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The kinetics of  the potentiostatic electroreduction of  cadmium oxide layers on polycrystalline cad- 
mium electrodes have been investigated in 0.01-1.0 M N a O H  solutions. The study was undertaken 
to determine the influence of  passive film formation conditions on the electroreduction process 
of  the anodically produced hydrous cadmium hydroxide-oxide layers. By properly adjusting the elec- 
troreduction conditions the cathodic potentiostatic current transients can be satisfactorily described 
by a nucleation and growth mechanism involving the participation of  soluble Cd(II) and passivating 
anodic species. Experimental data were analysed by the application of  non linear least squares fit rou- 
tines. F rom the parametric identification procedure coherent potential dependencies of  the corre- 
sponding fitting parameters as well as reasonable values of  the physicochemical constants included 
in the reaction model, have been obtained. In this way it is possible to correlate kinetic data of  the 
electroreduction process of  the anodic oxide layers to make a discrimination between the different 
mechanistic contributions to this complex reaction involving several steps. 

1. Introduction 

The study of the electroformation and electro- 
reduction of porous hydrous oxide films on cadmium 
electrodes in alkaline media has been carried out 
mainly in relation to the electrochemical behaviour 
of rechargeable active materials in Ni-Cd battery 
cells [1-7]. For both electrodes the kinetics of the 
charge/discharge processes are influenced by both 
short time and large time range ageing effects. 
Cadmium anodization in alkaline aqueous solutions 
comprises the formation of a passivating layer consist- 
ing of Cd(OH)2 and CdO and the simultaneous gen- 
eration of soluble Cd(n) species going into solution 
[6, 8, 9]. The electroreduction of these surface layers 
furnishes a reduced cadmium overlayer whose proper- 
ties clearly depend on the applied potential routine 
during the previous anodic bias. The kinetics of the 
voltammetric electroreduction process have been 
tentatively explained through a nucleation and 
growth mechanism, although additional experimen- 
tal information was required for deriving a more 
sound conclusion [6]. This opens the possibility of 
investigating further the electroreduction of anodi- 
cally formed passive layers on cadmium electrodes 
in alkaline media. 

The aim of the present paper is to provide a new 
insight into the probable reaction mechanism 
using appropriate perturbing potential programs 
to generate the passivating cadmium oxide layer 

and following the kinetics of the electroreduction 
reaction under preset constant applied potentials. 

2. Experimental details 

The experimental setup was described in previous 
publications [6, 10, 11]. 'Specpure' cadium (Johnson 
Matthey Chemicals Ltd) in the form of rotating discs 
(0.20cm 2 apparent area) axially mounted in PTFE 
holders were used as working electrodes in x M 
NaOH, 0.1 ~< x ~< 1.0, at 25°C, under purified nitro- 
gen gas saturation. Potentials were measured against 
a SCE properly shielded, but in the text they are 
referred to the NHE scale. Cadmium electrodes were 
mechanically polished with 400 and 600 grade emery 
papers and 1.0 and 0.3 #m grit alumina-acetone sus- 
pensions, and afterwards thoroughly rinsed in triply- 
distilled water. Finally, cadmium electrodes were 
cathodically polarized for 5 min at potentials in the 
net HER range to achieve a reproducible electrore- 
duced Cd surface. Subsequently, the electrodes were 
subjected to linear potential scans between cathodic 
(Es,c) and anodic (Es,a) switching potentials suitable 
to produce a net anodic layer on the electrode 
surface, combined with potential steps, usually two 
potential steps, covering different preset potential 
regions. The first potential step (El) was applied for a 
set time (r), to modify the anodic layer in a preestab- 
lished way, i.e. to change the total amount of anodic 
product and to produce ageing effects in order to 
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Fig. 1. Influence of the concentration of NaOH solution on the 
stabilized voltammograms, v = 0.1Vs-X; Es, c = -1.46V. Es, a = 
0.24V. (a) 1.0M NaOH; (b) 0.01 M NaOH. 

vary  the ra t io  o f  the anod ic  layer  const i tuents .  The 
second po ten t i a l  step (E 0 was set sufficiently negat ive  
to e lec t roreduce  the anod ic  layers,  the co r r e spond ing  
t ransients  being sys temat ica l ly  recorded.  The  experi-  
ments  were m a d e  with  the e lec t rode  kep t  ei ther  still 
o r  under  ro t a t i on  and po ten t ia l  rout ines  are dis- 
p l ayed  as insets in the co r r e spond ing  figures. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

The v o l t a m m o g r a m s  o f  c a d m i u m  in 0.01 M and  1 M 
N a O H  at v = 0 . 1 V s  -1 run  be tween E+,c = - 1 . 4 6 V  
and  Es, a = 0 .24V are shown in Fig.  1. In  the  posi t ive  
going po ten t i a l  scan the anod ic  cur ren t  ini t iates at  a 
po ten t i a l  close to the Cd /Cd(OH)2  reversible  elec- 
t rode  po ten t ia l  and  at  least  two anod ic  cur ren t  peaks  
(I and  II)  are  r ecorded  at  more  posi t ive  potent ia ls .  The  
reverse scan exhibi ts  two ca thod ic  cur ren t  peaks  ( I I I  
and  IV) and  a net  ca thod ic  cur ren t  con t r i bu t ion  at  
po ten t ia l s  more  negat ive  than  - 1 . 1  V. These vo l t am-  
m o g r a m s  are presented  with  the pu rpose  o f  descr ib-  
ing the po ten t i a l  ranges  o f  the different e lec t rode  
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Fig. 2. Cathodic current transients for E i = -0.66 V up to different Ef values recorded after attaining the stabilized voltammogram under the 
following conditions: v = 0.01 Vs 1, E+,c = -1.36V, E+, a = 0.24V.0.1M NaOH. 
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Fig. 3. Plot of logj  against t for the initial falling part of  the electro- 
reduction current transients run for Ei = -0.66 V up to different El: 
( . )  -0.86, (V)  -0.81 and ( 0 )  -0 .76V.  Points are taken from 
current transients run as indicated in Fig. 2. 

reactions. The nomenclature and the assignments of 
the current contributions follow that indicated in pre- 
vious publications referred to cadmium voltammetry 
in strongly alkaline solutions [6, 8, 12]. 

The potentiostatic current transients related to the 
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Fig. 4. Reduced variable test plots. Instantaneous nucleation and 
2D growth equation (full lines). Points are taken from current 
transients run at different Ef after correction for the contribution 
indicated in Fig. 3. (a) 0.01 M NaOH, E i = -0.61 V, Ef = -0.81 
( 0 )  and -0 .86V (Y); (b) 1M NaOH, E i = - 0 . 7 6 V ,  E r = - 1 . 0 2  
( 0 )  and -1 .04V (y ) .  

electroreduction of the anodic layer previously 
formed at preset Es, a values, were analysed by setting 
Ef in the potential range of peak III (Fig. 2). The j - t  
curves consist of an initial spike which includes the 
double layer charging followed by a continuous 
current decay observable over the first 5 ms to attain a 
minimum current density. The current transient there- 
after rises to display a typical peak JM at the time tM 
whose value is in the order of 100ms and then 
decays. The Helmholtz layer capacitance, Cu, was 
determined from the high frequency impedance 
data at E = - 0 . 9 V  and yielded a value of about 
35 #F cm -2. 

An examination of the initial falling part of the 
electroreduction current transient, properly corrected 
for the double layer charging contribution, reveals 
that the j - t  curves in this short time range obey a 
linear logj against t relationship (Fig. 3). On the other 
hand, the rising part of the current transients exhibits 
a linear j against t relationship when the residual 
currents from the first current decay process are sub- 
tracted. Furthermore, it is interesting to note that 
such phenomenological behaviour is indeed pre- 
dicted by the instantaneous nucleation and two- 
dimensional (2D) growth model, under charge trans- 
fer control [13]. A satisfactory indication of the agree- 
ment between experimental data and the formalism of 
the preceding nucleation and growth model is found 
through the reduced-variable test plot, i.e. J/JM 
against t/tM (Fig. 4(a) and (b)) by taking also into 
account the residual-current correction. Otherwise, it 
is worth noting that independently of the selected Ef 
a nearly constant value of QM/jMtM = 0.65 ± 0.05 
can be calculated in full agreement with the theoreti- 
cal value already derived from the proposed model 
which gives 0.648 [14]. Accordingly, the cathodic 
current transients j(t), can be described by an expres- 
sion given as the sum of two processes, whose corre- 
sponding current contributions are hereby denoted 
as Jl (t) and J2 (t): 

where 

and 

j(t) = J l  ( t)  + j 2 ( t )  (1) 

Jt (t) = Pit exp(-P2 t2) (2) 

and 

P1 = 2zFzchMk2No/p 

P2 = ~M2k2No/p (5) 

where M is the molecular weight of the new phase, k 
the rate constant for crystal growth parallel to the sur- 
face, p the density of the surface layer, and h the height 

(4) 

J2( t )  = P3 exp(-P4t) (3) 

Equation 2 corresponds to the current decay of an 
instantaneous nucleation and 2D growth process 
under charge transfer control. In this case, the para- 
meters P1 and P2 are given by 
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Fig. 5. Experimental current transients ((3 symbols) and fitting of these data according to Equation 1 (full traces), 0.01 M NaOH, 
Ei = -0.61 V, at different Ef values. Ef: (a) -0.760, (b) -0.810, (c) -0.860 and (d) -0.910V. 
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Fig. 6. Experimental current transients (O symbols) and fitting of these data according to Equation 1 (full traces), 1 M NaOH, E i = -0.76V, 
at different Ef values. El: (a) -0.980, (b) -1.000, (e) -1.020, (d) -1.040 and (e) -1.060V. 

of the growing layer when No nuclei are instan- 
taneously formed. On the other hand, Equation 3 
which describes the initial falling current transient 
corrected for the double layer charging contribution, 
can be related, in principle, to an instantaneous 
nucleation and 2D growth under diffusion control 
[15]. In this case P3 and P4 are explicitly given by the 

following relationships: 

P3 = qmo,TrKjDjUo (6) 

P4 = 7rKjDjNo = e 3 / q m o n  (7) 

where qmon is the monolayer charge density, Dj the dif- 
fusion coefficient, and Kj = (87rcjMp -1) t/2. 
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Fig. 7. Dependences of P1 and P2 on El. Values of P1 and P2 derived from the fitting procedure by using Equation 1; (A) 0.01 M NaOH, 
Ei = -0.61 V; (O) 1 M NaOH, Ei = -0 .767.  
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Table 1. Parameters used for current transient fitting according to 
Equation 1 as shown in Figs 5 and 6 (full traces) 

Ef P1 P2 P3 P4 
/V /mAcm 2s-1 /S 2 /mA/cm-2 /S-I 

E i = -0.61 V, T = 3 s, 0.01 M NaOH 

-0.91 326.96 163.7 9.39 2.55 
-0.86 85.02 51.5 9.53 2.87 
-0.81 51.45 39.5 7.82 2.27 
-0.76 14.0 10.0 2.50 0.80 

E i = -0.76 V, r = 3 S, 1 M NaOH 

-1.06 177.8 92.5 16.89 5.37 
- 1.04 162.3 83.4 15.34 5.04 
--1.02 126.2 62.8 12.78 4.07 
- 1.00 89.3 43.2 10.65 3.42 
-0.98 71.3 30.1 7.95 2.63 

Figures 5 and 6 show the good agreement between 
experimental and calculated data, the latter evaluated 
from Equation 1 with the set of parameters assembled 
in Table 1. The potential dependencies of Pt and P2 
are shown in Fig. 7. Irrespective of  the Ei value in 
the range -1 .0  to -0 .75V,  the slope of  log Pi 
(i = 1,2) against Er plots, approaches a common 
value of  0.12V dec -1 for those transients recorded in 
NaOH 0.01 M, whereas in 1 M NaOH the slope is 
about 0.18Vdec -1. The qmon values resulting from 
the fitting procedure are 2.26 4- 0.15mCcm -2 (0.01 M 
NaOH) and 2.514- 0 .15mCcm -2 (1.0M NaOH). 
Taking into account an atomic radius of  0.154 nm, the 
electric charge density corresponding to the reduction 
of Cd 2+ to form a monolayer of metal on the (00 1) 
plane is close to 0.4 mC cm -2. The difference between 
the experimental and the theoretical values of  qmon, 
can be associated with an increase of  the effective 
area due to the surface roughness which implies a 
roughness factor of about 5. Indeed, the ellipso- 
metric parameters of the electroreduced Cd overlayer 
are different from those of the initial surface. This 
fact, which can be correlated to the enhancement 
of the HER current on this surface, was recently 
attributed to the development of  some microporosity 
at the cadmium overlayer [8, 12]. The estimation of  Dj 
from equation 7, assuming No = 10 -9 nuclei cm -z, 
yields a value in the order of 10-6cmZs -1 for the 
measurements performed in the pH range considered 
in this work. 

By using for the Cd ° overlayer the corresponding 
M= 112.41 gmol  - t  and p = 8.65gcm -3 values, from 
Equations 4 and 5 it is possible to calculate then the 
height of the growing layer, h -~ 1 nm. It should be 
noted that this value is close to the thickness 6 of 
the passivating films formed in the potential range 
of  peak I according to previous in situ ellipsometric 
measurements [8]. 

Nevertheless it is possible to consider a slight modi- 
fication of the theoretical model above presented in 
order to account for the edge profile of  the expanding 
centres which will not be perfect cylinders but will be 
likely to have bevelled edges [16] (Fig. 8). Thus, the 

kinetics formalism for a 2D nucleation and growth 
process under charge transfer control could be better 
written as follows. 

j~( t )  = P~(t  + Ps) exp[-P2*(t + P5) 2] (8) 

where 

and 

(9) 

(10) 

hAr  
P5 = ( p / k M )  (h 2 _ ~ r 2 ) 1 / 2 ]  (11) 

and Ar is the increment in radius compared to the 
cylindrical geometry as shown in Fig. 8. 

Data obtained for current transients in 1 M NaOH 
correlate satisfactorily (Fig. 9) with the following 
j* (t) expression, 

j*( t )  = j r ( t )  +j2(t)  (12) 

and the corresponding adjusting parameters used in 
Equation 12 are given in Table 2. The calculated layer 
thickness derived from h = P~/P~ using the modified 
model is h = 1.64 4- 0.2 nm. 

It is interesting to note that, alternatively, a 
relationship such as that presented in Equation 2 
could also be assigned to a progressive nucleation 
and growth of two-dimensional layers controlled by 
diffusion [15]. Accordingly, P~ = q lmolTrAKkD k and 
P'z = P] /q  'mon, where A denotes the nucleation rate 
constant (s -1 cm-2). By using the values of  M and p 
for the Cd ° layer and assuming a conservative value 
of  A = 1 0 6 s  -1,  and C k = 5 X  10-Umolcm -3 and 
5 x 10-9molcm -3 for 0.01 and 1M NaOH, respec- 
tively, it is possible from the above given expression 
for /~2, to estimate D k which results about 
1.5 x 10-1cm 2 s -1 and 1.5 x 10-2cm2s -1. The 
assumed values of Ck correspond to the solubilities of  
Cd(OH)2 through Cd(OH)3, which is the most abun- 
dant soluble Cd species in the studied pH range and 
has previously been detected by rrde measurements 
[17]. Hence, even when the two models are experimen- 
tally indistinguishable it seems that the definitions of 
P1 and ,°2 according to Equations 4 and 5, or its 
corrected values defined in Equations 9 and 10, are 
more appropriate to describe the kinetics of the 
system under consideration. 

Edge profile 
eor rect io /  ' I 

r 
_ _  F 

Fig. 8. A schematic representation of the expanding centre and 
the resulting geometrical quantities after edge profile correction, as 
proposed in [16]. 
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Table 2. Parameters used for  current transient fitting according to 
Equation 12 as shown in Fig. 9 (full traces) 

Ef P~ P~ P3 P4 P5 
/ V  /mA cm -2 s -1 /s -2 /mA/cm 2 /s -1 /s 

Ei = -0.76V, r = 3s, 1M NaOH 

-1.06 250.8 44.8 4.32 1.63 0.057 
-1.04 216.8 43.8 5.11 2.15 0.052 
-1.02 162.7 33.2 4.43 1.78 0.056 
-1.00 110.6 25.1 4.67 1.86 0.057 
-0.98 82.3 19.3 3.86 1.50 0.051 

The preceding analysis indicates that  the electro- 
reduct ion o f  anodically formed cadmium oxide layers 
is a complex reaction. In  principle, it is expected that  
the cor responding  reaction mechanism is consistent 
with the complex electro-oxidat ion pa thway  earlier 
advanced [6]. The anodiza t ion  o f  cadmium in N a O H  
solutions involves the fo rmat ion  of  a hydrous  
cadmium oxide layer at low anodic potentials whose 
water content  decreases as the potential  is set more  
positively. Fur thermore ,  the generat ion o f  soluble 
Cd  species at potentials more  positive than Ep,i 
has been established. Therefore,  the initial short-  
range electroreduction current  decay fitting the j - t  

Equat ion  3 can be associated with the diffusion con- 
trolled reversible electroreduction o f  Cd(II) soluble 
species yielding a cadmium overlayer on the sub- 
strate. This conclusion is consistent with the value o f  
Dj ~ 10 -6 cm 2 s -1 derived f rom P4. The long-range 
electroreduction process which can be fitted th rough  
Equa t ion  2, also involves the electroreduction o f  
thin cadmium oxide layers formed at Ei th rough  a 
2D nucleat ion and growth  mechanism under  charge 
transfer control  f rom the Cd(n) species in the oxide 
film. 

4. Conclusions 

The analysis o f  the potentiostat ic  electroreduction o f  
anodically formed cadmium oxide films has allowed 
discrimination between the mechanist ic contri- 
butions related to the entire phase change process and 
the correlat ion o f  kinetic conclusions f rom the physi- 
cal model  with those previously obtained th rough  

vol tammetr ic  and optical measurements.  The electro- 
reduct ion process can be explained th rough  a nuclea- 
t ion and growth mechanism involving soluble Cd(II) 
and passivating anodic species. 

The potentiostat ic  electroreduction current  tran- 
sients were satisfactorily described by the sum of  
two contributions,  one corresponding to an instan- 
taneous nucleation and 2D growth  process under  
charge transfer control  and a second term which 
represents the initial falling current  related to an 
instantaneous nucleat ion and 2D growth  under  dif- 
fusion control .  Da ta  derived f rom the parameters  o f  
the proposed  model  given in Equat ion  12, are in 
good  agreement  with those previously obtained 
th rough  other  measur ing techniques. 
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