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A potentiostatic study of polycrystalline cadmium anodes (99.99%) in KOH solutions has been 
performed. The corresponding I-t  curves obtained for potentials between -840  and -890  mV 
(versus Hg/HgO, KOHs~n) show a minimum and a maximum of current for all the concentrations 
of KOH employed, except for 0.5 M. 

The mathematical treatment applied to the region appearing after the current minimum suggests 
that the cadmium oxide growth on the metal takes place according to a diffusion-controlled, 
three-dimensional hemispherical electrocrystallization with progressive nucleation. However, a 
change in the type of nucleation must be accepted, from progressive for short times to instantaneous 
for larger times. This change is more pronounced when the KOH concentration increases and 
explains the (I2/J2m) versus (t/tm) and the log I versus log t plots established for the different models 
of electrocrystallization. 

1. Introduction 

The electrochemical behaviour of cadmium elec- 
trodes in alkaline solutions has been the object 
of many studies because of the wide application 
of the metal in batteries. A great number of 
these works deal with the anodic behaviour of 
cadmium in alkaline solutions. The lack of uni- 
form criteria on the species formed and the 
mechanism of the anodic oxidation justified 
systematic work on the electrochemical behav- 
iour of this electrode in different solutions of 
potassium hydroxide [1-3], using potentiostatic 
and potentiodynamic [1] and galvanostatic tech- 
niques [2, 3]. These electrochemical techniques, 
together with further auxiliary methods (elec- 
tron and X-ray diffraction, scanning electron 
microscopy, etc.), are the most commonly 
employed techniques in the study of metal 
oxidation. 

In the earlier work [1-3] the potentiodynamic 
curves obtained showed a sharp maximum 
(A) in the anodic region, followed by a further, 
blunter one (B) and then by a passivation zone. 
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In the cathodic region only one sharp peak (C) 
was observed. The current density of the peaks 
increased linearly with the square root of the 
sweep rate. The peak potentials did not vary at 
low sweeping speeds, but at higher values they 
showed a variation which was linearly depend- 
ent on the logarithm of the sweep rate. From the 
potentiostatic curves in the anodic range at short 
times, we obtained applied overpotential versus 
logarithm current density plots at zero time, 
which followed the Tafel relation. On the other 
hand, from the variation in the value of r/ 
(t = 0) with apptied current density, the Tafel 
plots for the anodic and cathodic galvanostatic 
plateaux were obtained. The results obtained by 
using these techniques permitted postulation of a 
mechanism for the formation of a film, composed 
of Cd(OH)2 and CdO, during the anodic oxi- 
dation process. The initial film, which is formed 
through a dissolution-precipitation mechanism, 
as found from the galvanostatic technique, 
increases in Cd(OH)2 content with respect to its 
content in CdO. It was also suggested that such 
a film continues to grow three-dimensionally, 
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the corresponding ionic species being transported 
through the pores in the initial film. During the 
cathodic process, the stoichiometric relation 
between the quantity of  CdO and Cd(OH)2 
reduced varies with the K O H  concentration, 
a greater quantity of CdO than Cd(OH)2 
being reduced when the K O H  concentration 
increases. 

The aim of the present work is to find a valid 
mathematical model for cadmium oxide growth 
in alkaline media in order to interpret the experi- 
mental results and also other recent data on 
electroformed species and its mechanism of  
formation on metal surfaces. Therefore, the 
potentiostatic oxidation of a cadmium polycrys- 
talline electrode in KOH solutions at potentials 
corresponding to the oxide formation has been 
performed. In order to study the effect of pH 
changes on the growth law, several KOH con- 
centrations have been employed. 

2. E x p e r i m e n t a l  detai ls  

The experiments were performed using a poly- 
crystalline cadmium rod (99.99% pure, Merck), 
having a diameter of 9.5 ram, placed in a vertical 
cell which allowed electrolyte circulation and N2 
bubbling through the working solution. The 
counter and reference electrodes were, respect- 
ively, a platinum mesh, with an area about 10 
times greater than the section of  the working 
electrode, and a (Hg/HgO, KOHsln) reference 
electrode, the latter connected via a Luggin 
capillary. All the potentials given in this work 
are referred to this reference electrode. The elec- 
trochemical cell and the electrodes used in this 
work have been described previously [1]. 

The experiments were performed by means of 
a mod. 551 AMEL potentiostat-galvanostat 
and the resulting curves recorded and measured 

on a 3091 Nicolet digital storage oscilloscope 
and transferred to an X-Y recorder and also to 
a LY-1800 Linseis X-Y  recorder. 

The electrolyte used was AR grade Merck 
KOH, free of carbonates, and the concentra- 
tions employed were 0.5, 1.0, 1.2, 1.4, 1.7, 2.0 
and 2 .2moldm -3 (titrated against potassium 
acid phthalate of AR grade Merck quality). All 
the solutions were prepared with deionized and 
doubly distilled water, recently purified by 

means of  a Millipore Milli-Q system. The tem- 
perature was maintained at 25.0 -I- 0.1 ~ C for all 
the experiments. 

Before each experimental determination, the 
cadmium polycrystalline electrode was polished, 
degreased and washed repeatedly with ethanol 
and Milli-Q water and also cathodically polar- 
ized at - 1450 mV versus (Hg/HgO, KOHsln) for 
2 min in order to reduce possible oxide residues 
on the metal surface, and then the selected 
potential was applied. 

3. Resul t s  

The general form of the potentiostatic curves 
obtained are of two different types which are 
shown in Fig. 1. The experimental curves exhibit 
one or the other form depending both on the 
potential applied and the concentration of the 
electrolyte. In all the cases, the potentials stud- 
ied cover the range between - 8 4 0 m V  versus 
(Hg/HgO, KOHsln) and the rest potential of 
the electrode in the working solution. These 
potentials correspond to the potentiodynamic 
peak A (cf. [1]) where the cadmium oxides are 
formed. Thus, the experimental curves obtained 
at low overpotentials are similar to that shown 
in Fig. lb, while those obtained at high over- 
potentials exhibit the form indicated in Fig. la. 
However, there is an exception for low concen- 
trations (0.5moldm-3),  because in this case, 
all the potentiostatic curves are similar to that 
corresponding to Fig. la. Curves of  the type 
shown in Fig. lb have been also found for 
copper [4, 5] and tin [6] and are typical of electro- 
crystallization processes. 

A study of the potentiostatic curves at short 
times was performed in a previous paper [1]. 
In the present work, the zone of these curves 

[ 

t 

Fig. 1. General form of the I t curves obtained. 
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Fig. 2. Potentiostatic current-time transients, 
referred to the corresponding minimum cur- 
rent, for the 2.2 mot dm -3 KOH solution (see 
text). Potential applied (mV): I, -867; 2, 
- 871; 3, - 875, 4, - 880; 5, - 883. Electrode 
area, 0.71 cm 2. 

between the minimum and the maximum value 
of the current (see Fig. lb) is the object, this 
zone corresponding to a crystal growth process. 
This formation of crystals has been shown 
experimentally by means of electron and X-ray 
diffraction and scanning electron microscopy 
(SEM) [7-11]. Therefore, the current of  the 
experimental curves has been measured as a 
function of  time taking as the origin the mini- 
mum value of  the current, since it is from this 
point that crystal growth has been demonstrated 
by SEM [12]. In Fig. 2, several of these curves 
obtained for the 2 .2moldm -3 K O H  solution 
are shown from the corresponding minimum 
current. 

4. Discussion 

The treatment of  the experimental curves for 
the region after the minimum value of the cur- 
rent has been performed in the light of the 
models developed for the formation of deposits 
by multiple nucleation and subsequent growth 
of the nuclei. In the electrocrystallization 
models, the mathematical equations obtained 
for the current depend on the type of nucleation 
taking place on the electrode and on the geo- 
metrical model considered for the film growth. 
For  both a two-dimensional or a hemispherical 
three-dimensional growth of the nuclei and 
short times, the general equation for the inten- 
sity of  current, when the nucleation rate con- 
stant, A, is great with respect to the time of  the 
process (that is, when instantaneous nucleation 
takes place) can be written in two simple limit 
forms [13-16]: 

1 = 2 ~ z F ( M / o ) h k 2 N o  t (1) 

for a two-dimensional growth and 

I = 2 ~ z f ( M / Q ) 2 k 3 N o t 2  (2) 

for a three-dimensional hemispherical growth of  
the nuclei, where k represents the rate constant 
of the crystal growth, No the number of growing 
nuclei initially on the metal surface and ~o the 
density of  the film formed. If  the nucleation 
constant is low compared with the time of  the 
process a progressive nucleation takes place, the 
result being in this case: 

I = 2 ~ z F ( M / o ) h k 2 A N o l  2 (3) 

for a two-dimensional growth and 

I = (2Tc /3 ) zF(M/o )2k3ANot  3 (4) 

when the nuclei growth is hemispheric and three- 
dimensional. 

In these types of treatment it is assumed that 
the growth of the nuclei takes place in an inde- 
pendent form, this fact being probably true in 
the initial stages. If this is the case, the age and 
the state of  growth of  the aforementioned nuclei 
is similar. Therefore, such equations are only 
valid for short times and when the time of  
growth is sufficiently high, these nuclei overlap 
and the nucleation rate decreases. 

These models have been applied with success 
to copper [5] and tin [6]. However, none of  these 
latter models can be applied to the present case 
because the I versus t, [ versus t 2 and I versus ,3 
plots did not lead to satisfactory results (no 
straight lines were found). 

Hills and co-workers [ 16-18] have shown that 
for a diffusion-controlled, hemispherical, three- 
dimensional growth of the crystals, the net 
current can be expressed as 

z F ~ ( 2 D c  )~ M }  N , 
: = - -  : ( 5 )  

0 5 
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Fig. 3. Log I versus log t plots for the 2 .2moldm -3 KOH 
solution. Potential applied (mV): 1, - 8 6 7 ;  2, - 8 7 1 ;  3, 
--875; 4, - 8 8 0 ;  5, --883; 6, --885; 7, - 8 8 7 ;  8, - 8 8 9 .  

when the nucleation is instantaneous and 

I = 2 z F n ( 2 D c ) ~ M ~ A N ~ 1 7 6  t I (6) 
3Q ~ 

for a progressive nucleation, D being the diffu- 
sion coefficient and c, the bulk concentration of 
the species involved. The other parameters have 
their normal meaning in electrocrystallization 
theory. 

Equations 1-6, even though they are approxi- 
mate forms of more complex equations (which 
can be applied for longer time ranges), are useful 
tools for testing the models and allow study of 
the mechanism of the crystal growth. 

In order to study the validity of the diffusion- 
controlled model in the system described in the 
present work, double logarithmic plots, i.e. log I 
versus log t, have been drawn for each potential. 
The resulting curves are of  the type shown in 
Fig. 3, which corresponds to the 2 .2moldm -3 
K OH solution. In these plots, two different 
linear regions can be clearly discerned. The first 
has a slope of ~ and corresponds to a zone of  the 
potentiostatic curve near the minimum value of  
the current. The second linear region exhibits a 
slope of  �89 and corresponds to times somewhat 
greater than that corresponding to the minimum 
of the experimental I - t  curve. These depend- 
ences are valid for sufficiently long times, for 
example 7s in the first linear region and 49s in 
the second linear region when the applied poten- 

I I I I ~ I m 

] 

0.1 23 

5 

4 
o 

005 

t 3/2 / 5312 

Fig. 4. Plot of 1 against t ~ for transients obtained for the 
2 .2moldm 3 KOH solution. Potential applied (mV): 1, 
- 8 6 7 ;  2, 871; 3, - 8 7 5 ;  4, - 8 8 0 ;  5, - 8 8 3 ;  6, - 8 8 5 ;  
7, - 8 8 7 .  

tial is - 8 8 9 m V  and the KOH concentration 
is 2 .2moldm 3, thus justifying the origin of 
coordinates taken in Fig. 2. Similar behaviour 
has been found for the other K O H  solutions 
employed and applied potentials leading to 
a maximum value of the current in the poten- 
tiostatic curves. 

Plots of I v e r s u s  t 3/2 and versus t ~n have also 
been obtained for all the concentrations of K O H  
used and the potentials applied in this work. The 
curves corresponding to the 2.2mol dm -3 K O H  
solution are shown in Figs 4 and 5, Again, two 
linear regions can be clearly discerned, the first 
one corresponding to a region near the mini- 
mum of the current and the second for larger 
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Fig. 5. Plot of I against t { for transients obtained for the 
2 .2moldm 3 KOH solut ion.  Potential applied (mV): 1, 
- 8 6 7 ;  2, - 8 7 1 ;  3, - 8 7 5 ;  4, - 8 8 0 ;  5, - 8 8 3 ;  6, - 8 8 5 ;  
7, -- 887; 8, -- 889. 



POTEN TIO S TATIC  STUDY OF E L E C T R O C H E M I C A L  N U C L E A T I O N  OF O X I D E  FILMS 1097 

Table 1. Dependence o f  the slopes o f  the I-t 3/2 (mp) and I-tt'2(mi) plots on the KOH concentration and the overpotential applied 

E (mV)  ~ r I (mV)  CKOH ( M )  10 2 m i ( m A s  1'2) 10 ~ mp (mAs  J'2) 

-875 7 1.0 0.67 0.21 
-876  6 1.0 0.39 0.10 
-877  5 1.0 0.30 0.06 
- 879 3 1.0 0.24 0.03 
-873 14 1.2 1.65 0.77 
--875 12 1.2 0.96 0.30 
- 877 10 1.2 0.92 0.29 
- 879 8 1.2 0.73 0.20 
- 881 6 1.2 0.45 0.09 
-883  4 1.2 0.39 0.05 
- 868 23 1.4 23.92 25.70 
- 870 21 1.4 22.41 25.27 
- 875 t6 1.4 20.35 10.06 
-878 t3 1.4 12.39 3.76 
--880 11 1.4 5.35 0.61 
-883 8 1.4 3.81 0.27 
-885 6 1.4 1.67 0.01 
-887  4 1.4 0.45 0.01 
- 868 29 1.7 34.16 67.30 
-870  27 1.7 32.88 33.66 
- 875 22 1.7 18.69 9.68 
-- 878 19 1.7 11.54 4.79 
-880  17 1.7 8.87 2.77 
- 883 14 1.7 6.07 0.87 
-885  12 1.7 4.01 0.39 
-887  10 1.7 1,34 0.07 
- 868 33 2.0 67.59 162.19 
- 870 31 2.0 67.33 133.46 
-- 875 26 2.0 56.34 98.22 
- 878 23 2.0 48.65 44.62 
-880  21 2.0 30.75 17.00 
-883 18 2.0 16.13 4.99 
- 885 16 2.0 9.69 1.06 
-887  14 2.0 5.73 0.36 
- 890 11 2.0 0.75 0.01 
-- 867 37 2.2 46.35 72.53 
- 871 33 2.2 38.67 39.47 
-875  29 2.2 31.39 3!.18 

- 880 24 2.2 24.41 9.07 
-883 21 2.2 19.51 4.82 

- 885 19 2.2 8.82 0.84 
- 887 17 2.2 1.34 0.19 

889 15 2.2 0.57 0.03 

Versus Hg/HgO, KOH~I n. 

t imes ,  in a g r e e m e n t  w i t h  E q u a t i o n s  5 a n d  6. T h e  

va lues  o f  the  s lopes  c a l c u l a t e d  f o r  t hese  l a t t e r  

p lo t s  a re  s h o w n  in T a b l e  I as a f u n c t i o n  o f  t he  

p o t e n t i a l  a p p l i e d  a n d  the  K O H  c o n c e n t r a t i o n .  

A s  s h o w n ,  fo r  all t he  c o n c e n t r a t i o n s  u s e d  a n d  a 

c e r t a i n  set  o v e r p o t e n t i a l ,  t he  va lues  o f  t hese  

s lopes  d e c r e a s e  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  

the  e lec t ro ly te .  O n  the  o t h e r  h a n d ,  w h e n  the  

o v e r p o t e n t i a l  dec reases ,  the  s lope  o f  the  co r r e s -  

p o n d i n g  p l o t s  a l so  dec reases ,  th is  d e c r e a s e  be ing  

m o r e  p r o n o u n c e d  fo r  t he  I ve r sus  t 312 p l o t s  t h a n  

fo r  the  I ve r sus  t m plo ts .  

O n  the  o t h e r  h a n d ,  E q u a t i o n s  5 a n d  6 d o  

n o t  p e r m i t  i n t e r p r e t a t i o n  o f  t he  m a x i m u m  o f  

the  c u r r e n t  f o u n d  in the  p o t e n t i o s t a t i c  curves ,  

b e c a u s e  these  e q u a t i o n s  a re  on ly  val id  fo r  s h o r t  
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Fig. 6. Non-dimensional I2/I2m versus t / t  m plots for transients 
obtained for the 1.2 mo ldm 3 KOH solution for - 8 7 5  (o)  
and - 8 8 3  (A) mV. The continuous lines correspond to 
equations 7 and 8 for instantaneous (upper curve) and 
progressive (lower curve) nucleation, respectively. 

times. When the nuclei are growing, a moment 
arrives at which the diffusion zones overlap and 
the only material that contributes to the growth 
of the film is that arriving at the electrode in a 
perpendicular direction. In the latter situation, 
the diffusion of material towards the nuclei sur- 
face can be expressed in terms of a semi-infinite 
linear diffusion to that fraction of the electrode 
surface embraced within the perimeter of the 
growing diffusion zones. On this basis, and 
taking into account the overlap of the diffusion 
zones of  the nuclei, Scharifker and Hills [18] 
have deduced equations describing the current 
transients for instantaneous and progressive 
nucleation. In each case, the current passes 
through a maximum and then approaches the 
limiting diffusion current to a planar electrode. 
The final equations resulting from the analy- 
sis of the maximum current, in reduced coor- 
dinates, are 

1.9542 
12/12 - t / t ~  {1 - exp [ -  1.2564(t/tin)l} 2 

(7) 

for an instantaneous nucleation and 

i 2 / i  2 _ 1.2254 {1 - exp [-2.3367(t / tm)2]}  2 
t/tm 

(8) 

for a progressive nucleation. Thus, the transients 
can be presented in a non-dimensional form by 
plotting 12/12 versus t/tm and compared with 
theory through Equations 7 and 8 for instan- 
taneous and progressive nucleation, respect- 

~E 1 . 0 ~  

---7.. O. 5 

I I L 
0 1 2 3 

t / t  m 

Fig. 7. Same as Fig. 6 but for 2 .2moldm -3 KOH solution 
and potentials applied (mV): - 8 8 3  (O), - 8 8 0  (~x) and 
- 8 7 1  (x ) .  

ively. The curves corresponding to the K O H  sol- 
utions of concentrations 1.2 and 2 .2moldm -3 
are represented in Figs 6 and 7. These latter plots 
show how, for all the concentrations used and 
times near the minimum value of the current, 
the experimental points can be fitted to the 
theoretical curve given by Equation 8, which 
corresponds to a progressive nucleation. For 
larger times, a certain dependence of the experi- 
mental curves on the electrolyte concentration is 
observed. Thus, for 1.0 and 1.2moldm 3 K O H  
solutions a considerable overlap with the theor- 
etical curve predicted by Equation 8 is obtained 
(cf. Fig. 6), while for the other concentrations 
employed, the experimental curves show a mix- 
ing of both types of nucleation (progressive and 
instantaneous), being more appreciable when 
the overpotential decreases (cf. Fig. 7). 

Due to the fact that for times somewhat 
greater than that corresponding to the minimum 
of current, the log I versus log t plots exhibit a 
slope of 1 it is possible that, for these values 5,  

of time, instantaneous nucleation prevails. This 
effect can be interpreted as a consequence of a 
change in the type of nucleation, this change 
being more appreciable when the overpotential 
decreases, as can be deduced from the values of 
the slopes for progressive nucleation, mp,  and 
for instantaneous nucleation, m~, which are 
shown in Table 1. The values of mp decrease 
more rapidly than mi when the overpotential 
decreases, this fact being in agreement with the 
results corresponding to the (I2/I2m) versus (t/tm) 
plots (cf. Fig. 7). 

Therefore, it is possible to postulate, for the 
formation of the oxidized species of cadmium, a 
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kinetic model of electrocrystallization with a 
three-dimensional, hemispherical growth con- 
trolled by diffusion of  the species toward the 
growth centres, with a progressive nucleation for 
times near the minimum value of current and 
instantaneous nucleation for times somewhat 
greater. It is possibly to justify this change in the 
type of  nucleation. For  short times the nuclei are 
formed and grow independently of each other. 
However, while these nuclei are growing, the 
diffusion zones corresponding to different nuclei 
overlap. It is expected that the overlapping 
decreases the nucleation rate and then, if in the 
overlapping zones there is a certain active centre 
which could be transformed in a nucleus, it will 
not be formed. This would indicate that, while 
the overlapping zones increase, the number of  
potentially active centres which will not be trans- 

formed in nuclei is greater than in the absence of  
overlapping. If  this is the case, a certain range of 
time in which the growth of  the nuclei previously 
formed predominates would exist. In this way, 
a change in the predominance of  the type of  
nucleation will take place. Thus, it seems that 
the nucleation is progressive until the sites are 
exhausted or deactivated by overlapping of the 
diffusion zones. 

On the other hand, for a set value of  the 
overpotential the relation between the slope of 
the I v e r s u s  t 3/2 plots (Equation 6), mp, and the I 
versus ?/2 plots (Equation 5), mi, which can be 
expressed as 

m~ 2 (9) 

shows the effect of changing the pH of the sol- 
ution on the kinetics of  nuclei formation. There- 
fore, the double logarithmic relation between 
mp/m i and the activity of the electrolyte [19], has 
been plotted for low values of  the overpotential. 
In this case, straight lines with slopes of  approxi- 
mately - 4 are found (Fig. 8). Consequently, for 
low overpotentials it is possible to write 

A N ~ / N  = kaK~ H (10) 

where k is a parameter which depends on the 
overpotential. This indicates that the relation 
between the number of  active centres which are 
transformed progressively in nuclei and the 
number of  active centres which are transformed 

E 

E 
o'g 

-2 

I I I 

0.2 
10g aKo H 

Fig. 8, Plots of log (mp/mi) versus log aKo H . Overpotential 
(mV): 1, 15; 2, 12; 3, 10; 4, 8. 

instantaneously in nuclei decreases when the 
activity of the electrolyte increases, in agreement 
with the above discussion (cf. Fig. 7). 
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