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The mechanism of formation of spongy deposits on inert substrates at low overpotentials is discussed. 
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current density 
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limiting current density under spherical 
diffusion control 
number of electrons 
number of nuclei (cm 2) 
radius of growing nucleus 
radius of critical nucleus 
radius of growing nucleus at which 
deposition becomes mixed controlled 
time 
induction time for spongy growth 
initiation 
molar volume 
surface energy 
thickness of  diffusion layer 
slope of cathodic Tafel line 
slope of anodic Tafel line 

1. Introduction 

It is known that two kinds of disperse deposits can 
be formed during prolonged deposition: spongy at 
low and dendritic at high deposition overpotentials 
[ 1 ]. The mechanisms of dendrite growth and 
dendrite initiation were quantitatively described in 
recent papers [2-4] and a number of  other papers 
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also deal with it [5-8]. In contrast, the mechanism 
of spongy deposit formation has not been treated 
quantitatively, although some qualitative aspects 
have been considered [3, 9-15].  The purpose of 
this work is to discuss some further aspects of  this 
phenomenon. 

2. Experimental details 

The electrolytes used throughout this work were 
0.1 mol dm -3 zincate solution in I mol dm -3 
KOH for the electrodeposition of zinc and 
1 mol dm -3 CdSO4 + 0.5 tool dm -3 H2SO 4 and 
0.005 moldm -3 CdSO4 + 0 .4moldm -3 K2SO4 + 
0.1 mol dm -3 H2SOe for the electrodeposition of 
cadmium. The solutions were prepared from AR 
grade reagents and triple-distilled water. Con- 
centrated zincate stock solution was made by 
dissolving ZnO in concentrated CO2-free KOH 
solution at 80 to 90 ~ C, in a flask under reflux in a 
nitrogen atmosphere. After dilution, the solution 
was analysed for zinc by EDTA-titration and for 
KOH by acidimetric titration. All experiments 
were carried out in a three compartment glass cell 
at 25 ~ C, with tube for bubbling nitrogen. 

Zinc and cadmium were deposited onto a 
stationary vertical copper cathodes. Prior to each 
experiment the surface of the electrode was 
mechanically polished with silicon carbide paper 
(grits 180, 320 and 600) and then with alumina 
powders (1.0 and 0.3/lm) and etched in 80% 
H2SO4 solution. The electrode was held in a 
Teflon holder exposing only the surface to be 
polished. The counter electrode was a high purity 
(99.99%) zinc plate for experiments with zinc and 
a high purity (99.99%) cadmium plate for those 
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with cadmium. The reference electrodes were a 
Hg/HgO and a saturated mercurous sulphate elec- 
t rode connected to the Luggin capillary via a salt 

bridge o f  the test solution. 
The experiments consisted o f  setting the elec- 

t rode at a constant  potential ,  negative to the 

reversible potent ial  o f  zinc or cadmium, by  means 
of  a Wenking potent iostat ,  for a chosen period of  
time. A PAR-175-programmer and Tektronix 
( type 564B) oscilloscope were employed to deter- 
mine the Ohmic drop correction. After a period of  
deposit ion,  the electrode was taken out  of  the cell, 

Fig. 1. Zinc deposits at 20 mV from 0.1 mol dm -3 zincate and 1 mol dm -3 KOH solution. (a) 10 rain SEM, 60 °, × 6450. 
(b) 20 rain SEM, 60 °, × 6450. (c) 30 rain SEM, 60 °, × 860. (d) 60 rain SEM, 60 °, × 860. 
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washed and dried. The morphology of the deposits 
was investigated by scanning electron microscopy. 

3. Results and discussion 

The SEM pictures of zinc deposited at over- 
potentials of  20 and 100 mV as a function of 
deposition time, are presented in Figs. 1 and 2, 
respectively�9 It is seen that a spongy deposit is 
formed at 20mV, and dendritic one at 100inV. 
This is in accordance with the literature [3, 9-11 ]. 

It is known that at constant overpotential the 
number of nuclei increases with pulse duration, 
tending to a saturation value at higher durations�9 
At the same time the saturation values, i.e. the 
maximum number of nucleation sites which can 
be occupied increases with overpotential [16]. 

At high overpotentials, many nuclei are formed, 
resulting in a rapid formation of a compact surface 
film of metal. In this case the system behaves 
similarly to when the deposition is onto zinc itself 
[4]. It is seen from Fig. 2a that after 5 rain at 
100 mV, the inert substrate is completely covered 
in deposit and dendritic growth has begun�9 During 
prolonged deposition, classical flat dendrites 
[10, 11] are formed, see Fig. 2b. Deposits of this 

kind were obtained at overpotentials larger than 
80 mV. 

The formation of spongy deposits can be 
explained in the following way: 

The relation between r/and i is given by 

i = 
io [exp (nlno,D - exp ( -  n/no,a)] 

1 + to exp (n/%,e) 
lL 

i0(fl - - f : )  

I+~A 
lL 

(1) 

Obviously, at low overpotentials, the form of the 
deposit is determined by the i o / i  L ratio. Deposition 
will be activation controlled if 

io ~ 1 (2) 
iL 

and diffusion controlled if 

io >> 1 (3) 
iL 

At low overpotentials small numbers of nuclei are 
formed and they grow independently, see Fig. 1 a. 

Fig. 2. Zinc deposits at 100 mV from 0.1 moldm -3 zincate and 1 moldm -3 KOH solution. (a) 5 min SEM, 60 ~ • 4300. 
(b) 60 min SEM, 60 ~ X 86. 
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The diffusion limited current to the growing 
nucleus is given by 

o r  

nFDCo 
iL,s  --  ( 4 )  

r 

iL6 
iL, s = (s) ?, 

It can be assumed that the process enters mixed 
activation - diffusion control at 

i ~> 0.2in (6) 

and by  combining Equations 1, 5 and 6, one 
obtains, 

i L 6 
(7) 

r e  - i0 4 A -  5f2 

the value of  the radius of  the growing nucleus 
when the process becomes mixed controlled. The 
critical radius at overpotential r/is given by 

27V 
r0 - (8) 

n F  

being extremely low even at low overpotentials 
[17]. 

The radius of  growing nucleus will vary with 
time according to [18] 

V V 
r = ro + ~-~ io f t  ~ ~-~ i o f t  (9) 

and by combining Equations 7 and 9, it can be 
shown that r e will be reached at 

i L nF6  

ti -- i~ V f ( 4 f l  - -  5f2)" (10) 

In this situation, amplification o f  the surface 
roughness, or rather, o f  surface irregularities on 
the growing nucleus takes place [1, 19], just  as in 
the case of  deposition onto stationary wire elec- 
trodes in mixed or diffusion control. (See Fig. 2 
from [20]; plate 1 from [21], and Fig. 6 from 
[22] .) Once initiated, the amplification of  surface 
protrusions lead to the formation of the spherical 
aglomerate of  filaments, which form spongy 
deposits [ 10]. This discussion is illustrated by  
Figs. la  and lb.  It is also seen from the same 
figures that in this system, 10 min < t i < 20 min. 
The estimated value of  t i ~ 2 rain at r / =  2 0 m V  
using Equation 10 and i L = 10-2 A cm -2, io = 
10-1A cm -z, 2.3~7o, e = 120 mVdec  -1, 2.3~o,A = 

4 0 m V d e c  -1 [3, 5], 6 = 2 x 10 -2 cm, a n d V  = 
9.15 cm 3 mo1-1, is in a relatively good agreement 
with experiment. 

The coverage of  the electrode surface by 
spongy deposits increases with deposition time up 
to full coverage, as seen from Figs. lc and ld.  This 
kind of  deposit is obtained in the present work 
up to an overpotential of  40 inV. It is evident that 
spongy deposit formation by the proposed mech- 
anism is only possible with relatively high i0 values. 

It was found in this work that in the over- 
potential range 4 0 m V  < ~ < 80mV,  a compact 
deposit is formed during a relatively long induction 
time, after which spongy or dendritic, or both 
kinds of  deposits are developed on the electrode, 
as shown in Fig. 3. This situation, probably the 
same as in the case of  deposition on the same 
substrate, was beyond the scope of  this work. 

Similar situations arise in cadmium deposition 
from 0.005 mol dm-3 C d S O  4 ill a sulphate 
medium, as can be seen from Fig. 4. At low over- 
potentials spongy deposits are formed (Figs. 4a 
and b) and dendrites at higher ones (Fig. 4c). In 
the deposition of cadmium from 1 mol dm -3 
CdSO4, the situation is quite different, as can be 
seen from Figs. 5 and 6. After small deposition 

Fig. 3. Zinc deposit at 60 mV from 0.1 tool dm -3 zincate 
and 1 rnol dm -3 KOH solution after 270 man SEM, 60 ~ 
• 
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Fig. 4. Cadmium deposits from 0.005 moldm -s CdSO 4 

and 0.4 moldm -3 K~SO 4 + 0.1 moldm -3 HzSO 4 solution. 
(a) at 10 mV, I0 h SEM, 20 ~ X 780. (b) at 20 mV, 3 h 
SEM, 20 ~ • 780. (c) at 40 mV, 2 h SEM, 20 ~ X 234. 

times, grains wi th  well defined crystal planes are 
formed (Fig. 5); at high deposi t ion times, crystal- 

line deposits are obta ined  (Fig. 6). This can be 
explained in the following way. According to 

Lorenz [23], for cadmium deposi t ion from 

sulphate solut ion,  the characteristics are 2.3r/o, c = 
60 m V  dec -1 , 2.3rTo,a = 50 m V  dec -1, io 
1 m a c r o  -2 and io ~ 1 0 m A c m  -2 for 0.005 
mol  dm -a and 1.0 tool dm -3 CdSOg, respectively. 

Corresponding l imit ing diffusion currents  can be 
assumed to be ~ 0.5 m A c m  -2 and 1 0 0 m A c m  -2 
i f 6  ~ 2 x 10 -2 cm a n d D  = 10 -s cm 2 s -1. Using 

these data, ~7 = 10mV,  V =  13 cm 3 mo1-1 and 
Equa t ion  10, it is easy to calculate that  in bo th  
cases t i is o f  the order o f  20 h. This is in relatively 
good agreement  wi th  exper imental  findings in 
deposi t ion  from 0.005 mol  dm -3 CdSO4 (Fig. 4a), 
and in  disagreement wi th  results obta ined  in 
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Fig. 5. Cadmium deposits from 1.0 moldm -3 CdSO 4 and 0.5 moldm -a H2SO 4 solution. (a) at 10mV, 24 min SEM, 
20 ~ X 156. (b) at 40 mV, 4 min SEM, 20 ~ • 156. (c) at 60 mV, 2 min SEM, 20 ~ • 156. (d) at 110 mV, 1.33 min SEM, 
20 ~ X 156. 

deposition from 1.0 tool dm -a CdSO4 (Figs. 5a 
and 6a). This is due to the following facts. It is 
easy to calculate using Equation 7 and appropriate 
constant that 

r c ~, 6 (11) 
and 

r e ~ 208 (12) 

for deposition from 0.005 mol d m  -3 CdSO 4 and 
1.0 tool dm -3 CdSO4, respectively. Assuming that 
around each grain with radius r, growing under 
spherical diffusion control, a diffusion layer of 
the same thickness is formed, it is obvious that this 
condition is fulfilled if 
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Fig. 6. Cadmium deposits from 1.0 mol dm -~ CdSO 4 and 0.5 mol dm -3 H~SO4 solution. (a) at 10 mV, 10 h SEM, 60 ~ , 
X 86. (b) at 40 mV, 2.0 h SEM, 60 ~ X 86. (c) at 70 mV, 1.0 h SEM, 60 ~ X 86. (d) at 110 mV, 30 min SEM, 60 ~ X 37. 

1 
N <~ (13) 

(4re) 2 

Hence, for deposition from 0.005 mol dm-3 CdS04  

N ~< 150 

and for deposition from 1.0 mol dm -a CdSO4 

N~< 0.4. 

The nucleation rate in the first case is sufficiently 
low to satisfy the condition (13), and spongy 
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deposit  formation is possible. In the latter case the 
nucleation rate is fast and suitable condit ions for 
spongy deposit  formation cannot be reached. 
Hence, the grains will grow under pure activation 
control  until  a complete  surface film is not  formed. 
The morphology of  deposit is then determined by 
linear diffusion at higher overpotentials [ 1, 4] 

lead to formation of  more or less rough deposits 
at lower (Figs. 6a, b and c), and dendritic deposits 
at higher overpotentials (Fig. 6d) after prolonged 
deposit ion.  

On the basis o f  all above facts, it can be con- 
cluded, the spongy deposit  formation on an inert 
substrate is caused by  mass transfer l imitations in 
condit ions of  low nucleation rate. Suitable con- 
ditions for spongy deposits formation arises at low 
overpotentials in systems where iT. ~ i0 or iL < i0. 
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