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a b s t r a c t

The electrochemical nucleation and growth of zinc on low-carbon steel from acidic (pH 2.0–4.5) baths
containing ZnSO4, NaCl, and H3BO3, was studied by means of chronoamperometry at various cathodic
potentials under a charge-transfer controlled regime. It is shown that at overpotentials in the range
0.30–0.55 V (negative to the Zn2+/Zn redox value) the electrodeposition proceeds by instantaneous three-
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dimensional nucleation, which turns to progressive at higher overpotentials and/or very acidic baths. At
low cathodic overpotentials (<0.30 V), a two-dimensional contribution limited by the incorporation of Zn
ad-atoms in the developing lattice becomes significant at the early stages of deposition, and is more pro-
gressive in type the more acidic is the bath pH. Nucleation rate constants were calculated and correlated
analytically with the respective potentials, using the classical theory of heterogeneous nucleation, which

sona
inc electrodeposition
hronoamperometry

though fails to lead to rea

. Introduction

During electrochemical metal deposition the microstructure of
he new metal phase is determined by the nature of nucleation
nd growth, and hence various properties of the deposit, i.e. those
elated to adhesion, behaviour under mechanical stresses or resis-
ance to corrosion, may be amended by a finely tuned deposition
rocess. One of the most important factors in this connection is the
ubstrate effect as severely affects the initial stages of deposition.

Zinc deposits on metals, especially on steel, are widely used to
mprove corrosion resistance, formability and paintability. The elec-
rodeposition of zinc from acidic sulphate baths has been practiced
or long time. Although the dependence of texture and morphol-
gy of as-obtained coatings on electrochemical parameters have
een investigated in several works [1–7], those that attempt to get
n insight into the nucleation and crystal growth process are very
ew [4,8–10]. Raeissi et al. [4], in their study of the electrochem-
cal nucleation of zinc on steel in sulphate solutions of different

H values, attributed the changes in the crystallographic texture
f the deposits to the alteration of the nucleation mode due to
ydroxide adsorption. It was shown that at pH 2 instantaneous
ucleation was predominant, while at pH 4 it was close to pro-
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ble values for the critical nucleus size.
© 2008 Elsevier Ltd. All rights reserved.

gressive. Alvarez et al. [8] interpreted the nucleation and growth
of zinc on highly oriented pyrolytic graphite in sulphate solutions
considering instantaneous nucleation on active sites and diffusion-
controlled three-dimensional (3D) growth. Torrent-Burgués et al.
[9] performed zinc electrodeposition from sulphate-tartrate baths
on vitreous carbon electrode. Their analysis of the current–time
transients combined with SEM characterisation indicated instanta-
neous nucleation with two-dimensional (2D) growth at the initial
stages, with a nucleus density in the order of 109 cm−2. Gomes et
al. [10] studied zinc electrodeposition on steel using chronoamper-
ometric and AFM techniques. Near the equilibrium redox potential,
zinc underpotential deposition was found to follow the Stranski-
Krastanov growth, while the formation of different-sized circular
aggregates of random distribution implied that the nucleation was
progressive. In the domain of overpotential deposition of zinc, a 3D
growth controlled by diffusion along with instantaneous nucleation
was seen to prevail.

In the present work, the electrocrystallisation of zinc on low-
carbon steel from an acidic sulphate solution is investigated by
means of chronoamperometric curves. Furthermore, it is attempted
to connect the specific nucleation and growth mechanism with the
development of certain crystallographic textures.

2. Experimental
Electrochemical measurements were carried out in a single
compartment, open air, thermostat-controlled three-electrode cell
connected to a WENKING PGS95 galvano-potentioscan system,
interfaced with a PC for data acquisition. Low-carbon stainless

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:dimvass@central.ntua.gr
dx.doi.org/10.1016/j.electacta.2008.11.059
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limited by the incorporation of metal ad-atoms in the growing crys-
tal lattice. The initial increase in current density is associated with
the formation of growth centres, and is confined by the ingestion
of free nucleation sites due to growing crystallites as well as by
ig. 1. Polarisation curves (scan rate: 0.01 V s−1) with a stationary low-carbon steel
lectrode in the typical sulphate deposition bath at 50 ◦C; pH 2.0 (i), pH 2.5 (ii), and
H 4.0 (iii).

teel (SS316L) cylinders with 1.54 cm2 area were used as working
lectrodes, a Pt grid as counter electrode and a saturated calomel
lectrode (SCE) as reference. All potentials are reported with respect
o this reference. Before use, the steel substrates were degreased
nd prepared as described elsewhere [2,3], in order to assure the
ealisation of each experiment on a clean and reproducible surface.

Electrodeposition and voltammetry experiments took place in
n electrolyte solution containing 1.30 M ZnSO4·7H2O, 0.18 M NaCl
nd 0.16 M H3BO3, prepared using analytical grade reagents and
eionised water. The pH of the as-prepared bath was approxi-
ately 4.6 and was adjusted between 2.0 and 4.5 by addition

f dilute sulphuric acid. The temperature was held constant at
0 ± 1 ◦C. A rotating disc electrode was employed in order to inves-
igate the effect of cathode rotation on current density. During
ulk electrodeposition of Zn, the cathode rotation velocity was kept
onstant at 800 rpm. Potentiostatic current–time transients (CTTs)
ere recorded at various cathodic potentials, i.e. −1.10, −1.15, −1.30,
1.55 and −2.10 V, lying within the experimental range of potentials
sed for the galvanostatic bulk electrodeposition of Zn [3].

The deposits were examined by X-ray diffraction (XRD; Siemens
5000, Cu K� radiation), while SEM images were taken by a JEOL

SM 6100 apparatus.

. Results and discussion

Voltammetry was first employed in the acidic sulphate solu-
ion to identify the potential region for deposition at each bath
H. The potential was scanned towards the cathodic direction,
rom −0.50 up to −2.50 V vs. SCE. In Fig. 1, the obtained cur-
ent density–potential curves are shown in a semi-logarithmic
cale for three different pH values. In the present system, the pH-
ndependent equilibrium redox potential of the Zn2+/Zn couple
as found to be −1.01 V. The observed increase in current at less

athodic potentials, which is particularly intense for pH 2.0–2.5,
s due to cathodic hydrogen evolution. For the vertex potential
hown (−2.50 V), a kinetic, Tafel type, current–voltage dependence
ppears to predominate over the applied potential range indicating
hat the zinc deposition process is controlled by charge transfer,
s was expected on account of the high zinc concentration in the
ath. This was verified by measuring the current at various cath-
de rotation velocities as shown in Fig. 2, where the reciprocal of

−1
urrent density (j ) value appears to be totally independent on
athode rotation velocity (ω−1/2) within the applied working poten-
ial range, except near the equilibrium value, whereat a transport
rocess on the surface may assist the incorporation of zinc atoms
o the developing phase.
Fig. 2. Koutecký-Levich plots (j−1 vs. ω−1/2) with a low-carbon steel rotating disc
electrode in the typical sulphate deposition bath (pH 4.0) at 50 ◦C, for various poten-
tials E (V vs. SCE): −1.10 (i); −1.15 (ii); −1.30 (iii); −1.55 (iv); −2.10 (v).

The study of nucleation by electrochemical means offers the cer-
tain advantage of electrochemical over thermally driven processing
techniques, namely the capability of controlling the available free
energy via an electric parameter, i.e. the applied potential. The
electrochemical nucleation and growth of metals is commonly
investigated by recording potentiostatic CTTs at different cathodic
potentials. On this basis, several models have been developed to
interpret experimental measurements, based on certain assump-
tions involving the nucleation mode (instantaneous, progressive),
the dimensional type of growth (2D, 3D), the geometry of growth
centres, and the rate-determining step of the whole process [11,12].

Differently shaped chronoamperometric curves were recorded
at various potential and pH values, and compared to theoretically
derived results. Fig. 3 shows a family of CTTs recorded at pH 4.0, rep-
resentative as to their dependence on potential for all the bath-pH
values studied. For potentials more negative than −1.30 V (curves
iii–v in Fig. 3), the current density initially increases with time until
it obtains a steady state value, which is higher the more cathodic is
the applied potential. The shape of the CTTs is in accordance with
the theoretical model proposed by Armstrong et al. [13], assuming
3D growth of nuclei that have the geometry of right circular cones,
Fig. 3. Potentiostatic CTTs on a stationary low-carbon steel electrode in the typi-
cal sulphate deposition bath (pH 4.0) at 50 ◦C, for various potentials E (V vs. SCE):
−1.10 (i); −1.15 (ii); −1.30 (iii); −1.55 (iv); −2.10 (v). The CTTs (i) and (ii) for the low
overpotentials, corresponding to j < 0.01 A cm−2, are shown at a larger scale in the
inset.
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he overlapping of neighbouring crystallites. Each nucleus grows
arallel and perpendicular to the substrate surface with different
ates, in general, as governed by the atomic density of the develop-
ng planes. A general description of the CTTs due to nucleation and
rowth of right circular cones is given by Eq. (1) [14]:

= nFk′ ·
{

1−exp

[
−No�k2M2

�2
·
(

t2−2t

A
+ 2

A2
− 2

A2
exp(−At)

)]}

(1)

here j (A cm−2) is the current density, t (s) the time, n·F (C mol−1)
he molar charge transferred during electrodeposition, M (g mol−1)
nd � (g cm−3) the molar mass and the density of the deposit, k and
′ (mol cm−2 s−1) the rate constants for lateral and perpendicular
o the substrate surface growth, No (cm−2) the number of preferred
ucleation sites per unit area of the substrate, and A (s−1) the nucle-
tion rate constant, assuming that nucleation follows first order
inetics.

In case of instantaneous nucleation, all nuclei are of similar size
nd age. The nucleation rate is too high and the number of nuclei
s assumed to remain constant during the growth process. The lim-
ting form of Eq. (1) for instantaneous nucleation along with its
alidity condition reads [14]

= nFk′ ·
[

1 − exp

(
−No�k2M2

�2
· t2

)] (
A

k
√

No

≥ 60
M

�

)
(2)

hen progressive, the nucleation rate is low and new nuclei are
ontinuously formed during the growth process. The limiting form
f Eq. (1) for the progressive type is given by Eq. (3):

= nFk′ ·
[

1 − exp

(
−ANo�k2M2

3�2
· t3

)] (
A

k
√

No

≤ M

20�

)

(3)

iven that for bulk zinc M = 65.37 g mol−1 and � = 7.14 g cm−3,
he nucleation mode should be purely instantaneous

hen A/
(

k
√

No

)
≥ 550 mol−1 cm−3, and progressive when

/
(

k
√

No

)
≤ 0.45 mol−1 cm−3.

According to Eqs. (1)–(3), the current density increases with
ime and tends asymptotically to the value nFk′, whence the ver-
ical growth rate constant k′ can be calculated. The experimental

TTs were fitted to the above equations by the non-linear regres-
ion method using MATLAB software. The square of the correlation
oefficient was in all cases greater than 0.95, indicating a good coin-
idence of the theoretical to the experimental transients (Fig. 4),
o that the nucleation type could be specified and the A, k2·No or

able 1
inetic parameters obtained by fitting Eq. (2) to the experimental CTTs.

(V vs. SCE) pH 2.0 pH 2.5

k′ (×107 mol cm−2 s−1) k2·No (mol2 cm−6 s−2) k′ (×107 mol cm−2 s

1.30 No fit 2.20 ± 0.04
1.55 4.69 ± 0.02 0.2657 ± 0.0246 4.30 ± 0.02
2.10 Progressive nucleation Progre

(V vs. SCE) pH 3.5 pH 4.0

k′ (×107 mol cm−2 s−1) k2·No (mol2 cm−6 s−2) k′ (×107 mol cm−2 s

1.30 1.89 ± 0.06 0.0258 ± 0.0091 1.96 ± 0.05
1.55 4.74 ± 0.07 0.0379 ± 0.0058 4.43 ± 0.02
2.10 9.06 ± 0.02 0.2446 ± 0.0124 9.48 ± 0.02
Fig. 4. Fitting of the experimental CTTs presented in Fig. 3 for E = −1.55 V (�) and
−2.10 V (�) vs. SCE, to Eq. (2) (—).

k2·A·No terms could be estimated from Eqs. (1)–(3). The kinetic
parameters, calculated by the fitting procedure, are presented in
Tables 1 and 2. It is observed that, in general, both k′ and k2·No values
are potential-dependent and increase with cathodic potential.

The analysis of the results showed that for cathodic overpoten-
tials higher than 0.30 V, instantaneous nucleation was predominant
in the major part of the experimental conditions, while for over-
potentials higher than 0.55 V and very acidic baths, progressive
nucleation prevailed. The change of instantaneous to progressive
nucleation can be clearly associated to the strong adsorption of H+

species on the cathode at highly cathodic potentials and/or low-
pH solutions, which results in inhibition of the metal deposition
process, as blocking active sites for Zn2+ discharge [15].

Let us consider now the CTTs obtained at potentials less negative
than −1.30 V, i.e. at overpotentials lower than 0.30 V. In Fig. 3, the
respective curves i and ii, scaled-up in the inset, are seen to reach a
maximum at short time and then decay at a decreasing rate, so that
the deposition current tends to obtain a stationary value. Both the
maximum and the steady-state value increase with potential. The
shape of the experimental transients implies that the very initial
stage of the new phase formation may be appropriately illustrated
by a 2D nucleation/growth model. Thus, following the description
of Bewick et al. [16], the deposition process is considered to be con-
trolled by the rate of incorporation of Zn ad-atoms at the periphery
of expanding growth centres having the shape of cylindrical discs,
one atom thick from base to base, which coalesce to form one mono-
layer after the other. Then, the observed maximum of the current

is associated to the completion of the first layer of the new phase,
and the nucleation mode for this layer can be identified by consid-
ering the variation of (j/jm) vs. (t/tm), as given by Eqs. (4) and (5)
for instantaneous and progressive nucleation, respectively [17], tm

being the time corresponding to the maximum observed current

pH 3.0

−1) k2·No (mol2 cm−6 s−2) k′ (×107 mol cm−2 s−1) k2·No (mol2 cm−6 s−2)

0.0316 ± 0.0056 2.08 ± 0.03 0.0340 ± 0.0059
0.1594 ± 0.0108 4.26 ± 0.04 0.0153 ± 0.0012

ssive nucleation 8.73 ± 0.13 0.0517 ± 0.0091

pH 4.5

−1) k2·No (mol2 cm−6 s−2) k′ (×107 mol cm−2 s−1) k2·No (mol2 cm−6 s−2)

0.0117 ± 0.0027 1.77 ± 0.04 0.0084 ± 0.0015
0.0687 ± 0.0047 3.67 ± 0.05 0.0263 ± 0.0036
0.1593 ± 0.0055 9.57 ± 0.03 0.1815 ± 0.0093



2512 D. Vasilakopoulos et al. / Electrochimica Acta 54 (2009) 2509–2514

Table 2
Kinetic parameters obtained by fitting Eq. (3) to the experimental CTTs.

E pH 2.5

m−6 s−3) k′ (×107 mol cm−2 s−1) k2·A·No (mol2 cm−6 s−3)

− 2 9.06 ± 0.07 0.2557 ± 0.0258
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Fig. 6. Simplified diagram of crystallographic textures as a function of deposition
current density and bath pH, for zinc electrodeposits obtained from acidic sulphate
bath on low-carbon steel, under DC conditions. The texture designation was derived
according to the Relative Texture Coefficient (RTC) statistical method [1,3].
(V vs. SCE) pH 2.0

k′ (×107 mol cm−2 s−1) k2·A·No (mol2 c

2.10 9.28 ± 0.06 0.5081 ± 0.053

ensity jm:

j

jm
= t

tm
exp

[
− (t2 − t2

m)

2t2
m

]
(4)

j

jm
= t2

t2
m

exp

[
−2(t3 − t3

m)

3t3
m

]
(5)

In Fig. 5, the experimental measurements are plotted in com-
on axis with the theoretical curves, within the initial peak width
herein the relations (4) and (5) are valid. A fairly good agreement

s observed, suggesting progressive 2D nucleation for pH 2.5, and
nstantaneous 2D nucleation for pH 4.0. Certainly, the theoretical
urrents vanish after formation of a single layer, since the exponen-
ial terms decrease faster than their coefficients increase with time,
hereas the experimental current obtains a steady-state value. This
ight be correlated to the prediction of the above model in its more

laborated form; the formation of successive layers under condi-
ions of 2D nucleation and growth by incorporation of Zn ad-atoms
t the expanding growth centres, either involving surface diffusion
r not, is actually a manageable theoretical problem [18]. However a
ealistic description of the present results, concerning metal depo-
ition on an imperfect substrate inhibiting the spreading of single
ayers, is not susceptible to an accurate analysis. Then, the average
urrent density generated from developing multiple grains and suc-
eeding layers will be reasonably attributed to a degenerating 2D
ucleation/growth process, being significant at the relatively strain-

ree domains of the deposition substrate, involving a 3D growth
haracter as well.

Our previous results on zinc electrodeposition from similar
olutions on steel [3] have shown that bulk deposits exhibiting
arious well-defined crystallographic textures are produced in the
ajor part of the experimental conditions (Fig. 6). Specifically,

igh current densities (>ca. 0.05 A cm−2) and very acidic baths
pH <3.0) promote intense basal (00.2) texture (Fig. 7), whereas

or low “supersaturation”, i.e. current densities lower than about
.01 A cm−2, randomly oriented layers are obtained (Fig. 8).

The texture of a deposit with thickness in the �m order is deter-
ined mainly by the electrolysis conditions and not the substrate,
hose effect rapidly attenuates [19]; however, the electrolysis

ig. 5. Dimensionless curves (j/jm) vs. (t/tm) for instantaneous (thick line) and pro-
ressive (thin line) 2D nucleation from Eqs. (4) and (5) respectively, along with
xperimental points for pH 2.5 (�) and pH 4.0 (�), at −1.10 V vs. SCE.

Fig. 7. SEM micrograph of a zinc electrodeposit obtained from a pH 2.0 bath, under
DC conditions, at j = 0.20 A cm−2. The coating consists of a basal stacking sequence of
well-formed hexagonal crystals, exhibiting a clear (00.2) crystallographic texture.

Fig. 8. SEM micrograph of a randomly oriented zinc electrodeposit obtained from a
pH 2.0 bath, under DC conditions, at j = 0.005 A cm−2.
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ig. 9. Simplified diagram of dominant nucleation and growth modes in the range
f conditions used to electrodeposit zinc from typical sulphate bath on low-carbon
teel, under DC conditions. The cathodic potentials correspond to the respective
urrent densities of the texture diagram (Fig. 6).

arameters determine also the type of nucleation. Hence it would
e useful to establish a correlation involving the type of charge-
ransfer controlled nucleation on the steel electrode and the XRD
exture of the final deposit. Fig. 9 shows the nucleation and growth

odes as estimated from the present analysis of experimental CTTs
or various conditions. By inspection of the corresponding texture
omains in Fig. 6 one can see that a well-defined texture, i.e. ori-
nted growth, is connected to 3D nucleation, while the absence of
plain orientation is connected to the assumed mixed dimension-
lity mechanism. The latter occurs for deposition potentials near
he equilibrium value which actually promote a 2D layer-by-layer
rowth, restrained though for the most part as a result of the non-
niform distribution of active nucleation sites and defects on the
teel substrate. Under these circumstances, the initially disturbed
rowth leads to the formation of slightly misoriented crystallites
hich give rise finally to a deposit without any dominant tex-

ure, because the low-supersaturation conditions are not capable
f restoring a directional growth.

Finally, as an illustration of the complexities involved in deter-
ining reasonable parameters of the nucleation process, the

lassical theory of heterogeneous nucleation will be used to esti-
ate analytically the critical size of the three-dimensional nuclei

ssumed to initiate the construction of the deposit grains for over-

otentials greater than 0.30 V. In this theory, the radius rcrit (cm) of
he circular base of a critical nucleus is given by Eq. (6) [20]:

crit = 2M�

�nF |�| (6)

ig. 10. Plot of ln A vs. |�|−2 according to data obtained from the non-linear regression
nalysis of the experimental CTTs recorded at pH 2.5 (i) and pH 4.0 (ii).

[
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where |�| (V) is the overpotential, � (J cm−2) the interfacial energy,
and the other symbols as described previously.

The nucleation rate constant presents an exponential depen-
dence on (1/|�|)2 according to Eq. (7):

ln A = ln BJ − 8�M2�3

3�2n2F2kBT
· 1
|�|2 (7)

where BJ (s−1) is a frequency factor, kB the Boltzmann constant,
and T (K) is the temperature. Therefore, the interfacial energy could
be calculated from the slope of ln A vs. |�|−2 plots using the val-
ues estimated for the nucleation rate constant A. The slopes were
found to be −0.11 and −0.35 V2 for pH 2.5 and 4.0, respectively
(Fig. 10), giving an interfacial energy for Zn nuclei in the range
2.96 × 10−5–4.37 × 10−5 J cm−2. Substituting these values to Eq. (6),
the radius of the circular base of the critical nucleus was found to
lie between 26 and 142 pm. However, the atomic radius of a Zn
atom is known to be 133 pm, while the classical theory is strictly
valid when the nucleus contains an appreciable number of atoms
(at least a hundred) [21]. Consequently, the estimated radius of
the critical nucleus is too small to be consistent with this sim-
ple theory. More sophisticated approaches, e.g. those based on the
atomistic theory of nucleation [21,22], should have a more realistic
outcome.

4. Conclusions

A systematic study of zinc electrocrystallisation on low-carbon
steel from an acidic sulphate medium, under charge transfer con-
trol, was performed. Depending on applied potential and bath pH,
different nucleation and growth modes were identified.

At cathodic overpotentials less than 0.30 V, a 2D-nucleated layer-
by-layer growth strained by the substrate effect is established,
rapidly degenerating to a 3D type of growth. At overpotentials
higher than 0.30 V, instantaneous 3D nucleation and growth was
found to be predominant, while progressive 3D nucleation was
seen to prevail at overpotentials greater than 0.55 V and highly
acidic baths. Progressive nucleation was generally dominant at low
pH values, as the intense hydrogen adsorption in these conditions,
inhibits the active nucleation sites. The electrocrystallisation pro-
cess was controlled by the incorporation of Zn ad-atoms in the solid
lattice.

The radius of the critical nucleus for zinc nucleation, as
estimated by means of the classical theory of heterogeneous nucle-
ation, was found to be in the range 26–142 pm corresponding to
maximum one zinc atom. Since the classical theory is strictly valid
when the nucleus contains an appreciable number of atoms, alter-
native approaches should be employed in order to get satisfactory
results in this connection.
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