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Nomenclature ro 

fl  exp (t//t/0,o) 
A exp ( -  q/tlo,, ) 
Jo exchange current density 
JL limiting current density 
r radius of growing nucleus 

6 
t/ 
2,3t/O,c 
2,3t/o,, 

radius of  growing nucleus at which 
deposition becomes mixed controlled 
thickness of diffusion layer 
overpotential 
slope of cathodic Tafel line 
slope of anodic Tafel line 

1. Introduction 

According to recent theory [1, 2], spongy 
deposit formation on an inert substrate is caused 
by mass transfer limitations in conditions of  
diffusion control and low nucleation rate. A 
spherical diffusion layer is formed around the 
independently growing grains and amplification 
of surface protrusions in all direction is possible 
resulting in spongy deposit formation. This is 
possible, at a fixed value of overpotential, if 

r rc ) 
f l  - 5 A  (1) 

Obviously, rc decreases with increasing over- 
potential as does the induction time of  spongy 
growth initiation [1]. At r < rc the conditions of  
spherical diffusion control can be established 
only around the tip of growing grains leading to 
the growth of protrusions toward the bulk of  the 
solution; this results in needle-like deposits [2]. A 
similar situation arises if grains with r > ro are 
so close to each other that the formation of  a 
spherical diffusion layer is prevented. 

The situation in which spongy deposit growth 
can start can easily be demonstrated in the fol- 
lowing way. Grains of  desired size and distri- 
bution can be grown at low overpotentials 
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with activation-controlled deposition. This 
corresponds to growth of  grains at r < r c. The 
situation where r > rc can be simulated by 
increasing the overpotential to sufficiently high 
values to cause diffusion control around the 
growing grains. This is followed by nucleation 
over all the electrode surface and then formation 
of the diffusion layer at the macroelectrode. 
Establishment of a spherical diffusion layer 
around grains is very fast, as well as the ampli- 
fication of  protrusions [2]. This permits simu- 
lation of  the initial stage of spongy growth 
initiation. 

2. Experimental details 

The electrolytes used throughout this work were 
0 .1moldm -3 zincate solution in 1 .0moldm -3 
K O H  for the electrodeposition of  zinc, and 
0 .1moldm -3 and 1.0moldm -3 CdSO4 in 
0 .5moldm 3 H2SO4 for cadmium deposition. 
Zinc and cadmium were deposited onto planar 
copper electrodes. The experimental conditions 
were the same as described earlier [1]. Zinc was 
deposited at 40 mV and 60 mV; the nucleation of 
cadmium was initiated and grains were grown to 
the desired size in 1.0 mol dm -3 CdSO4 at 12 mV 
and 20 inV. Diffusion control was simulated by 
exposing electrodes formed in 1 .0moldm -3 
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Fig. 1. Zinc deposit at 40mV from 0.1 moldm -3 ziucate and 
1.0moldm 3 KOH solution. Deposition time, 2min; SEM, 
60 ~ . 

C d S O  4 so lu t ion  to overpo ten t ia l s  o f  120 and  
170 mV in 0.1 mo l  dm-3  C d S O  4 solut ion.  

3. Results and discussion 

The  ini t ia l  s tage o f  spongy  zinc f o r m a t i o n  f rom 

alkal ine  zincate  so lu t ion  is i l lus t ra ted by Fig.  1. 
The  deve lopmen t  o f  a spongy  depos i t  is illus- 
t ra ted  by Fig. 2. Fig. 2a shows an initial c admium 
gra in  ob t a ined  at  12 mV dur ing  a 15-min depo-  
s i t ion f rom 1 . 0 m o l d m  -3 C d S O  4 o n  a p l ana r  
copper  electrode.  A spher ical  diffusion layer  can  
be fo rmed  a r o u n d  this grain.  Similar  grains,  bu t  
after  progress ively  longer  depos i t ion  per iods  
f rom 0.1 m o l d m  -3 C d S O  4 at  120mV for 15, 30 

and  60 s, are  shown in Fig.  2 b - d .  The  g rowth  o f  
p ro t rus ions  in all d i rec t ions  is g o o d  p r o o f  tha t  
the ini t ial  s tage o f  depos i t ion  on  the gra in  is 
under  spher ical  diffusion control .  A t  h igher  de- 
pos i t ion  t imes the p ro t rus ions  b ranch  and  inter-  
weave as shown by Fig.  3, causing the spongy  
appea rance  o f  the electrode.  Needle- l ike  depos i t  
g rowth  is i l lus t ra ted  by  Fig.  4a. Depos i t i on  o f  
c a d m i u m  f rom 0.1 m o l d m  3 C d S O  4 at  120mV 

for 70 s was pe r fo rmed  on an  e lec t rode  p repa red  
by depos i t ion  o f  c a d m i u m  onto  copper  f rom 

1 . 0 m o l d m  -3 CdSO4 at  12mV for 6min .  The  

Fig. 2. Cadmium deposits. (a) From 1.0moldm -3 C d S O  4 and 0.5moldm -3 H2SO4 solution at 12mV; deposition time 
15 min; SEM, 30 ~ (b) The same as in Fig. 2a but after deposition from 0.1 mol dm -3 C d S O  4 and 0.5 mol dm 3 H 2 S O  4 

solution at 120 mV; deposition time, 30 s; SEM, 30 ~ (c) The same conditions as Fig. 2b but with a deposition time of 45 s. 
(d) The same conditions as Fig. 2b but with a deposition time of 60 s. 
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Fig. 3. The same as in Fig. 2b -d  but after a deposition time 
of 120 s. 

grain obtained in this way is considerably smal- 
ler than the grains in Fig. 2. It is obvious at 
120mV, with r < re, that a needle growing 
toward the bulk solution is formed instead of a 
spongy deposit. Deposition under the same con- 
ditions but at 170 mV for 30 s results in a spongy 
deposit that can be seen from Fig. 4b. It is also 
seen from Figs 2c and 4b that, at the same 
deposition time, protrusions are more developed 

at higher overpotentials. This means that the 
induction time is really lower at higher over- 
potentials as shown earlier [2]. Grains of  similar 
size, but closer packed, are obtained by deposi- 
tion from 1.0moldm -3 C d S O  4 at 20mV for 
15 min, and further deposition from 0.1 tool din-3 
CdSO4, at 170mV for 30s produces a deposit 
similar to those of Fig. 4a with the protrusions 
growing toward the bulk of  the solution and 
governed by the diffusional flux to the macro- 
electrode, as illustrated by Fig. 4c. It is obvious 
that because of  interweaving and branching of 
protrusions that a spongy deposit will be 
obtained in prolonged deposition. 

In zinc electrodeposition [1] in the overpoten- 
tiat range 40 < ~/ < 80 mV a compact deposit is 
formed over a relatively long induction time 
after which a spongy deposit can be formed. The 
deposit obtained during the induction time is 
shown in Fig. 5a and the initiation of  spongy 
growth by Fig. 5b. Obviously, the situation is 
similar to that shown in Fig. 4c. 

Hence, it can be concluded that at low 
over-potentials spongy growth is due to the 

Fig. 4, Cadmium deposits. (a) After deposition fi:om 
0.1moldm -3 CdSO 4 and 0 .5moldm -3 HzSO 4 solution at 
120mV, deposition time 70 s, on the substrate obtained by 
deposition from 1.0moldm -3 CdSO 4 and 0 .5moldm -3 
H2SO 4 solution at 12mV and a deposition time of 6rain; 
SEM, 30 ~ (b) The same conditions as Fig. 4a but at 170mV 
and with a deposition time of 30 s. (c) After deposition from 
0.1 moldm 3 CdSO 4 and 0 .5moldm -3 H2SO 4 solution at 
170mV, deposition time 30s, on substrate obtained by 
deposition from 1.0moldm -3 CdSO 4 and 0 .5moldm -3 
H2SO 4 solution at 20mV and a deposition time of 15rain; 
SEM, 30 ~ 
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Fig. 5. Zinc deposits at 60mV 
from 0.1moldm -3 zincate and 
1.0moldm 3 KOH solution. (a) 
Deposition time, 150min; SEM, 
60 ~ (b) Deposition time, 260 min; 
SEM, 60 ~ 

amplification of surface protrusions directly 
inside the spherical diffusion layer formed 
around each independently growing grain. 
Spongy deposit formation over an initial coating 
is due to the amplification of surface protrusions 
inside the diffusion layer of the macroelectrode. 

There are at least two open questions related 
to spongy deposit formation. 

1. Why is a spongy deposit not formed on 
foreign substrates at low overpotentials in all 
systems with high exchange current densities, as 
in the case of silver deposition for example [3]? 

2. Why does spongy growth start over an ini- 
tial coating after grains reach some critical 

value, as in the case of zinc deposition from 
zincate solution [1]? 

It seems likely that those problems can be 
interpreted in terms of surface energy effects 
which will be the purpose of further investi- 
gations. 
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