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1. Introduction

Nucleation and growth processes are the key phenomena in the
theory of phase transitions. From a practical position, nucle-
ation and growth of metal nanoparticles on conducting
supports are of considerable interest for creating advanced
functional interfaces with myriad applications." Future
advances in the control of materials and processes at the
nanoscale are largely dependent on the understanding of the
fundamental regularities of nucleation and growth (thermody-
namics and kinetics of nucleation, size distribution and growth
rate of nanoclusters, rate-determining steps of nucleation and
growth, the influence of non-steady-state and size effects, etc.),
since they determine the initial stages of the formation of
nanomaterials and nanostructures. Theoretical and experi-
mental studies of the nucleation and growth processes clarify
the mechanism and kinetics of the synthesis of nanosized
objects and thereby contribute to the development of nano-
material science. In particular, detailed elucidation of the
nature of the nucleation phenomena and the early growth
stages of new-phase nanoparticles on a foreign substrate is
extremely important for success in the field of nano-
electrochemistry when developing approaches to the electro-
deposition of monodisperse nanoparticles and various
nanomaterials with predetermined characteristics, including
nanowhiskers, nanofilms, and nanocluster sets.

It is highly convenient to study the processes of nucleation
and growth by electrochemical methods, because they allow
setting, controlling and measuring current, electrode potential,
charge and, thus, it is possible to affect supersaturation (over-
potential) in the system, ie. to affect the conditions of new
phase formation from the nanoscale to the microscale.>* The
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the current and nanocluster size have been presented for the case of diffusion controlled growth at
potentio- and galvanostatic deposition, and cyclic voltammetry.

most detailed information on the kinetics of electro-
crystallization may be obtained via the studies of the formation
and growth of a single crystal, because side processes and
interaction between nuclei do not complicate the phase
formation in this case. The use of nanoelectrodes simplifies
significantly the realization of a single nucleation because of the
purely geometrical reasons. This allows us to study nanoobjects
from one atom to several nanolayers.>*°

Different approaches are used now to model the electro-
chemical nucleation and growth processes. New data may be
obtained both by the computational methods (methods of
quantum chemistry, molecular dynamics, Monte Carlo, etc.)"
and by the mathematical analysis based on the classical
nucleation theory (CNT) or the atomistic theory.">**

The present work is aimed at the theoretical analysis and
modeling of the formation and growth of a single metal nano-
cluster (the assembly of metal atoms) on a nanoelectrode by
basic electrochemical techniques (potentiostatic and galvano-
static deposition, cyclic voltammetry). This is important as the
mentioned methods are widely used for the experimental study
and obtaining of nanomaterials and nanostructures.>”*>->°

2. Analysis of theoretical models

Kinetics of ions discharge at the electrolyte/cluster interface
differs significantly from the regularities of discharge on the
planar electrolyte/electrode interface. Activation energies of the
forward and backward reactions (attachment and detachment
of a one particle to the g-atomic cluster) may be presented as
follows:*'">

GH(g) = szg, ()
G (g) =Gy — i—g, (2)
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where G, (J) is activation energy for electrolyte/cluster equilib-
rium, « and g are the transfer coefficients (« + § = 1), and G is
the new-phase cluster formation work (Fig. 1).

If nucleation proceeds at the moderate supersaturation, than
its regularities may be analyzed within the frames of CNT
approximations, which suppose a usage of macroscopic
parameters to characterize a new-phase properties. Then, G is
expressed as follows:**>*

G = —zegn + ag’’, (3)

where z is the valence of depositing ions, e (C) is the elementary
electric charge, n (V) is the overpotential (in this paper, the
cathodic overpotential and current density are considered
positive), n = E. — E, E. is the equilibrium potential of bulk
metal, E is the potential of the cathode, and a is a coefficient
depending on the geometric shape of the cluster. For hemi-
spherical cluster, @ = (18mv?)"?g, v (cm®) is the volume of one
new-phase atom, and ¢ (J cm ?) is the surface tension of the
electrolyte/cluster interface. The driving force of the electro-
chemical phase formation can be expressed by the formula

dGldg = —ze(n — np), (4)

where n, = 2ov/zer. The term 7, which can be called phase
overpotential, considers the Gibbs-Thomson effect on the
growing cluster. The cluster of radius r exists in unstable
equilibrium with the electrolyte at the overpotential equal to 7p,.
For the critical cluster, dG/dg = 0 and r. = 2gv/zen.

In the case of electrochemical nucleation, the frequencies of
attachment of one particle to the g-atomic cluster and detach-
ment from the (g + 1)-atomic cluster are proportional to the
densities of cathode and anode currents, that is why the equa-
tion of transition through the electrolyte/cluster interface may
be written in the form*

N __a 4G\ B dG (5)
Je = Jo| &XP kgT dg &P kgT dg /|’

G *(g)

0)
|
=

activation energy

2

reaction coordinate

Fig. 1 Scheme of energy barriers at the increase (decrease) in the
cluster size by one particle: (1) — ion in the electrolyte, (2) — atomin the
supercritical new-phase cluster.
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where j, (A cm™?) and j, (A em™?) are the current density and the
exchange current density at the electrolyte/cluster interface,
respectively, kg is the Boltzmann constant, and T (K) is the
absolute temperature. Under mixed (charge transfer and diffu-
sion) control:*>**

Je =Jo CC—SO' exp af (n —mn,) —exp B/ (n, — )|, (6)

where ¢, (cm ) is the bulk concentration of the depositing ions,
cor (em™?) is their concentration on the cluster surface, and f =
zelkpT. Hills et al.* studied the electrochemical phase forma-
tion kinetics using similar approach. Considering the depen-
dence of cluster size on the overpotential, eqn (6) may be
transformed to

Je = o [Cc—o exp af (1= =) = exp (" - 1)] ?)

This formula shows that the Gibbs-Thomson effect can be
neglected at r >> r.. There are two important aspects in these
model representations: (1) the exchange current density at the
electrolyte/cluster interface does not depend on the over-
potential and (2) both cathode current and anode current
depend on the overpotential and cluster size (see Fig. 1).

For the hemispherical cluster of radius r, we have

q = 2mzer’/3v, (8)
dr jev
a - ;7 (9)

where ¢ (C) is the charge required for electrodeposition of this
cluster, and ¢ (s) is time. As we demonstrated above, the Gibbs-
Thomson effect can be neglected at the growth stage (see eqn
(7)). Then from eqn (6), taking into account the stationary
approximation of the Fick equation in spherical coordi-
nates,”*?® we can find the current density to the growing small
cluster:

zeD

Je = ——(co = cq), (10)
where D (cm® s7) is the diffusion coefficient of the depositing
metal ions, and ¢ = ¢, exp(—f).

The combination of eqn (6) and (10) provides the general
expression that describes the growth of a new-phase cluster
under mixed kinetic-diffusion control:

. _ exp afn — exp(—6/n)
Je = l rexp afn : (11)
Jo zecoD

Then for pure kinetic (charge transfer) control, we have the
Butler-Volmer equation,

Je = Jolexp afn — exp(—Bfn)], (12)

and for pure diffusion control, we have the following formula:

o = 29211~ exp(f)]. (13)

This journal is © The Royal Society of Chemistry 2020
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Diffusion control is typical in the cases of electrodeposition
from aqueous solution with low concentration of depositing
ions; that is why we will analyze further only the regularities of
diffusion controlled cluster growth at different variants of
changes in supersaturation (overpotential) in the system.

3. Results and discussion

3.1. Potentiostatic electrodeposition

The time dependence of the radius of a hemispherical nano-
cluster, which formed at time ¢, and grows under constant
overpotential (growth is controlled by diffusion), may be easily
obtained from eqn (9) and (13):

r = QeD)"[1 — exp(~fm]"*(r — 10)"". (14)
Then for the current, I = Zmzjg, we have®2628
I = mze(2eoD)?0?[1 — exp(—f)*(t — 10)">. (15)

The value of the [1 — exp(—fn)] multiplier is close to unity at
high values of cathode overpotential; the current and nano-
cluster size will depend only on time.

Fig. 2 illustrates time dependences of nanocluster size
(Fig. 2a) and current (Fig. 2b) under potentiostatic condi-
tions. These dependences were calculated according to eqn
(14) and (15) atz =1, T=300 K, 5 = 40 mV, ¢, = 1.2 x 10"’
em >, D=10"cm?s ', v=1.7 x 10" ** cm?, and ¢, = 50 ms.
This values corresponding to the formation and growth of
a single Ag nanocluster on a 100 nm-radius Pt electrode.®
Theoretical curves reflect qualitatively accurately the experi-
mental time dependences of current and nanocluster size.
The moment of supercritical (capable of stable growth)
cluster formation is clearly visible by the abrupt increase in
current. Let us note that the current splash associated with
the charging of the double electric layer is recorded on
experimental potentiostatic current transients immediately
after stepping the potential. Besides, the nucleation time lag
in the experiment depends on the nanoelectrode size, over-
potential and electrolyte concentration and varies within the
relatively wide limits even for the same values of electrode-
position parameters.® Quantitative conformity between
theoretical and experimental curves may be provided by
selection of the diffusion coefficient value.

3.2. Cyclic voltammetry

In cyclic voltammetry, the time dependences of overpotential 7(¢)
is given as: n = vt, 0 =< ¢t =< t, (forward scan), n = v(2t, — t), t = t,,
(reverse scan), where v is the scan rate, and ¢, is the reversal time
(Fig. 3). Taking into account the dependences of cluster growth
rate and current on the overpotential,

dr  couD .
&= P01~ exp(fn)],

(16)

I =2mzecorD[1 — exp(—fn)], (17)

the following equations were obtained for the forward scan®°
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Fig. 2 Time dependence of the nanocluster radius (a) and the
potentiostatic current transient (b). Calculation parameters are re-
ported in the text.

1/2
r = (2‘;;])) (4 — 4y)"?, (18)
1 = mzeQQeoD)(lf) (4 — 49)"°[1 — exp(—fn)],  (19)
and for reverse scan
) 1/2
;= <2‘]‘;zD> 24y — Ay — A)', 20)

I = wze(2coD)*(vlfy) (245 — A9 — A)'[1 — exp(—fn)], (21)

where A(n) = fn + exp(—fn), A(no) = fno + exp(~fino), A(m) = fin +
exp(—fn). In the derivation these formulas, we assumed that
r(ty) = 0. The analysis of the expressions for the radius and
current shows that the maximum nanocluster size is

2COUD
r =
Jv
and the positions of the cathodic maximum and anodic

minimum of the cyclic voltammogram may be found from the
condition that dz/dt = 0:

>l/2(2A1A0 ', (22)
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Fig. 3 Scheme of the time dependence of overpotential in cyclic
voltammetry.

2fm + €XP fiim + 3exp(—fm) = 2245 — Ao + 1), (23)

where 7, is the overpotential corresponding to an extremum. A
similar approach can also be found in Pritzker's work.*

Fig. 4 presents the dependences of the nanocluster size and
current on overpotential under cyclic potential sweep. These
dependences were calculated from eqn (18), (20) (Fig. 4a) and eqn
(19), (21) (Fig. 4b). The calculations were performed at » = 0.05 V
s, to = 0.85 (1o = 0.04 V), t, = 2.4 s (7, = 0.12 V) and the same
values of z, v, ¢y, D, T as for Fig. 2. A sharp rise in current (point A)
is associated with the formation of a supercritical nanocluster
(Fig. 4a). After the reverse (point B), the overpotential decreases
but the cluster continues growing in the cathode region and
reaches the maximum size in the crossover point at n = 0 (point
D). Then it begins to dissolve and disappears completely at ng
(point F). This overpotential may be determined from the fyg +
exp(—fnr) = 24, — A, condition. The current increases on the
forward scan (Fig. 4b). The maximum current is observed after
the reverse (point C) because the current is affected by both an
increase in the crystal size and a decrease in overpotential after
reverse. For this reason, in the cathode region there is a nucle-
ation loop on the cyclic voltammogram, i.e. the current value on
the reverse scan is higher than that on the forward scan at the
same overpotential.**> In the anode region, the peak correspond-
ing to the cluster dissolution is observed (point E). From the
above said it follows that the method suggested allows predicting
changes in the nanocluster size at the known value of the diffu-
sion coefficient of depositing ions in the electrolyte.

3.3. Galvanostatic electrodeposition

In this case, the overpotential in the system changes in
a complicated way. Some factors (charge/discharge of the
double electric layer; changes in the adatoms concentration;
changes in mass transfer conditions; mutual influence between
the kinetics of formation and kinetics of cluster growth) make
the analysis of the experimental results difficult at the multiple
nucleation on the conventional electrodes.>***-** The solution to

6982 | RSC Adv, 2020, 10, 6979-6984
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Fig. 4 Dependence of the nanocluster radius on the overpotential (a)
and the cyclic voltammogram (b). Calculation parameters are reported
in the text. The points mentioned in the text are marked on the cyclic
voltammogram.

problem is somewhat simplified when a single nanocluster is
formed and grows on the nanoelectrode.
The balance equation for electrolyte/nanoelectrode interface
can be written as**?*
jt = Cyqn + ze(T' — Tg) + gls, (24)
where j (A cm?) is the applied current density (j = const), Cq
(F ecm?) is the specific capacity of the double electric layer, I’
and I’y (cm™?) are the single adatom (monomer) concentration
and its initial value at ¢ = 0, respectively, I' = I'; exp f, g (C) is
the charge spent on the nanocluster growth, and s (cm?) is the
nanoelectrode surface area. We do not take into consideration
planar diffusion to the electrode in eqn (24). Therefore, we
obtain equation for changing the overpotential in the system

dng Jj— 27rr2jg/s

= @ s 25
dt  Cy+zefToexpfn’ (25)

where the term 27r%j,/s = 0 until the appearance of the cluster
of supercritical size. Eqn (16) and (17) may be used considering

This journal is © The Royal Society of Chemistry 2020
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the phase overpotential to determine the nanocluster growth
rate and the growth current.

Fig. 5 illustrates the results of the numerical solution of the
aforementioned equations system at /= 10" "* A, s = 3.14 x 10" *°
cm® (100 nm-radius electrode), Cq = 80 uF cm 2, Ty = 1.2 x 10"
em 2, 0 =10""J cm 2, and the same values of z, v, o, D, T as for
Fig. 2 and 4. The supercritical nanocluster was introduced at n =
40 mV. The calculations demonstrate that when the constant
current is switched on, the double electric layer starts charging,
the overpotential (Fig. 5a) and the adatoms concentration
increases. After the nanocluster appearance, a part of current is
consumed on his growth. The overpotential reaches maximum,
when the growth current of nanocluster becomes equal to the
preassigned current. When the growth current is greater than the
preassigned one, overpotential and the adatoms concentration
decreases, the double electric layer is discharged; the prevailing
ions flux from the electrode surface into the electrolyte bulk
arises. Afterwards only the diffusion controlled growth of nano-
cluster takes place under low overpotential. The modeling
demonstrates that the nanocluster growth rate during the gal-
vanostatic deposition is significantly lower than that under
potentiostatic conditions, because of the overpotential drop
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Fig. 5 Time dependences of the nanocluster size (a) and current (b)
under galvanostatic electrodeposition. Calculation parameters are
reported in the text.
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(Fig. 5b) after nanocluster formation. At the higher values of
preassigned current, the multiple nucleation will take place; in
addition, the increase in the concentration of the depositing ions
will results in an decrease in the number of clusters and an
increase in the cluster size.*

4. Conclusion

Theoretical aspects of thermodynamics and kinetics of initial
stages of electrochemical phase formation are briefly analyzed.
The electrochemical methods was shown to be very useful for
obtaining and studying single metal nanoclusters on an indif-
ferent nanoelectrode. The models of formation and diffusion
controlled growth of a new-phase nanocluster were proposed
for the following methods:

(1) potentiostatic electrodeposition;

(2) cyclic voltammetry;

(3) galvanostatic electrodeposition.

It has been demonstrated that the use of these models allows
us to determine the mechanism and parameters of nucleation
and growth of a single metal nanocluster on a nanoelectrode by
interpreting the time dependences of such macroscopic quan-
tities as electric current and electrode potential.
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