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Fundamental understanding of the early stages of electrodeposition at the nanoscale is key to address the
challenges in a wide range of applications. Despite having been studied for decades, a comprehensive
understanding of the whole process is still out of reach. In this work, we introduce a novel modelling
approach that couples a ﬁnite element method (FEM) with a random walk algorithm, to study the early
stages of nanocluster formation, aggregation and growth, during electrochemical deposition. This
approach takes into account not only electrochemical kinetics and transport of active species, but also
the surface diﬀusion and aggregation of adatoms and small nanoclusters. The simulation results reveal
that the relative surface mobility of the nanoclusters compared to that of the adatoms plays a crucial role
in the early growth stages. The number of clusters, their size and their size dispersion are inﬂuenced more
signiﬁcantly by nanocluster mobility than by the applied overpotential itself. Increasing the overpotential
results in shorter induction times and leads to aggregation prevalence at shorter times. A higher mobility
results in longer induction times, a delayed transition from nucleation to aggregation prevalence, and as a
consequence, a larger surface coverage of smaller clusters with a smaller size dispersion. As a consequence, it is shown that a classical ﬁrst-order nucleation kinetics equation cannot describe the evolution
of the number of clusters with time, N(t ), in potentiostatic electrodeposition. Instead, a more accurate
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representation of N(t ) is provided. We show that an evaluation of N(t ), which neglects the eﬀect of nanocluster mobility and aggregation, can induce errors of several orders of magnitude in the determination of

DOI: 10.1039/c7nr08529j

nucleation rate constants. These ﬁndings are extremely important towards evaluating the elementary

rsc.li/nanoscale

electrodeposition processes, considering not only adatoms, but also nanoclusters as building blocks.

1 Introduction
Electrochemical deposition is, since the 19th century, a core
technology for many industrial applications.1,2 During the last
decades, this technique has also been successfully employed
for the preparation of a wide variety of supported nanostructured materials3 (nanoparticle distributions, thin films,
etc.) with applications in many fields, ranging from (bio)
sensing4–7 to catalysis.8–11 When compared to other synthesis
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methods in the liquid or gas phase, electrochemical deposition oﬀers several advantages such as allowing the nucleation and growth of the new phase directly on the substrate of
interest. Moreover, the physico-chemical and structural properties of the deposited material can be tuned by the interplay
of applied potentials, electrolyte composition, substrate-electrolyte-growing phase interactions, etc. Although the interplay
of such diﬀerent phenomena provides interesting pathways to
achieve a good control of the morphology and structure of the
deposited material in the nanoscale, it also adds complexity to
the fundamental understanding of each elementary step
taking place during the electrodeposition process, especially
during its initial stages.
The early stages of electrochemical nucleation and growth
have been exhaustively studied for decades,12 resulting in a
classic nucleation and growth theory which is based on the
assumption that, once stable nuclei are formed, growth occurs
by atomic addition until the reaction is halted (i.e., atoms are
the only building blocks in the process). It can be summarized
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as follows: first, when the applied potential is negative enough
to force the reaction Mez+ + ze− → Me(s), metal cations are electrochemically reduced to metal adatoms at the interface
between the substrate and the electrolyte. As a consequence,
new interfaces are created, with a concomitant increase of the
free Gibbs energy of the system. Due to this excess energy, the
metal adatoms diﬀuse randomly (Brownian motion) on the
surface of the electrode depending on the metal–substrate interactions. During this time, diﬀusing adatoms may encounter
other adatoms, atomic clusters or surface defects. This results
in the locking of adatoms (or clusters) to surface defects, or the
aggregation of several atoms, since both processes reduce
excess surface energy generated by the deposited foreign phase.
Eventually, upon reaching a critical size (or locking to a surface
defect), the thermodynamic formation energy of the clusters is
larger than their surface energy. Thereafter, such a cluster can
be considered a stable nucleus, which grows irreversibly by the
incorporation of more atoms until the electrochemical
reduction is no longer thermodynamically favourable (i.e., a
negative potential is no longer applied).
Depending on the interactions between the metal and the
substrate, three diﬀerent growth modes are generally accepted.
In this work, we focus on the case in which the deposited
metal atoms are more tightly bound to each other than to the
substrate. Hence, the nuclei adopt the shape of hemispherical
islands which grow radially by the so-called Volmer–Weber 3D
island growth mechanism.12 This is the case of metals on carbonaceous materials such as glassy carbon or graphite, which
results in the electrodeposition of nanoparticle distributions, commonly used for electrocatalytic or sensing
applications.13,14
In the early stages, two growth processes have been traditionally considered. First, a metal ion can be discharged into
an adatom on an arbitrary site of the electrode surface and can
migrate randomly on the surface until it is incorporated into a
nucleus. Second, the electrochemical reduction of a metallic
cation can take place on the surface of the growing nucleus
directly. In general, the contribution of atomic surface
diﬀusion has been neglected and direct reduction of metallic
ions onto growing nuclei is considered as the only mechanism
involved in electrochemical growth. Such a mechanism is henceforth referred to as direct attachment.1,3,12,15–17 Based on
these assumptions, and considering first-order nucleation
kinetics,18 analytical formulations of the current (I–t ) transients obtained upon the application of a constant potential
( potentiostatic electrodeposition) have been developed
through several decades. These give rise to several well-established models for the 3D growth of multiple nuclei under
diﬀusion control: Scharifker–Hills (SH),19 Scharifker–Mostany
(SM),20 Mirkin and Nilov (MN),21 and Heerman and Tarallo
(HT)22 among others.15,23–25 Further mathematical developments have completed these models by adding co-deposition
reactions26,27 or mixed and kinetic control.28,29
By fitting these analytical models to the experimental I–t
transients, the evolution of the number of nuclei with time,
N(t ), can be inferred. Interestingly, the comparison of N(t )
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inferred from modelling I–t transients and N(t ) calculated
after physical characterization of nuclei grown for diﬀerent
times leads to a large controversy over the correctness and
applicability of such models. In some cases, a good agreement
is found,30–33 whereas, in other cases, nucleation rates
obtained from the analytical model can diﬀer up to five orders
of magnitude from those obtained using experimental
imaging techniques.16,18,34–38 It is worth re-emphasizing here
that, in spite of diﬀerent mathematical formulations, all the
models cited previously are based on the growth of all stable
nuclei being only mediated by direct attachment.
Over the last decades, the improvement of characterization
techniques has allowed the community to investigate electrochemical nucleation and growth phenomena with higher
resolution by ex situ36,39 and in situ18 transmission electron
microscopy (TEM). Very recently, non-contact lateral molecular
force microscopy employing vertically oriented probes has
been used with unprecedented spatiotemporal resolution to
probe in situ, the dynamic processes occurring during the early
stages of metal nucleation.40 Also, the use of nanoelectrodes41,42 or scanning electrochemical cell microscopy
(SECCM)38,43 has allowed one to probe electrochemical nucleation phenomena in ultra-small surfaces, giving rise to the
possibility of detecting current spikes which arise from the
growth of single nuclei. Based on the combination of these
characterization techniques, several novel phenomena, which
are not accounted for within the classical theory of nucleation
and growth, have been reported. For instance, nanocluster
detachment from the substrate,38,43 secondary nucleation,44
self-terminated growth,45,46 nanocluster surface movement,
aggregation and coalescence36–38,40,43,47 have been found to
highly influence the early stages of nucleation and growth.
Unfortunately, these processes cannot be described by the
analytical models mentioned previously.
Due to the high level of complexity of the process and the
small timescales and lengthscales which need to be considered, electrochemical and surface characterization techniques feature inherent limitations. Electrochemical measurements suﬀer from poor signal-to-noise ratio, whereas in situ
TEM characterization may lack surface sensitivity or spatial
resolution and only oﬀers limited data interpretation and
reproducibility due to the strong interaction of the electron
beam with the electrolyte and electrode material.48 Therefore,
a complementary approach based on numerical simulations is
highly sought after.
During the last decades, diﬀerent models have been built to
describe and simulate numerically the early stages of heterogeneous nucleation and thin-film growth for diﬀerent experimental processes, such as chemical vapor deposition (CVD),49
physical vapor deposition (PVD),50,51 molecular beam epitaxy
(MBE),50,52 low energy cluster beam deposition (LECBD)50,52
and other techniques.51 Some of the most well-established
models are the percolation model (PM),53 the diﬀusion limited
aggregation (DLA) model,54 the cluster–cluster aggregation
(CCA) model50 and the deposition diﬀusion aggregation (DDA)
model.50–52 In brief, the PM model only considers the influx of
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atoms into the substrate but neglects the surface diﬀusion of
adatoms and clusters. In the DLA model, the surface diﬀusion
and aggregation of adatoms are incorporated whereas, in the
CCA model, the surface diﬀusion and aggregation of clusters
are also taken into consideration. However, both DLA and CCA
models do not take into account a continuous influx of new
atoms into the substrate. Alternatively, the DDA model considers explicitly continuous deposition and the diﬀusion and
aggregation of both adatoms and clusters.
In comparison with non-electrochemical processes, fewer
attempts have been made to model, numerically, the early
stages of thin-film/island growth during electrochemical deposition. For example, the case of 3D-diﬀussion controlled
growth was studied by the boundary element method.55,56
Besides, the cause of particle size dispersion assuming
instantaneous nucleation followed by diﬀusion controlled
growth was modelled using Brownian dynamics.57 It was
found that particle dispersion is linked to the heterogeneous
distribution of the inter-particle distance. Similar studies were
also conducted by introducing two parameters: a reaction distance parameter to correct the discretization error and the
environmental potential parameter to analyze the influences
of the size and growth of a nucleus on its surrounding.58
Furthermore, a kinetic Monte Carlo (KMC) model was developed to study the eﬀects of the metal–substrate surface
diﬀusion energy barrier and the kinetics of attachment of
adatoms during the initial stages of electrodeposition at low
overpotential. The simulation showed that a higher cluster
density is achieved when the metal-on-substrate surface
diﬀusion is low compared with the metal-on-metal surface
diﬀusion.59 Later, the same approach was used to simulate the
growth of predefined seeds on the substrate60 leading to the
conclusion that more uniform size distributions are possible
by increasing the number of seeds. Furthermore, the formation of surface alloys in the early stages of electrochemical
deposition has also been studied by coupling microcanonical
molecular dynamics (MMD) and BD models61,62 making possible to discern between layer-by-layer growth for Ag on Au(111)
and surface alloy formation for the case of Pt on Au(111).
It is worth reemphasizing here that all the electrochemical
growth models are based on the assumption that atoms are the
only building blocks during the early stages of electrochemical
nucleation and growth (growth is only mediated by direct
attachment) and that, as a consequence, the surface diﬀusion
and aggregation of nanoclusters are neglected. Besides, the
current models are applicable only under previously specified
nucleation modes (instantaneous and/or progressive) and
growth modes (kinetics or diﬀusion controlled).55,56
In this work, we elaborate a novel modelling approach that
combines a finite element method (FEM) with random walk
simulations. The FEM63 provides the surface concentration
and the net flux of adatoms discharged on the surface based
on the applied potential, whereas the random walk algorithm
is used to simulate the surface diﬀusion and aggregation of
adatoms and clusters. By using this tool, we provide significant
evidence that supports the recent experimental findings on an
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electrochemical aggregative growth mechanism during the
initial stages of nanoscale electrodeposition.36,37,43 To the best
of our knowledge, we introduce for the first time the concept
of cluster diﬀusion and aggregation, during continuous deposition in one nanoscale electrodeposition model.

2

Model description

In this section, we define the terms used throughout this
paper and discuss the model assumptions in detail. Adatoms
are isolated metal atoms that are formed after the electrochemical reduction of metal cations on the substrate. Clusters
and adatom-aggregates are groups of adatoms connected
together irreversibly. We use the term cluster when its radius
is larger than a certain arbitrary threshold and the term
adatom-aggregate when its radius is smaller. Aggregates are
groups of two or more clusters connected together irreversibly.
Note that the term particles is used to refer to adatoms, clusters and aggregates together. Finally, we define induction time
as the time that is needed for the first cluster larger than a
given size to be formed.
2.1

Deposition model and assumptions

In this work, the continuous deposition of metal adatoms on
the surface is modelled by using a time dependent multi-ion
transport and reaction model (TD-MITReM).63,64 The
TD-MITReM is used to solve the mass balance equation of all
the species and electrolyte potential in each time step. This
model takes into account the transport driven by convection,
migration and diﬀusion of all relevant species in the electrolyte, together with homogeneous reactions in the electrolyte
and electrochemical reactions at the electrode.63,65 The solution of this model results in a time dependent current density
produced by the electrochemical reduction of metal cations on
the surface. In this work, we use the electrochemical reduction
of silver from an acetonitrile solution containing 1 mM AgNO3
and 0.1 M LiClO4 as a case study. In this way, the following
assumptions can be made: the electrochemical reaction consists of only one-step reduction (Me+ + 1e− → Meads) and no
homogeneous reactions occur in the electrolyte. The kinetics
of the electrochemical reaction was modelled with the Tafel
equation63,65 and all simulations were carried out far from the
equilibrium potentials, so underpotential deposition and
anodic dissolution can be neglected.
Fig. 1(a) shows the current density obtained after the application of various electrode potentials (E = −0.11 to E = −0.3 V
vs. the SHE, corresponding to overpotentials η = 560 mV to η =
750 mV). By using Faraday’s law, the resulting current density
is transferred to the surface diﬀusion model as an influx of
metal adatoms at random locations on the electrode surface.
For simplicity, the diﬀerent influxes are referred hereafter to as
influx factors, F, by normalizing them to the influx obtained
for the lowest simulated overpotential, η = 560 mV. Here, the
following remark must be borne in mind. The way in which
the overpotential translates into an influx of adatoms depends
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surface area has not started to increase yet by the formation
of growing active nuclei. Instead, a characteristic I ∝ t−1/2
relationship (Cotrellian behaviour), typical of electrochemical
reactions occurring on a non-growing surface under planar
diﬀusion limitations, is expected.68 Fig. 1(b) shows a scheme
exemplifying the diﬀerent time-domains of a potentiostatic
electrodeposition current–time transient.18,27,36,37,69,70 At
short times, the current transient decays monotonically due
to the electrical double layer charging (DL charging) and due
to the formation of sub-critical clusters (induction time). At
longer times, the current increases due to three-dimensional
growth by direct attachment and presents a maximum due to
the overlapping of diﬀusion zones. The transient ends up
decaying at I ∝ t−1/2, typical of linear diﬀusion. The transients
simulated in Fig. 1(a) correspond to the region at the left of
the red line (induction time) of Fig. 1(b).
2.2

Fig. 1 (a) Current–time transients obtained from the FEM simulation of
the electrochemical reduction of silver at diﬀerent overpotentials. The
solution contained 1 mM AgNO3 and 0.1 M LiClO4 as a supporting electrolyte in an acetonitrile solution. (b) Schematics of a typical chronoamperometric current transient obtained during an electrodeposition
experiment following a potential step.

not only on the overpotential (reaction kinetics) but also on
the mass transport conditions: diﬀusion, migration and convection. Since the mass transport conditions are the same in
all the simulations, each influx of adatoms is directly related
to a given overpotential and therefore, we use the terms influx
and overpotential indistinctly in this article. However, if mass
transport conditions were diﬀerent, each overpotential will
lead to a diﬀerent influx.
It must be noted that the current–time transients shown
in Fig. 1(a) do not display the characteristic peaked shape,
typical of electrochemical growth of 3D islands under
diﬀusion control.20,66 Instead, the simulated transient displays a monotonically decreasing current profile. The reason
is that, during the initial stages, prior to the formation of
stable nuclei, electrodeposition proceeds by the discharge of
metal adatoms on the substrate and the formation of subcritical clusters.32,36,37 During this initial time, defined as
induction time in several occasions,24,25,36–38,41,67 the active
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Surface diﬀusion model and assumptions

The physico-chemical interactions between the deposited
metal and the substrate have been extensively studied and
have been shown to have a strong eﬀect on the electrochemical
nucleation and growth process. Hence, diﬀerent metal nanostructures, size distributions and morphologies are obtained
for diﬀerent combinations of the deposited metal and substrate materials.36–38,71–77 It is crucial to emphasize that the
surface diﬀusion, not only of adatoms, but also of small nanoclusters (NCs) must be considered, since it has been shown
that clusters as large as a few nanometers in diameter are
mobile when supported on carbon36,37,47,78,79 or ITO40 substrates in an electrochemical environment.
The surface diﬀusion/mobility is the direct result of the
surface energy diﬀerence between the metal adatoms and/or
clusters and the electrode material. In other words, when the
binding energy between deposited species and the substrate
becomes lower, the surface tension becomes higher, and the
surface diﬀusion is enhanced. Therefore, the adatoms, but also
the small clusters, move randomly along the surface of the electrode. To minimize excess surface energy, adatoms and clusters
aggregate with each other. The surface diﬀusion decreases with
an increase of the cluster size.50–52,59,80 Several mathematical
models have been postulated50,59,79 and the surface diﬀusion
coeﬃcient, D [m2 s−1], of a cluster can be defined as
D ¼ D0  N adatoms α

ð1Þ

where D0 [m2 s−1] is the surface diﬀusion coeﬃcient of an
adatom (D0 = 2 × 10−9 m2 s−1)81 with Nadatoms being the
number of adatoms forming the cluster. α represents the relative mobility of small and large clusters (α ≥ 0). Hereafter, α is
referred to as the relative surface mobility factor.
Fig. 2 shows the dependence of the cluster diﬀusion coeﬃcient as a function of the cluster size for diﬀerent values of α.
Larger values of α result in a sharper drop in the surface
diﬀusion coeﬃcient with increasing cluster size. This means
that the assumption that only single adatoms diﬀuse on the
substrate during the initial stages of electrodeposition would
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Fig. 2 Cluster surface diﬀusion as a function of the number of adatoms
within a cluster for diﬀerent relative surface mobility factors, α.

only be acceptable for large values of α (typically 10).
Contrarily, for small α (α ≈ 0.5), the surface diﬀusion coeﬃcient of nanoclusters of up to hundreds and thousands of
atoms (r ≈ 1–1.5 nm) cannot be neglected. The same power
law has been adopted by Jensen et al.50–52 to study surface
diﬀusion and aggregation during the growth of thin films in
non-electrochemical processes.
We model the motion of individual metal particles
(adatoms and clusters) as spheres with diﬀerent radii Ri and
masses mi on a 300 × 300 nm2 surface under periodic boundary conditions. At every time step the center r of each particle
is updated through57


pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cosðφR Þ
rðtnþ1 Þ ¼ rðtn Þ þ 2 DΔt  R 
ð2Þ
sinðφR Þ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where R ¼ 2 lnðN 1 Þ as well as φR = 2πN2 with uniform
random numbers Ni ∈ [0, 1). For all the simulations we
choose Δt = 1 ns. After every time step, the collision of metal
particles with indices i and j is checked and evaluated by the
condition
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxi  xj Þ2 þ ðyi  yj Þ2  Ri þ Rj 8i; j
ð3Þ
where xi and yi are the components of ri. If two metal particles
collide, the mass and volume of both particles are added,
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hence Rnew ¼ 3 Ri 3 þ Rj 3 and mnew = mi + mj; the new center
rnew of the grown particle is calculated through
rnew ¼

mi ri þ mj rj
mi þ mj

ð4Þ

Due to the aforementioned complexity of the surface processes, the following considerations are taken into account: (i)
the initial configuration of the substrate is perfectly flat, homo-

This journal is © The Royal Society of Chemistry 2018

geneous and free of defects, unless stated otherwise; (ii) the
initial number of metal adatoms on the surface is zero; (iii)
metal adatoms are deposited randomly on the substrate or on
particles that have been previously deposited; (iv) no surface
desorption is allowed. This assumption is based on the fact
that, by calculating the influx of adatoms from the simulated
electrochemical current, surface desorption of adatoms is
already taken into account in the total cathodic current since
ITot = IAds − IDes, with ITot being the net influx that results from
the diﬀerence between adatom adsorption, IAds, and desorption, IDes, i.e., electrochemical reduction and oxidation.
Further details are given elsewhere.63 It must be noted that a
similar interpretation of the reduction current in the initial
stages of electrodeposition has been adopted to explain the
nucleation and growth of Pd particles on carbon.43
Furthermore, (v) the aggregation of adatoms or clusters is
assumed to be irreversible; (vi) the surface diﬀusion coeﬃcient
of adatoms is assumed to be constant for all simulations
unless otherwise stated; (vii) the shapes of the growing clusters
are approximated to be spherical. Herein, it must be re-emphasized that in the present model, cluster–cluster coalescence
kinetics is not considered. Therefore, when two clusters
collide, coalescence is immediate. Previous experimental work
in electrodeposition and soft-landed clusters shows that this
approximation is valid when the deposited material has a low
melting point (Ag, Cu, Sb, In) and the cluster surfaces are free
of adsorbates that could hinder or delay coalescence.36,37,82
Contrarily, the electrodeposition of materials of high melting
point and/or whose surfaces are susceptible of becoming passivated by adsorbates (Pt, Pd) have shown to lead to ramified,
porous and dendritic structures, due to slow or impeded
coalescence.37,43,47,82–84 In any case, although the current
model does not allow predicting the morphology of the
growing islands, it allows the study of magnitudes such as
cluster size, cluster number density and surface coverage,
since these are barely influenced by the coalescence process.
Finally, (viii) no energetic considerations are taken for nucleation and the formation of clusters occurs by aggregation of
particles (clusters and adatoms).
It is well known that surface defects and the Gibbs free
energy of formation (which depends on the specific surface
energy between the diﬀerent phases, besides the overpotential)
drive nucleation phenomena. This, in turn, causes the electrochemical current measured during the initial stages of potentiostatic electrodeposition to be dependent on the substrate–
metal interactions. Although this is not explicitly considered
in our model, it can be considered to be included in the FEM
simulation of the net electrochemical current, through the
kinetic constant of the silver electrochemical reduction reaction on a given substrate. This has been assumed here as the
forward reaction rate, Kf = 0.0001 mol m−3 s−1 and charge
transfer coeﬃcient, αf = 0.56.63 Besides, once clusters have
reached a given size and can be considered pinned to a
location on the surface (their surface diﬀusion coeﬃcient
becomes negligible), three-dimensional regions of reduced
reactant concentration would start to develop around the
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growing clusters. However, this phenomenon has not been
included yet in the model, since the focus of this article is on
the initial stages after polarization (to the left of the red bar in
the schematic current–time transient shown in Fig. 1(b)).
Diﬀerent simulations have been run with diﬀerent net
influx factors F (i.e., for diﬀerent applied electrode potentials)
and for relative surface mobility factors, α. The mass and
radius of all metal adatoms are m ≈ 107.87 g mol−1 and R ≈
0.165 nm, respectively. All simulations run for a physical time
of 10 ms. For every considered case, five diﬀerent simulations
were run with diﬀerent sets of random numbers and hence
the mean of the properties is always presented in this paper.

3

Results and discussion

In this section, we evaluate the eﬀect of the applied overpotential, η, and the relative surface mobility factor, α, on the cluster
formation, aggregation and size distribution evolution with
time. As previously explained, the eﬀect of the overpotential is
taken into account by using diﬀerent influx factors (F = 1 ∼ E =
−0.11 V ∼ η = 560 mV; F = 2 ∼ E = −0.18 V ∼ η = 630 mV; F = 3
∼ E = −0.25 V ∼ η = 700 mV; F = 4 ∼ E = −0.3 V ∼ η = 750 mV).
Since the mass transport conditions are the same through all
the simulations, each overpotential translates directly in an
influx factor, F, with a higher overpotential resulting in higher
F. Besides this, diﬀerent relative surface mobility factors are
used (α = 0.5, 1.0, 1.5 and 2.0), since 0.5 ≤ α ≤ 2 are the most
common values reported in the literature.50,51

3.1

Fig. 3 Time evolution of the density of adatoms on the electrode
surface for diﬀerent inﬂux factors, F, and α = 1 (a), and for diﬀerent
values of α and F = 1 (b).

Evolution of the number of single adatoms

Fig. 3 shows the time evolution of the density of adatoms on
the surface (nadatoms [1 cm−2]) as a function of time for
diﬀerent influx factors F, for α = 1 (a) and diﬀerent values of α
for F = 1 (b). In all cases, the number of adatoms decreases
with time. This is due to two reasons: first, the imposed influx
decreases with time due to a gradual reduction of the mass
transport of metal cations towards the electrode surface.
Second, adatoms diﬀuse randomly over the electrode surface
and aggregate with each other.
Increasing the net influx (i.e., increasing the overpotential)
results, obviously, in a higher number of adatoms at any time,
as shown in Fig. 3(a). Besides this, the surface diﬀusion coeﬃcient, D, also influences highly the evolution of the number of
adatoms on the electrode surface. Since D0 is constant through
the simulations, the influence of the relative surface mobility
factor, α, is evaluated. Fig. 3(b) shows that high values of α
result in a faster depletion of adatoms in shorter times. This
can be explained as follows. For higher values of α, the mobility of large clusters becomes smaller and this results in the
formation of a large number of clusters of small size.
Therefore, incoming adatoms have higher chances to encounter clusters to aggregate with so the number of free adatoms
on the surface decreases faster.

Nanoscale

3.2

Early stages of cluster formation and aggregation

With the purpose of evaluating the influence of diﬀerent parameters on the initial stages of cluster formation and growth,
we define an arbitrary radius of 2 nm to define the formation
of a cluster since this is approximately the size of the smallest
clusters that have been imaged experimentally for Ag,36,37
Pt36,47 and Pd.43 It must be noted that the analysis that follows
would be similar if the arbitrary size would be diﬀerent; only
absolute values would change but the trends would be maintained. This is shown in Fig. S1 of the ESI,† where the evolution of the number of clusters is compared when diﬀerent
arbitrary radii are selected.
3.2.1 Influence of the overpotential (net flux of adatoms)
on cluster formation and aggregation. Fig. 4 shows the evolution of the number Nc and density nc [1 cm−2] of metal clusters with R ≥ 2 nm for diﬀerent net influxes for α = 1 (a) and
α = 2 (b). It can be seen that the time needed for the first
cluster of r = 2 nm to be formed, i.e., the induction time, tInd,
decreases with an increase of the net flux of adatoms (i.e.,
higher overpotential). Essentially, increasing the imposed overpotential results in a higher number of adatoms deposited on
the electrode surface. Hence, this results in a faster formation
of clusters by increasing the probability of adatom aggregation.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The number and density of clusters larger than 2 nm on the
surface as a function of time for diﬀerent inﬂuxes for (a) α = 1 and (b) α = 2.
(c) The number of clusters (nc,ﬁnal ) after 10 ms as a function of η for
diﬀerent values of α. The lines show the linear ﬁt to the simulated data.

In addition to increase the rate at which clusters are formed,
this leads to shorter induction times as proved experimentally
in many occasions.18,20,41,42,66,67,85
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However, the eﬀect of cluster mobility, represented by the
relative surface mobility factor, α, is generally overlooked. For a
small value of α (Fig. 4a), the number of clusters first
increases, reaches a maximum and then decreases. Such a
decrease, which has been previously reported experimentally,36,37 is caused by cluster (not adatom) aggregation.
This process is hereafter referred to as nucleation–aggregation
balance and the time where N(t ) reaches a maximum is
referred to as nucleation–aggregation transition time and
denoted tNucl–Aggr. For large values of α (Fig. 4(b)), the formation of clusters is delayed (longer induction time), and a
higher number of clusters are formed. Although N(t ) levels oﬀ
for very high influxes, the number of clusters does not
decrease substantially at longer times, in contrast to the case
of lower α.
In the classical nucleation and growth theory, nuclei are
assumed to be stable (not moving) and N(t ) is assumed to be
represented by N0[1 − exp(−At )] (see Introduction). These
assumptions would be represented by the case in which α → ∞.
However, it has been shown experimentally that small nanoclusters are not stable36–38,43,47 and hence non-infinite values
of α need to be considered. In fact, the N(t ) profiles depicted
in Fig. 4(a), with α = 1, are similar to those determined experimentally for Ag electrodeposition,37,47 indicating that the
actual model of cluster surface diﬀusion during the initial
stages of electrodeposition can be valid to interpret experimental data.
Moreover, Fig. 4(a) and (b) show that the nucleation–aggregation transition time (tNucl–Aggr) also depends on the imposed
influx. Increasing the net flux results in a decrease of the transition time regardless of α. The reason is that, independently of
the surface diﬀusion of the clusters, a higher flux of adatoms
leads to the formation of a higher number of clusters, separated
by shorter distances from each other. This implies that cluster
aggregation becomes dominant at shorter time scales.
Besides, the total number of clusters with R ≥ 2 nm after
10 ms (Nc,final ) is shown in Fig. 4(c). One can see that Nc,final
increases linearly with the overpotential, regardless of the relative diﬀusion factor (α), for small values of α. When α ≥ 2, the
number of clusters after a given time also increases with overpotential but seems to level-oﬀ for large η. The eﬀect of α on
N(t ) is further discussed in section 3.2.3.
3.2.2 Influence of the overpotential (net flux of adatoms)
on the size of clusters. Fig. 5 displays the size evolution of the
largest cluster as a function of time for diﬀerent net fluxes for
α = 1 (a) and α = 2 (b). Regardless of the relative surface mobility factor α, the radius of the largest cluster follows a square

pﬃﬃ
root time dependence Rmax / t , typical of diﬀusion controlled growth. The size of the largest cluster (Rmax,final ) after
10 ms as a function of overpotential, for diﬀerent values of α,
is displayed in Fig. 5(c). The size of the largest cluster increases
linearly with the overpotential, regardless of α. This is logical,
since increasing the overpotential results in a higher flux of
adatoms, faster cluster formation and a slight increase in
cluster size.68,85,86 The eﬀect of α on the size of the clusters is
further discussed in section 3.2.3.
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Fig. 5 The size of the largest cluster, Rmax, as a function of time for
diﬀerent inﬂuxes for α = 1.0 (a) and α = 2.0 (b). (c) The size of the largest
cluster after 10 ms, Rmax,ﬁnal, as a function of η for diﬀerent values of α.
The lines show the linear ﬁt to the simulated data.

3.2.3 Influence of the relative surface mobility factor α on
cluster formation and aggregation. Although increasing the
net flux (i.e., overpotential) always results in a higher cluster
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formation rate and faster growth, it is already evident from
Fig. 3 and 4 that the relative surface mobility factor, α, generally overlooked in electrochemical nucleation and growth
phenomena, also plays an important role.
Fig. 6(a) and (b) show the evolution of the number and density
of clusters with time for diﬀerent relative surface mobility factors
for F = 1 (a) and F = 4 (b). N(t) shows a similar trend in all considered cases. After a certain induction time, tInd, the number of
clusters first increases (cluster formation), reaches a maximum at
tNucl–Aggr (nucleation–aggregation balance) and then decreases due
to the prevalence of cluster aggregation to the formation of new
clusters. Cluster aggregation processes are especially relevant in
electrochemical deposition under stagnant conditions since the
influx of adatoms decreases very fast after the application of a given
overpotential due to the diﬀusion driven transport of species from
the bulk solution to the electrochemical interface. This implies that
the probability of formation of new nuclei decreases substantially
with time. Therefore, it is not surprising that cluster aggregation
results in a decrease of the number of clusters on the surface, this
decrease not being overcome by the formation of new clusters.
In all considered cases, regardless of the net flux, increasing α leads to longer induction times, indicating that the formation of clusters requires longer time. Herein, it must be
noted that an arbitrary radius of 2 nm has been considered to
define a cluster. However, although the absolute values of tInd,
NC and tNucl–Aggr are aﬀected by the arbitrary size defined to
diﬀerentiate between adatom aggregates and clusters, the analysis is valid independent of the selected arbitrary size (see ESI,
Fig. S1†). The fact that a higher α delays the formation of clusters is logical, since a larger α means that adatom-aggregates
formed by more than 1 atom diﬀuse slower on the surface.
Hence, since clusters are formed not only by the incorporation
of adatoms but also by the incorporation of adatom aggregates,
a slower diﬀusion of the latest induces a longer induction time.
Furthermore, it can be noticed in the same figures that an
increase in α results in a positive shift of the nucleation–aggregation transition time, tNucl–Aggr, i.e., the peak of nc vs. t. This
indicates that cluster aggregation becomes prevalent only at
longer times. This is also logical since an increase in α results
in decreasing of cluster mobility and therefore prevents existing clusters to aggregate for longer times.
The eﬀect of the relative surface mobility factor on the final
number of clusters after 10 ms of deposition for diﬀerent
influxes F is shown in Fig. 6(c). It shows that increasing α
yields an increase of the final number of clusters. This implies
that for small mobility, i.e. larger α, cluster formation is
favoured compared to cluster aggregation, which results in a
higher particle density. Interestingly, Fig. 6(c) also indicates
that the number of clusters at any time during the early stages
of electrochemical deposition is more dependent on cluster
mobility than on the overpotential itself.
3.2.4 Definition of N(t ) in electrochemical deposition.
After the application of a step potential, the evolution of the
number of clusters with time is usually understood as the
number of nuclei which are formed at the substrate and is
given by19,20,85
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rected to account for an induction time,32,40,42,87,88 which
accounts for the stochastic processes occurring prior to the formation of stable nuclei:
NðtÞ ¼ N 0 ½1  expðA0  ðt  tIND ÞÞ

ð6Þ
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However, such a definition for N(t ) considers that once a
stable nucleus is formed, it is fixed at the substrate. Hence,
N(t ) increases monotonically. A large variety of previous experimental studies have shown that the evolution of clusters with
time can indeed be represented by eqn (5) or (6).32,87–90
However, it was recently demonstrated that, although this was
the case when clusters of d ≥ 5 nm were probed, the analysis
of the surfaces with high resolution TEM yielded a population
of small clusters of d ≈ 1–2 nm that followed N(t ) profiles such
as those shown in Fig. 6.
This can be attributed to nanocluster mobility and aggregation when non-infinite values of α are considered. Fig. 7 shows
the N(t ) profiles considering clusters larger than several arbitrary sizes for α = 1. It shows that, even if aggregation of small
nanoclusters occurs, N(t ) could still be represented by eqn (6),
when only clusters of R ≥ 5 nm are probed (equivalent to
image the surface with FESEM instead of TEM).36
This demonstrates that the nucleation rate cannot be determined by counting clusters on the electrode surface unless it
is guaranteed that the entire cluster population, including d ≈
1–5 nm, is probed. Even in that scenario, unless the number of
clusters is captured at very short times after the application of
a given overpotential, N(t ) would not represent the number of
nuclei, but the number of aggregated clusters.
The total number of clusters considering aggregation,
NCLUSTERS(t ), could then be related to the real number of
nuclei, NNUCLEI(t ), by taking into account aggregation kinetics.
NNUCLEI(t ) would be described by
N NUCLEI ðtÞ ¼ N INF  ð1  exp½ANUCL  ðt  tIND ÞÞ

ð7Þ

Fig. 6 The number and density of clusters larger than 2 nm on the surface
as a function of time for diﬀerent values of α at (a) F = 1 and (b) F = 4. (c)
The ﬁnal number of clusters (nc,ﬁnal ) after 10 ms as a function of α at F = 1.

NðtÞ ¼ N 0 ½1  expðA0  tÞ

ð5Þ

where N0 is the nucleation saturation number density and A0 is
the nucleation rate constant. Such equation can also be cor-

This journal is © The Royal Society of Chemistry 2018

Fig. 7 The number and density of clusters, larger than a given size
(R = 1 nm, 2 nm, 3 nm, 4 nm and 5 nm) as a function of time for α = 1
and F = 4.
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where NINF is the nucleation saturation number density and
ANUCL is the real nucleation rate constant. The number of clusters on the surface, NCLUSTERS(t ), could then be expressed by

Published on 13 March 2018. Downloaded by DTU Library on 05/04/2018 17:00:18.

NCLUSTERS ðtÞ ¼ NNUCLEI ðtÞ  B
 ð1 þ exp½  AAGG  ðt  tIND Þ

ð8Þ

where AAGG is the aggregation rate constant which is dependent on the overpotential, and also dependent on α and D0
since it relates to the surface mobility of the clusters; at longer
time NNUCLEI(t ) × B is equivalent to N0 of eqn (6) where 0 < B ≤
0.5, which is the saturation of bigger cluster number density.
From the data shown in Fig. 6, it can also be deduced that tIND
has an exponential dependence on α (tIND = K1 × exp(K2 × α)).
It is not the aim of this article to discuss the nucleation
process itself, since no energetic considerations have been
evaluated for nucleation (see section 3.2) and the critical size
for nucleation has not been assumed. However, we show that,
independently of the nucleation process that drives NNUCLEI(t ),
the cluster surface mobility plays a major role in the number
of clusters that eventually grow stable on the surface,
NCLUSTERS(t ). Fig. 8(a) shows schematically NNUCLEI(t ) (black)
and NCLUSTERS(t ) (red) using eqn (7) and (8), respectively. For
comparison, NCLASSIC(t ) (blue) shows the N(t ) profile that
would be incorrectly determined if very small clusters are not
resolved or only long deposition times are considered. Herein
it must be borne in mind that ‘long’ deposition times can be
as short as milliseconds,36 depending on the experimental
conditions.
Fig. 8(b) shows the eﬀect of the parameter that describes
aggregation kinetics on the resulting NCLUSTERS(t ) for a fixed
NNUCLEI(t ). When the rate of aggregation is very slow (AAGG → 0,
which implies D0 → 0 or α → ∞ respectively), the deviation
between NCLUSTERS(t ) (eqn (8)) and NNUCLEI(t ) (eqn (7))
becomes insignificant and both curves overlap. This means
that, in the case that cluster mobility is slow compared to the
birth of new nuclei, the number of growing clusters,
NCLUSTERS(t ), and the number of formed nuclei, NNUCL(t ),
would be equivalent. However, when the rate of aggregation is
non-negligible, the number of growing clusters would be significantly lower than the number of nuclei.
The models available to fit I–t transients19–28 are based on
considering N(t ) (eqn (5)) as the number of clusters which
grow by direct attachment. This implies that, by fitting I–t transients, A0 and N0 do not correspond to real nucleation kinetic
parameters, but rather to the kinetics of formation of stable,
large enough clusters that are fixed on the substrate and grow
by direct attachment. Therefore, if cluster aggregation is overlooked, this procedure will always result in an underestimation
of nucleation kinetic parameters by several orders of magnitude.36,37,91 As a consequence, this could explain the large
scatter, up to 5 orders of magnitude, of nucleation rates and
saturation number densities reported experimentally by either
fitting chronoamperometric data or by imaging (in situ or
ex situ) the evolution of the number of aggregated clusters with
time.89
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Fig. 8 (a) Schematic representation of diﬀerent N(t ): (black) the total
number of nuclei, (red) the number of clusters taking aggregation into
account and (blue) the incorrect number of nuclei that would be determined when aggregation is not considered. (b) The eﬀect of AAGG on
NCLUSTERS(t ) for a ﬁxed nucleation rate.

Moreover, it also becomes clear from Fig. 6 and 8 that the
progressive (ANUCL → 0) or instantaneous (ANUCL → ∞) character
of the nucleation process cannot be easily determined from an
experimental evaluation of N(t ) since the number of growing
clusters, i.e., the ones that can be experimentally probed, do not
reflect only nucleation, but also aggregation kinetics.
3.2.5 Influence of the relative surface mobility on the
cluster size distributions. Fig. 9(a) shows the radius of the
largest cluster (Rmax) as a function of time for diﬀerent values
of α at F = 1. It can be seen that the size of the largest cluster
decreases significantly with increasing α, regardless of the
imposed influx. This confirms again the information inferred
previously from Fig. 5 and 6. Since a large value of α results in
slow cluster diﬀusion on the electrode surface, cluster growth
under these conditions is mainly due to the incorporation of
adatoms rather than cluster aggregation or incorporation of
large adatom aggregates.
Fig. 9(b) shows the size of the largest cluster (Rmax,final ) after
10 ms of deposition, as a function of α. The plot clearly shows
that increasing the value of α results in a decrease of the size
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Fig. 9 The size of the largest cluster, Rmax, as a function of time for
diﬀerent values of α at F = 1 (a). The size of the largest cluster after
10 ms, Rmax,ﬁnal, as a function of α for F = 1 (c); the lines show the trend.

of the largest cluster by following a power law. Interestingly, it
indicates that the cluster size is more dependent on cluster
mobility than on the overpotential itself.
The histograms of the size distribution of all the individual
particles on the electrode surface as a function of time are
shown in ESI, Fig. S2.† Increasing the deposition time results
in a larger dispersion of the particle sizes and in a decrease of
the number of adatoms and small adatom aggregates. The
eﬀect of the net flux on the particle size distribution for α = 1
and α = 2 after 10 ms is shown in Fig. 10(a) and (b), respectively. The histogram shows that increasing or decreasing the
net flux (overpotential) has an important eﬀect on the number
of particles on the surface but a slight influence on the particle
size distribution. However, by comparing the distribution for
α = 1 (Fig. 10(a)) with that for α = 2 (Fig. 10(b)), it can be clearly
seen that a change in α aﬀects the particle size distribution
much more significantly. The higher the relative surface mobility factor is (i.e., lower mobility of large clusters), the narrower
the particle size dispersion is. This re-emphasizes the need for
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Fig. 10 The particle size distribution for diﬀerent inﬂuxes for α = 1 (a)
and α = 2 (b) after 10 ms deposition.

controlling not only the overpotential, but also the surface
diﬀusion of adatoms and clusters to tune the electrodeposited
cluster size distribution precisely.
3.3

Mutual influence of influx and mobility

In summary, the competition between adatom deposition and
aggregation processes implies that the magnitudes that
describe a distribution of supported nanoclusters during the
early stages of electrochemical deposition (cluster radius, R;
cluster size dispersion, σR; cluster number density, N; and
surface coverage, SC) can be rationalized with respect to the
overpotential (η) and the relative surface mobility factor (α).
This is schematically shown in Fig. 11. Increasing η results in
denser distributions of larger clusters with larger size dispersion. More importantly, the eﬀect of α is much more pronounced. For any η, a large α (low nanocluster mobility)
implies obtaining much denser distributions of smaller clusters with a narrower size distribution.
The consideration of nanocluster aggregative processes in
the early stages of electrochemical deposition is still quite
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Fig. 11 (Left) Schematic representation of the simulated fundamental processes during the early stages of electrochemical growth: deposition and
aggregation. (Right) Schematic representation of the eﬀect of overpotential (η) and relative surface mobility factor (α) on the magnitudes that
describe the distribution of supported nanoclusters: size distribution, number density and surface coverage.

recent and, thus, the amount of dedicated experiments to
study these processes is still scarce. However, the trends
shown schematically in Fig. 11 can be qualitatively compared
to distinct electrochemical deposition systems. Ag (high D0,
low α) and Pt (low D0, high α) electrodeposition on glassy
carbon from aqueous solutions with high overpotentials are
taken for comparison.37 Ag electrodeposition results in lower
N, lower SC, larger R and larger σR compared to Pt electrodeposition. Although the electrochemical deposition kinetics of Ag
is much faster than that of Pt (higher adatom flux for the
same applied overpotential), the diﬀerences in the cluster distributions have been shown to be also related to the diﬀerences in the surface mobility and coalescence kinetics of small
nanoclusters, the latter not considered in this article.
Similarly, a higher density of smaller nanoclusters is generally
obtained after the electrodeposition of diﬀerent metals from
highly viscous and less conductive deep eutectic solvents.91,92
This is also likely to be related to hindered aggregation and
coalescence processes and not only to slower electrochemical
kinetics.
3.4 Influence of surface defects on cluster formation and
aggregation
All throughout the discussion above, a homogeneous, flat and
defect free surface has been assumed. However, this is never
the case in a real electrodeposition experiment. Therefore,
simulations were also performed by taking into account
defects on the electrode surface which trap all clusters of R ≥
2 nm, so they are no longer mobile, i.e., D(R ≥ 2 nm) = 0.
Fig. 12 compares the evolution of the density of adatoms
nadatoms and clusters nc (a) and of the size of the largest cluster
(b) on a defect-free surface (WOD) and on a surface with
defects (WD), as a function of time for F = 1 and α =

Nanoscale

Fig. 12 (a) Evolution with time of the density of adatoms and clusters
of R ≥ 1 nm and R ≥ 2 nm on a surface with (WD) and without (WOD)
defects. (b) Size evolution of the largest cluster on a surface with (WD)
and without (WOD) defects. In both cases, F = 1 and α = 1.
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1. Fig. 12(a) indicates that, although the evolution of the
density of adatoms with time coincides, the same does not
hold for the evolution of the density of clusters. Within a short
time range, before the cluster formation–aggregation balance,
the two curves coincide. However, at longer times, the two
curves diﬀer substantially, since the growth mechanisms are
highly diﬀerent. In the case of a defect-free surface, WOD, the
cluster density decreases with time, as shown in section 2, due
to an aggregative growth process, since clusters of R ≥ 2 nm
are still mobile. Contrarily, in the case of a surface with a given
concentration of surface defects (WD) which trap all clusters of
R ≥ 2 nm, the number of clusters eventually saturates. It is
again interesting to compare what happens if only clusters
larger than a given size are considered. If only clusters with
R ≥ 2 nm are considered, no apparent aggregation occurs, i.e.,
N(t ) increases monotonically until it saturates, since all these
clusters are trapped by defects on the surface. However, if all
the clusters with R ≥ 1 nm are considered, N(t ) first increases,
then decreases due to aggregation and only then saturates.
This proves again that if small clusters are missed due to limitations in the resolution of the surface characterization technique, or if the evaluation of the number of clusters is carried
out only when it reaches saturation, no conclusion on the
nucleation can be extracted since the evaluation of (N(t ))
reflects both nucleation and aggregation kinetics.
In addition, Fig. 12(b) shows the evolution of the largest
cluster as a function of time for both (WD and WOD) cases. It
becomes clear that in the case that the surface is highly defective, the size of the largest cluster increases very slowly,
whereas in the case of a defect-free surface, it grows comparatively fast due to the incorporation/aggregation of mobile clusters. In general, Fig. 12 indicates that in a highly defective
surface, the trapping of mobile nanoclusters slows down
cluster growth and enhances cluster formation which results
in larger cluster densities.34 This would explain the large
cluster densities obtained when electrodeposition is carried
out from highly viscous non-aqueous electrolytes92 since a
high number density can be attributed to impeded nanocluster mobility and not only to diﬀerences in the electrochemical reduction kinetics.
3.5

Influence of the surface mobility of adatoms (D0)

In the previous sections, the eﬀect of the relative surface mobility factor, α, on the nanocluster growth mechanisms has been
discussed, where α depends on how diﬀerent is the binding
energy between adatoms of a given material and between them
and the substrate.50–52 However, the mobility of adatoms on
the substrate itself, determined by D0, also plays a role in
determining how cluster growth proceeds in the initial stages
of electrodeposition. In this context, it has been shown that
varying the surface diﬀusion of adatoms can induce the formation of diﬀerent nanostructures59 and could influence the
number, size and surface coverage. In order to evaluate the
influence of the adatom surface diﬀusion coeﬃcient, D0, we
performed simulations with diﬀerent values of D0 (D0= 2 ×
10−9 m2 s−1 and 8 × 10−9 m2 s−1) and diﬀerent values of α (α =
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Fig. 13 The evolution with time of the number and density of clusters
(a) and of the size evolution of the largest cluster (b) as a function of
time for diﬀerent adatom surface diﬀusion coeﬃcients (D0) and relative
surface mobility factors (α) for F = 1.

0.5 and 1.0). The evolution of the number and density of clusters as a function of time for two diﬀerent values of D0 and α
at F = 1 is shown in Fig. 13(a).
Increasing D0 results in a slight decrease of the number of
clusters, and a shift to shorter times of both the induction
time and the cluster formation–aggregation balance. This is
reasonable because a higher mobility of the adatoms leads to a
quicker formation of clusters. Since the mobility of larger clusters is also proportional to D0, cluster aggregation also proceeds faster. Besides this, D0 also influences the size of the
largest cluster, as shown in Fig. 13(b). Increasing D0 leads to a
slight increase in the cluster size due to a quicker assimilation
of adatoms into the existing clusters.
However, the influence of relative surface mobility factor (α)
on both the cluster number and size is more significant than
that of D0. This indicates that deviations between experimental
data and analytical and/or numerical models are not only due
to the under/overestimation of the mobility of adatoms.
Instead, the extent to which clusters of few nm in diameter are
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able to move on the surface, mathematically represented by α,
plays a more crucial role, as anticipated experimentally.36–38,43
Therefore, to properly understand the early stages of electrodeposition, it is necessary to take into account an electrochemical aggregative growth mechanism that considers the
contributions of the mobility of both adatoms and clusters of
up to few nm in diameter.
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4.

Conclusions and outlook

A novel modelling approach that couples a finite element
method with a random walk algorithm has been developed to
study the early stages of electrochemical cluster formation and
growth at the nanoscale. Such a modelling approach provides
crucial insights into the influence of diﬀerent factors in the
electrochemical growth process. Not only the overpotential,
the transport of active species and the electrochemical kinetics
are evaluated, but also the surface diﬀusion and aggregation
of adatoms and small nanoclusters, generally overlooked in
electrochemical nucleation and growth models, are taken into
account.
The simulation results reveal that the nanocluster surface
mobility plays a crucial role in the early growth stages, influencing the evolution of the number of clusters and their size distribution, more dramatically than the applied overpotential
itself. As a result, it is shown that nucleation kinetics alone is
not able to describe the evolution of the number of clusters
with time (N(t )) in potentiostatic electrodeposition. Instead, a
more accurate representation of the evolution of the number
of clusters is provided, in which the balance between cluster
formation (i.e., nucleation) and aggregation is also considered.
As such, two regimes are defined, in which either nucleation
or aggregation is predominant. We show that an evaluation of
N(t ), which neglects the eﬀect of nanocluster mobility and
aggregation, can induce errors of several orders of magnitude
in the determination of nucleation rate constants.
These findings are extremely important towards evaluating
the elementary process of electrodeposition, considering not
only adatoms, but also nanoclusters as building blocks. The
possibilities of using a coupled FEM–random walk algorithm
that considers surface diﬀusion of both adatoms and clusters,
continuous deposition, aggregation and growth are interesting
in a wide range of scientific disciplines. In this context, work
is already underway in systematically investigating the eﬀects
of cluster desorption, competitive chemical and electrochemical reactions as well as heterogeneous surfaces and,
more importantly, energetic considerations for the nucleation
process.
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