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A eletrocristalizagio de niquel foi estudada sobre ultramicroeletrodo (UME) de platina. O
comportamento dos transientes de corrente indicou um processo de nucleagio instantinea sob
controle cinético. A aplicagdo do modelo de Abyaneh mostrou que os niicleos crescem com uma
geometria do tipo calota esférica, possuindo valores diferentes para as constantes de velocidade no
sentido paralelo e perpendicular & superficie. As constantes de velocidade para o crescimento de
nucleos no sentido paralelo variaram de 5,97 x 107al 92 x 10”7 mol cm s‘1 com o aumento do
potencial de -0,57 2 -0,63 V, enquanto que as correspondentes constantes no sentido perpendicular
apresentaram valores em torno de 1,44 x 10 Tmol em™? 57!, As relagdes entre estas forneceram os
angulos de contato, cujos valores aumentaram de 27,5 a 87,6 graus. Finalmente, o nimero de nicleos
formados aumentou com o potencial, de 0,43 x 107 a 379,09 x 107 em™.

The electrocrystallization of nickel was studied on a platinum ultramicroelectrode (UME). The
behaviour of the current transients pointed to an instantaneous nucleation process under kinetic
control. The application of Abyaneh’s model showed that nuclei grow in a spherical cap geometry
with different values for both rate constants in the parallel and perpendlcular directions. The parallel
rate constants for nuclei growth varied from 5.97 x 107 t0 1.92 x 107 mol em™ s™! by increasing
the step potential from -0.57 to -0.63 V, while the perpendicular rate constant remamed constant
around 1.44 x 107 mol em™ 571, The relationships between these two constants give the contact
angles of the crystallites, whose values also increased with potential from 27.5 to 87.6 degrees
Finally, the number of nuclei formed on the surface increased with potential from 0.43 x 107 to
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379.09 x 107 cm™2.
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Introduction

The initial stages in the electrodeposition of several
metals onto different substrates frequently occur by the
birth and three-dimensional growth of nuclei. During a
short time interval after a potentiostatic pulse, applied to
generate the nuclei, they grow free of interactions with
neighbors. Within a such time domain, if the rate determin-
ing step is the diffusion of ions towards the surface, poten-
tiostatic transients should present a linear dependence of
the rising currents on t'’Z or t?”. The consequence of such
a diffusion-controlled process is the formation of 2 number
of perfectly spherical nuclei on the surface. A convenient
model for describing such a process was developed by Hills

et al." for either the instantaneous (i vs. t2) or the pro-

gressive (i vs. t2) birth of a large number of nuclei. This
model was further generalized by Scharifker et al.5° in a
study of three-dimensional nucleation on a finite number
of active sites followed by diffusion-controlled growth of
nuclei. Those authors proposed that the current maxima in
transients provide the information required to evaluate the
density of active sites on the surface and the rate of nuclea-
tion per active site. Instantaneous or progressive nuclea-
tions are shown to be special cases of the generalized
model. Milchev et al.'®! studied the formation-dissolution
equilibrium of nuclei at critical sizes. In the very initial time
domain, the stability of newly-born nuclei is highly de-
pendent on experimental conditions. These authors have
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identified two distinct mechanisms of critical nucleus for-
mation, namely: (i) by the direct attachment of ions from
the electrolyte, or (ii) by surface diffusion of ad-atoms on
the substrate.

In the absence of diffusion limitations, the charac-
teristics of the nucleation process controlled by charge
transfer are quite different. In order to analyze the nuclea-
tion growth controlled by electron transfer it is necessary
to establish two different growth rates, one in the perpen-
dicular and the other in the parallel direction in relation to
the substrate. According to the values of these rate con-
stants, the shape of the nuclei may vary from hemispherical
(when both rate constants present the same value) to spheri-
cal cap (when the rate constant parallel to the surface is
greater than the perpendicular one). A detailed model tak-
ing these special characteristics into account was devel-
oped by Abyaneh'?!¢ in his studies of Ni nucleation. Fig.
1 presents the schematic model for the nucleation of a
spherical-cap nucleus form'. In this figure, v and v’ repre-
sent speeds of growth parallel and perpendicular to the
substrate respectively, Sy is the actual flat area cut through
by aslice dy at a distance y away from the substrate, and 0
is the contact angle which defines the eccentricity of the
spherical-cap. The author stated that for instantaneous nu-
cleation:

(i) for short periods the current is proportional to the
square of time and is given by:

2+cos0 zFr M2 K2k’ Ny
3 t? (1)

femall(t) = 1 + cosf p
where z is the number of electrons, F is the Faraday con-
stant, M is the molar mass of the deposit, k and k’ are the
rate constants relative to parallel and perpendicular growth
respectively, N, is the number of nuclei, p is the density of
the deposited species and t is the time.

(ii) the current transient presents only one maximum
before the steady-state is reached; and

(ii1) the steady-state current value is obtained when
t— 0,

ity — zFK 2

For progressive nucleation, items (ii) and (iii) are also
valid, but Eq. 1 changes to:
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Figure 1. The nucleation of spherical cap growth forms'®,
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with A being the nucleation rate. The general current-time
equations in this model are:

i=2zFk’ Gi(t) forinstantaneous nucleation (4)

1i=3zFk’Gp (1) for progressive nucleation %)

with the function G(t), derived from the statistic of treat-
ment adopted, being responsible for the unique maximum
in the current transient.

The utilization of ultramicroelectrodes (UMEs) in elec-
trocrystallization studies brought with it some novelties.
UME:s are electrodes with at least one of their dimensions
on the order of micrometers. Their small size is comparable
to the thickness of the diffusion layer. Several advantages
of such electrodes have already been described!”?°. Their
characteristics can overcome some limitations in nuclea-
tion studies, for example: (2) all of the investigation meth-
ods used for electrocrystallization, such as
chronoamperometry, suffer from theoretical and experi-
mental uncertainties related to the lack of knowledge about
the energy distribution on the non-ideal equipotential sur-
face and (b) multiple nucleation presents questions related
to overlap and interference. The progressive birth of nuclei
implies a variation in crystallite sizes on the surface. Al-
most all of these uncertainties diminish when studies of
multiple nucleation are carried out in electrodes with small
dimensions. Moreover, UMEs constitute an adequate tool
for the investigation of the birth and growth of a single
nucleus.

Despite the advantages stated above, the use of UMEs
presents brings some difficulties. A disk is the most useful
UME shape, due to the facility in polishing the surface after
cach deposition. Nevertheless, diffusion towards the elec-
trode surface is complicated because the edge of the disk
electrolyzes the solution, preventing ions from reaching the
center of the electrode. As a consequence, it is necessary to
develop equations which properly describe the transient
behavior. One attempt to do so was recently performed in
our Laboratory?! with the aim of describing diffusion con-
trolled nucleation process on a disk-shaped UME. How-
ever, the kinetically controlled nucleation processes on that
kind of UME have not yet received attention.

In this sense, the objective of this work is to study the
multiple electrocrystallization of Ni on a disk-shaped Pt
UME (diameter of 40 pm) from a modified Watts bath, in
order to verify the applicability of the conventional Aby-
aneh model to this kinetically controlied process on a very
small substrate.

Experimental

A two-electrode polarographic Pyrex® cell (with an
approximate volume of 25 mL) was used to perform the
experiments. This cell had a Teflon® cover with appropri-
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ate holes to hold a calomel system as the reference elec-
trode, which also served as the secondary electrode, the
working electrode, and the deaeration facility.

All potentials quoted in this work were referred to the
hydrogen reference electrode (-0.241 V vs. saturated calo-
mel electrode??).

The working UME was obtained by sealing a Pt wire
(¢ =40 um) in a Pyrex® tube and polishing the tip with a
1500 grid emery paper in order to expose the cross section
in the shape of a micro-disk. The electrode prepared fol-
lowing this method presented a geometric area of 1.3 103
cm?. The real area of this electrode was evaluated as 4.0
10 cm? by cyclic voltammetry in 0.5 M NaOH solutions
through the integration of the H-adsorption peaks®**,

The electrolytic bath consisted of a modification of the
conventional Watts bath, and contained 330 g L
NiSO4.6H20 + 45 g L Ni(NO3)2.6H20 + 37 g L™ H3BO:s.
The contributions of the hydrogen evolution reaction to the
total measured currents were evaluated from experiments
in an equivalent bath whose Ni?* salts were replaced by Na*
ones. All reagents were Merck P.A., and the water was
purified by a Milli-Q system from Millipore. Before each
experiment the electrolyte was deaerated by bubbling N2
(White Martins, SS) for 15 min.

The electrochemical experiments were performed with
a EG&G PARC model 273 potentiostat-galvanostat linked
to a 386 PC microcomputer through a GPIB interface. The
software used to control the experiments was the M270
from EG&G PARC.

Results and Discussion

The electrocrystallization of Ni on a disk-shaped Pt
UME was studied by chronoamperometry. In order to
establish the range of potentials for performing the poten-
tiostatic jumps, cyclic voltammetric experiments were in-
itially carried out in the electrolytic solution between 1.0
and -1.0 V at 0.1 V 5™, The voltammetric response presents
the cross-over of the anodic and cathodic branches, char-
acteristic of the nucleation process, at a potential value near
-0.5 V. This phenomenon is a consequence of the surface
area increasing due to metal electrodeposition. Also, the
voltammogram shows that it is difficult to promote the
redissolution of the deposited Ni layer under the experi-
mental conditions used. Therefore, the electrode surface
had to be polished before each chronoamperometric experi-
ment. An example of this voltammogram is shown in Fig.
2. From these preliminary voltammetric experiments a
potential range from -0.57 to -0.63 V was established for
use in the Ni electrocrystallization studies. Thus, the poten-
tial jumps were performed from 0.94 V to the set of values
specified in fig. 3.

The current transients obtained from the chronoam-
perometric experiments are displayed in Fig. 3. The cur-
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Figure 2. A cyclic voltammogram on Pt UME in a modified Watts bath.
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Figure 3. Potentiostatic transients for Ni electrocrystallization on a Pt
UME.

rents of the rising part of the transient prior to the maxi-
mum, corrected for the real area of the Pt substrate, were
plotted against several functions of t ("2, 2, ¢ and t%) as
diagnostic criteria®'®. The excellent linear relationships of
I to t? are shown in Fig. 4, thus indicating an instantaneous
3D nucleation and growth process under kinetic control.
This conclusion is supported by the results of Amblard et
al.?®, whose transmission electron micrographs for several
times during the transient showed a constant number of
nuclei growing until overlap, thus confirming instantane-
ous nucleation. Moreover, the micrographs also revealed
that nuclei do not have perfect hemisphere shape, but
resemble a “spherical cap” geometry.

As already discussed in the Introduction, a model taking
these special characteristics of Ni electrodeposition into
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account was developed by Abyaneh and Fleischmann'? !4
and Abyaneh15’16. As such, Egs. 1, 2 and 4 can be used to
describe the transients obtained here. This model considers
the nuclei to be spherical caps with different values for the
contact angle, as defined by the different k and k’ rate
constant values.

The values of 8, k’, k and Ny can be calculated from the
experimental current transients displayed in Fig. 3 using the
following relationship derived from Abyaneh’s model'é:

Pit* =12 (6)
where
M?K2N
Pi= Ttgzo - (N
p
and®
2 k. - 1-cosO ’
=\"7)=——" 8
e=( k) 1 + cosh ®)

where ¢ is the eccentricity of the nucleus.
Since Equation (6) stands for the maximum in the
current transients,

Pi= (T2 ©)
max
using the experimental values of tmax and obtaining Tmax
from Table 1 of Ref. 16, it is possible to calculate P; for
each transient. Tmax is the non-dimensional parameter for
time, depending on the contact angle. In this sense, for
6 > 50 degrees, Tmax = 1.6, while for 0 < 50 degrees, Tmax =
1.8. So, it is possible to evaluate P;, assuming, Tmax = 1.6 at
first, and, if © results in less than 50 degrees, changing the
Tmax value to 1.8 and recalculating Pi. Such approximations
clearly simplify the task of calculating the various parame-
ters of Abyaneh’s model.

Equations 1, 2, and 7 imply that the linear relationships
of i vs. t shown in Fig. 4 should present slopes given by

slope= =—————ix, P (10)
+co

Table 1. The nucleation parameters involved in the calculation of 6.
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where i, is the limiting current density, corrected by the
electrochemical area of the totally Ni-covered electrode
(1.47 x 10™* cm?, as calculated by cyclic voltammetric ex-
periments in the a-Ni(OH), potential region®’) and by the
hydrogen evolution reaction contribution. Therefore, Eq.
10 is useful for calculating the value of 0 for each transient.
The values of ix are easily obtained from the transients
displayed in Fig. 3. These values must be corrected for the
limiting currents due to the hydrogen evolution reaction
obtained from distinct transients performed on a totally
covered electrode surface in a Ni*'*-free electrolyte. The
corrected values of i» are shown in Table 1 and used to
calculate 0 for each transient. Table 1 also shows the step
potentials, slopes, P, contact angles, and eccentricities (g)
for each curve. The slopes and P; values are dictated by the
variation of either the number of nuclei (which increases
with potential) or the time for the maximum (which dimin-
ishes with potential) in the transients, as depicted by Eqgs.
1 and 9.

The variation of 6 with the step potential deserves
special attention. As 6 — 90°, the shape of the nuclei
approaches to a hemisphere (and € — 1). This situation is
achieved when both growth rates, in the perpendicular and
parallel directions have the same value. At low values of
step potentials, the rate constant in the parallel direction
should be greater than in the perpendicular one. This dif-
ference generates spherical caps with low values of £ and
0. This suggests that the variation of the rate constant in the
parallel direction with potential is smaller than that in the
perpendicular direction. In this case, the rising of the po-
larization values tends to equalize the velocities, thus in-
creasing the contact angle. This behavior will be further
analyzed below.

The values for k” were directly obtained from the lim-
iting current of each transient using Eq. 2. The introduction
of parameters k’ and 0 in Eq. 8 allows the calculation of k.
Using Eq. 1 the number of nuclei was determined from the
slope of each straight line shown in Fig. 4. The results of
the calculations are presented in Table 2 together with the
step potentials and the values of Imax, tmax, and No. The
various Imax / lo relationships are greater than 1.218, as

EV slope x 10% A s Lox 10% A Pix 10° 0 ¢

0.57 0.00036 035 2.45 275 0.24
0.58 0.00096 0.34 6.14 61.9 0.60
0.59 0.0012 0.35 7.44 65.9 0.65
0.60 0.0021 0.35 12.90 67.1 0.66
0.62 0.0053 0.35 30.60 74.6 0.76
0.63 0.017 0.33 98.80 87.6 0.96
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Table 2. The kinetic parameters for the transients.
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-EV Imax X 10° A tmax S kK x 10" molem?s?  kx 107 mol cm'zbs'1 No x 107 em?

0.57 0.42 32.30 1.44 5.97 0.43
0.58 0.44 20.42 1.40 2.33 7.06
0.59 0.45 18.55 1.44 2.23 9.38
0.60 0.47 14.06 1.44 2.17 17.18
0.62 0.49 9.15 1.44 1.90 53.47
0.63 0.50 5.09 1.36 1.42 305.63

0.4 boundaries'of the substrate'?. The determined values of k

0.63V / and k’ are in close agreement with the assumptions made

062V above to explain the values reported in Table 1, i.e., the

1 (uA)

) 100 200 300 400 500

t2(s?)

Figure 4. The linear dependence of I vs. t2 for the rising part of the
transients for Ni electrocrystallization on a Pt UME.

postulated in Abyaneh’s model'®, which may account for

the pronounced maxima in the transients.

An important analysis to be made from Table 2 is the
dependence of the rate constant en the potential. The rate
constant in the parallel direction (k) is strongly inhibited by
increases in the step potential. This highly unexpected
result may be explained by the hydrogen co-evolution on
bare Pt surfaces in this cathodic potential range. The occu-
pation rate of the surface active sites by adsorbed H (which
increases with the cathodic potential) may make the growth
of nuclei in the parallel direction difficult. Another possi-
bility is related to the increasing number of nuclei on such
a small electrode surface, which will be discussed below.
Moreover, the values of k’ are independent of the potential,
an expected result because they are obtained directly from
the limiting diffusional current values (Eq. 2) which are not
dependent on the potential. The small variations observed
in the k’ values with the step potentials might be a conse-
quence of alterations in the limiting currents caused by
changes in the surface area, which can even extrapolate the

influence of the step potentials on the geometry of the
nuclei.

Finally, the number of nuclei greatly increases with the
cathodic potential. Although this is normal behavior in
instantaneous nucleation, it can bring about dramatic con-
sequences in the parallel rate constants. The large number
of nuclei (40,000 at the most cathodic potential) could
promote inhibition zones that diminish the growth rates in
the parallel direction.

Conclusions

This work reports for the first time, to the authors’
knowledge, experimental results from Ni electrocrystalli-
zation on Pt UMEs. This is also one of the few examples
of experimental applications of Abyaneh’s model. The
values obtained seem to indicate that Abyaneh’s model
may be applied to such small electrodes. This convenient
behavior is related to the kinetic control in Ni nucleation
and growth, since the traditional models are inaccurate to
describing diffusion-controlled processes on UMEs. In this
case, proper diffusion-controlled equations had to be devel-
oped?!.

The calculated contact angles showed that nuclei grow
in a spherical cap geometry. This was fully confirmed by
the distinct values of the rate constants related to the growth
of the nuclei in the perpendicular and parallel directions in
relation to the surface, as well as their dependence on the
step potential. The interpretation of this phenomenon is
completely based on Abyaneh’s model.

The co-evolution of hydrogen, first on Pt and then on
Ni surfaces, also plays an important role in the transient
shapes and deserves special attention. Nevertheless, it is
possible to evaluate its contribution and subtract it from the
Ni electrocrystallization response.

The correct evaluation of electrochemical active areas
is also very important because in the ascendant branch of
the transients the substrate was smooth platinum, replaced
by electrodeposited nickel in the limiting currents region.
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Both surfaces require appropriate methods to evaluate the
electrochemical areas.

Finally, the large number of nuclei deposited on the
small electrode surface may promote an inhibitory effect
on the rate constants for parallet growth. The formation of
such a large number of nuclei is related to the interactions
between platinum and nickel.
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