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ABSTRACT 

Measurements  of cur ren t -poten t ia l  curves with solid cadmium in solutions 
of cadmium perchlorate and bar ium perchlorate under  s tat ionary and t r an -  
sient conditions indicate that  the electrode reaction proceeds via two con- 
secutive charge t ransfer  steps with adsorbed monovalent  cadmium as the 
intermediate.  The rate constants and their  dependence on potential  and cov- 
erage were calculated from the experiments.  

The kinetics of dissolution and deposition of solid 
cadmium in sulfate solutions has been investigated by 
Lorenz (1,2).  Results were in apparent  agreement  
with the assumption that  the ra te -de te rmin ing  step 
is the charge- t ransfer  react ion of Cd2+-ions with a 
charge- t ransfer  valence z ~ 2 and a cathodic t ransfer  
coefficient a ~ 0.45. The results have been quoted as a 
clear verification of the theoretical  relationships de- 
rived for such a simple transfer reaction (3, 4). How- 
ever, the verification may have been only accidental 
due to the limited exper imental  evidence. 

A mechanism involving two consecutive transfer  
reactions cannot  be excluded, namely  

k l -  
Cd 2+ + e ~ Cdad + [1] 

kl + 

k2-  
Cdad+ + e ~- Cd [2] 

Indeed, an analogous mechanism with monovalent  
metal  in the adsorbed state has been deduced from the 
kinetics of the solid zinc electrode in perchlorate solu- 
tions (5). Fur thermore,  measurements  (6-12) at cad- 
mium amalgam electrodes that yielded t ransfer  co- 
efficients close to a ---- 0.25 assuming z = 2 point  
toward the mechanism [1], [2]. In  addition, Lorenz 
(2) found a = 0.25 from measurements  of t ransi t ion 
times for the deposition of solid cadmium at high cur-  
rent  densities. 

In an at tempt  to achieve a clearer unders tanding  of 
the mechanism of the cadmium electrode, the present  
s tudy focused exper imenta l ly  on measurements  of 
cur ren t -poten t ia l  curves over a potential  range greater 
than  0.5V, variat ion of the concentrat ion of cadmium 
salt at constant ionic s t rength of the solution between 
0 and 1.3M, and measurements  of the t ime dependence 
of the polarization. It  is significant that all the experi-  
menta l  facts on the kinetics of the cadmium electrode 
from the present  investigation as well  as those of 
Lorenz (1,2) are consistent with the consecutive 
mechanism [1], [2]. Thus, a theoretical t rea tment  of 
an electrode reaction with two consecutive charge-  
t ransfer  steps is developed taking into account adsorp- 
tion of the in termediate  by  generalizing the approach 
of Gerischer and Mehl (13). The t rea tment  includes 
earlier considerations (3, 14-16) of the consecutive 
mechanism as l imit ing cases. 

Experimental 
The electrodes were made from cadmium wire with 
1 ppm of metall ic impurities.  The wire was insulated 

with Teflon except for the par t  which served as the 
electrode. The near ly  hemispherical  electrodes with an 
area of about 1 mm 2 were renewed by heat ing the 
Teflon to about 200~ pul l ing out the wire, and break-  
ing it with tweezers without  touching the electrode 
region. The electrode contained only very few grains. 
The reference electrode for fast pulse polarizations 
and the counterelectrode were made from the same 
cadmium wire. The potential  of the reference electrode 
was measured against a saturated calomel electrode 
(SCE) at room temperature.  A saturated sodium 
chloride solution separated the potassium chloride 
from the perchlorate solutions in the cell. 

Perchlorate was chosen because this anion does not 
form complexes with the cadmium ion. Moreover the 
activity of the cadmium salt can be made much higher 
than for example in sulfate solutions, and no specific 
interact ion of the anion with the metal  surface is ex-  
pected. The support ing electrolyte usual ly was a 1M 
bar ium perchlorate solution prepared from A. R. grade 
bar ium hydroxide, perchloric acid and water  t r iply 
distilled from a dilute potassium permanganate  solu- 
tion. By adding a 1M cadmium sulfate solution, bar ium 
ions were par t ia l ly  replaced by cadmium ions. The 
solutions were centr ifugated in order to remove bar i -  
um sulfate. The ionic s trength was kept constant  (with 
the exception of the 1.3M cadmium perchlorate solu:  
t ion).  Usual ly the solutions were slightly acidic at 
pH = 2 to 4. Sodium perchlorate solutions were also 
used in some experiments.  

Measurements  were performed at 0~ in a cell form- 
ing a loop in which the solution was rapidly circulated 
with a magnetic stirrer. The working electrode was 
polarized under  galvanostatic or potentiostatic condi- 
tions. A pulse generator  and a potentiostat  with rise 
times --~10-~ sec were used. The pulse heights and the 
signals from the electrode were measured with a dual -  
beam oscilloscope. 

Results 
Current -potent ia l  curves were obtained by polariz- 

ing the cadmium electrode from its rest potential  or 
equi l ibr ium potential  to other potentials by potentio-  
static pulses. After  switching on the pulse, a current  
t ransient  with an almost potent ia l - independent  decay 
time of x" < 15 ~sec was observed. This decay corre- 

sponds to the charging of the double layer capacity 
(17, 18) of 20 to 30 #F/cm 2 through the effective elec- 
t rolyte  resistance RE ~ 0.55 ohm cm 2 between the 
working electrode and the reference electrode. Values 
of CD and RE were measured independent ly  by ap- 
plying constant current  pulses and observing the po- 
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tent ial  transients. Al l  the potentials given below are 
corrected for RE �9 9 using the respect ive exper imenta l  
values of the electrolyte  resistance and of the current  
density. 

The double layer  capacity did not change with  the 
height of the current  pulse. When hydrogen evolut ion 
was the only faradaic process, the transients were  well  
described by the relat ionship of Roiter  e t  al. (3, 19, 
20). No significant f requency dispersion of CD has 
been observed which might  be caused by the roughness 
of the electrodes (21). 

When dissolution or deposition of cadmium occurred, 
under  potentiostatic conditions a slower current  t ran-  
sient fol lowed af ter  the first transient.  The character-  
istic time, v, of the slower t ransient  was in the order 
of 10 -3 to 10 -2 sec depending on exper imenta l  condi- 
tions. The l imit  for the separat ion of the two transients  
exper imenta l ly  is given by the condition that  ~' < T. 
After  the decay of the second t ransient  the current  re-  
mained constant for t imes of about 100T. If the dura-  
tion of the pulse was made longer than about 100T, 
the current  increased unti l  a new steady state was at-  
tained. 

Such tong polarizat ion was found to change the  
effective surface area, leaving the mechanism of the 
electrode reaction unaltered. These changes of the 
effective surface area are produced by depositing or 
dissolving layers of cadmium with  an average th ick-  
ness of the order of 1 urn. The s teady-s ta te  surface 
morphology is finally determined by processes of 
positive or negat ive crystal l ization (22,23), that  in 
this paper will  not be discussed further.  

On the other  hand, cur ren t -poten t ia l  curves mea-  
sured at t imes 3~ < t < 100~ correspond to steady 
states of the electrode react ion on a surface of con- 
stant morphology. In Fig. 1, s teady-sta te  current  po- 
tential  curves are shown for different cadmium salt 
concentrations. The potentials at zero current  were  
found to shift by 0~/0 log ccd2+ ----- 27 mV/decade  in- 
dicating that  the equi l ibr ium between cadmium and 
cadmium ions was established. The equi l ibr ium was 
not appreciably dis turbed by hydrogen evolut ion at 
pH --~ 3 and ccd2+ ~-- 10-3M. Curren t -poten t ia l  curves 
did not change with the  pH-va lue  of the solution. The 
anodic curve  was independent  of the cadmium salt 
concentrat ion at overvol tages  >60 mV. At  high cur-  
rent densities a constant Tafel  slope of about 108 m V /  
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Fig. 1. Current-potential curves in the steady state of the elec- 
trode reaction. 
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decade was found for both anodic and cathodic polar i -  
zations. 

The  reaction order,  Ycd2+, wi th  respect  to the cad-  
mium ions was obtained f rom cur ren t -poten t ia l  curves 
in solutions containing various concentrat ions of cad-  
mium salt. An approximate  value Ycd2+ ~ 1 was taken 
from those parts of the cathodic curves in which the 
currents  were  much smaller  than the current  l imited 
by the diffusion of cadmium ions but  much higher  than 
the exchange current  at the equi l ibr ium potential.  
Af te r  correct ing for diffusion polarizat ion which 
yielded substantial  contributions only for ccd2+ < 0.1M, 
the more exact  currents  of Fig. 2 were  obtained. 
Within the l imits of reproducibi l i ty,  the reaction order  
was found to be ycd2+ = 1.0 for ccd2+ < 10-1M, but 
for Cod2+ ~ 10-1M the react ion order appeared to drop 
to about Yc,12+ ~ 0.85. There was no dependence of 
the dissolution rate of cadmium on the concentrat ion 
of cadmium salt. 

The anodic cur ren t -poten t ia l  curve  was measured 
down to very  low current  densities in solutions free of 
cadmium salt. The low current  densities changed more  
rapidly wi th  the potent ial  than the high current  den-  
sities. Tafel  lines with slopes of 40-50 mV/decade  may  
be assigned to the exper imenta l  points shown in Fig. 
3. The cathodic Tafel  lines in Fig. 3 with a slope of 
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Fig. 2. Current densities for deposition of cadmium at different 
concentrations of Cd(CIO~)2 in solutions containing Ba(CIO4)2 to 
maintain a constant ionic strength, at e = - -0 .85V vs.  SCE and 
0~ Each symbol corresponds to a run with a particular electrode. 
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Fig. 3. Steady-state current-potential curves in 1M NaCIO4 and 
HCIO4 to tender ( Q )  pH = 2.4, and ([~) pH = 1.6, at 0~ 
Arrows indicate diffusion limited current densities of hydrogen 
evolution. 
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about 115 mV/decade  are due to hydrogen evolution 
with  the rate being near ly  proport ional  to the hydro-  
gen ion activity. 

For a quant i ta t ive  analysis of the potentiostatic 
transients  fol lowing the charging of the double layer  
the differences be tween  the current  densities, j (t) ,  at 
different t imes and the s tat ionary current  density, 
j (r162 were  plotted logar i thmical ly  against the t ime as 
shown in Fig. 4. An  exponent ia l  decrease of the excess 
current  density, j (t) --  j ( ~ ) ,  w i th  t ime was only ob- 
served when j ( t )  differed f rom j (c r  by 10% or less. 
The current  decay was faster  than exponent ia l  for 
large excess current  densities. The effect is not caused 
by in terference with  the charging of the double layer, 
since it was observed even when  the decay was very  
slow. It  was also present  for small  excess current  den-  
sities for which no significant corrections due to the 
electrolyte  resistance, RE, were  necessary. Actually,  
any correction for RE �9 j would enhance the effect. 

For both cathodic and anodic overpotent ials  the 
s tat ionary state was approached f rom higher  current  
densities. The characteris t ic  times, T, taken from the 
final exponent ia l  decay of the excess current  density 
on the cathodic side decreased for more negat ive  po- 
tentials  and on the anodic side for more posit ive po- 
tentials by about 108 mV/decade.  The t imes of decay 
were  measured at overvol tages  be tween about 0.1 and 
0.25V in a region where  corrections due to the reverse  
reaction, to concentrat ion polarization, ohmic drop, and 
in terference with the charging of the double layer  ca- 
pacity were  ra ther  small. The dependence of the ca- 
thodic t imes of decay at constant potential  upon the 
concentrat ion of cadmium salt are  plotted in Fig. 5 
on a double logari thmic scale. The decay t imes de- 
creased almost proport ional  to the cadmium perchlo-  
rate  concentration. 

At low cadmium perchlorate  concentrat ions the 
charging of the double layer  capacity was so much 
faster than the subsequent  decay of the current  that  
the faradaic currents  at t imes t ~ 0 after  changing the 
potent ial  could be measured.  The corresponding t ran-  
sient cur ren t -poten t ia l  curves were  found to be sym- 
metr ical  with respect  to the equi l ibr ium potential.  The 
t ransient  exchange current  densities were  about 0.5 
A / c m  2. The absolute accuracy of such large values is 
low due to the high RE �9 j -correct ion.  However ,  it was 
possible to compare the t ransient  exchange current  
densities for different cadmium perchlora te  concentra-  
tions by measur ing at the same electrode wi thout  
changing the geometry.  A very  small  concentrat ion de- 
pendence of the t ransient  exchange current  densities 
was observed as shown in Fig. 7. 

Discussion 
Considering the s teady-s ta te  cur ren t -potent ia l  curves, 

Vetter  (3) has given the fol lowing individual ly  suf-  
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Fig. 4. Decay of relative excess current densities, [ j ( t )  - -  

j ( o o ) ] / j ( ~ ) ,  with time after switching from the equilibrium poten- 
tial to negative overvoltages. ( G ) ,  e = --0.895V vs. SCE in 0.014M 
Cd(CIO4)2 -t- 0.99M Ba(CIO4)2, (I-]), �9 ~ --0.848V vs. SCE in 
0.15M Cd(CIO4)2 -I- 0.85M Ba(CIO4)2. 
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Fig. 5. Cathodic decay times at e = --0.85V vs. SCE as a func- 
tion of the concentration of Cd(CI04)2 in solutions of constant ionic 
strength at O~ 

ficient cr i ter ia  for the appearance of consecutive 
charge t ransfer  reactions: (a) ext rapola t ion of the 
anodic and cathodic Tafel  lines toward the equi l ibr ium 
potent ial  leads to two different current  densities; (b) 
the Tafel  line changes its slope a~/0 In j f rom a small  
value at low overvol tages  to a large value at high 
overvoltages;  and (c) the sum of the apparent  anodic 
and the cathodic t ransfer  coefficients ~' = RTO/nFO~ 
does not add up to the number  n of electrons t rans-  
ferred in the ove r -a l l  react ion (15), e.g., n : 2 for 
the cadmium electrode. The exper iments  show that  not  
only one but all  three cri ter ia  are fulfilled, except  for 
specific exper imenta l  conditions. Thus, it is safe to 
conclude that  a consecutive mechanism is operating. 
Addit ional  informat ion on the mechanism may  be de- 
r ived from the fol lowing theoret ical  t reatment .  

A consistent quant i ta t ive  in terpreta t ion of the ex-  
per iments  is impossible without  considering the ad- 
sorption of the intermediate .  In der iving the fol lowing 
general  relationships it is taken into account that  the 
monovalent  cadmium can only exist  in the adsorbed 
state. The rates of the charge t ransfer  reactions [1] 
and [2] in terms of current  densities are given by' 

J l  = k l  + ( e )  " f ( 8 )  - -  k l - ( e )  �9 a c d 2 +  " g ( 0 )  [ 3 ]  

and 

J2 = k2 + (~) �9 g(0) -- k2- (0  �9 I(e)  [4] 

with the rate constants kl,2 + (0  = k~,2 + �9 exp [~,2F~/ 
RT] and kl ,2-(e) = kl,2- �9 exp [ - - (1  -- a~,2)Fe/RT] 
and the t ransfer  coefficients a~, aa of the two steps [1] 
and [2]. The potent ial  e refers to a constant reference  
electrode like the SCE. 

The influence of the  re la t ive  surface coverage, e, by 
the in te rmedia te  on the rates is expressed by the func-  
tions 

f(e)  = e �9 exp I - - b ( 1 - -  o)] [5] 
and 

g(0) = (1 -- e) �9 exp [--ae] [6] 

The desorption of monovalent  cadmium proceeds at a 
ra te  proport ional  to the coverage a. It  is assumed, con- 
sequently,  that  the ra te  of adsorption is proport ional  
to the par t  ( 1 -  e) of the surface not yet  covered. 
Another  effect to be considered is the dependence of 
the rate  constants upon coverage. To a first approxi-  
mation, there  is a l inear  dependence of the act ivat ion 
energies of the charge- t rans fe r  reactions on the cov- 
erage as suggested by Temkin  (24). For  the act ivat ion 
energy Ea of adsorption one writes 

E~ = Ea ~ + a R T  O [7] 

and for the act ivat ion energy Ed of desorption 

Ed = Ed ~ -{- b R T  (1 -- 8) [8] 
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There are two reactions of adsorption, anodic reac-  
tion [2] and cathodic reaction [1]. It is assumed that 
[7] holds for both reactions wi th  the same potent ia l -  
independent  interact ion coefficient, a. The analogous 
assumption concerning the coefficient, b, follows f rom 
the fact that  the coefficient, A = a + b, must  be in-  
dependent  of the par t icular  reactions [1] or [2], be- 
cause A describes a thermodynamic  quanti ty,  namely,  
the change of the adsorption enthalpy with coverage 
at the equi l ibr ium of the cadmium electrode. 

The rates of dissolution or deposition of cadmium 
are given by 

J-----212r22 [9] 

The stat ionary state is character ized by Jl = J2. Af te r  
el iminat ion of ei ther  I(o) or g(0) two equivalent  
equations for the steady state current  density, j ( ~ ) ,  
are obtained 

j ( ~ )  ---- 2 g(0) �9 

k, + (,) �9 k2 + (~) -- k t -  (~) �9 k~- (~) �9 ac,r,+ 
[10] 

kl  + (*) + k2- (~) 
and 

j ( ~ )  = 2J:(o) �9 

kl + (e) �9 k2 + (~) -- k l -  (e) �9 k2- (e) �9 acd2+ 
[11] 

k , -  (~) �9 aca2+ + k2 + (~) 

The adsorption isotherm describing the dependence of 
the s teady-s ta te  coverage on potential  and cadmium 
ion act ivi ty  follows f rom [5], [6], [10], and [11] 

# 
exp [ao -- b(1 -- 0)] 

1 - - 0  
k l -  (~) �9 acd2+ + k2 + (~) 

= [12] 
kl + (~) § k2- (~) 

At large posit ive potentials  both anodic rate  constants 
become much larger  than the cathodic rate constants. 
Then, as one can easily show, the potential  dependence 
of the ra te  is given by 0/0  ~ R T / ~ F  if kl + (~) 
~ k.2+(e) or by 0 /0  = R T / a 2 F ,  if kl+(~) > >  
k,, + (~). For  k1+(~) ~ k2 + (~) and a1=~2 the slope of 
the Tafel  line depends on the potential.  Analogously,  
at large negat ive potentials the Tafel  slope is Oe/O In j -  
= R T / ( 1  - -  a l ) F  for k l - ( e )  acd2+ > >  k 2 - ( e )  and 
Oe/O In j -  = R T / ( 1  - -  ~2)F for  k l - ( e ) a c d 2 +  < <  
k~- (~). The earl ier  s ta tement  (3, 14, 15) that  the Tafel  
slopes at high overvol tages  are determined by the 
t ransfer  coefficients of the respect ive preceding reac-  
tion step does not hold when  considering adsorbed 
intermediates.  Exper imenta l ly ,  it was found that  0 
In j •  = 2F /RT on both the cathodic and anodic sides. 
One concludes that  a, ---- a2 ----- 0.5 wi th in  the l imits of 
exper imenta l  accuracy of at least •  

If  at acd2+ --> 0 the cathodic cur ren t  density for the 
deposition of cadmium becomes negligible, at negat ive  
p o t e n t i a l s  k 2 - ( e  ) must  become large compared to 
kl + (~). In this case, the equi l ibr ium [2] is not appre-  
ciably dis turbed by the anodic dissolution of cadmium; 
the coverage, 0, depends s t rongly on the potential;  
and the Tafel  slope is 0E/0 In j+ = R T / ( 1  + ~)F. This 
behavior  is in good agreement  wi th  the anodic cur ren t -  
potent ial  curve  of Fig. 3. 

On the other  hand, it follows f rom [12] that  for 
aca2 + -> 0 the  coverage approaches 0-  ~ 0 at negat ive  
potentials, and the re fore  g(0_)  --> 1. As long as the ac- 
t iv i ty  of cadmium ions is small  enough, [1 -- g ( 0 - ) ]  
< <  1, and the current  density, j_ ,  at constant potent ial  
stays proport ional  to the activity,  aca2 +, as is deduced 
f rom [10]. The current  density, j_ ,  increases less than 
proport ional  to the act ivi ty  of cadmium ions as soon 
as g ( 0 - )  deviates f rom uni ty  appreciably. For  ve ry  
high activities the coverage may  approach its l imit ing 
value 0- --> i, or [I -- f ( o - ) ]  < <  i. Under this con- 
dition, the rate of deposition is independent of the ac- 
tivity, aca2+, according to [11]. 
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The activities and the concentrat ions of the cad-  
mium ions are proport ional  to each other, since the 
exper iments  were  done at constant ionic s t rength and 
since the act ivi ty  coefficients of cadmium perchlo-  
rate and bar ium perchlorate  solutions are near ly  equal. 
For the purpose of the fol lowing numerica l  calcu- 
lations it suffices to refer  to concentrations. 

From the measurements  at low concentrat ions Fig. 
2 yields the rate constant k l -  = j - ( ~ ) / 2 c c d 2 + .  Ex-  
t rapolat ing to high cadmium salt concentrations, one 
obtains g ( 0 - )  ---- j - ( z v ) / 2 k , -  �9 CCd2+. At the highest 
concentrat ion ccd2+ = 1.3M a va lue  of g ( 0 - )  ~ 0.5 was 
found. A definite value of the interact ion coefficient, a, 
cannot be calculated f rom such small  deviat ions of 
g (0 - )  f rom unity. One finds that, qual i ta t ively,  k.,- > 
k 1 -  �9 CCd2+ u p  t o  the  highest concentrations.  

An impor tant  step in calculat ing the six unknown 
parameters  a, b, kl.2 • is the considerat ion of the de-  
pendence of the cathodic decay t imes on the concen-  
tration, cc~2+, shown in Fig. 5. Generally,  the t r an -  
sient currents  flowing after  switching from the equi-  
l ibr ium potent ial  to another  constant potent ial  are 
given by [9] insert ing [3] and [4] and the change 
of coverage wi th  t ime which may  be calculated f rom 
[13] 

Q �9 d o / d t  = [ k l - ( c )  �9 acd2+ -f- k2 + (e)] g(0) 
- -  [k l+ (E)  + k 2 - ( ~ ) ]  f (0 )  [13] 

where  Q is the charge necessary to cover the bare 
cadmium surface complete ly  wi th  monovalent  cad- 
mium. Equat ion [13] describes how the  steady state of 
[12] is approached f rom the equi l ibr ium coverage 0o 
at t -~ 0. Due to the complicated nature  of the func-  
tions f(0) and g(o) an exponent ia l  decay of the cur-  
rent  is genera l ly  not to be expected. The decay should 
be faster  than exponent ia l  as long as 0 changes rapidly 
at small  t imes after a potential  step. Such a behavior  
was observed exper imental ly .  However ,  if e i ther  0 or 
(1 -- o) are close to unity or if 0 is close to its s teady-  
state value, the var ia t ion of the exponent ia l  terms of 
[5] and [6] wi th  0 can be neglected. The coverage then 
changes, as if  the isotherm w e r e  of the Langmuir - type .  
The excess current  densities decay almost exponent ia l -  
ly according to the solution der ived by Gerischer and 
Mehl (13) 

j ( t )  -- j ( ~ )  t 
= exp -- - -  [14] 

j* _ j ( ~ )  

The current  density, j*, is obtained by extrapolat ion 
to t --> 0 of the exponent ia l  decay, but it is not the t rue  
t ransient  current  density for t --> 0. The decay time, r, 
is given by 

Q / x ~  [k l - (E)  "acde~ ~- ke+(e)]  exp [ - - a0 ]  
-{- [kl+(~) + k e - ( e ) ]  exp I - - b ( 1 - - 0 ) ]  [15] 

In [15], the rate constants are corrected for  their  de-  
pendence on the coverage. By definition, the  rate con- 
stants, kl + and ke- ,  correspond to 0 = 1 and the rate  
constants, k l -  and k 2+, to  0 = 0. 

The reciprocal,  cathodic and anodic decay t imes at 
high overvol tages  were  found to change with  the po- 
tent ial  in the same way as the rate  constants, in agree-  
ment  with [15]. Decay t imes are de termined  by the 
fastest of the rate  constants. Cathodic decay times are 
expected to be independent  of the activity,  acd2+, at 
low activit ies and proport ional  to the act ivi ty  at high 
activities. F rom Fig. 5, it follows that  k l -  (E) �9 C c d 2 +  �9 

exp [--ao] apparent ly  surpasses k2-(~) �9 exp [ - -b  
(1 - - 0 ) ]  even at re la t ive ly  low concentrations, cca2+. 
On the other  hand, ra ther  small  deviations of g ( o - )  
f rom uni ty  are calculated f rom Fig. 2. Both the ex-  
per iments  of Fig. 2 and 5 are compatible,  only if b > a. 
However ,  a whole set of interact ion coefficients does 
agree with  the two exper iments  alrfiost equal ly  well. 

The ambigui ty  is complete ly  removed  by consider-  
ing the in terdependence of the cathodic and the anodic 
rate  constants. Thermodynamics  requires  kt + (e) �9 
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k2 + (e) = k l -  (E) �9 k2- (e) �9 aCd2+ at the equi l ibr ium 
potential,  e = ~o. A second condition to be fulfilled is 
that  f rom its constant value  at posit ive potentials, 
f (o+)  must  begin to drop rapidly  as soon as the po-  
tent ial  gets more  negat ive  than  about c = --0.6V vs .  
SCE, because of the increasing steepness of the anodic 
cur ren t -poten t ia l  curves shown in Fig. 1 and 3. The 
two conditions can be fulfilled wi th  a wel l -def ined pair  
of interact ion coefficients only. The selection of a pair  
of interact ion coefficients wi th  a large value  of A = 
a -F b leads to a large ra te  constant, k2-,  and a large 
product, kl + (~o) �9 k2 + (co). F rom the Tafel  line at high 
anodic overvol tages  and constant coverage, ~+, the 
individual  values of kl + (c) and k., + (e) are obtained. 
In the case of too large values of A, the calculated 
anodic cur ren t -poten t ia l  curves are found to increase 
their  slope at too negat ive potentials.  

By successive approximat ion the parameters  for op- 
t imal  description of the exper iments  were  obtained. 
The result ing interact ion coefficients are a = 0 and 
b ~ 10. This indicates that  the la teral  interact ion of 
the adsorbed monovalen t  cadmium only affects the 
act ivation energy of desorption. The rate constants at 
c = --0.TV vs .  SCE are kl + = 10 -3 [A/cm2], k l -  = 38 
[A cm/mol ] ,  k2 + = 1.7 [A/cm2], and k._,- ~ 8.0 
[A/cm2]. Using these parameters  the solid lines in 
Fig. 1, 2, 3, and 5 were  calculated. 

With sl ightly more d ivergent  interact ion coefficients 
such as a ~ - - 1  and b ~ 12, a good fit of the concen-  
t rat ion dependence of the cathodic decay t imes is also 
obtained. However ,  the rate  constants are left  almost 
unchanged by such small  changes, and there  is ve ry  
lit t le effect on the genera l  form of the cur ren t -poten t ia l  
curves. 

The cur ren t -poten t ia l  curves measured  by Lorenz 
(2) for overvol tages  <0.1V coincide wi th  the calcu- 
lated curves as wel l  as the measurements  in Fig. 1. 
However ,  the current  densities observed in the ear l ier  
work  are displaced to lower  current  densities by a 
factor of about two. This may  be due to an inhibit ing 
effect of the sulfate solutions as compared to the per -  
chlorate solutions (11). The inhibit ing effect of sulfate 
should be even larger  than just  est imated:  the mea-  
surements  of Lorenz (2) were  per formed at 20~ the 
present  ones at 0~ According to the present  results, 
the  apparent  symmet ry  of the current  potent ial  curves 
at potentials be tween c = --0.6V and ~ = --0.8V vs .  
SCE is due to the similar  influences of k~- on the 
anodic rate  and of k., + on the cathodic rate. 

F rom the rate constants one may  evaluate  the cov- 
erage as a function of the potent ial  using (12). The  
coverage changes be tween the potent ia l  independent  
values, ~+ at ve ry  posi t ive potentials,  and e -  at very  
negat ive potentials, wi th  the equi l ibr ium coverage, ~o, 
in between. The coverages, e -  and ~o, depend on the 
concentrat ion of cadmium perchlorate  as shown in 
Fig. 6. The coverage, ~-,  is almost proport ional  to 
the concentrat ion for ~_ < 0.1 corresponding to 
ccd2§ ~ 10-2M. The equi l ibr ium coverage is almost 
proport ional  to the logar i thm of the concentrat ion in 
the range plotted in Fig. 6. The coverage, ~ +, na tura l ly  
is independent  of the concentrat ion and has a value 
close to unity because kt + < <  k2 +. From the equi l ib-  
r ium coverage, the s teady-s ta te  exchange current  den-  
sities, Jo ( ~ ) ,  were  calculated using [16] 

k~ + (Co) - k2 + (~o) 
J o ( ~ )  = 2](eo) [16] 

k l -  (Co) �9 acd2+ -{- k2 + (Co) 

or any other  of the four equivalent  equations to be 
der ived from [10] and [11] for j ( ~ )  = 0. In Fig. 7, 
the s teady-s ta te  exchange current  densities are plotted 
as a function of the concentration, Ccd2+, along with  
Lorenz's exper imenta l  results (2) der ived from the 
equi l ibr ium polarization resistance. The slopes of the 
two lines are exact ly  the same. The displacement by 
a constant factor is the result  of the different exper i -  
menta l  conditions, as ment ioned above. 
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Fig. 6. Relative coverages with adsorbed monovalent cadmium, 
[ A ] ,  at very positive potentials, e+;  [ [ ] ] ,  at very negative poten- 
tials, ~ - ,  and [ � 9  at equilibrium, ~o, calculated from the ex- 
periments for different concentrations of Cd(CIO0,_,. 
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Fig. 7. Steady-state and transient exchange current densities, 
Jo(~) and jo(O), for different concentrations of cadmium salt at 
constant ionic strength. [ G ] ,  Jo(~);  [ A ] ,  jo(0) calculated from 
the experiments; and [ A ] ,  jo(0) by direct measurements in per- 
chlorate solutions at 0~ [ O ] ,  j o (~ )  from measurements of the 
equilibrium polarization resistance by Lorenz (2) in solutions con- 
taining CdSO4 -J- 1.5M K2S04 at 20~ 

At the equi l ibr ium of the cadmium electrode the 
two steps [1] and [2] wi th  two different exchange  cur-  
rent  densities are also in equil ibrium. The exchange 
current  densities of each step are  obtained f rom [3] 
and [4] wi th  jl  = 0 or J2 = 0. By comparison with  [16] 
one deduces the relat ionship 

2 / j o ( ~ )  = (I / j l .o)  + (1/j2,o) [17] 

Under  t ransient  conditions, j ,  ~ J2, but  [9] is still  
valid. A transient  cur ren t -poten t ia l  curve  measured 
for the t ime t ~ 0 af ter  switching f rom the equi l ib-  
r ium potential  to other  potentials  should yield Tafel  
lines wi th  a slope of 2 R T / F  at high overvoltages.  The 
extrapolat ion of the anodic and cathodic Tafel  lines to 
the equi l ibr ium potent ial  should lead to a common 
transient  exchange current  density which  is the sum 
of the exchange current  densities of the two steps 

jo(0) = j~.o + j._,,o [18] 

The transient  exchange current  densities are de ter -  
mined by the fastest step. On the other  hand, the  
s teady-s ta te  exchange current  densities are de te r -  
mined by the slowest step. Since J-~,o exceeds Jl,o for 
all possible concentrations, ccd~+, the t ransient  current  
densities are always larger  than the s teady-s ta te  cur-  
rent  densities. Such a behavior  is not genera l ly  ex-  
pected but more  probable than j (0)  < j ( ~ ) ,  because 
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j(o) 1 I- f(0o) g(8o) -I 
2 + j L19] 

as der ived  ear l ie r  (5). The t rans ient  exchange  cur ren t  
densi t ies  obta ined by  di rec t  measu remen t  and ind i rec t -  
ly  by  calculat ion f rom the  other  exper iments  a re  in 
excel len t  agreement ,  which  can be considered as an-  
o ther  proof  for  the  va l id i ty  of the  proposed mechanism.  

The first o rder  ra te  constants  of s tep [2] in both 
direct ions of the reac t ion  a re  a lways  la rger  than  the 
ra te  constants  of step [1] even at the  highest  cadmium 
perch lo ra te  concentrat ions.  Therefore,  one might  con- 
s ider  step [1] to be ra te  determining.  This does not 
mean  tha t  step [2] is a lways  in equi l ibr ium.  At  high 
overvol tages  the respect ive  reverse  react ions  of both 
steps do not have any influence on the ra te  of the  over -  
al l  reaction. Al though  the ra te  constants  of s tep [2] 
a re  r e l a t ive ly  high, the  electronic in terac t ion  be tween  
the cadmium meta l  and the adsorbed  monovalen t  cad-  
mium is s t i l l  ve ry  weak.  The kinet ics  can be expla ined  
wi th  t rans fe r  coefficients of ~ = 0.5 for  both  steps and 
wi th  a wel l -def ined  monova len t  in te rmedia te .  There -  
fore, the  monovalen t  cadmium wi th  the  center  of its 
charge in the Helmhol tz  l ayer  must  be separa ted  from 
the metal .  The obvious model  is to assume tha t  the  
monovalen t  cadmium is bound to the  meta l  by  a wa te r  
bridge.  Thus, step [2] is a m e t a l / i o n  react ion (3) wi th  
the charge  being t r ans fe r red  by  the meta l  ion. On the 
o ther  hand, s tep [1] is a typ ica l  redox  react ion wi th  
electrons ca r ry ing  the charge  across the  Helmhol tz  
layer .  

The compara t ive ly  low ra te  constants  of step [1] 
m a y  be assigned to drast ic  differences in the solvat ion 
sheets of cadmium ions in the  solut ion and of adsorbed  
monova len t  cadmium,  according to the  theory  of redox 
react ions r ecen t ly  rev iewed  by  Levich (25). Therefore,  
one m a y  suppose tha t  only  smal l  r ea r rangemen t s  of 
the  solvat ion sheets of the  comple te ly  d ischarged meta l  
in the surface and of the  adsorbed monovalen t  meta l  
a re  lef t  for the  fu r the r  react ion of s tep [2] resul t ing  
in a r e l a t ive ly  la rge  rate.  
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