p e c i e s to 
the e l e c t r o d e should a l s o be taken i n t o account; however, i n most k i n e t i c 
s t u d i e s an excess of s u p p o r t i n g ( i n e r t ) e l e c t r o l y t e i s added t o m i n i m i s e 
changes i n the double l a y e r s t r u c t u r e due to m i g r a t i o n . N e v e r t h e l e s s 

3 
c o r r e c t i o n s do o f t e n have to be made . 

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

|£ = D V 2 c - v V c (2) dt 
( l i t : u s i on c o n v e c t i o n 

To t h i s e q u a t i o n may have to be added e x t r a terms d e s c r i b i n g the e f f e c t 
of c o u p l e d homogeneous r e a c t i o n s . Table I shows the c o n v e c t i v e - d i f f u ­
s i o n e q u a t i o n expressed i n t h r e e d i f f e r e n t c o - o r d i n a t e systems. 

I t s h o u l d be noted t h a t the s o l u t i o n t o eqn. 2 depends on whether 
the f l u i d f l o w i s l a m i n a r , i n the t r a n s i t i o n regime, or t u r b u l e n t . 
V i r t u a l l y a l l k i n e t i c s t u d i e s have been conducted under l a m i n a r f l o w 
c o n d i t i o n s , so we s h a l l o n l y c o n s i d e r t h i s type of f l o w . 

( i i i ) E l e c t r o n T r a n s f e r 
The r a t e of e l e c t r o n t r a n s f e r i s n o r m a l l y expressed i n the B u t l e r -

Volmer f o r m u l a t i o n , which i s a d i r e c t d e d u c t i o n from a b s o l u t e r a t e 
t h e o r y . F o r the e l e c t r o d e p r o c e s s 

0 + ne ^ R 
Y i — 

. -1 

we have 

(3a) 
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k' . = k' exp [(l-a) n F ( g : E k (3b) 
— I O Kl 

k' i s the standard rate constant and a the charge transfer c o e f f i c i e n t , o 
This refers to the whole electrode process and the value of a i s always 
f r a c t i o n a l . If the electrode process contains two or more steps the 
value of a may be misleading in terms of ki n e t i c and mechanistic inter-

4 16 
pretation, as noted by some authors. ' In general the tra n s i t i o n sta­
te for a simple one-electron transfer l i e s approximately halfway between 
0 and R leading to a^0.5. 
(iv) Mass Transfer vs. Electron Transfer 

What we actually observe in an electrochemical experiment depends 
c r i t i c a l l y on the re l a t i v e values of k' and k' . There aire c l e a r l y two J D o 
extremes, when either k'^ or k' Q is rate determining. 

When k' n << k 1 the electrode reaction w i l l be controlled by mass 
u o 

transfer at a l l points on the current-potential wave. This means that 
thermodynamic equilibrium i s achieved at the electrode surface and that 
the Nernst equation can be applied. When a l l the electroactive species 
are being consumed at the interface, we observe the diffusion-limited 
current i T (c = 0 in eqn. 1). This i s the reversible case and no infor-L o 
mation can be extracted with regard to the electrode k i n e t i c s . 

When k' Q << k'^, however, we have to apply a sig n i f i c a n t overpoten¬
t i a l i n order to cause a current to flow: near the equilibrium potential 
the current w i l l be zero. When the current begins to r i s e from zero i t 
w i l l be purely k i n e t i c a l l y controlled; as we go further up the wave k'^ 
eventually becomes smaller than k'^ (or k' j) and we reach the diffusion-
limited current i ^ . This i s the i r r e v e r s i b l e case. Oxidation and re­
duction waves are completely separated (by 100 mV or more) and the v o l -
tammetric wave i s more drawn out than in the reversible case. 

Many electrode processes l i e between the two extremes. For a l l but 
reversible processes we can extract some kinetic information. Thus we 
have to choose the correct electrochemical technique so that k'̂ , i s 
s u f f i c i e n t l y large. In general, transient techniques can lead to the 
measurement of faster rate constants than steady-state techniques, owing 
to the very large k 1 values at short times (viz. homogeneous k i n e t i c s ) . 

If we combine eqns 3a and 3b we obtain the Butler-Volmer equation 

i [exp (-an Fn/RT) - exp {(1-a) n Fn/RT}] (4) 

• E M i i (1-a) a with l = n FA k c „ c 
o o o, 0 o,R 
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where i i s the exchange c u r r e n t d e f i n e d f o r E = E , and we a r e assuming o eq 
t h a t s u r f a c e and b u l k c o n c e n t r a t i o n s a r e e q u a l . I t i s easy to see t h a t 
when e i t h e r the f o r w a r d or the backward r e a c t i o n can be n e g l e c t e d then 

E a l o g i + c o n s t a n t (5) 

a r e l a t i o n s h i p found e x p e r i m e n t a l l y by T a f e l . Thus a p l o t of E v s . l o g i , 
a T a f e l p l o t , can l e a d , as shown i n F i g . 1,to v a l u e s of E , E"9- and a. 

eq 
T a f e l p l o t s can be c o r r e c t e d f o r c o n c e n t r a t i o n changes i n the v i c i n i t y of 

i i - i 
the e l e c t r o d e by p l o t t i n g E vs I n — , e n a b l i n g use of the whole voltamme 

i • 17 1 

t r i e wave f o r a n a l y s i s . 
When t h e r e i s m u l t i p l e e l e c t r o n t r a n s f e r , f o r example a two-step (EE) 

p r o c e s s , the form of the i - E c h a r a c t e r i s t i c w i l l depend on whether the 
second e l e c t r o n t r a n s f e r i s e a s i e r than the f i r s t o r n o t . Methods have 
been d e v i s e d based on l o g a r i t h m i c p l o t s , p r i n c i p a l l y a t the DME, i n ana-

18 
l y s m g these waves and a l l o w i n g t h e i r d e c o n v o l u t i o n . 

(v) Coupled Homogeneous R e a c t i o n s 
Many e l e c t r o d e p r o c e s s e s , p a r t i c u l a r l y those i n v o l v i n g o r g a n i c com­

pounds, a r e c o u p l e d w i t h homogeneous r e a c t i o n s p r e c e d i n g o r f o l l o w i n g the 
e l e c t r o n t r a n s f e r . Table I I shows some of the more commonly encountered 
types of r e a c t i o n scheme t o g e t h e r w i t h an example of each k i n d . 

I t i s h e l p f u l to t h i n k of a r e a c t i o n l a y e r w i t h i n which the c o n c e n t r a ­
t i o n s of the s p e c i e s r e a c t i n g homogeneously a r e p e r t u r b e d from t h e i r e q u i ­
l i b r i u m v a l u e s i n the absence of r e a c t i o n . The f a s t e r the homogeneous 
r e a c t i o n , the t h i n n e r w i l l be the r e a c t i o n l a y e r . I f i t i s s i g n i f i c a n t l y 
t h i n n e r than the d i f f u s i o n l a y e r , then the e l e c t r o c h e m i c a l and c h e m i c a l 
steps can be s e p a r a t e d , which s i m p l i f i e s the mathematical treatment. I f 
the two l a y e r s are of r o u g h l y the same t h i c k n e s s then such a s i m p l i f i c a ­
t i o n i s not p o s s i b l e . 

At m i c r o e l e c t r o d e s , because of t h e i r s m a l l s i z e , the e f f e c t of cou­
p l e d homogeneous r e a c t i o n s i s s m a l l ( r e a c t i o n l a y e r much t h i c k e r than the 

19 
d i f f u s i o n l a y e r ) . A comparison between 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 
at m i c r o - and a t m a c r o - e l e c t r o d e s s h o u l d f a c i l i t a t e the e l u c i d a t i o n of 
complex e l e c t r o d e p r o c e s s e s . 

Another i n t e r e s t i n g r e c e n t development i s t h a t of the v i b r a t i n g 
dropping mercury e l e c t r o d e which produces r e g u l a r , u n i f o r m drops down to 

20 . . . drop times as s h o r t as 5 ms. Once a g a i n the d i f f u s i o n l a y e r i s much 
s m a l l e r than the r e a c t i o n l a y e r . I n t h i s case a comparison i s made 
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Table I I . Common Examples of E l e c t r o n T r a n s f e r w i t h Coupled 
Homogeneous Chemical R e a c t i o n s 

E l e c t r o d e P r o c e s s Example 

P r e c e d i n g Chemical.(CE) 

k 1 
e.g. S o l u t i o n A 0 A, ^k 1 

-1 
E l e c t r o d e A ^ n e "* A^ 

A 2 = H 2C(OH) 2 

A = H 2CO 
A 3 = CH3OH 

P a r a l l e l / c a t a l y t i c (EC') 

k 1 
e.g. S o l u t i o n A„ ^ A 

^k 1 

-1 
E l e c t r o d e A^ne-^-A^ 

A 2 = Fe ( I I I ) 
A = Fe ( I I ) 
' C a t a l y s t ' = H 2 0 2 

F o l l o w i n g Chemical (EC) 

e.g. E l e c t r o d e A^±ne -> A^ 

k 1 
, S o l u t i o n A ^ A„ 

1 VT 2 
k-1 

A 3 = R 2 N ^ ( Ö ) - N R 2 

A 2 = ° = a ( ~ ) e = ! Q b y 
r e a c t i o n w i t h 0H~ 

F o l l o w i n g Chemical (ECE) 
e.g. E l e c t r o d e A ^ ^ e ->• A. 

k 
S o l u t i o n A^ A^ 

E l e c t r o d e A„±n„e -> A, 
1 1 4 

A 0 = ClC,H.N0 o 3 6 4 2 
A 1 = C1C 6H 4N0 2 7 
A 2 = -C 6H 4N0 2 

A 4 " * C 6 H 4 N ° 2 
(A 4+H +—» C 6H N0 2) 
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between r e s u l t s o b t a i n e d a t s h o r t and a t lo n g drop t i m e s . 

( v i ) T h e o r e t i c a l Models 
Once we have found a te c h n i q u e such t h a t we can o b t a i n 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 , i n o r d e r t o c a l c u l a t e r a t e c o n s t a n t s e t c . c o r r e c ­
t l y we have to f i t the e x p e r i m e n t a l r e s u l t s to a t h e o r e t i c a l model. For 
a simple e l e c t r o n t r a n s f e r or o t h e r s i m p l e mechanism the model p r o b a b l y 
a l r e a d y e x i s t s . I f i t does not then we have to s e t up the c o n v e c t i v e -
d i f f u s i o n e q u a t i o n s w i t h e x t r a k i n e t i c terms i f n e c e s s a r y and s o l v e them 
w i t h the a p p r o p r i a t e boundary c o n d i t i o n s . T h i s i s n e a r l y always most 
c o n v e n i e n t l y performed i n L a p l a c e space by making use of the L a p l a c e 

21 
t r a n s f o r m a t i o n . However, i n v e r s i o n of the r e s u l t i n t o r e a l space can 
be d i f f i c u l t . I n ord e r t o o b t a i n an a n a l y t i c a l s o l u t i o n approximations-
are o f t e n n e c e s s a r y . A l t e r n a t i v e l y we can use n u m e r i c a l t e c h n i q u e s , but 
t h e s e , of c o u r s e , a l s o i n v o l v e a p p r o x i m a t i o n s . 

I n s t e a d of a n a l y t i c a l or n u m e r i c a l t e c h n i q u e s , o r as a complement to 
22 23 

them, we can use d i g i t a l s i m u l a t i o n , ' which was p i o n e e r e d by F e l d b e r g . 
I t i s p a r t i c u l a r l y u s e f u l i n cases not amenable to a n a l y t i c a l or n u m e r i c a l 
t e c h n i q u e s . With the i n c r e a s i n g power and a v a i l a b i l i t y of computers, d i g i ­
t a l s i m l a t i o n i s becoming very widespread, and indeed, can n e a r l y always 
be performed on a modern microcomputer. 

I t s h o u l d be remembered t h a t s e v e r a l mechanisms may l e a d t o v i r t u a l l y 
the same ( e x p e r i m e n t a l ) r e s p o n s e . I f t h e r e i s some doubt, then i t may be 
opportune to use two or more d i f f e r e n t e l e c t r o c h e m i c a l t e c h n i q u e s to 
c h a r a c t e r i s e the r e a c t i o n c o m p l e t e l y and c o r r e c t l y . 

24 
S t e a d y - S t a t e Techniques 

For s t e a d y - s t a t e techniques we put 3c/8t=0 i n the c o n v e c t i v e - d i f f u ­
s i o n e q u a t i o n (eqn. 2 ) . However we s h a l l a l s o i n c l u d e dc po l a r o g r a p h y 
i n t h i s c a t e g o r y where 3c/9t v a r i e s i n a c y c l i c f a s h i o n . In o r d e r to 
o b t a i n a steady s t a t e i t i s n e c e s s a r y to have a c o n s t a n t d i f f u s i o n l a y e r 
t h i c k n e s s . T h i s i s a c h i e v e d by imposing f o r c e d c o n v e c t i o n which not o n l y 
keeps the t h i c k n e s s c o n s t a n t but a l s o makes i t r a t h e r s m a l l . By a l t e r i n g 
the r a t e of c o n v e c t i o n — r a t e of movement of the électrode or s o l u t i o n 
— we a l t e r t h i s t h i c k n e s s d i r e c t l y , and hence the mass t r a n s f e r c o e f f i ­
c i e n t , k'^. This g i v e s us another c o n t r o l l i n g parameter i n k i n e t i c 

s t u d i e s . E l e c t r o d e s under f o r c e d c o n v e c t i o n are known as hydrodynamic 
14 

e l e c t r o d e s , and t h e i r development owes much to L e v i c h . 
The most w i d e l y used s o l i d hydrodynamic e l e c t r o d e s f o r k i n e t i c s t u -
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25-27 
d i e s a r e the r o t a t i n g d i s c e l e c t r o d e (RDE) and i t s double e l e c t r o d e 

28—30 
analogue, the r o t a t i n g r i n g d i s c e l e c t r o d e (REDE) . The p a r t i c u l a r 
advantages of double e l e c t r o d e s w i l l be i n d i c a t e d below. The p o p u l a r i t y 
of the RDE steins from the f a c t t h a t under most c o n d i t i o n s the e l e c t r o d e 
s u r f a c e i s u n i f o r m l y a c c e s s i b l e which s i m p l i f i e s r e s o l u t i o n of the mathe­
m a t i c a l e q u a t i o n s . A d d i t i o n a l l y the e l e c t r o d e i s e a s i l y removed f o r 
p o l i s h i n g and maintenance. 

The o n l y o t h e r w i d e l y used u n i f o r m l y a c c e s s i b l e e l e c t r o d e , a l t h o u g h 
t h i s i s a f i r s t a p p r o x i m a t i o n o n l y , i s the d ropping mercury e l e c t r o d e 

31 32 
(DME) ' . The n o n - u n i f o r m i t y d e r i v e s p r i n c i p a l l y from s h i e l d i n g e f f e c t s 
due to the c a p i l l a r y t i p . N e v e r t h e l e s s i t preceded the RDE by s e v e r a l 

33 
decades and much of the e a r l y k i n e t i c work was performed a t the DME. 
A l t h o u g h drop growth and consequent double l a y e r c h a r g i n g a r e problems 
i n i t s a p p l i c a t i o n , i t does have the advantages t h a t the s u r f a c e p r e s e n ­
ted to the s o l u t i o n i s c o n s t a n t l y renewed and t h a t i t has a l a r g e c a t h o -
d i c range. 

In Table I I I are p r e s e n t e d the s o l u t i o n s of the c o n v e c t i v e d i f f u s i o n 
e q u a t i o n f o r the d i f f u s i o n - l i m i t e d c u r r e n t , L , a t a number of commonly 
used hydrodynamic e l e c t r o d e s . 
( i ) C u r r e n t - V o l t a g e Curves 

I t i s f a i r l y easy to show t h a t , f o r a r e v e r s i b l e system i n v o l v i n g 
o n l y e l e c t r o n t r a n s f e r , the e q u a t i o n d e s c r i b i n g the c u r r e n t - v o l t a g e c u r v e 
i s 

. c . 

E = E i / 2 + i <6> 

r 
where the r e v e r s i b l e h a l f - w a v e p o t e n t i a l i s g i v e n by /: 

E ; / 9 = E~ + ^ In ( - R ) S (7) 1 / n F £) 

D 
I 
0 

and s=1/2 f o r the DME and s=2/3 f o r a l l o t h e r hydrodynamic e l e c t r o d e s . 
In p r a c t i c e the r a t i o D /D i s c l o s e to u n i t y and we can u s u a l l y make 
the assumption t h a t E ^ ^ = E • W e conclude t h a t Tor a r e v e r s i b l e wave 

( i ) E^y^ 1 S independent of [ 0 ] ^ and [ R ] ^ . 
( i i ) The wave shape i s independent of the r a t e of c o n v e c t i o n , 

( i i i ) A p l o t of l o g [ ( i - i ) / ( i - i a ) ] v s . E g i v e s a s t r a i g h t l i n e of 
s l o p 0.0591/n V a t 298K and c r o s s e s z e r o a t E=E^ 2-
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The g e n e r a l case i s , of c o u r s e , more c o m p l i c a t e d . We have to c o n s i ­
der the competing e f f e c t s of e l e c t r o n t r a n s f e r and mass t r a n s f e r r a t e s . 
At u n i f o r m l y a c c e s s i b l e e l e c t r o d e s we can o b t a i n e x a c t e x p r e s s i o n s . In 
p a r t i c u l a r , f o r a f i r s t o r d e r r e a c t i o n we f i n d 

(8) 

f o r a r e d u c t i o n where 

n F A k V [0] 1 J < (9) 

39 —1 — 1 / ? Thus t a k i n g the example of the RDE , a p l o t 0 f i v s . W w i l l enable 
us to determine D and k' as shown i n F i g . 2, p r o v i d i n g the v a l u e s f o r a l l 

,-1/2 

F i g . 2 - 1 - 1 / 2 
P l o t of l v s . W a t the RDE f o r a n o n - r e v e r s i b l e 
r e d u c t i o n w i t h i < i L showing measurement of i ^ (Eqn.9) 
The d i f f u s i o n c o e f f i c i e n t may be 
s l o p e of the p l o t . [Note t h a t i T ( a / b ) W 1 / 2 j 
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the o t h e r v a r i a b l e s are known. R e a c t i o n s do occur where, owing to adsorp­
t i o n i n p a r t i c u l a r , the order i s f r a c t i o n a l : a n a l y s i s can be performed 

••, T. T _ - - , AO 

most e a s i l y by a g r a p h i c a l method 
At n o n - u n i f o r m l y a c c e s s i b l e e l e c t r o d e s , to o b t a i n an a n a l y t i c a l o r 

n u m e r i c a l s o l u t i o n f o r the c u r r e n t - v o l t a g e curve we have to make a p p r o x i ­
mations. Matsuda and co-workers a r r i v e d a t the f o l l o w i n g g e n e r i c appro­
ximate e x p r e s s i o n f o r c u r r e n t - v o l t a g e c u r v es a t a number of d i f f e r e n t 
hydrodynamic e l e c t r o d e s . The form of these i s 

. c . a . , , s , -a£ (1-a)5x i T i T k 1 ID a (e s+ e v / s ) 
i = [——F + • — F n d o ) 

4 K , -V . , i /n s t -a£ (1-a)£N 1+e^ 1+e s A + k /D o (e ^+e ^) 

where 

z) = » o ~ \ a (10b) 

s = 1/2 (DME); s = 2/3 i n a l l o t h e r cases 

and where a i s a mass t r a n s p o r t dependent e x p r e s s i o n and A i s a number 
which i s a c o n s t a n t f o r a u n i f o r m l y a c c e s s i b l e e l e c t r o d e , but which i n 
o t h e r cases depends on the e l e c t r o d e geometry and has been n u m e r i c a l l y 
e v a l u a t e d . Values of a and A are to be found i n Table IV. Note t h a t 
when 

A « k' /Ds a ( e " a ? + e ( 1 _ a ) ^ ) (11) o 

we o b t a i n the r e v e r s i b l e case (eqn. 6 ) . 
An i n t e r e s t i n g and u s e f u l c o n c l u s i o n from t h i s i s t h a t s i n c e we 

have a g e n e r i c e x p r e s s i o n f o r u n i f o r m l y a c c e s s i b l e and n o n - u n i f o r m l y 
39 

a c c e s s i b l e e l e c t r o d e s the type of a n a l y s i s performed at the RDE may be 
used w i t h i n a s m a l l e r r o r of about 2% a t o t h e r hydrodynamic e l e c t r o d e s 
i n order to c a l c u l a t e s t a n d a r d r a t e c o n s t a n t s . T h i s e r r o r w i l l m a n i f e s t 
i t s e l f most as we approach the l i m i t i n g c u r r e n t i ; at the f o o t of 
an i r r e v e r s i b l e wave we have pure k i n e t i c c o n t r o l and t h e r e f o r e u n i f o r m 
a c c e s s i b i l i t y f o r a l l e l e c t r o d e s : the n o n - u n i f o r m i t y i n c r e a s e s as the 
c u r r e n t i n c r e a s e s . 
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F i g . 3 D i a g n o s t i c p l o t s f o r c o u p l e d homogeneous r e a c t i o n s 
(a) CE mechanism. A: no e f f e c t from p r e c e d i n g c h e m i c a l 

r e a c t i o n ( i = i T ) . B: showing e f f e c t of p r e c e d i n g max L 
c h e m i c a l r e a c t i o n ( i < i , ) . 

max L 
(b) EC' mechanism. A: no c a t a l y t i c r e a c t i o n ( i = i T ) . 

' max L 
B: w i t h c a t a l y t i c r e a c t i o n ( i > i T ) . 

J max L 
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( i i ) M u l t i s t e p P r o c e s s e s a t S i n g l e E l e c t r o d e s 
M u l t i p l e p r o c e s s e s may i n v o l v e m u l t i p l e e l e c t r o n t r a n s f e r or c o u p l e d 

homogeneous r e a c t i o n s or b o t h . We now c o n s i d e r the e f f e c t s of v a r i o u s 
types of homogeneous co u p l e d r e a c t i o n s on the s t e a d y - s t a t e v o l t a m m e t r i c 
wave. 

In a p r e c e d i n g c h e m i c a l (CE) mechanism the c o n c e n t r a t i o n of e l e c t r o -
a c t i v e s p e c i e s i s l e s s than i t would be i n a simple e l e c t r o n t r a n s f e r me­
chanism. The d i f f u s i o n - l i m i t e d c u r r e n t w i l l not be reached, but i n s t e a d 
we r e g i s t e r a s m a l l e r v a l u e i ; the p o s i t i o n of the wave on the poten-° max 
t i a l a x i s remains u n a l t e r e d . For example a t the RDE, as the r o t a t i o n speed 

1/2 i s i n c r e a s e d i w i l l n o t i n c r e a s e p r o p o r t i o n a l l y to W owing to the max • 
l i m i t i n g e f f e c t of the p r e c e d i n g c h e m i c a l s t e p . We thus r e g i s t e r a p l o t 
of the type shown i n F i g . 3a; a n a l y s i s of t h i s l e a d s to the v a l u e s of the 

24 
homogeneous r a t e c o n s t a n t s 

In the case of the p a r a l l e l / c a t a l y t i c (EC') mechanism the l i m i t i n g 
c u r r e n t s measured are l a r g e r than i ^ . When the r e a c t i o n l a y e r t h i c k n e s s 
i s much s m a l l e r than the d i f f u s i o n l a y e r t h i c k n e s s , the v a l u e of i i s 

J max 
independent of c o n v e c t i o n r a t e ( f a s t c h e m i c a l s t e p ) . As the c o n v e c t i o n 
r a t e i s f u r t h e r i n c r e a s e d the t h i c k n e s s e s become comparable and a c o n v e c t i -
ve r a t e dependence a r i s e s ( F i g . 3b). 

For the f o l l o w i n g c h e m i c a l (EC or ECE) mechanism t h e r e i s a more com­
p l e x b e h a v i o u r . The p r o d u c t of the e l e c t r o n t r a n s f e r has i t s c o n c e n t r a ­
t i o n reduced by the c h e m i c a l r e a c t i o n r e s u l t i n g i n a s h i f t i n the p o s i t i ­
on of the v o l t a m m e t r i c wave: anodic waves to more n e g a t i v e p o t e n t i a l s and 
c a t h o d i c waves to more p o s i t i v e p o t e n t i a l s . K i n e t i c parameters may o f t e n 
be o b t a i n e d d i r e c t l y from these s h i f t s i n the half-wave p o t e n t i a l . Note 
t h a t i n these cases i = i T . 

max L 
( i i i ) M u l t i s t e p Processes at Double E l e c t r o d e s 

Double e l e c t r o d e s are i n v a l u a b l e i n the e l u c i d a t i o n of mechanisms 
i n v o l v i n g a t l e a s t two e l e c t r o c h e m i c a l s t e p s , perhaps w i t h an i n t e r p o s e d 
c h e m i c a l step e.g. EE, ECE e t c . , when we can arrange f o r the f i r s t e l e c t r o ­
c h e m i c a l step to occur a t the upstream e l e c t r o d e and the second a t the 
downstream e l e c t r o d e . 

An important parameter a t hydrodynamic double e l e c t r o d e s i s the 
s t e a d y - s t a t e c o l l e c t i o n e f f i c i e n c y , N . I t i s d e f i n e d as the r a t i o between 
the F a r a d a i c c u r r e n t a t the downstream e l e c t r o d e to t h a t a t the upstream 
e l e c t r o d e f o r a simple system w i t h o u t homogeneous r e a c t i o n . S i n c e some 
of the r e a c t i o n product from the upstream e l e c t r o d e escapes i n t o b u l k 
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s o l u t i o n , i t s v a l u e w i l l always be l e s s than u n i t y . The e x p r e s s i o n i s 

N Q = 1 - F ( a / 3 ) + 3 2 / 3 { l - F ( a ) } - ( 1 + a + 3 ) 2 / 3 [1-F{(a/6)(1+a+3)}] (12) 

where 

3 i / 2 i f , * e 1 / 3 i 3 i , , ,«1/3 , 

and a and 3 have d i f f e r e n t v a l u e s , dependent s o l e l y on e l e c t r o d e geometry, 
a c c o r d i n g to the system under c o n s i d e r a t i o n , as shown i n Table V. Thus N , 

Table V. Values of the geometric parameters a and 3 f o r common hydrody­
namic e l e c t r o d e s (see e q u a t i o n 12) 

a 3 

R o t a t i n g r i n g - d i s c 
W a l l - t u b e r i n g - d i s c 

r 2 3 r~ 3 r 3 
(—) - (—) 

r l r1 

W a l l - j e t r i n g - d i s c 
r , 9/8 

(—) - 1 
r1 

r 9/8 r„ 9/8 
(—) - (—) r r 1 1 

Double tube 
Double channel 

x 
(—) - 1 

X 1 
£> - & 
X, X, 

b e i n g a f u n c t i o n p u r e l y of e l e c t r o d e geometry, i s independent of f l u i d 
f l o w . Values of N a r e o f t e n chosen to be around 0.2. o 

In the case of c o n s e c u t i v e o r p a r a l l e l e l e c t r o n t r a n s f e r , or b r a n ­
c h i n g mechanisms i t i s r e l a t i v e l y s i m p l e to c a l c u l a t e the r e l a t i o n be­
tween c u r r e n t s a t upstream and downstream e l e c t r o d e s . A very important 
a p p l i c a t i o n of t h i s i s the c o n s i d e r a b l e amount of r e s e a r c h conducted i n ­
to the e l e c t r o r e d u c t i o n of oxygen a t the RRDE, p r i n c i p a l l y , and u n t i l 
r e c e n t l y , by B o c k r i s e t a l . and the S o v i e t s c h o o l . ^ 8 We take t h i s as an 
i l l u s t r a t i v e example. A p r o b a b l e mechanism a t p l a t i n u m e l e c t r o d e s i s 
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k' 
D i s c 0 2 b u l k 

D,k 

Ring 

-> 0 2 * 

°2 * 

k' 
-» H 2 0 2 , 

k' 

H2°2 

k' 
•* H 20 

where the r i n g p o t e n t i a l i s s e t such t h a t a l l H 2 0 2 r e a c h i n g i t i s o x i d i ­
sed. Making the s t a t i o n a r y - s t a t e assumptions p r e c i s e l y i n the same way 
as f o r an analogous homogeneous k i n e t i c s scheme we e v e n t u a l l y a r r i v e a t 
the f o l l o w i n g e x p r e s s i o n s 

LD k ' l 2 ( k ' 1 / k ' 2 + 1 ) k ' 3 

k' (14) 
D,B 

S T k ' i + k ' 2 
. = 1 + -r] 2- (15) 
XD,L LD D,A 

which a l l o w the d e t e r m i n a t i o n of k',,k' and k'~. I f we p l o t i / i vs 
-1/2 1 2 3 D R 

W (eqn. 14) we w i l l o b t a i n l i n e s of d i f f e r e n t p o s i t i v e s l o p e s depen­
din g on the a p p l i e d p o t e n t i a l a t the d i s c and thus the r e l a t i v e v a l u e s 
of k ' p k ' 2 and k'^. For example, i f k ^ and k'^ are both very s m a l l then 
the slope of the p l o t w i l l be zero and i t s i n t e r c e p t N 

In the i n v e s t i g a t i o n of ECE and s i m i l a r mechanisms we can d e f i n e 
k i n e t i c c o l l e c t i o n e f f i c i e n c i e s N, , which w i l l depend on whether the 
c h e m i c a l step i s f i r s t or second o r d e r , and on the r a t e of the homoge­
neous r e a c t i o n . In t h i s way f i r s t o r d e r homogeneous r a t e c o n s t a n t s up 

3 — 1 8 3 — 1 — 1 to 10 s and second o r d e r up to 10 dm mol s have been measured 
49 

at the RRDE . At the double channel e l e c t r o d e , the range of measurable . . - . ., 50,51 r a t e c o n s t a n t s i s v e r y s i m i l a r 

T r a n s i e n t Techniques 

T r a n s i e n t or r e l a x a t i o n t e c h n i q u e s o f f e r the p o s s i b i l i t y of measu­
r i n g f a s t e r r a t e c o n s t a n t s than i n the s t e a d y - s t a t e . However the double 
l a y e r c h a r g i n g c o n t r i b u t i o n to the t o t a l c u r r e n t has to be s e p a r a t e d out. 
V a r i o u s ways can be used to a c h i e v e t h i s o b j e c t as w i l l be seen below. 
Table VI shows some of the t r a n s i e n t techniques commonly employed. 
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Table V I . T r a n s i e n t Techniques f o r S t u d y i n g E l e c t r o d e P r o c e s s e s 

A. P o t e n t i a l P e r t u r b a t i o n . ( P o t e n t i o s t a t i c t e c h n i q u e s ) 
(a) S i n g l e p o t e n t i a l step 
(b) M u l t i p l e p o t e n t i a l step i . e . p u l s e techniques 
(c) L i n e a r Sweep/Cyclic Voltammetry 
(d) Ac impedance — w i t h o u t dc p o t e n t i a l b i a s 

— w i t h dc p o t e n t i a l bias/ramp 

B. C u r r e n t P e r t u r b a t i o n ( G a l v a n o s t a t i c techniques) 
(a) S i n g l e c u r r e n t step 
(b) M u l t i p l e c u r r e n t step 
(c) Ac impedance 

( i ) P o t e n t i a l and C u r r e n t Step 
These two t e c h n i q u e s are the b a s i s f o r a l l the o t h e r s i n Table V I . 

For a p o t e n t i a l step we are u s u a l l y i n t e r e s t e d i n the v a r i a t i o n of cu­
r r e n t w i t h time (chronoamperometry) and f o r a c u r r e n t step the v a r i a t i o n 
of p o t e n t i a l w i t h time ( c h r o n o p o t e n t i o m e t r y ) . F i g . 4 shows s c h e m a t i c a l l y , 
these v a r i a t i o n s ' and the e f f e c t of the double l a y e r c h a r g i n g c u r r e n t . 

The F a r a d a i c c u r r e n t o b t a i n e d f o r a p o t e n t i a l step under mass-trans-
52 

f e r c o n t r o l i s g i v e n by the C o t t r e l l r e l a t i o n 

i = nFA c D]/2 ( T T t ) " 1 / 2 (16) 

112 

The d i f f u s i o n - l a y e r t h i c k n e s s i n c r e a s e s w i t h t . Thus a f t e r a c e r t a i n 
v a l u e of t ( u s u a l l y around 1s) n a t u r a l c o n v e c t i o n e t c . w i l l d i s r u p t the 
d i f f u s i o n l a y e r and the r e l a t i o n i s no l o n g e r a p p l i c a b l e . I t i s i n t e r e s ­
t i n g the I l k o v i c e q u a t i o n a t the DME was d e r i v e d by m o d i f y i n g the C o t t r e l l 

34 
r e l a t i o n f o r drop growth 

When we are c o n s i d e r i n g a q u a s i - r e v e r s i b l e or i r r e v e r s i b l e p r o c e s s 
then a p p l i c a t i o n of a p o t e n t i a l step w i l l not g i v e the i - t b e h a v i o u r des­
c r i b e d by e q u a t i o n 16. I f we c o n s i d e r an i r r e v e r s i b l e r e a c t i o n then i t 
can be shown t h a t as t + 0, i -*• i , and a t s h o r t times 

k 

i = vFA k ' l C o o [1-2k' 1 t 1 / 2 ( ^ ) " 1 / 2 ] (17) 

f o r a r e d u c t i o n . The c o r r e s p o n d i n g e x p r e s s i o n f o r a q u a s i - r e v e r s i b l e 



(b) 

> t 

F i g . 4 (a) Schematic r e p r e s e n t a t i o n of c u r r e n t response to p o t e n t i a l s t ep 
at a r e v e r s i b l e e l e c t r o d e . A f t e r t=t (a few Us w i t h h i g h 

m ° 
q u a l i t y i . c ' s ) i ( c a p a c i t a t i v e c u r r e n t ) can be n e g l e c t e d w i t h 
r e s p e c t to i ( F a r a d a i c c u r r e n t ) . 

E 
(b) Schematic r e p r e s e n t a t i o n of c u r r e n t and p o t e n t i a l response to an 

a p p l i e d c u r r e n t step ( i ). 
app 
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r e a c t i o n i s , n a t u r a l l y , more complex. Note t h a t a t v e r y s h o r t times the 
t o t a l c u r r e n t w i l l be dominated by the double l a y e r c o n t r i b u t i o n and so 
we have to use an e x t r a p o l a t i o n procedure. E x t r a c t i o n of r a t e c o n s t a n t s , 
t r a n s f e r c o e f f i c i e n t s and so on and the e q u a t i o n s a p p l i c a b l e to a n a l y s i s 

53 
of co u p l e d homogeneous r e a c t i o n s have been d e s c r i b e d . 

The fundamental e q u a t i o n f o r a c u r r e n t step under m a s s - t r a n s f e r con¬
. 54 

t r o l i s the Sand e q u a t i o n 

i = 1 nFAcm ( T T £ ) 1 / 2 t t r " 1 / 2 (18) 

where t i s the time d u r i n g which the p o t e n t i a l i s r o u g h l y c o n s t a n t du­
r i n g the o c c u r r e n c e of a p a r t i c u l a r F a r a d a i c p r o c e s s (see F i g . 4 ) . Ex­
p r e s s i o n s f o r the a n a l y s i s of k i n e t i c a l l y c o n t r o l l e d e l e c t r o n t r a n s f e r 
and f o r c o u p l e d homogeneous r e a c t i o n s have been derived~*~\ In p a r t i c u l a r 
f o r an i r r e v e r s i b l e e l e c t r o n t r a n s f e r i t can be shown t h a t a p l o t of E v s . 

1/2 
l n [ 1 - ( t / t t r ) ] i s l i n e a r w i t h s l o p e RT/anF f o r a r e d u c t i o n ; E(t=0) by 
e x t r a p o l a t i o n i s r e l a t e d d i r e c t l y to the sta n d a r d r a t e c o n s t a n t . 

P u l s e t e c h n i q u e s can be regarded as a s u c c e s s i o n of p o t e n t i a l or 
c u r r e n t s t e p s ; t h e o r e t i c a l a n a l y s i s i s a l o n g these l i n e s . We now t u r n to 
c o n s i d e r l i n e a r s w e e p / c y c l i c voltammetry and ac impedance t e c h n i q u e s . 
( i i ) L i n e a r Sweep/Cyclic Voltammetry 

In these t e c h n i q u e s the p o t e n t i a l of a s t a t i o n a r y e l e c t r o d e i s 
v a r i e d l i n e a r l y w i t h time. C y c l i c voltammetry (CV) d i f f e r s from l i n e a r 
sweep voltammetry (LSV) o n l y i n t h a t the i n i t i a l p o t e n t i a l sweep i s r e ­
v e r s e d , e n a b l i n g i n t e r m e d i a t e s o r p r o d u c t s formed d u r i n g the i n i t i a l scan 
to be d e t e c t e d . Scan r a t e s may range from a few mV per hour ( c o r r e s p o n d i n g 
to a s t e a d y - s t a t e response w i t h i t s a s s o c i a t e d n a t u r a l c o n v e c t i o n problems 
e t c . ) to tens o r hundreds of v o l t s per second. 

The shape of the l i n e a r sweep voltammogram may be d e s c r i b e d i n two 
p a r t s . F i r s t a steep r i s e i n c u r r e n t due to the e x p o n e n t i a l term i n the 
e l e c t r o n t r a n s f e r r a t e c o n s t a n t . Second, as c o n c e n t r a t i o n d e p l e t i o n a t 
the e l e c t r o d e s u r f a c e o c c u r s the d i f f u s i o n l a y e r t h i c k n e s s i n c r e a s e s w i t h 
1/2 . . t and the c u r r e n t drops a c c o r d i n g l y . The d e t a i l e d shape w i l l depend 

on the c o m p l e x i t y of the e l e c t r o d e p r o c e s s , c o u p l e d homogeneous r e a c t i o n s 
and so on. CV i s p a r t i c u l a r l y u s e f u l i n m e c h a n i s t i c i n v e s t i g a t i o n s owing 
to the f a c t t h a t the i n i t i a l p o t e n t i a l a f f e c t s the r e a c t i o n p r o d u c t s 
formed. 

For a s i m p l e e l e c t r o n t r a n s f e r the r e l a t i o n s d e s c r i b i n g the systems 



— 280 — 

are 
(a) R e v e r s i b l e 

0.0285 E_ = E 1 / 2 ± (19) 

„ „_5 3/2 . n1/2 1/2 l =2.67x10 n AD' c v 

so t h a t E n - E = 0.057V P»0 p,R 
(b) I r r e v e r s i b l e 

(E ) - (E ) = - 3 1 - In ( v . / v 9 ) 1 / 2 (20) p z p 1 an F 1 2 a 

i = 3.01x10 5n(an )]/2A DU2 c v 1 / 2 

p a oo 

where n i s the number of e l e c t r o n s t r a n s f e r r e d i n the r a t e d e t e r m i -a 
n i n g step and s u b s c r i p t s 1 and 2 r e f e r t o d i f f e r e n t scan r a t e s . 

In these e x p r e s s i o n s the peak c u r r e n t i v a r i e s w i t h the square r o o t of 
P 

the scan r a t e , v, and the peak p o t e n t i a l E v a r i e s w i t h scan r a t e f o r the 
p 

i r r e v e r s i b l e p r o c e s s . I t i s f a i r l y obvious t h a t a system which i s r e v e r s i ­
b l e a t low scan r a t e s may appear i r r e v e r s i b l e a t very h i g h scan r a t e s . 
The o r i g i n a l work of N i c h o l s o n and Shain g i v e s d e t a i l s on how to o b t a i n 
thé k i n e t i c parameters from t h i s and more complex p r o c e s s e s " ^ . 

There a r e th r e e i m p o r t a n t disadvantages of LSV and CV. The f i r s t 
has been l a r g e l y overcome w i t h modern i n s t r u m e n t a t i o n which was the d e l a y 
between a p p l i c a t i o n of a p o t e n t i a l . t o the p o t e n t i o s t a t and i t s appearance 
a t the e l e c t r o d e s p l u s the r e g i s t e r i n g of a c c u r a t e and i n s t a n t a n e o u s 
c u r r e n t responses; i t i s now p o s s i b l e to go t o h i g h e r scan r a t e s than 
b e f o r e . The second i s t h a t the double l a y e r c u r r e n t i n c r e a s e s w i t h 

112 

scan r a t e whereas the f a r a d a i c c u r r e n t o n l y i n c r e a s e s w i t h v 
The t h i r d d i s a d v a n t a g e i s based on the f a c t t h a t we o n l y use E^ and 

i f o r a n a l y s i s purposes. I t i s easy to make s i g n i f i c a n t e r r o r s i n the 
measurement of i , p a r t i c u l a r l y as i t i s o f t e n not c l e a r where to draw the 
b a s e l i n e — i t i s very r a r e l y h o r i z o n t a l . For these reasons and i n ord e r 
to make use of the whole wave, Saveant et a l have developed c o n v o l u t i o n 

CO 
p o t e n t i a l sweep voltammetry (CPSV) and Oldham et a l s e m i - i n t e g r a l t e c h n i -

59,60 . . t . , 
ques , methods which are e s s e n t i a l l y e q u i v a l e n t . As a r e s u l t of t h e ­
se o n - l i n e t r a n s f o r m a t i o n s a sigmoid-type i - E c h a r a c t e r i s t i c i s produced 
which i s very s i m i l a r to a s t e a d y - s t a t e voltammogram (see F i g . 5 ) . As 
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F i g . 5 C o n v o l u t i o n p o t e n t i a l sweep voltammetry. P l o t of n o r m a l i s e d 
c u r r e n t f u n c t i o n (curve I ) , c o n v o l u t e d c u r r e n t f u n c t i o n (curve 

58 
I I ) and the l o g a r i t h m i c f u n c t i o n (curve I I I ) . 

f o r - s t e a d y - s t a t e voltammograms l o g a r i t h m i c a n a l y s i s of the whole wave may 
be performed, r e d u c i n g p o s s i b l e e r r o r s . T h i s has been extended t o i n c l u ­
de a l a r g e number of coupl e d homogeneous, r e a c t i o n schemes. 

61 62 
( i i i ) Impedance Methods ' 

By a p p l y i n g a time v a r y i n g e x c i t a t i o n s i g n a l to an e l e c t r o c h e m i c a l 
c e l l i t i s always p o s s i b l e , i n p r i n c i p l e , to separate the r e s i s t i v e and 
c a p a c i t a t i v e c u r r e n t c o n t r i b u t i o n s owing to t h e i r phase d i f f e r e n c e s i n 
the response s i g n a l . T h i s i s most e a s i l y and n o r m a l l y performed u s i n g a 
s i n u s o i d a l p e r t u r b a t i o n . C l e a r l y the method i s important not o n l y f o r 
e l e c t r o d e k i n e t i c s t u d i e s but a l s o f o r those of the double l a y e r . Impe­
dance b r i d g e s , frequency response a n a l y s e r s or l o c k - i n a m p l i f i e r s are 
used t o measure the response. We a r e e s s e n t i a l l y i n t e r e s t e d i n the Fa­
r a d a i c impedance. By s e p a r a t i n g out the double l a y e r c o n t r i b u t i o n we 
i n c r e a s e s e n s i t i v i t y which i s used t o good e f f e c t i n ac polarography.. 

For a simple charge t r a n s f e r we can draw the e q u i v a l e n t c i r c u i t of 
an e l e c t r o c h e m i c a l c e l l as shown i n F i e . 6a. I t c o n s i s t s of a r e s i s t a n -
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ce to charge t r a n s f e r , R , a r e s i s t a n c e to mass t r a n s f e r , the Warburg 
impedance, Z , the double l a y e r c a p a c i t y and the c e l l r e s i s t a n c e R^. 
What i s important f o r the u n d e r s t a n d i n g of the working of t h i s c i r c u i t 
i s whether a t a g i v e n frequency we a l l o w the system s u f f i c i e n t time to 
reach e q u i l i b r i u m , and a l s o the e f f e c t of double l a y e r c a p a c i t y . The two 
extremes a r e 

(a) Low frequency. The system reaches e q u i l i b r i u m and we are under 
mass t r a n s f e r c o n t r o l i . e . R <<Z . A l s o C, i s unimportant. 

c t • w d 
(b) High frequency. E q u i l i b r i u m i s not reached and we are under 

k i n e t i c c o n t r o l i . e . R >>Z . C, i s now v e r y i m p o r t a n t , c t w d 
Note t h a t 

R „ = -§?- Z - u f 1 / 2 ( 2 1 ) c t n i l w o 

We o b t a i n the b e h a v i o u r shown i n F i g . 6b. 
We can draw e q u i v a l e n t c i r c u i t s f o r any e l e c t r o d e p r o c e s s i n v o l v i n g 

a d s o r p t i o n , coupled homogeneous r e a c t i o n s and so on. Very o f t e n one f i n d s 
s e m i c i r c l e s c o r r e s p o n d i n g to each s u c c e s s i v e step i n the mechanism a d j o i ­
n i n g one another on the Argand diagram. Once more we have to be v e r y 
c a r e f u l w i t h the problem of the i n c o r r e c t t h e o r e t i c a l c i r c u i t l e a d i n g to the 
c o r r e c t response. D e s p i t e these d i f f i c u l t i e s impedance t e c h n i q u e s have 
found wide a p p l i c a t i o n i n e l e c t r o d e k i n e t i c s , p a r t i c u l a r l y f o r c o r r o s i o n 
s t u d i e s . 

I t i s i n t e r e s t i n g t o c o n s i d e r a t t h i s p o i n t the simultaneous a p p l i ­
c a t i o n of s i g n a l s of many d i f f e r e n t f r e q u e n c i e s and the consequent time-
s a v i n g i n the c a l c u l a t i o n of the impedance p l o t over the e n t i r e frequency 
range. T h i s may be a c h i e v e d by, f o r example, the F o u r i e r t r a n s f o r m which 
i s v e ry w i d e l y used i n s p e c t r o s c o p y . T h i s t r a n s f o r m i s the most obvious to 
use as i t i s a s p e c i a l case of the L a p l a c e t r a n s f o r m which i s encountered 
so o f t e n i n the r e s o l u t i o n of e l e c t r o c h e m i c a l problems. As shown below, 
we simply have to r e p l a c e s by jo). 

f (s) = f° F ( t ) e " S t d t f (jco) = I" F ( t ) e " j W t d t ( 2 2 ) o o 

L a p l a c e F o u r i e r 

There have been a few i n v e s t i g a t i o n s i n t o the use of the F a s t F o u r i e r . 
Transform but i t needs f u r t h e r e x p l o r a t i o n . N e v e r t h e l e s s a t the moment 
i t appears t h a t i n o r d e r to reach the accuracy o b t a i n a b l e i n c o n v e n t i o n a l 
frequency response a n a l y s i s , s i g n a l a v e r a g i n g needs to be performed. As 
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a r e s u l t t h e r e i s l i t t l e o r no s a v i n g i n time, and so t h e r e i s a q u e s t i -
63 

on mark as to whether FFT i s w o r t h w h i l e f o r t h i s a p p l i c a t i o n . 

T r a n s i e n t Techniques a t Hydrodynamic E l e c t r o d e s 

Over the l a s t few y e a r s t r a n s i e n t techniques have been developed a t 
s o l i d hydrodynamic e l e c t r o d e s . These o f f e r new p o s s i b i l i t i e s i n the eva­
l u a t i o n of k i n e t i c parameters. We have a known f l o w p a t t e r n w h i c h , owing 
to the f o r c e d c o n v e c t i o n , may i n c r e a s e the t i m e s c a l e of the experiment. 
A d d i t i o n a l l y the f l o w can be modulated. I t has been shown t h a t a t r o -

. 6 4 
t a t m g d i s c e l e c t r o d e s t h e r e e x i s t s an i m p l i c i t r e l a t i o n s h i p 

M) = - t S ) . ( 8 ) (25) 
E I to 

where 

/3 U\ 
v?wO i s the e l e c t r o h y d r o d y n a m i c a l impedance under E p o t e n t i o s t a t i c c o n t r o l 

(-|i=r) i s the e l e c t r o h y d r o d y n a m i c a l impedance under 
g a l v a n o s t a t i c c o n t r o l 

dE 
(gy) i s the e l e c t r o c h e m i c a l impedance 

S o l u t i o n of the c o n v e c t i v e - d i f f u s i o n e q u a t i o n i s more c o m p l i c a t e d and 
u s u a l l y i t has to be o b t a i n e d n u m e r i c a l l y , a l t h o u g h an a n a l y t i c a l 
approach has been used w i t h some success. 

Some of the developments i n t h i s f i e l d are g i v e n i n the f o l l o w i n g 
s u b - s e c t i o n s . I t i s to be noted t h a t many do not enable as y e t the c a l ­
c u l a t i o n of k i n e t i c parameters. We a l s o i n c l u d e f o r comparison purposes, 
and due to i t s hydrodynamic c h a r a c t e r , t r a n s i e n t techniques a t the DME. 

( i ) P o t e n t i a l Step and P u l s e 
Although these have been used f o r some years a t the DME, i t i s o n l y 

66 67 r e c e n t l y w i t h the t h e o r e t i c a l work of Los et a l . and Galvez et a l . 
t h a t a l l the k i n e t i c and m e c h a n i s t i c parameters can be e v a l u a t e d . 

A t the RDE the c u r r e n t response to a p o t e n t i a l step has been e v a l u a ­
ted a n a l y t i c a l l y and n u m e r i c a l l y : t h e r e i s an i n h e r e n t l y p r a c t i c a l a p p l i c a ­
t i o n of t h i s r e s e a r c h as p u l s e d p o t e n t i a l l e a d s to h i g h e r q u a l i t y e l e c t r o -

68 
d e p o s i t i o n and the RDE i s u n i f o r m l y a c c e s s i b l e . A t the r i n g e l e c t r o d e 
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of an RRDE, we w i l l r e g i s t e r a t r a n s i e n t from a d i s c p o t e n t i a l step 
a f f e c t e d o n l y by the d i s c c u r r e n t ' s F a r a d a i c component. 

( i i ) C u r r e n t Step and P u l s e 
P r o v i d i n g we can s e p a r a t e out the double l a y e r c o n t r i b u t i o n , use of 

hydrodynamic e l e c t r o d e s i n c r e a s e s the t r a n s i t i o n time i n the Sand equa­
t i o n (eqn. 18) e n a b l i n g more a c c u r a t e measurement. T h e o r e t i c a l treatments 

69 
which a l l o w e v a l u a t i o n of k i n e t i c parameters have appeared f o r the RDE 
and DME^ — i n the l a t t e r case the c u r r e n t i s programmed w i t h drop growth. 

At a double e l e c t r o d e such as the RRDE c u r r e n t s t e p s a t the d i s c can 
g i v e i n f o r m a t i o n about d i s c s u r f a c e p r o c e s s e s from a n a l y s i s of the r e s u l -

• • - 7 1 ~ 7 3 t i n g r i n g t r a n s i e n t . 

( i i i ) A l t e r n a t i n g C u r r e n t 
The t h i c k n e s s of the d i f f u s i o n l a y e r a s s o c i a t e d w i t h the ac p e r t u r b a ­

t i o n i s much l e s s than the hydrodynamic boundary l a y e r t h i c k n e s s a t h i g h 
f r e q u e n c i e s — the e f f e c t of c o n v e c t i o n can be n e g l e c t e d . At low f r e q u e n ­
c i e s t h i s i s no l o n g e r t r u e : the ' t r a n s i t i o n ' frequency i s around 40Hz a t 

74 75 
the RDE and 10Hz a t the t u b u l a r e l e c t r o d e i n aqueous s o l u t i o n under t y ­
p i c a l c o n d i t i o n s . 

R e s u l t s f o r mixed k i n e t i c c o n t r o l and coupled homogeneous r e a c t i o n s 
74 . 

are v e r y s i m i l a r a t the RDE to those a t the DME . I n p a r t i c u l a r the k i ­
n e t i c parameter e v a l u a t i o n i n ac p o l a r o g r a p h y f o r c o u p l e d c h e m i c a l r e a c t i ­
ons r e l i e s on t h e i r v e r y h i g h phase-angle s e n s i t i v i t y : where c o n v e c t i o n 
can be n e g l e c t e d , a t h i g h f r e q u e n c y , the DME d i a g n o s t i c s and e v a l u a t i o n 
method may be d i r e c t l y a p p l i e d . ^ 

At double e l e c t r o d e s the phase s h i f t of the r i n g c u r r e n t w i t h r e s ­
pect to the d i s c c u r r e n t enables us to d i s t i n g u i s h between the t o t a l f l u x 
of e l e c t r o n s and the f l u x of e l e c t r o a c t i v e s p e c i e s a t the d i s c ; N, ( 1 s t 

77 k 

order) can be c a l c u l a t e d . 
( i v ) L i n e a r Sweep a t the RDE 

In LSV a t s t a t i o n a r y e l e c t r o d e s t h e r e can be unwanted s i d e e f f e c t s 
due to n a t u r a l c o n v e c t i o n and so f o r t h . F o r c e d c o n v e c t i o n removes t h i s 
d i s a d v a n t a g e and a l l o w s peak and l i m i t i n g c u r r e n t s to be measured i n a 
s i n g l e experiment. A d d i t i o n a l l y t h e r e i s o n l y a weak dependence on 
e l e c t r o l y t e p r o p e r t i e s (v^^)^ 

(v) Hydrodynamic M o d u l a t i o n a t the RDE 
In t h i s type of experiment proposed o r i g i n a l l y by B r u c k e n s t e i n et 

79 
a l . , we modulate the r o t a t i o n speed of the e l e c t r o d e about a c e n t r a l 
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v a l u e . E s s e n t i a l l y we w i l l be measuring the e l e c t r o h y d r o d y n a m i c a l impe­
dance. The modulated c u r r e n t response should be f r e e of c o n t r i b u t i o n s 
from f l o w independent causes i . e . s u r f a c e p r o c e s s e s , and s e n s i t i v i t y i s 
thus enhanced. The whole frequency range f o r m o d u l a t i o n , i n c l u d i n g l a r -

80 81 
ge amplitude m o d u l a t i o n has been s t u d i e d . ' K i n e t i c a p p l i c a t i o n s 
have s t i l l t o be f u l l y r e a l i s e d . 

C o n c l u s i o n 

An e l e c t r o c h e m i s t has a t h i s d i s p o s a l a v a r i e d number of techniques 
w i t h which to i n v e s t i g a t e the k i n e t i c s and mechanism of e l e c t r o d e p r o ­
c e s s e s . For some of the more common t e c h n i q u e s , an i d e a of the range of 
dete r m i n a b l e r a t e c o n s t a n t s i s g i v e n i n Table V I I . 

Table V I I . Approximate Range of Measurement of Rate Constants 

-1 cm s 
-4 DME k' < 10 0 

~-2 RDE k 1 < 10 0 
a -3 . -1 Pot. step 10 < k' < 10 o 
a _5 Impedance 10 < k' < 1 Impedance 

o 

The lower l i m i t a r i s e s because of the i n c r e a s i n g c o n t r i b u t i o n from the 
double l a y e r c a p a c i t a n c e . 

With modern i n s t r u m e n t a t i o n the techniques are becoming more complex 
as a r e the n u m e r i c a l s o l u t i o n s to and d i g i t a l s i m u l a t i o n of the c o n v e c t i v e -
d i f f u s i o n or d i f f u s i o n e q u a t i o n s . However, l e t us not a l l o w mathematical 
c o m p l e x i t y o r f l a s h i n g l i g h t s b l i n d us as to what i s r e a l l y happening a t the 
e l e c t r o d e - s o l u t i o n i n t e r f a c e . A p h y s i c a l p i c t u r e of the i n t e r f a c e w i l l 
g i v e the answer to many q u e s t i o n s and i s , w i t h o u t doubt, v e r y i m p o r t a n t f o r 
the fundamental u n d e r s t a n d i n g of the k i n e t i c s of the e l e c t r o d e p r o c e s s . 
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L i s t of Symbol s 

a diameter of im p i n g i n g j e t ( w a l l - j e t e l e c t r o d e ) / c m 
A see e q u a t i o n 10 and Table IV 
A e l e c t r o d e area/cm 

-3 -3 c c o n c e n t r a t i o n / m o l cm or mol dm 
c^ c o n c e n t r a t i o n i n b u l k s o l u t i o n 
c c o n c e n t r a t i o n a t e l e c t r o d e s u r f a c e 

0 -2 C^ d i f f e r e n t i a l double l a y e r c a p a c i t a n c e / u F cm 
d w i d t h of channel (channel e l e c t r o d e , Table I I I ) / c m 
DME dropping mercury e l e c t r o d e 

2 -1 
D d i f f u s i o n c o e f f i c i e n t / c m s 
E p o t e n t i a l of e l e c t r o d e v s . r e f e r e n c e e l e c t r o d e / V 
E e standard p o t e n t i a l / V 
E e q u i l i b r i u m p o t e n t i a l / V eq r 

Ep peak p o t e n t i a l (eqns. 19 and 20)/V 
E ^ 7 half-wave p o t e n t i a l {i=[{i^+i^) / 2])/V 

f f u n c t i o n d e f i n e d by eqn. 22 
F f u n c t i o n d e f i n e d by eqn. 13 or eqn. 22 

_1 
F Faraday/C mol 
h h a l f - h e i g h t of channel (channel e l e c t r o d e , Table I I I ) / c m 
i current/mA or A 

d i s c c u r r e n t 
r i n g c u r r e n t 
k i n e t i c c u r r e n t d e f i n e d by eqn. 9 
d i f f u s i o n - l i m i t e d c u r r e n t 

i ^ d i f f u s i o n - l i m i t e d a n o d i c c u r r e n t 
. c . . 
i ^ d i f f u s i o n - l i m i t e d c a t h o d i c c u r r e n t 
i exchange c u r r e n t d e f i n e d by eqn. 4a 
k homogeneous r a t e c o n s t a n t 
k' heterogeneous r a t e constant/cm s 

_ i 

k^ s t a n d a r d heterogeneous r a t e c o n s t a n t (eqn. 3)/cm s 
k' mass t r a n s f e r c o e f f i c i e n t / c m s D 

_ \ 
f l o w - r a t e of mercury/mg s 1 
k i n e t i c c o l l e c t i o n e f f i c i e n c y of double e l e c t r o d e 

N q s t e a d y - s t a t e c o l l e c t i o n e f f i c i e n c y of double e l e c t r o d e (eqn. 12) 
r r a d i a l v a r i a b l e 
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r a d i u s of d i s c e l e c t r o d e / c m 
r ^ i n n e r r a d i u s of r i n g e l e c t r o d e / c m 
r ^ o u t e r r a d i u s of r i n g e l e c t r o d e / c m 
r r a d i u s of tube ( w a l l - t u b e e l e c t r o d e ) / c m 
R r a d i u s of tube ( t u b u l a r e l e c t r o d e ) / c m 
R c h a r g e - t r a n s f e r r e s i s t a n c e c t 
RDE r o t a t i n g d i s c e l e c t r o d e 
RRDE r o t a t i n g r i n g - d i s c e l e c t r o d e 
t t r a n s i t i o n time (eqn. 18) t r 
TDE tube double e l e c t r o d e 

-1 -1 
v scan rate/mV s or V s 

3 -1 
volume f l o w rate/cm s 

w w i d t h of channel e l e c t r o d e / c m 
W r o t a t i o n speed/Hz 
x l e n g t h v a r i a b l e 
x^ l e n g t h of g e n e r a t o r e l e c t r o d e (TDE)/cm 
Xry x^ p l u s g e n e r a t o r / d e t e c t o r e l e c t r o d e gap/cm 
x^ p l u s d e t e c t o r e l e c t r o d e / c m 
z d i s t a n c e from e l e c t r o d e surface/cm 

a x i a l v a r i a b l e 
Warburg impedance 

a e l e c t r o c h e m i c a l charge t r a n s f e r c o e f f i c i e n t 
geometric parameter (Table V) 

3 symmetry f a c t o r 
geometric f a c t o r (Table V) 

6 d i f f u s i o n l a y e r t h i c k n e s s 
£ d e f i n e d i n eqn. 10a 
ri o v e r p o t e n t i a l / V 

. . . . , 2 -1 V k i n e m a t i c v i s c o s i t y / c m s 
0 mass t r a n s p o r t parameter (Table IV) 
T drop time (Tables I I I , I V ) 

_ 1 
0) r o t a t i o n speed/rad s 

frequency/Hz 
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ABSTRACT 

The s u r f a c e c o n c e n t r a t i o n e f f e c t of the metal i o n d u r i n g 

the s t r i p p i n g s t e p of ASV, i n a complexing medium, i s d i s c u s s e d 

i n terms of d e t e r m i n a t i o n of s t a b i l i t y c o n s t a n t s , from the 

r e s u l t s f o r P b ( I I ) + TETA system. 

Subsequently s t a b i l i t y c o n s t a n t s of C d ( I I ) + carboxy-

p h e n y l i m i n o d i a c e t i c a c i d , p h e n y l m e t h y l i m i n o d i a c e t i c a c i d , 

p y r i d i n e - 2 , 6 - d i c a r b o x y l i c a c i d and p y r i d i n e - 2 - c a r b o x y l i c a c i d 

have been determined and the v a l u e s compared w i t h those o b t a i n e d 

by ot h e r t e c h n i q u e s . 
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