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Abstract The contact angle between growing clusters and
the electrode surface is taken into consideration in the
description of potentiostatic current transients during
nucleation and diffusion-controlled growth of three-
dimensional phases. It is shown that the non-dimensional
plots of the currents normalized with respect to their
maxima, and the nucleation rates obtained from analysis
of experimental transients are unaffected by the contact
angle. The results obtained reveal, however, that consid-
eration of contact angles different from 90° in analysis of
experimental current transients lead invariably to lower
number densities of active sites for nucleation.
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Introduction

Phase formation and growth frequently involves the onset
of aggregates of atoms or molecules as stable structures that
become the centres for the propagation of the new phase, a
process supported by material originating from the bulk
mother phase. In the formal description of nucleation, the
interfacial properties of those small aggregates play a
dominant role in determining the excess energy balance,
as according to Kelvin equation small clusters would be
unstable unless a large deviation from the conditions

determining equilibrium between the bulk phases is
imposed. The combined contributions due to formation of
the new phase and expansion of its surface produces a
Gibbs energy maximum defining the radius r* of the
critical nucleus staying in metastable equilibrium with the
supersaturated parent phase. The potentiostatic technique
allows controlling the system supersaturation by changes in
the electrochemical potential, therefore, providing an
excellent tool to analyse the conditions that determine the
occurrence of electrochemical nucleation processes [1].

The sphere has the minimal surface-to-volume ratio
among geometrical shapes, hence, minimizing the interfa-
cial energy for a given extent of new phase formed.
Spherical shapes are, thus, frequently considered adequate
in nucleation kinetics and growth models. The contact
angle θ of the nucleus with the electrode surface is shown
in Fig. 1, and its value arises out of thermodynamic and
mechanical equilibrium between the Gibbs energies of
formation or surface tensions σ involving the interfaces
between the electrodeposited metallic phase (m), the
electrode surface (e) and solution (s). This equilibrium is
expressed by the Young equation [1, 2],

sm;e þ ss;m cos q � ss;e ¼ 0 ð1Þ

Resulting from the mechanical equilibrium of the
interfaces involved, we will consider that the contact angle
is independent of the size of the growing centre and
remains constant throughout the electrocrystallisation pro-
cess, thus, neglecting effects due to gravitational forces
affecting large crystals or line tensions at the three-phase
boundary affecting very small clusters [3].

Theoretical treatments of current transients have often
assumed that growing nuclei are of hemispherical shape,
but in actual terms, this arises only at equal Gibbs energies
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of formation of the electrode–solution and electrode–
deposit interfaces [4]. As this is not necessarily the case,
it follows that consideration of contact angles different from
90° is in general needed.

Potential steps to values negative with respect to the
Mzþ

s þ ne�e ¼ Mm Nernst equilibrium potential lead to the
potentiostatic formation and growth of a new metallic
phase m on an electrode surface contacting a solution
containing metal ions Mzþ

s . A rising current arises as
nuclei of the new three-dimensional phase form and grow
by reduction of the metal ions diffusing in solution and
reaching its surface. A spherical diffusion profile develops
around each growing centre, but as the concentration of
metal ions deplete close to the electrode surface, the
current reaches a maximum and then decreases approach-
ing that described by the Cottrell equation for semi-
infinite diffusion to an unbounded planar electrode.
Several models have been proposed to describe the current
transient considering either the instantaneous birth of all
nuclei at the onset of the potential step, or their progressive
appearance with rate A onto a number density N0 of active
sites for nucleation on the electrode surface [4–11]. As

stated above, it has been commonly assumed that centres
grow with hemispherical shapes.

In this paper, we revisit the standard model of the
potentiostatic current transient for three-dimensional nucle-
ation and diffusion controlled growth processes [11] and
take into account the effects of the contact angle θ of nuclei
with the electrode surface on the kinetic parameters N0 and
A found from analysis of experimental chronoamperometric
data. The starting point for such treatment is the expression
for the steady-state current of a spherical cap-shaped
microelectrode obtained by Alfred and Oldham [12]. The
results presented here pave the way for the experimental
determination of contact angles θ as well as nucleation rates
and active site densities from potentiostatic single steps,
using chronoamperometry combined with in situ optical
data, but this is beyond the scope of the present work and
will be reported elsewhere (Saavedra et al. unpublished).

Diffusion current to a growing spherical cap

Due to their small size during the early stages of electro-
crystallisation, growing clusters behave as microelectrodes
with steady state mass transfer flux rapidly achieved [13,
14], a condition frequently assumed in describing their
potentiostatic growth under diffusion-controlled growth
conditions [4–11]. The geometry and mass transfer flux to
spherical caps is schematically depicted in Fig. 2. We may
discern from the diagram the mass transfer flux in the radial
direction normal to the surface of the spherical cap, shown
with solid arrows, as well as non-radial fluxes running in
directions along the electrode surface, indicated with
dashed arrows.

Mass transport by diffusion to spherical cap-shaped
microelectrodes onto conducting circular disks surrounded
by an infinite planar insulator has been considered by

Fig. 2 Lateral view of spherical
caps with contact angle smaller
(left) and larger (right) than 90°;
the horizontal solid line is the
electrode surface. Mass trans-
port fluxes are also shown with
arrows, see text

Fig. 1 Contact angle θ between the spherical cap and the electrode
surface; the arrows depict the tensions σ at the interfaces between
electrodeposited metallic phase (m), electrode surface (e), and solution (s)
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Alfred and Oldham [12], who obtained an expression of the
steady-state current i is a function of the radius of the
circular disk λ and the angle Ξ, Fig. 2:

i ¼ 4nFDcl
Z1

0

1� tanhðuÞ tanh Ξu

p

� �� �
du ð2Þ

where nF is the molar charge of the electrodeposited metal,
D the diffusion coefficient of the metal ion in solution and c
its bulk concentration. Since λ=R sin(θ) and θ=180° − Ξ,
then Eq. 2 can be written as a function of the radius R of the
spherical cap and the contact angle θ,

i ¼ 4F qð Þsin qð ÞnFDcR ð3Þ
where

F qð Þ ¼
Z1

0

1� tanh uð Þ tanh p � qð Þu
p

� �� �
du ð4Þ

is a numerical factor depending only of the contact angle θ, as
shown in Fig. 3. For θ=90°, all flux is radial and normal to
the curved surface, and in this particular case, F(θ)=π/2 and
Eq. 3 reduces to the well-known steady-state semi-infinite
spherical diffusion current to the hemisphere [6, 15, 16]:

i ¼ 2pnFDcR ð5Þ

The rate of incorporation of metal ions to the spherical
cap-shaped growing centre is set by the current; hence, its
radius as a function of time is given from the Faraday
equation and the molar volume M/ρ of the deposit, relating
the current to the volume change dV/dt,

dV

dR

dR

dt
¼ i

nF

M

r

� �
ð6Þ

dV/dR depends on the geometry of the spherical cap;
thus substituting in Eq. 6 the derivative of the spherical cap

volume V ¼ p=3ð Þ 1� cosqð Þ2 2þ cosqð Þ R3 and the dif-
fusion current i to the spherical cap (Eq. 3),

p 1� cos qð Þ2 2þ cos qð ÞR2 dR

dt
¼ 4F qð Þ sin qð ÞDcR M

r

� �
ð7Þ

followed by integration, yields the time-dependent radius R
of spherical cap-shaped growing nucleus:

R ¼ F qð Þ sin q
1� cos qð Þ2 2þ cos qð Þ

8DcM

pr
t

 !1=2

ð8Þ

which once again, for contact angle θ=90°, F(θ)=π/2,
reduces to the known expression for the radius of a growing
hemisphere [5, 6], R=(2DcMt/ρ)1/2.

Substitution of Eq. 8 into Eq. 3 yields the current i to a
single spherical cap-shaped nucleus as a function of time:

i ¼ 4nFDc
F qð Þ sin qð Þ3

1� cos qð Þ2 2þ cos qð Þ
8DcM

pr

 !1=2

t
1=2 ð9Þ

We may now relate the spherical cap current to that
corresponding to the hemisphere writing Eq. 9 as:

i ¼ pnF 2Dcð Þ3=2M1=2

r
1=2

t
1=2

0
@

1
Ad ð10Þ

where

d ¼ 16 F qð Þð Þ3sin q 1þ cos qð Þ
p3 1� cos qð Þ 2þ cos qð Þ

 !1=2

ð11Þ

is a non-dimensional quantity depending only on the
contact angle θ. As shown in Fig. 4 for a given time after
birth, the growth currents of spherical cap-shaped nuclei
decrease as the contact angle increases from 0° to 90°, then
increasing slightly for contact angles rising from 90° toFig. 3 F(θ) as a function of the contact angle

Fig. 4 Behaviour of d with the contact angle
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180°. The minimum current obtains at θ=90°, this
particular case with d=1 corresponding to the current of a
growing hemisphere reported in previous studies [4–11].

The current transient

In multiple nucleation it is necessary to consider the
interactions between growing nuclei. They develop around
them spherical diffusion zones and eventually these overlap
into a single planar diffusion zone covering the entire
electrode surface [5, 9, 17]. To account for these inter-
actions the concept of planar diffusion zones has been
introduced [5, 6, 11], defined as circular areas to which are
transported, by planar diffusion, the same amount of
electroactive material diffusing to the spherical cap by 3D
diffusion. Each nucleus then grows with the electroactive
material arriving to its corresponding planar diffusion zone,
eventually overlapping with those corresponding to the
growth of other nuclei. The current transient is thus given at
all times as the mass-transfer current to a planar electrode
with area corresponding to that of the diffusion zones,
taking into account their overlap.

The area of planar diffusion zones can be calculated
from the overall mass balance [1, 9] or locally [6, 11],
equating the diffusive flux to a spherical cap Eq. 10 with
that to a planar diffusion zone:

pnF 2Dcð Þ3=2M1=2

r
1=2

t
1=2

0
@

1
Ad ¼ nFD

1=2c

p
1=2t

1=2
pr2d
� � ð12Þ

where pr2d is the area of the diffusion zone; its radius rd is:

rd ¼ dkDtð Þ1=2 ð13Þ

where k=(8πcM/ρ)1/2. For an electrode surface with
uniformly distributed nucleation sites, the overlap of planar
diffusion zones can be taken into account with the Avrami–
Evans–Kolmogorov theorem, see, e.g. [5, 6, 10, 11], and
the fraction S of surface covered by diffusion zones is given
by:

S ¼ 1� exp �bdΘ Atð Þtð Þ ð14Þ
where b=N0πkD and Θ Atð Þ ¼ 1� 1� e�At

� ��
At. The

current density I is then expressed in terms of the number
density of active sites, the nucleation rate and the contact
angle as the current to a plane electrode of area S:

I ¼ a

t
1=2

1� exp �bdΘðAtÞtð Þ½ � ð15Þ

where a=nFD1/2c/π1/2. Theoretical current transients for
various values of the contact angle θ according to Eq. 15

are shown in Fig. 5. In agreement with the result formulated
above for the current to a single growing spherical cap, the
current falls as contact angles raise from 0° to 90° and
increases for contact angles from 90° to 180°. d=1 for θ=
90°, and Eq. 15 reduces to the equation proposed by
Scharifker and Mostany [11] for hemispheres.

For hemispherical shaped growing nuclei, for which
d=1 in Eq. 15, the number density of active sites N0 and
the nucleation rate A may be obtained from analysis of the
current maximum Im and the time corresponding to the
maximum tm in single potential step experiments [11]. For
hemispherical growing centres, Hyde and co-workers [18]
have reported that a regression analysis of the whole
current transient yields a family of pairs of values A and
N0 that fit the curve satisfactorily. However, in the general
case, with contact angles θ other than 90° and d≠1, since b
and d appear as a product in the exponential term in Eq.
15, then it is not possible to resolve them from regression
analysis of current transients alone. We develop below the
analysis of the current maximum, leading to the numerical
resolution of an equation containing the nucleation rate A
on the one hand, resolved from N0 and θ on the other.
Referring to Eq. 15, however, we anticipate two major
conclusions arising from the consideration of the contact
angle θ together with N0 and A in current transient
analysis, namely that the measured values of A obtained
will remain unaffected by θ, indicating invariance of the
measurement of nucleation rates with the subsequent
growth shapes and that the values of N0 obtained from
current transient analysis will be lower at θ≠ π/2, as the
values of d will invariably be above unity, Fig. 4. Whereas
experimental methods have been proposed for measuring
contact angles of single nuclei [19], independent determi-
nation of N0 and θ cannot be accomplished from
chronoamperometric data alone in multiple nucleation
experiments; thus, additional experimental variables are

Fig. 5 Theoretical current transients for contact angles θ=11.25° (- -),
22.5° (-⋅-), 90° (—) and 157.5° (-⋅⋅-), calculated for deposition of
silver from 5 mM Ag+ solution, with D ¼ 1� 10�5 cm2 s−1, A=4 s−1

and N0 ¼ 5:0� 106 cm−2
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required for this, such as optical measurements as it will
be reported elsewhere (Saavedra et al. unpublished).

The current maximum

Equating the time derivative of Eq. 15 to zero to find tm and
evaluating at this value leads after rearrangement to the
system of non-linear equations (Eqs. 16.1 and 16.2):

�bdtmΘ Atmð Þ ¼ ln 1� Imt
1=2
m

a

0
@

1
A ð16:1Þ

Im
2tm

¼ a

t
1=2
m

� Im

0
@

1
Abd 1� e�Atm

� � ð16:2Þ

Solving Eqs. 16.1 and 16.2 for bd and equating, we
obtain:

1� 1

�
1� Imt

1=2
m

�
a

� �

2 ln 1� Imt
1=2
m

�
a

� � ¼ k ¼ 1� e�Atm

Θ Atmð Þ ð17Þ

The right hand side in Eq. 17 is expressed in terms of
Atm, whereas the left hand side, which we may denote as κ,
contains the term Imtm

1/2/a, in which all quantities may be
experimentally determined. For the limiting cases of
instantaneous and progressive nucleation, the values of
Imtm

1/2/a are well known [5, 6, 11], 0.7153 and 0.9034,
respectively, and consideration of θ does not affect these
values, as shown below. The values of κ for instantaneous

and progressive nucleation are obtained substituting the
respective values in Eq. 17, yielding

k ¼ 1 for instantaneous nucleation ð18Þ
and

k ¼ 2 for progressive nucleation ð19Þ
κ is, thus, a convenient semi-quantitative criterion for
characterisation of the nucleation process. After rearrange-
ment, Eq. 17 becomes:

Atm 1� kð Þ þ k½ � exp Atmð Þ � Atm � k ¼ 0 ð20Þ
Equation 20 has a trivial solution at Atm=0 for all values of
κ, and a second root at positive values of Atm depending on
κ. Solving numerically Eq. 20 to obtain this root and
dividing by the time of the maximum current tm yields the
nucleation rate A. We will denote the left-hand side of Eq. 20
as P(Atm),

Fig. 6 P(Atm) as a function of
Atm for (below the x-axis, from
left to right) κ=1.9, 1.8, 1.7,
1.6, 1.5, 1.4, 1.3, 1.2 and 1.1.
The curves for κ=1.2 and 1.1
run over the scale; the insert
details the curves for κ=1.9,
1.8, 1.7 and 1.6

Fig. 7 Roots of Eq. 20, see text, as a function of κ (continuous line),
and the values of Atm intercepting the x-axis for the corresponding
values of κ shown in Fig. 6 (dots)
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P Atmð Þ ¼ Atm 1� kð Þ þ k½ �exp Atmð Þ � Atm � k ð21Þ

in order to show in Fig. 6 the behavior of the P(Atm) as a
function of Atm for several values of κ, between κ=1 for
instantaneous nucleation and κ=2 for progressive nucleation.
The intercepts of P(Atm) with the x-axis in Fig. 6 correspond
to the respective values of Atm satisfying Eq. 20. These roots,
calculated using the Newton–Raphson method, are plotted in
Fig. 7 versus their corresponding values of κ. Equation 20
has no root other than the trivial at the instantaneous
nucleation limit, but as κ varies from 1 to 2, the resulting
Atm values decrease, becoming zero at the limit of
progressive nucleation.

The product bd may be evaluated from Eqs. 16.1 and
16.2, with d depending solely on θ as defined in Eq. 11.
Since N0=b/πkD, then it follows that hemispherical growth,
for which d is minimal, will lead to higher values of N0 than
any other contact angle. It also follows from the discussion
above that analysis of the maximum of the current transient
does not resolve the individual values of b and d. Moreover,
as seen in Fig. 4, evaluation of d does not lead in general to
the unequivocal determination of θ, because a given value
of d is consistent with two contact angles above approxi-
mately 42°, one below and the other above 90°. Resolving
b and d and finding univocally θ, however, requires a third
independent relationship deriving from experimental meas-
urements relating the area or shape of nuclei with some
measurable quantity. Although this is beyond the scope of
the present work, the possibility of determining the current
of parallel reactions occurring only on the surface of nuclei
[20] or the use of time-resolved optical techniques to relate
transmittance data with chronoamperometric information as
it will be reported elsewhere (Saavedra et al. unpublished)
could provide feasible methods to obtain separately the
kinetic parameters A, N0 as well as θ.

Instantaneous and progressive nucleation

Instantaneous and progressive nucleation are limiting cases of
Eq. 15 [11], with slow nucleation on a large number of active
sites (A → 0 and N0 → ∞) leading to progressive nucleation

and fast nucleation on a small number of active sites (A → ∞
and N0 → 0) to instantaneous nucleation. The corresponding
current transients, with expressions for the respective values
of Im and tm, the parameters relating them and reduced-
variable plots [5, 6, 11], are given in Table 1. Non-
dimensional plots with various values of κ together with
the instantaneous (upper solid curve, κ=1) and progressive
nucleation (lower solid curve, κ=2) limits are shown in
Fig. 8. It is verified that both Im and tm depend on θ by way
of d; nonetheless, it is noteworthy that the various tools
available to characterise the nucleation process in relation to
those limiting cases, namely evaluation of Imtm

1/2/a or κ, and
(I/Im)

2 vs. t/tm plots, are all independent of θ.

Conclusions

The contact angle of growing nuclei with the electrode
surface has been considered in the description of potentio-
static current transients arising from nucleation and three-
dimensional diffusion-controlled growth processes. While
our discussion here has been based upon a particular
formulation of the planar diffusion zones model [11] among

Fig. 8 (I/Im)
2 vs t/tm non-dimensional plots for (from top to bottom,

dashed curves), κ=1.04, 1.18, 1.38 and 1.72. Solid curves correspond
to the non-dimensional expressions for instantaneous (κ=1, top) and
progressive nucleation (κ=2, bottom), see Table 1

Table 1 Expressions resulting
from analysis of the current
maximum for instantaneous
and progressive nucleation

Instantaneous nucleation Progressive nucleation

I ¼ a
.
t
1=2

� �
1� exp �bdtð Þ½ � I ¼ a

.
t
1=2

� �
1� exp �bdAt2

�
2

� �	 

tm=1.2564/bd tm=(4.6733/Abd)1/2

Im=0.6382a(bd)
1/2 Im=0.6144a(Abd)

1/4

Imtm
1/2/a=0.7133 Imtm

1/2/a=0.9033

κ=1 κ=2

I
Im

� �2
¼ 1:9542

t=tmð Þ 1� exp �1:2564 t
tm

� �h in o2 I
Im

� �2
¼ 1:2254

t=tmð Þ 1� exp �2:3367 t
tm

� �2� � �2
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the several others also available [4–10], the conclusions
reached are general and readily extend to other formulations.
For given number densities of active sites on the surface and
nucleation rates, hemispherical-shaped nuclei will show the
smaller values of current. We have shown that while taking
into account contact angles differing from 90° in the analysis
of current transients will invariably lead to lower number
densitiesN0 of active sites for nucleation, the nucleation rates
A obtained remain unaffected by the contact angle. Further-
more, the non-dimensional expressions for instantaneous and
progressive nucleation remain invariant with the contact
angle. We have also shown that the contact angle cannot be
resolved univocally from the current transient analysis
presented, requiring measurement of additional quantities,
as described elsewhere (Saavedra et al. unpublished).
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