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ABSTRACT 

A faradaic impedance study has been made of the reduction of Cd(II) ions from a 1 M KF 
base electrolyte at the DME. It could be shown that only the Cd(II) present in the solution 
and the end product, viz. Cd(Hg), are the diffusing partmles and that intermediates are 
present only at the interface. From the analysis of the impedance data it followed that at the 
interface the Cd(II) species is first subject to a heterogeneous chemical transfer and there- 
after is reduced according to two discrete one-electron transfers, both obeying the Butler-- 
Volmer equation. The kinetm parameters of the steps are reported. A number of other con- 
ceivable mechanisms were considered, but fortunately they all either could be defimtely 
ruled out or were found to be less acceptable. 

INTRODUCTION 

The  Cd( I I ) /Cd(Hg)  e l ec t rode  r eac t ion  has been  the  ob jec t  o f  n u m e r o u s  
k ine t ic  s tudies  in a wide va r ie ty  of  suppo r t i ng  e lec t ro ly tes .  Na tu ra l ly ,  in the  
earlier l i t e ra ture  the  inves t igat ions  were  m a i n l y  focussed  on  the  d e t e r m i n a t i o n  
o f  the  "c lass ica l"  charge- t ransfer  p a r a m e t e r s  ksh ( s t andard  h e t e r o g e n e o u s  ra te  
cons t an t )  and  a (ca thod ic  t r ans fe r  coef f i c ien t ) ,  e i the r  to  c o m p a r e  the  resul ts  
o b t a i n e d  in d i f f e ren t  m e d i a  [1 ] ,  or to  d e m o n s t r a t e  the  mer i t s  o f  a new m e t h o d  
or  t e c h n i q u e  [ 2 - -7] .  U n f o r t u n a t e l y ,  the  da t a  r e p o r t e d  are o f t en  in serious dis- 
ag reemen t ,  as can  be seen in the  we l l -known compi l a t i ons  o f  T a m a m u s h i  and  
T a n a k a  [ 8].  In  m o r e  r ecen t  w o r k  a t t e n t i o n  is pa id  to  the  poss ib le  detai ls  o f  the  
reac t ion  m e c h a n i s m  on a mic roscop i c  scale [ 9 - - 1 1 ] ,  and  the  ques t ion  has  been  
raised w h e t h e r  d iscrepancies  in resul ts  cou ld  be  ascr ibed  to  d i f fe rences  o f  prin-  
ciple in the  appl ied  t echn iques  [10 ,12 ] .  

I t  was f o u n d  earlier in this l a b o r a t o r y  t h a t  the  ra te  c o n s t a n t  o f  the  r eac t ion  
in a 1 M K F  suppor t ing  e l ec t ro ly t e  is fa i r ly  small ,  ksh ~ 0 .15  cm s -1 [13 ] ,  
which  m a k e s  it  very  well accessible fo r  a de ta i led  s t udy  by  m e a n s  o f  the  impe-  
dance  m e t h o d  [14]  in a wide po t en t i a l  range.  Since in 1 M KF n o  specif ic  
inf luences  of  the  doub le - l aye r  s t ruc tu re  need  be  e x p e c t e d ,  we t h o u g h t  i t  w o r t h  
while to  invest igate  w h e t h e r  the  c o m p l e x  r eac t i on  m e c h a n i s m ,  p r o p o s e d  b y  
Van  der  Pol [10]  fo r  the  reac t ion  in 1 M KC1, also appl ies  in 1 M K F  so lu t ion .  
The  theore t i ca l  p h i l o s o p h y  in Van der  Pol ' s  analysis  is n o t  to  pos tu l a t e  a pr ior i  
an expl ic i t  f o r m u l a t i o n  o f  the  cu r ren t - -vo l t age  equa t ion ,  b u t  an impl ic i t  one ,  
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such as 

--i  = n F [  k~co - -  kbCR] (1) 

where kf and k b are the forward and backward rate constants of the electrode 
reaction O + ne  -~ R and Co and CR the concentrations of  O and R at the elec- 
trode surface. 

In view of the Nernst equation one has 

l n (kb /k~)  = ( n F / R T )  (E - -  E °) = ¢ (2) 

A specification of the reaction mechanism should then follow from the behav- 
iour of  kf or kb, e.g. as functions of potential  and/or  concentration. To investi- 
gate this behaviour the relation between the rate constants and the observables, 
i.e. the interfacial admittance constituents,  is required. In principle the irrevers- 
ibility quot ient  p which is a measure of the relative contributions of  the rate of 
charge transfer and that of  mass transfer to the overall process, can be derived 
from the interfacial admittance. This parameter is related to the rate equation 
(1) by [10,12] 

p = n F ( 2 c o )  I/2 [Do  i n  (O i / 3 C o ) c R , E  - -  DR 1/2 (3 i/3 C R)co,E ]- '  (3) 

where co is the angular frequency of  the sinusoidal voltage across the cell. Con- 
sequently, the rate constants can be studied by inspection of the concentrat ion 
and potential  dependencies of p.  This idea will be worked out  in the discussions 
to follow, using the experimental results as the initial viewpoint. 

EXPERIMENTAL 

The impedance measurements were carried out  with the ne twork  analyser 
system described earlier [14].  The experiments were performed at 25.0 -+ 0.1°C 
in a three-electrode cell, with a DME, a mercury pool  counter  electrode and a 
saturated calomel electrode connected to the cell via a salt bridge filled with 
the supporting electrolyte.  A fine-tipped, drawn-out capillary was used to mini- 
mize shielding effects [ 15]. 

Ten solutions with different concentrations of  CdSO4, viz. 0.25, 0.50, 0.75, 
1.00, 1.50, 2.00, 5.00, 10.0, 15.0 and 20.0 mM in 1 M KF were prepared by 
dissolving p.a. grade chemicals wi thout  further purification in freshly twice-dis- 
tilled water. 

At each potential the cell impedance was measured at 20 frequencies exactly 
4 s after the fall of  the preceding drop. The frequency ranged from 70 Hz to 50 
kHz. With concentrations ~ 2.00 mM the experiments were performed at 20 po- 
tentials situated with 5 mV intervals around the half-wave potential.  The higher 
concentrations were used to measure the impedance at potentials between 
--650 and --950 mV vs. SCE with 25 mV intervals. Owing to the large differ- 
ences in reported ~¢alues of the diffusion coefficient of  Cd in mercury (e.g. refs. 
10 and 16) some chronopotent iometr ic  experiments were carried ou t  to deter- 
mine this parameter. Details will be described elsewhere [17].  Here, it will 
suffice to report  the value obtained, DCd(Hg ) = (1.07 + 0.05) 10 -s cm 2 s -1, used 
henceforth in this paper. 
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Deaeration was performed with argon purified by passage through a column 
filled with B.T.S. catalyst (BASF). 

All potentials mentioned in this paper are referred to the SCE. 

RESULTS AND ANALYSIS 

The components of  the cell impedance were corrected for the ohmic resis- 
tance R a  and then transformed into the components of the interfacial admit- 
tance via the expressions 

y ,  = (Z '  - - R ~ )  (4a)  
(Z' - - R a )  2 + (Z") ~ 

Z "  
y "  = (4b) 

(Z' - - R ~ )  ~ + (Z") 2 

where Z' and Z"  are the in-phase and the quadrature component  of the mea- 
sured cell impedance, and Y' and Y" the in-phase and quadrature component  
of the interfacial admittance. Further analysis of Y' and Y" is based on the 
Randles equivalent circuit from which the relations (5) and (6) can be derived 
[18]: 

co ~/2 p + 1 
Y' - - -  ( 5 )  

a p 2 + 2 p + 2  

and 

~1 /2  1 
Y" = + coC d (6) 

o p2 + 2 p + 2  

where the parameter p is given by eqn. (3), a is the Warburg coefficient and Cd 
the differential double-layer capacitance. Further details about this analysis will 
be described elsewhere [19]. With all concentrations of  Cd(II) < 2.00 mM the 
admittance data fit to eqns. (5) and (6) within 1% at each potential. Admit- 
tance measurements with the higher concentrations were made only at poten- 
tials far more negative than the half-wave potential. Under these conditions 
data fittings were satisfactory with worst case errors of 10%. Double-layer 
capacitances obtained from eqn. (6) were within experimental error equal to 
the values measured in the supporting electrolyte alone. Since the fitting proce- 
dure relies on the frequency dependence of Y' and Y", it is more useful to deal 
with the parameter p '  = pco -'/2 instead o f p .  

Potential and concentration dependence o f  the Warburg coefficient 

To study the potential dependence of o a model must be chosen for the 
regime of the mass transport of the component  involved in the redox reaction 
towards the surface of the dropping mercury electrode. 

It has been demonstrated [20,21] that  in most situations the diffusion-layer 
theory with the proper expanding-sphere electrode model is quite satisfactory 
and has the advantage of its great simplicity compared to other more rigorous 
theories. If  the bulk concentration of the reduced component  is zero then a is 
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given b y  the  express ion :  

1 R T  
- , [exp( j )  + 2 + exp(- - ] ) ]  (7) 

e F(t)  n2F2(2Do)lnCo 

where  j = (nF/RT)  (E --E~/2), C*o is the  bu lk  c o n c e n t r a t i o n  of  0 and  F(t)  is a 
func t ion  con ta in ing  the  inf luence  o f  dc i r reversibi l i ty  and  e lec t rode  spher ic i ty .  
With the  d i f fus ion- layer  c o n c e p t  and  the  r a t e  e q u a t i o n  f o r m u l a t e d  as in eqn.  
(1),  i t  can  be der ived [18 ,21]  t h a t  

F(t) = 1 + [a exp( - - ] )  - -  (1 - - a ) ]  D~/2k~ 1 + 5RDR 1/2 -- $oDo ~/2 (8) 

D~/2k~l + ~RD~ 1:2 exp( j )  + ~oDo 1:2 

with D o  and DR deno t ing  the  d i f fus ion  coef f ic ien t s  o f  O and  R, and  5o , / iR  the  
co r r e spond ing  ope ra t iona l  d i f fus ion- layer  th icknesses  [18 ] .  Equa t i on  (8) neces-  
sarily con ta ins  the  p a r a m e t e r  a ,  which  m u s t  be cons ide red  as an " o p e r a t i o n a l  
t r ans fe r  c o e f f i c i e n t "  de f ined  b y  

= - - (RT/nF)  d In k~/dE (9) 

I t  can be seen f r o m  eqns.  (7) and  (8) t h a t  e x a m i n a t i o n  o f  oct) as a f u n c t i o n  
o f  po ten t i a l  can y ie ld  i n f o r m a t i o n  conce rn ing  the  revers ible  ha l f -wave  p o t e n t i a l  
E~/2, the  f o r w a r d  ra te  c o n s t a n t  kf  and  its der ivat ive  to  p o t e n t i a l  a .  In Fig. 1, o 
values d e t e r m i n e d  f r o m  the cell wi th  Co = 1 m M  are p l o t t e d  vs. po ten t i a l .  The  
d rawn  curve  was ca lcu la ted  accord ing  to  eqns.  (7) and  (8) wi th  D o  = 8 × 10 -6 

- 1  r c m  2 s - l , D a  = 10.7 × 10 -4 c m  2 s ,Ell  2 = - -0 .608  V (SCE) andk~ = oo. The  same  
values of  D o  and E~/2 were  o b t a i n e d  f r o m  the  dc po l a rog ram.  The  di f fus ion-  
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Fig.  1. P l o t  of Warburg c o e f f i c i e n t  o vs. p o t e n t i a l .  T h e  so l id  l ine  r e p r e s e n t s  t h e  t h e o r e t i c a l  
curve according to eqm (7) w i t h  D o = 8 X 10 -4 c m  2 s - l ,  D r = 1.07 X 10 -s cm 2 s -1, kf = 0% 
c o = 1 m M  a n d  r = 0 . 0 6 3  c m .  
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layer thickness was calculated with 

~i = [ ( ~ D , t )  -1/2+ 1/r] - '  (10) 

where t is the time of measurement and r the radius of the mercury drop at 
that  time; the minus sign pertains to the particle soluble in the electrode. Simi- 
lar plots are obtained at the other concentrations up to 2 mM and OCo is found 
not  to depend on the concentration of cadmium. It can be concluded, there- 
fore, that  the Warburg coefficient obeys Randles'  behaviour and that  mass 
transport of only the reactant O and the final reduction product  R is involved. 
Evidently the electrode reaction is so fast that  no influence of charge transfer 
on o can be observed. 

The theory predicts [21], that  there is a better chance to find such an influ- 
ence in the far negative potential region. Equations (7) and (8) then reduce to a 
more simple expression for o, namely 

R T  1 + 5 o D o l k f  (11) 
0 = n2F2(2 D )1/2 * O Co 0~ 

This limiting behaviour is possible in the experimentally accessible potential 
region if the electrode reaction is moderately fast. However, if a is extremely 
small it will be observed even for ac reversible reactions [21]. In Fig. 2 ln(oco) 
is plotted vs. potential for the concentrations 2--20 mM. It is seen that  at E -- 
E~/2 < --0.150 V straight lines are obtained, which can be interpreted as the 
situation where 8oDolks >> 1 and a is constant.  So ks can be written as 

ks = ks e x p [ - - - ~ ( n F / R T ) ( Z  - -  E°)] (12) 

X 

c D 

$8 ÷8 - 2  

-Z,  ! 

- 6  

-8 

- 1 0  , , , 
6 7 

i i i I 

0 0 O O + 44] + +0 

# # 

I I I I 

8 9 10 

- E / V  vs SCE 

Fig. 2. Plot of  I n ( o c t )  vs. potent ia l .  Solid line obta ined  with  eqn. (7) wi th  kf = 0.2 exp 
(--0.06 ¢). Other  parameters  as in Fig. 1. Measured points :  (o) c~ = 20 mM; (B) c~  = 15 raM; 
(,) c~ = 10 raM; (+) c~ = 5 raM; (#) c~ = 2 ~ .  
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and o is proportional to kf. From the data in Fig. 2 we calculated 

= 0.06 + 0.02 and ks = (0.2 + 0.1) cm s -1 

The potential and concentration dependence o f  p 

In the concentration range covered p '  was found to be independent  of the 
concentration of Cd(II) within experimental error. Therefore, only the poten- 
tial dependence of p '  needs to be analysed. 

If  it is assumed that  the electrode process occurs via simultaneous transfer of 
n electrons in the reaction O + ne ~ R, eqn. (1) is applicable with hf and hb 
concentration independent.  Application of eqn. (3) then leads to 

P' = 21n[Dolnhf + DR1/2kb] -1 (13) 

whence, using eqn. (2), 

p'  = (2Do)lnk~l[1 + (Do/DR) in exp(¢)] -1 

= ( 2 D o ) l n k ~ [ 1  + exp(j)] -~ (14) 

Evidently it is useful to inspect the experimentally accessible function 
p ' [1  + exp(j)](2 Do) -1/2 as for its potential dependancy since it directly 
exhibits the potential dependence of kf. With a view to eqn. (9) we plotted in 
Fig. 3 the logarithm of this function vs. ¢, as from this plot the transfer coeffi- 
cient can be deduced directly. It can be seen tha t  the plot is significantly 
curved and that  a gradually changes from 0.6 at E > El~2 to 0.1 at E < E~/:. 
Such a dramatic difference in the transfer coefficient at positive and negative 
potentials could indicate that  we are dealing with a more complex charge-trans- 
fer mechanism, involving a sequence of separate steps the rate constants of 
which are more or less strongly potential dependent.  The theory of such mech- 

- 0 5  , , , , , , , 

O 
t,4 

-25 

! I I I I I I 
- 2 0 2 

Fig. 3. Plot of In {(2Do)112 [p'(exp(j ) + 1 )]-I } vs. ¢. Solid lines A and B with slopes of 0.6 
and 0.1 respectively. (,) Measured points. 
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anisms has been described among others by Vetter [22], Hurd [23] and 
Devanathan [24]. Essential therein is the assumption that  the intermediates in 
the sequence are not  subject to diffusion away from the surface or reaction 
with the solvent or adsorption at the interface. Since we found the faradaic 
impedance to obey Randles'  behaviour with a "normal"  potential dependence 
of the Warburg coefficient, this will most  probably be valid in our case. 

Van der Pol et al. [10] have treated a number of such mechanisms, the most 
simple one being 

O + e ~ Y (R1) 

Y + e ~- R (R2) 

where O and R are the stable reactants and Y the unstable intermediate. The 
rates v~ and v2 of these steps are formally expressed in terms of concentrations, 
rate constants and equilibrium constants: 

Vl = kl[C O - -KlCy]  (15a) 

v2 = k2 [Cv -- K2CR] (15b) 

Because of the assumption above, these rates must be equal and the total cur- 
rent density is i = --F(v, + v2) = --2Fvl = --2Fv2. Elimination of Cy leads to the 
rate equation: 

klk2  
--i = 2 F  k:  + k l K ,  [Co - - K 1 K : C R ]  (16a) 

= 2 F k f [ c o  - -CR exp(¢)] (16b) 

where use is made of the thermodynamic relationship K I K :  = exp(¢). In order 
to simplify the model it is postulated [10] that  both eqns. (15a) and (15b) are 
of the "normal"  Butler--Volmer type and from this it is deduced that  one can 
write: 

ki = ks1 exp[--~ ~,¢]  (17a) 

K : k :  = ks: exp[} (1 -- ~:) ¢] (17b) 

where evidently ks, is the rate constant  of the reduction of O to Y at E = E ° 
and ks: is the rate constant of the oxidation of R to Y a t E  = E°; a ,  and a :  
being the transfer coefficients of the two separate steps. It follows that  

1 _ 1 + E L K :  _ exp[}a,~b] + exp[}(a:  + 1) ¢] (18) 

kf kl K 2 k :  ks 1 ks: 

In addition, more complex reactions can be dealt with in similar way. In Ta- 
ble 1 a systematic survey is given of a large number of possible mechanisms, in 
which the reduction of the reactant O (the highest oxidation state considered) 
to the product  R (the lowest oxidation state considered) is thought  to proceed 
by a sequence of steps of three different types: 

(1) Single electron transfer reactions (R,) and (R2) with forward (reduction) 
rate constants k 1, k2, postulated as exponential  functions of potential like eqns. 
(17). The corresponding backward (oxidation) rate constants are by definition 
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TABLE 1 

Rate equations and the corresponding relations between experimental observables 
rate constants of some reaction mechanisms (see text)  

and individu 

Mechanism Rate Rate equation 1 
determining --l / 2 F  = k f 

A . O + e  ~ Y  [R1] R1, R2 k f [ c o - - c R  exp(q~)] 1 4  K1 
Y + e  ~ R  [R2] kl  k2 

B . O  * O '  [ a c ]  I + g c  + gc~ 
o + e ~ Y [R1 ] Rc, R1, R2 kf [co  --  CR exp(¢)]  k-~ kl k 
Y + e  ~ R  [R2] 

K1 KI~ C. O + e  Y, [R1] 1 

Y * Y [Rc] R1, Rc, R2 kf[c O --C R exp(¢)]  k-~ + Fcc + ~ k ,  
Y' + e ~ R [R2 ] 

D . O + e  - ~ Y  [RI]  1 +K1 KI~ 
V + e ~ -  [R2] R I ' R 2 ' R c  k f [ c O  - - C R  exp (¢ ) ]  k 1 k-22 + k--~, 
R' ~ R [R c ] 

E. O + e  -+Y [R1] (1) R1 

2 Y -~ O + R [Rd] (2) R d 

F. O ~ O' [Rc] (1) Rc, R 1 
O ' + e ~ Y  [R1] 

2Y ~ 0 + R [Rd] (2) R d 

G . O + e  ~ Y  [R1] (1) R1 ,R  c 
y ~- y '  [R c ] 

2Y' ~ O + R [Rd] (2) R d 

1/2 1/2 , 1 ~ 1  
k f [ c o - - c o  CR exp(~q;)] 1 

kl  

kf[c~) - -  COCR exp(¢)]  g~ exp($) 
k d K d k d  

I/2 1/2 l ~_1 + K c 
k f [ c o - - c o  CR exp({¢)]  k c k, 

K c K ~  exp(¢ 
kf[c~) - -  c o c  R exp(¢)]  kd - 

c l / 2 c l / 2 e x  .Ix), k f [ c o -  0 R P t ~  J 

kf[c20 - -  cOc  R exp(¢)] 

1 KI 

(K, Kc )2 _ exl 

kd Kd 

H. 20  + 2e ~ Y [R1 ] R1, Rd 
V -~ [R ] x - O + R  d 

I. O + e ~ Y [R1 ] (1) Rm 
2Y ~ Y' [R c ] 

Y' ~- O + R [Rd] (2) Rc, R d 

1 K1 
k f [ c  2 - -  c o c  R exp((~) kl  + kd 

1 
k f [ c °  --  c l / 2 c l / 2  exp (¢ ) ]  k-~l 

K12 + K21 g c 
kf[c2o - -  cOc  R exp(¢)] k--~- k d 

J. O + R  ~ Y  [Rr]  Rr, R2 
Y + 2 e  ~ 2 R  [R1] 

K . O + R  ~ Y  [Rr]  

Y + e  ~ Y '  [R1] Rr, R1, R2 

Y' + e ~ 2R [R2 ] 

k f [ c o c  R - -  C~ exp(¢)]  

k f [CoCR --  C~t exp(¢)]  

1 + K r  
h r k,2 

1 + K  r KrK 
k-~ k l  + k2 

L. O+R ~2Y [Rr] (i) Rr 

Y+e -~R [R2] (2) R2 

1 
kf[COCR - -  c~t exp(¢)]  k r  

k ~ 1/2 1/2 K r exp[{~b] 
f t co  CR --cRexp(lq~)]  ~ = K 2 k 2  
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p ' [  1 + exp(j) ] (2Do)-1/2 Definitions 

expt~oq~bl + exp[l(a2 + 1) ~b] 
ks 1 ks~ 

1 + exp[~o~lt] ~ + exp[~(o~ 2 + 1 )¢ ]  
kc ks 1 Kc ks2 

exptl t~l¢]  + exp[l~b] ± exp[~ (0~2 + 1) ¢1 
kS1 - - ~  ~ kS 2 

1 exp(¢) exp[~a l¢]  + exp[{(o~ 2 + 1) ¢] + 
ks I Kcks 2 Kckc 

kl =,ks 1 expt--21-~l¢] 
K2 k2 = ks 2 [5  ( 1  - -  t~2) ¢] 

k 1 = ksl exp[--l~l~ b] 
K2k2 = ks2 exp[~(1 - - a  2) ¢] 

k 1 = ks 1 e x p [ - - l a l ¢ ]  . . 
kc = k'c exp[ (F/RT)(E v - -E ] ) ]  
K2k2 = ks2 exp[ l (1  - - a2 )  ¢] 

~ 1  = ~S 1 exp[ - - -~ l~]  
K2k 2 = ks2 exp[~(1 --0~2) ¢] 

2 exp(10tl ¢) 
ks 1 

1 + ~  
Kdkd 5o  
2 {k-~ + exp[½0q ~bl]e 

kslKc 1 J 
1 + exp(/) 

Kdkd(Do/DR) I/2 C~ 

ks 1 kc J 

1 + exp(j) 
Kdkd(Do/DR)I/2 c~) 

k I = ks1 exp[-~al~b] 

k 1 = ksl exp[-- lc t l¢]  

kl = ~Sl e x p [ 7 1 a l ¢ ]  
K~/2 Kckc = k c 

exp [ ( a - -  + 1 tn  /D .1/2 • { _~1 1)¢] K___~_~}X 1+ exp(]) 
~t-J 0 L~R] Co 

2 exp(l°~l ¢) 
ks 1 

{K 1 + 1 } l + e x p ( J )  
d/~c k c Kdkd (Do/DR)I/2c~) 

kl = ks 1 exp[--~¢] 

1 kl = ks I exp[--~t~l¢] 

1 exp[a¢] /  1 + exp(j) 
~ + ks2 J (Do/DR)I/2c~) 

{ k ~ + e x p [ ~ a l ¢ ]  exP[½ c t2+~)¢]}  
ks 1 Kr + ks2 

1 + exp(j) × 
(Do/DR)I/2 c~)_ 

K2k 2 = ks2 exp[(1 -- a)~b] 

1 kl = ks I exp[--~oq¢] 

g2k2 = ks2 exp[ l (1  --ct2) ¢] 

1 + exp(j) 
kr(Do/DR)I/2 c~) 

2 exp[~(a2 + 1) ¢] 
ks 2 

K2k2 = ks 2 exp[~(1 --a2) ¢] 
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TABLE 1 (cont inued)  

Mechanism Rate  Rate  equa t ion  1 = 
determining - -z /2F = k f 

M. O + R ~ 2Y [Rr ] (1) Rr k f [COCR - -  c~t exp(~b)] kr 

Y ~-Y' [Rc] 
L ¢ 1/2 1/2 T(1/2 1/2 

Y ' + e  ~ R  JR2] (2) Rc, R 2 ~f tc  O CR _ c R e x p ( l ¢ ) ]  --r + K r  /~ 
kc k2 

1 
N. O + R ~ 2Y [R r ] (1) R r k f [ C o C  R - - c  R exp(¢) ]  k--~ 

Y + e  ~ R '  [R2] (2) R2, R c 
L ¢ 1/2 l / 2 _ _ c R e x p ( l ¢ )  ] --r~I/2 +--r____h~I/2~-~ 

R'  ~ R [R c] , , f tc  o c R ~ kc 

denoted as K~hl and K2h2 where KI resp. K2 is the equilibrium constant  of the 
partial reaction. 

(2) Dismutation reactions Rd or the reverse, recombination reaction Rr, with 
forward rate constants k d resp. hr and equilibrium constants K d resp. K~. 
(Therefore, a reaction 2Y ~- O + R is called a dismutation, and a reaction O + 
R ~ 2Y is called a recombination.) 

(3) Chemical reactions Re, which do not  lead to changes of oxidation state. 
In general, one could think of a ligand exchange reaction of the type 

XLpMq + zL ~ XLp÷zM~_y + yM 

where X is the nucleus to be reduced or oxidized and L and M are ligands. It 
must  be noted that  only a heterogeneous reaction is meant,  possibly necessary 
to produce the electroactive species. The forward rate constants of such Rc 
reactions are denoted by the symbol k¢ and the backward rate constant  by 
Kck¢. 

It  is also postulated that  hd, hr, hc and Kd, K~, K¢ are independent of poten- 
tial. In some cases the general rate equation would be fairly complicated, but 
reduces to a more surveyable one if a restriction is made that  only one or two 
steps can be rate determining, the other steps being so fast that  the reactants 
involved are virtually in equilibrium [25]. In addition, in order to obtain not  
too complex expressions for the quanti ty p '  [1 + exp(])], it is sometimes neces- 
sary to assume that  the overall electrode process is dc reversible, i.e. for the dc 
surface concentrations C-o/b-R = exp(¢) and C-o = Co[1 + exp(--j)] can be 
inserted. 

Among the mechanisms treated, quite a number lead to an irreversibility 
quotient  p '  inversely proportional to the bulk concentration c~). Since in our 
experiments we did not  find such a relation, those mechanisms here evidently 
do not  apply. Also, the mechanisms with a one-term expression for 1/hf are 
excluded, in view of the curved plot in Fig. 3. Another  criterion is that  the 
model chosen should be in agreement with the fact that  in the far negative po- 
tential region d In hf/ddp tends to zero. In view of  all this there are six mecha- 
nisms left to be considered, viz.: 
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p'[ 1 + exp(j) ] (2D O )-1/2 Def in i t i ons  

I + exp(j) 
kr(Do/DR)I/2c~) K2 k2 = ks 2 exp[ 1 (1 -- a2 ) ~b] 

exp[1  ~ b ] + + 2 { ~  exp[~(a2 1 ) ¢ ] /  
ks 2 

1 + exp(/) 
kr(Do/DR) 1/2 e~) 

2 Iexp[+(o++_ + 1) ~b] exp[cb] /  
| ks2Kc + Kckc ] 

K2k2 = ks2 exp[-~(1 --or2) ¢] 

- - t h e  mechanisms  A, C, D and G1 that could  apply  on ly  if al  = 0, i.e. the  elec- 
tron-transfer step O + e ~ Y proceeds  independent  o f  potential ,  which is 
highly unlikely;  

- -  the  mechanisms  B and F1,  with the  chemical  step O ~ O' preceding the  
charge transfer, bo th  are cons is tent  with a cons tant  k~ at E ~< E °. 
In Fig. 4 the  experimental  data are f i t ted to  both  mechanisms  B and F1 with  

the opt imal  parameter values: 

mechanism B: kc = 0 .67  + 0 . 0 2  cm s -1 

k s i K ~  1 = 0 .42  + 0 . 0 2  cm s -1 , ~ = 0 .5  + 0 .03  

ks2 = 1.8 + 0.1 cm s -~ , a2 = 0 .6  + 0.1 

+ 

>~ 

- 0 5  I I 1 1 I - -  I I 

C~ 

c 

-2 

5 ̧  

I I J I I 

-4 -2 0 2 

Fig. 4. Plot  o f  In {(2Do)l/2[p'(exp(j) + 1)] -1} vs. ~. ( 
n i s m  F1; (*) measured  po ints .  

) m e c h a n i s m  B ; ( . . . . . .  ) mecha-  
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mechanism FI :  kc = 0.85 + 0.05 cm s -1 

kslKc I = 0.85 + 0.05 cm s -1 , a~ = 1.10 -+ 0.03 

The fit on mechanism B is very good, whereas with mechanism F1 the curvature 
of the theoretical line is less exactly covered by the experimental points. More- 
over, in this case a l > 1 is to be postulated, which would disprove the idea of 
Butler--Volmer behaviour of the step O + e ~ Y. It is even more liable to adopt 
an "extended mechanism F I "  by introducing another chemical step after the 
first electron transfer, i.e. Y ~ Y'. Obviously this would lead to the following 
expression for p ' :  

exp,[ ~ ¢ ] 
P'[I+exp(J)I(2D°)- '2=2 ~ + ks~Kg~ '+ ~ (19) 

A fit on this equation is of similar quality as with mechanism F1 and requires 
the parameter values: 

kc~ = 0.85 + 0.05 cm s -~ 

K~ksl = 5 + 1 cm s -~, a l  = 0.5 + 0.2 

kc~ = 1.1 + 0.1 cm s -~ 

DISCUSSION 

(i) The model 

It can be concluded that  our experimental evidence strongly favours the 
adoption of mechanism B as the most  likely pathway for the reaction Cd(II) + 
2e ~ Cd(Hg) in 1 M KF medium. The fact that  both transfer coefficients are 
found close to 0.5 encourages this conclusion, since it is often felt that  a simple 
charge-transfer step should be symmetrical in its potential dependency [24,26]. 
The two successive electron-transfer reactions are not  unusual [ 10,11,22,23, 
27,28], but more puzzling is the nature of the preceding chemical step O -~ O'. 
At present it can only be guessed that  the Cd(II) species after having been 
transported to the interface has to be transformed by a heterogeneous process 
into a more electroactive species. To put  it more concretely (but more riskily), 
it might mean that  Cd(II)--fluoride complexes are less easily reduced and also 
not  transformed infinitely fast to another complex. This is supported by the 
fact that  in less complexing media, such as NaC104 or KNO3, the electrode 
reaction is found to proceed faster. 

Here, we believe, it is most  interesting to make reference to Randles who in 
ref. [29] on his p. 212 published experimental data on the Cd(II) reduction at 
mercury from 1 M KNO3 and 0.4 M KPF6 that  are quite similar to our Fig. 3 
and that:  "give the impression that  in each case, as the actual discharge process 
becomes faster, some preliminary step which is not  influenced by the electrode 
potential becomes rate controlling". Randles suggested that  this step "might  be 
the preliminary breakdown of  a rather rigid outer hydrat ion shell", a suggestion 
that  as well might apply to the Cd(II) reduction from fluoride solutions. Of 
course it must  be said that  we restricted the analysis to the most  simple 
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schemes of  at  m os t  th ree  ra te -de te rmin ing  steps. For  example  the  fo u r  mecha-  
nisms A--D could  be c o m b i n e d  in one  general scheme O ~ O'  ~ Y ~ Y' ~ R 
R' ,  result ing in a f ive-term express ion  for  1 /kf ,  wi th  t e rms  in e x p ( ~ )  of  increas- 
ing order .  However ,  if  mechan ism B is sa t i s fac tory ,  this means  t h a t  e i ther  the  
o the r  steps are unreal ,  or  t hey  are non-ra te  de termining.  A d is t inc t ion  be tween  
these al ternatives c a n n o t  be made.  

(ii) Double-layer effects 

Appl ica t ion  of  the  F r u m k i n  co r rec t ion  has been o m i t t e d  in this paper .  In 
view of  the  absence of  any  specific adsorp t ion  in our  po ten t ia l  region the  po- 
tent ia l  in the  plane of  closest  approach  is a l inear f u n c t i o n  o f  the  e lec t rode  po- 
tent ial  E [30] .  I t  can be infer red  tha t  accoun t ing  fo r  its e f f ec t  will n o t  essen- 
tially al ter  the  reasonings p resen ted  above [ 31] .  We in tend  to  p resen t  a m o re  
fundamen ta l  discussion of  this po in t  in a subsequen t  paper  [32] .  

(iii) Comparison with literature 

A few studies r e po r t  the  values of  the  kinet ic  paramete rs  ksh and ~ in the  
classical sense (i.e. s imul taneous  two-e lec t ron  t ransfer  and Bu t l e r - -Vo lmer  
behaviour) ,  viz. Barker  [2] with faradaic rec t i f ica t ion  measu remen t s  f o u n d  
h~h = 0.25 cm s -1 and ~ = 0.15,  while Agarwal [5] ob t a ined  with the  same 
m e t h o d  c o n c e n t r a t i o n - d e p e n d e n t  values of  hsh ~ 5 cm s -1 and ~ ~ 0.5. Formal  
values o f  this hsh and ~ can be deduced  f rom the  ord ina te  and  slope at  ¢ = 0 in 
Fig. 3; we f ind hsh = 0.15 and ~ = 0.2, in reasonable  ag reemen t  with ref.  [2]  
and results ob ta ined  earlier in this ins t i tu te  [13] .  I t  is clearly ev ident  t ha t  the  
measu remen t s  in a wide po ten t ia l  region are e x t r e m e l y  useful  fo r  a m o r e  funda-  
men ta l  invest igat ion.  

The  mechan i sm p roposed  by  us is d i f f e ren t  f r om  the  mechanisms  o f  cad- 
mium ion r e duc t i on  p roposed  earlier by  Biegler e t  al. [9] fo r  the  reac t ion  in 
aqueous  1 M KCI: 

2 Cd 2÷ + 2 e ~ Cd~ ÷ 

Cd~ ÷ ~ Cd 2÷ + Cd(Hg) 

Van der  Pol  e t  al. [10]  for  the  reac t ion  also in aqueous  1 M KCI: 

CdC1 + + e # CdC1 

CdC1 ~ Cd ÷ + C1- 

2 Cd + ¢ Cd 2+ + Cd(Hg) 

and F ronaeus  et  al. [11]  fo r  the  reac t ion  in mix tu res  o f  a m m o n i u m - p e r c h l o r a t e  
and t h i o c y a n a t e  at  a cons t an t  ionic s t rength  o f  1 M in DMSO: 

Cd(SCN)~ - m  + e ~ Cd + + m S C N - ,  m = 0, 1 and 2 

Cd ÷ + e ~ Cd(Hg) 

The  same in te rp re ta t ions  were made  for  the reac t ion  in mix tu re s  o f  Br-  and  I-  
in DMSO [28] .  
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This raises the question whether the anions in the solution really can exert  
such a drastic influence on the mechanism. Note, however, that  Van der Pol's 
mechanism closely resembles our extended mechanism F1, which could also fit 
to our data although less satisfactorily compared to mechanism B. 

(iv) The question of information available 

Reinmuth [12] has argued that from measurements performed with a first- 
order technique like the impedance technique, only one operational rate 
parameter is experimentally accessible, which he calls the formal exchange 
current I0. In fact our quanti ty p ' [  1 + exp(j)] (2Do)-1/:  equals Co/Io (if the sys- 
tem is dc reversible and the initial concentration of  R is zero). It is concluded 
that unambiguous determination of the so-called second-order rate parameters, 
i.e. the transfer coefficient and the stoichiometric coefficients of  Co and CR, is 
impossible. Nevertheless, we discarded the majority of reaction mechanisms in 
Table 1 on the basis of our experiments. 

The main reason for this is that  we decided, in contrast  with Reinmuth,  to 
assume that  a certain rate equation would be applicable in the whole potential  
region examined, or more precisely, that the stoichiometric coefficients would 
be independent  of  potential.  Semi-quantitative support  for this approach is 
found in the consistency obtained with mechanism B and the concentrat ion 
independency of  p ' .  Evidently the latter argument excludes the rate equations 
of the quadratic type.  

We think that the merit of  the present work is the clear distinction between 
those mechanisms that are in principle applicable and those that  are not. Fur- 
ther confirmation and refinement of  the model  may be expected from a com- 
bination of our results with those of a s tudy with a second-order technique 
such as faradaic rectification [10] or demodulat ion [33,34] .  
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