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The kinetics of  the nucleation and growth of  zinc on a zinc electrode in 0.1 M ZnC12 has been studied 
by the potential step technique. Four  supporting electrolytes were used: 0.5 M NaC1, 1 M NaC1, 3 M 
NaC1 and 1 M NaC104. The current decays to a minimum, after which it rises to a maximum and then 
decreases again. The initial part  o f  the transient, up to the current minimum, includes the double layer 
charging and the initial nucleation and growth of  zinc. The rising part  of  the transition curve, from 
the current minimum to the maximum, follows the model  of  progressive nucleation and diffusion- 
controlled, hemispherical three dimensional growth. The steady state nucleation rate and the nuclear 
number  density increase with the overpotential  and with the NaC1 concentration. The results point 
to a direct involvement of  zinc chlorocomplexes in the electrodeposition process. 

1. Introduction 

The intial stage of zinc electrocrystallization on zinc 
has been little studied. However, there is an abund- 
ance of studies on the several factors affecting the 
quality of zinc electrodeposits, e.g. morphology and 
crystallographic orientation of the substrate, im- 
purities, additives, experimental procedure. In the de- 
position at low overpotentials of zinc on zinc single 
crystals in 3 M ZnC12, the reaction kinetics, as well as 
the morphology of the deposit and the type of growth, 
depend on the crystallographic orientation of the elec- 
trode [1]. A superimposed alternating current notice- 
ably increases the rate of zinc nucleation on polycrys- 
talline zin~iia zincvhloride solution, thereby favouring 
homogeneity, of the deposits [2]. 

Both the nucleation and the deposition kinetics are 
extremely sensitive to the presence in the solution of 
impurities and organic and inorganic additives in very 
low concentrations. The effect of the additives is com- 
plex and variable. In general, additives modify the zinc 
deposition overvoltage and, leaving aside other kinetic 
complications, they change the ratio of the nucleation 
rate ~ to the growth rate [3, 4]. So, using very short 
potentiostatfc pulses, it has been found that at low 
overpotentials:.the addition of 50p.p.b. Sn increases 
the number of)zinc nuclei on a vitreous carbon elec- 
trode [5]. At higher overpotentials all the zinc nuclei 
reach a similar size, which shows that nucleation is 
instantaneous. 

Obviously the nature of the substrate has an impor- 
tant effect on zinc nucleation. The nucleation over- 
potential on cathodes of vitreous carbon (VC), alumi- 
nium and lead, measured as the width of the hysteresis 
loop in the voltammetric curves, increases in the order 
VC < A1 < Pb [6]. The slopes of the current-time 
curves at potentials near the crossover point show the 

opposite behaviour, this effect being still noticeable 
even at fairly high zinc coverages. 

Despi6 and Pavlovic [7] studied the initial step of the 
electrodeposition of zinc on Pt, Au and graphite elec- 
trodes, and found that only those substrates, like 
graphite, to which the electrodeposited zinc atoms do 
not adhere strongly, show a significant nucleation 
effect. With graphite nucleation and growth are a 3D 
instantaneous process. The influence of the substrate 
on the growth mechanism remains at higher than 
monoatomic coverages. 

The study of McBreen and Gannon [8] of the initial 
step of zinc electrodeposition on vitreous carbon in 
3 M ZnC12 and 3 M ZnBr2 is especially interesting. 
They found that the nucleation overpotential is lower 
in the first than in the second electrolyte, probably 
owing to the fact that the stability constant of zinc 
bromocomplexes is lower than that of zinc chloro- 
complexes. In both solutions the mechanism is one of 
instantaneous nucleation and 3D growth under kinetic 
control. 

In this work we have studied the electrochemical 
nucleation of zinc on a zinc electrode, and the effect of 
the chloride concentration on this process. 

2. Experimental details 

The working electrode was a zinc cylinder (Puratron- 
ic, 99.999% pure, from Alfa Ventron) embedded in 
Araldite epoxy resin, with an exposed area of 
0.128cm 2. The electrolytic cell has been described 
previously [9]. A vitreous carbon sheet, 3 cm 2 in area 
(one side), and an ultrapure zinc wire, 0.2 cm in dia- 
meter, were used as auxiliary and reference electrodes, 
respectively. The rest potential of the zinc electrode in 
the different solutions was also measured with respect 
to an SCE electrode. 
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Fig. 1. Cathodic vol tammograms at 1 mV s -1 of  a zinc electrode in a 0,1 M ZnC12 solution, in the presence of  the following supporting 
electrolytes: 0.5 M NaC1 (curve 1); 1 M NaC104 (curve 2); 1 M NaC1 (curve 3); and 3 M NaC1 (curve 4). The rest potential against SCE of 
the zinc electrode was: (1) - 1040; (2) - 1006; (3) - 1042~ and (4) - 1053 inV. 

Special attention was devoted to the preparation of 
the zinc electrode, in order to ensure a good reprodu- 
cibility of the experiments, which is crucial in com- 
parative measurements. Before each experiment the 
electrode was successively polished in a Buehler 'Mi- 
nimet' Polisher/Grinder with no. 600 silicon carbide 
paper and with increasingly fine alumina powder 
down to 0.05#m on Microcloth, then rinsed tho- 
roughly with ultrapure water, and finally cleaned in an 
ultrasonic bath. 

The solutions were prepared with Milli-RO + Mil- 
li-Q (Millipore, Bedford, Mass.) ultrapure water and 
ZnC12, NaC1 and NaC104 analytical reagents (AR) 
from Merck. The solution pH was always adjusted to 
2.6 with HC1. All solutions were deoxygenated with 
nitrogen before use. 

Four different solutions, with the same concentra- 
tion of ZnC12 (0.1 M) and, respectively, with (1) 0.5 M 
NaC1, (2) 1M NaC1, (3) 3M NaCI, and (4) 1M 
NaC104 as supporting electrolytes, were used. 

All cyclic voltammetric and potential step experi- 
ments were performed with a Solartron 1286 Electro- 
chemical Interface with ohmic drop compensation, a 
Hewlett-Packard 'Color-Pro' plotter, a YEW-3033 
X - Y - t  recorder and a digital storage oscilloscope Trio 
MS-1650A. 

3. Results 

3.1. Voltammetrie behaviour 

In Fig. 1 typical cathodic voltammograms starting at 
t/ = 0 mV in quiescent solution are shown for the four 
supporting electrolytes used. The values of the rest 
potentials (with respect to SCE), included in the 
legend to Fig. 1, clearly show the presence in NaC1 
solutions of zinc chlorocomplexes. 

The current grows sharply at a given, critical value 
of t/(point a in the example of curve 1 in Fig. 1). The 
hysteresis loop between the descending and ascending 
branches of the voltammogram (curve 4' in Fig. 1) is 
due to the increase of the electroactive area of the 
electrode and to the nucleation process which, in the 
first sweep and at low overpotentials, controls the 
global electrodeposition kinetics. The hysteresis loop 
is no longer present in successive sweeps. 

The overpotential at which the diffusion-limited 
current is reached decreases with increasing NaC1 
concentration, which shows that chloride ions in- 
crease the electrodeposition rate. 

It is to be noted that the curve in 1 M NaC104 (curve 
3, Fig. 1) has an intermediate position between those 
in 0.5 M and 1 M NaC1. 

3.2. Current-time transients 

Negative potentiostatic pulses from q = 0mV to 
several overpotential values, usually higher than 
- 5 0 m V ,  were carried out in quiescent solutions. 
Smaller overpotentials were not used because they led 
to inordinately long transients. Possibly a given degree 
of  supersaturation is required to initiate nucleation. In 
Fig. 2 a typical I against t transient is given. The 
pertinent parameters, extracted from the transients for 
the four solutions, are collected in Table 1. Initially 
the current grows sharply, after which it decreases to 
a minimum, I0, at time to, forming a small peak, 
sometimes not well defined. Then the current increases 
to a maximum, Ira, at the time t~, after which it 
decreases again. 

In general the values of I0 are fairly high, and tend 
to increase with the overpotential, which points to the 
formation of growth centres at this initial stage. Effec- 
tively, the electric charge, Q0 (determined with the 
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Fig. 2. Potentiostatic I - t  transients of  a zinc electrode in 0.1 M 
ZnC12 + 3 M NaC1 solution, recorded after stepping the potential 
from ~/ = 0 to: (a) - 1 0 0 ;  (b) - 9 0 ;  (c) - 7 0 ;  (d) - 5 0 ;  and 
(e) - 4 0 m V .  

digital storage oscilloscope), consumed up to to, is 
always more than one order of magnitude higher than 
that required to deposit a compact zinc monolayer 
(about 520 #C cm-2), and decreases upon increasing 
the overpotential and the NaC1 concentration. It is 
clear that the process of nucleation and growth starts 
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Fig. 3. Representative I - t  transient o f  zinc electrodeposition on a 
rotating (at 3000r.p.m.) zinc electrode at q = - 1 0 0 m V  and 
r/ = - 70 mV 0.1 M ZnC12 + 3 M NaC1 solutions. 

before the time to is reached, and overlaps the double- 
layer charging, which usually lasts a fraction of  a 
millisecond. 

The electric charges, Qm, associated with the current 
maximum, and calculated as the charge consumed 
from time to to time tin, also decrease with increasing 
overpotential and NaC1 concentration, due, in both 
cases, to the 'contraction' of the time scale. The value 
of  Qm corresponds to several zinc monolayers, from 10 
to 150. 

The theoretical interpretation of  the current tran- 
sient in terms of  a given model of  nucleation and 
growth [10, 11] requires a determination of  the value 
of  the exponent n in the expression I against : which 
describes the rising branch of the curve at times 
t < tm. The value of  n (1/2; 1; 2/3; 2; and 3) depends 
on the geometry of  the growth centre (cylindrical, 
circular cones, hemispherical), on the nucleation type 
(instantaneous, progressive), and on the type of  
growth (bidimensional, tridimensional) under kinetic 
or diffusion control [12, 13]. 

For  the rising section of  the transients the current 
values are taken as I '  = I - I0. Plotting I '  against : 
for different n values a linear relationship is obtained 
for n = 1. For  n = 3/2 the relationship is also linear, 
but for a shorter time range, as shown in Fig. 4. 
Obviously the corresponding nucleation-growth 
model is very different: while a value of  n = 1 is 
compatible with an instantaneous nucleation followed 
by 2D growth of  cylindrical centres under kinetic 
control [10, 14-16], a value o f n  = 3/2 is compatible 
with a diffusion-controlled three dimensional growth 
of  hemispherical nuclei with progressive nucleation 
[17, 18]. In this last case the net current can be ex- 
pressed as: 

I( t )  = ~ zFTZANo~(2Dc) 3/2 t 3/2 (1)  

where z is the valence of Zn (2), A the nucleation rate 
per active site (s-l),  No the number density of  active 
sites for nucleation (cm 2), D the diffusion coefficient 
(cm 2 s-l) ,  e the zinc bulk concentration (tool din-3, i.e. 
M), M the atomic mass of zinc (65.38 g mol- l ) ,  and p 
the density of  zinc (7.14gcm-3). 

It is evident that in order to discriminate between 
the two models of  nucleation and growth the analysis 
of  the current transients must be complemented with 
additional information on the kinetics of the deposi- 
tion process and on the geometry of  the growth cen- 
tres. The SEM micrographs of the electrode surface at 
short polarization times (Fig. 5a, b and e) reveal the 
presence of  growth centres of  different sizes, whose 
number and size increase with time. At the higher 
magnification (Fig. 5b) the hemispherical form of  a 
growth centre can be clearly appreciated. 

Further deposition experiments with potentiostatic 
pulses were carried out with a zinc rotating disc elec- 
trode at 3000r.p.m. under otherwise identical con- 
ditions. The current transients are markedly affected: 
the maximum disappears, and at long times the 
current tends towards a stationary value (Fig. 3). 
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Table 1. 

Supporting -~I 102ira 102io tm to 103(di/dt312) 10-5 A~o lO-S N 104(i2mtm) 
electrolyte / m V  / A  e m  -2 / A  c m  -2 / s is / A  c m  -2 s -3/2 / c m  -4 s -  i / c m - 2  / A  2 c m  -4 s 

t 50 0.57 0.33 18.20 2.75 0.1 0.011 0.038 5.9 
80 1.30 0.96 4.34 1.10 1.5 0.17 0.24 7.3 

0.5 M NaC1 100 1.67 0.78 3.30 0.80 4.8 0.53 0.46 9.2 
120 2.31 0.74 2.00 0.52 9.5 1.10 0.78 10.6 
130 3.13 1.82 0.20 0.20 41.5 4.60 1.63 9.3 

f 50 1.08 0.52 6.10 1.50 1.1 0.12 0.21 7.1 
60 1.18 0.66 5.50 1.17 1.5 0.16 0.24 7.6 

1 M NaCI 70 1.38 0.79 4.20 0.42 5.85 0.65 0.61 8.0 
100 2.50 1.50 1.41 0.26 25.0 2.80 1.22 8.8 
130 5.55 4.65 0.21 0.04 250.0 27.70 2.40 6.5 

f 40 1.20 0.99 3.3 1.00 1.6 0.17 0.20 4.7 
50 1.48 1.25 2.4 0.74 2.6 0.29 0.23 5.2 

3 M NaC1 70 2.24 1.72 1.74 0.52 7.3 0.81 0.56 8.7 
90 2.63 2.23 1.02 0.26 22.0 2.40 0.64 7.7 

100 4.34 3.94 0.37 0.13 58.6 6.50 0.08 6.9 

f 80 1.09 0.49 7.75 0.86 1.6 0.18 0.34 9.2 
100 1.26 0.93 3.20 0.60 2.6 0.29 0.25 5.1 

1 M NaC104 130 2.54 1.60 1.10 0.22 34.4 3.80 1.50 7.1 
140 3.36 2.15 0.57 0.15 127.0 14.0 2.40 6.4 

In the rising section the slope is higher, and at the 
beginning of the transition there appears a wave, 
probably related with the initial transition peak of 
Fig. 2. The nature of this initial process has not been 
studied here. 

Both the SEM micrographies and the rotating disc 
experiments indicate that the nucleation is progressive 
and three-dimensional, and that the growth of the 
nuclei is diffusion-controlled. 

An analysis of the long-time falling transients (Fig. 
2) for higher overpotentials in terms of the Cottrell 
equation, 

I = zDl l2[Zn2+]zc-W2t  -1/2 (2) 

yields D = (8.8 + 0.2) x 10-6cm2s -1 for the Zn 2+ 
in NaC1 solutions, and (7.9 + 0.1) x 10-6cm2s-I 

in 1 M NaC104 solution. These values are in good 
agreement with those found by other authors using 
different experimental techniques [19-21]. The cal- 
culations were carried out assuming that the con- 
centration of the Zn 2+ ion was 0.1 M, i.e. neglecting 
the formation of chlorocomplexes in the NaC1 solu- 
tions. Effectively, the constancy of the diffusion- 
limited current in the voltammetric curves (Fig. 1) 
shows that the mass transfer conditions are the same 
in all cases. 

It is well known that the higher complexes of zinc 
(ZnC13 , ZnC14-) are less hydrated, and therefore 
should diffuse more rapidly, than the more hydrated 
Zn 2+ and ZnC1 + ions. It must be taken into account 
that the above calculated diffusion coefficient is a 
composite coefficient, since it includes the negative 
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Fig. 5. SEM micrograph  of  zinc electrodeposited on a zinc electrode 
at r/ = -- 70 m V  in 0.1 M ZnC1 z + 1 MNaC1 solution. (a) after 1.8 s; 
(b) same as (a) bu t  at a higher magnification; (c) same as (a) but  after 
2.6s. 

contribution of the migration of the negative chloro- 
complexes and the effect of cation hydration, which 
changes with its concentration. The influence of 
these effects increases with ZnC12 concentration 
and with the stoichiometric ratio of chloride to 
zinc ion. In 0.1 M ZnC12 solutions and in the 0.5-3 M 
NaC1 concentration range all zinc chlorocomplexes 
coexist, possibly with ZnC1 + and ZnCI~- as dominant 
complex species [21]. Under our experimental con- 
ditions no single species is mainly responsible for 
the global transport process. Besides, it is well 
known that the reacting complex species is not neces- 
sarily the dominant complex species, provided the 
concentration of the reacting species at the elec- 
trode surface is held constant by rapid homogeneous 
reactions. 

From the slopes of the straight sections of the I 
against t 3/2 plots at short times the value of the steady 
state nucleation rate, A N ~ ,  was calculated. Table 1 
shows that this value increases with overpotential and 
with NaC1 concentration. 

From the values of i and t at the maximum of 
the transient the product (i~tm) can be calculated 
as a diagnostic parameter for checking if the 
nucleation process is continuing or has stopped. 
Under our experimental conditions (D = 8.8 × 
1 0 - 6 c m Z s  -1,  c ---- 0 .1  M )  the theoretical value of the 
product (i2mtm) is 5.3 X 10 -4 and 8.5 × 10-4A2cm-4s 
for instantaneous and progressive nucleation, respec- 
tively. Some of the values in Table 1 lie between 
these two values. The too low values of the pro- 
duct at low overpotentials can be attributed to 
insufficient precision in the determination of 
tin. 

The above problem makes it necessary to analyse 
the current transient at longer times, but also preced- 
ing the maximum. The plot of log I '  against t' (both 
magnitudes in the corrected scale in order to increase 
precision) shows two linear segments, with slopes 
close to 1.5 and 0.5, respectively (Fig. 6). This beha- 
viour is frequently observed in the electrodeposition 
of metals under diffusion control [12, 22], and indica- 
tes that the nucleation is not progressive over the 
whole transient, but that at a certain time it changes 
from progressive to instantaneous. 

The rising middle section of the current transient 
was analyzed according to the equation 

I = zF~z(2DC) 3/2 Nt  1/2 (3) 

for diffusion-controlled, hemispherical, three-dimen- 
sional growth with instantaneous nucleation. In this 
way the values of the nuclear number density, N, given 
in Table 1, were evaluated. 

The value of the ratio [AN~/N] ,  i.e. the ratio be- 
tween the number of progressively nucleated sites to 
that of instantaneously nucleated sites, gives an indi- 
cation of the nucleation rate constant. The increase in 
this ratio with the overpotential and with the NaC1 
concentration (Fig. 7) suggests that the incorporation 
of the zinc atoms to the growth centre takes place 
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Fig. 6. Plot of log I' against log t' of the rising part of some transients, at the overpotentials (in mV) indicated, in 0. I M + 3 M solutions. 

directly from the bulk, and not through an adsorption 
step. By contrast Mostany et  al. [23] have found that 
in the nucleation of lead (Pb) on a vitreous carbon 
electrode the density of active sites for nucleation is 
increased by the presence of C1- and Br- ions. This 
effect was attributed to the adsorption on the electrode 
of halide ions and/or of the PbX, z-" complex species, 
which promote the creation of new nucleation sites. 

4. Conclusions 

It is improbable that the influence of the NaC1 concen- 
tration is due to kinetic changes produced by adsorbed 
C1- ions, since no significant change in adsorption 
should be observed at the high NaC1 concentrations 
used. It cannot be due to changes in the ionic strength 
either, since the data of Fig. 7 for the supporting 
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Fig. 7. Overpotential dependence of the AN~/N ratio for the zinc electrodeposition in 0.1 M ZnC12 solution with the following supporting 
electrolytes: (n)  3 M NaC1; (0)  1 M NaCl; (zx) 0.5 M NaC1; and (O) 1 M NaC10 4. 
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,electrolytes 0.5 M NaC1 and I M NaC104, i.e. at dif- 
ferent ionic strengths, coincide within experimental 
error. 

According to the results presented here, the elec- 
trodeposition of zinc on zinc follows an electrocrystal- 
lization model of 3D growth under diffusion control, 
with a nucleation that is progressive at short times and 
instantaneous at longer times. With increasing over- 
potential and NaC1 concentration the product (ANoo) 
increases more rapidly than does N, which shows that 
the predominance of the progressive over the instan- 
taneous nucleation is a function of these two parameters. 

It is reasonable to assume that the effect of the NaC1 
concentration is related to the increase in the degree of 
complexation and stability of zinc chlorocomplexes 
[21, 24]. The direct involvement of zinc chlorocom- 
plexes in the electrodeposition process has been point- 
ed out by other workers [25, 26], although under 
different experimental conditions. 
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