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Abstract: A brief review is given on the current transition of the electrodeposition of materials by a
mechanism of nucleation followed by diffusion-controlled growth. A short historical background
to study the nucleation and growth by diffusion-controlled electrocrystallization is provided. Then,
an outline of the major potentiostatic current transient modeling is given, with some comments on
their relative merits. Finally, a summary of the current transition functions of nucleation and growth
under diffusion-controlled electrocrystallization is given including the theoretical models that have
been recently applied.
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1. Introduction

One of the first topics within the context of electrochemistry is electrochemical metal
deposition. With applications in domains such as electrodeposition and solution analysis,
electrochemical deposition is a topic of great interest from both a theoretical and practical
standpoint. As reviews in ‘Electrochimica Acta’ in 2000 [1] and ‘Journal of Electroanalytical
Chemistry” in 2003 [2] indicate, considerable work has been conducted on investigating the
mechanism of such deposition over the last 70 years [3]. Metal electrodeposition occurs at
electrode/electrolyte interfaces under the influence of an electric field and includes a num-
ber of phase formations. The initial stages in the electrochemical phase formation processes
strongly depend on nucleation and growth. Through the study of electrocrystallization,
Milchev et al. elaborated the thermodynamics and kinetics related to the electrochemical
nucleation and growth of nanoclusters on solid surfaces and integrated the corresponding
theoretical and experimental phenomena [4]. The crystal growth during electrodeposition
directly determines the structure of deposits. The physical, chemical, electric, and magnetic
characteristics of metal deposits such as metal films, modulated multilayers and sandwich
structures, and low-dimensional metal systems are determined by nucleation-and-growth
processes in electrochemical metal deposition. Future nanotechnology will heavily rely on
electrochemically generated nanostructures, particularly for the creation of nanoelectronic
devices such as quantum dots and single-electron devices as well as the creation of novel
materials with unconventional properties [1]. The atomic structure of the deposit and the
surface inhomogeneities of the substrate have a significant impact on the early phases
of nucleation and growth processes. Native substrates do not require nucleation, and
the growth method is influenced by the substrate’s perfection and the overpotential or
supersaturation. The most crucial factors in the overall deposition mechanism on foreign
substrates are the metal-substrate interaction, the crystallographic metal-substrate misfit,
the overpotential, and the deposition rate. Nucleation is necessary for the majority of
electrocrystallization processes.
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Through nucleation and growth, electrodeposition takes place. Electrocrystallization
is a typical nucleation and growth process in electrochemical metal deposition that has long
attracted the interest of scientists and engineers [5-9]. According to the nucleation-rate rule,
nuclei form at active sites on the substrate and expand as more ions from the solution are
incorporated. The study of nucleation by electrochemical techniques has several benefits
over other ways of investigating heterogeneous nucleation because electrocrystallization
and electrochemical reaction occur at the same time. An important aspect of the study of
the electrocrystallization mechanism is to establish the functional relationship between the
metal-ion reduction current and microcrystallization kinetic process parameters, and to
use the current function of electrocrystallization to study the microcrystallization kinetic
process. Thus, the microcrystallization-and-growth process of a coating was analyzed, and
the crystal-structure information of the electrodeposited coating was obtained including
metal ion-mass transfer, electrodeposited crystal-nucleus density, coating grain size, and
so on. However, considerable controversy remains over even the most basic principles
involved in modeling and the current-time-functions of such systems, as discussed in
recent studies [8,10-14].

This brief review tries to evaluate the state of affairs in one specific field of electrode-
position: deposition with diffusion-controlled growth, with a focus on the extraction of
current-time functions. Three aspects of this were considered: the diffusion-controlled
electrocrystallization process, theoretical modeling, and current transition function.

2. Diffusion-Controlled Electrocrystallization Process

Electrodeposition is a complicated electrochemical process. Positive ions near the
cathode obtain electrons and are reduced to metal atoms. Individual metal atoms adsorb
onto one another to form metal nuclei and grow gradually. Finally, they can become
visible metal deposits, which is called metal electrocrystallization. Electrocrystallization
is a complicated multistep chain reaction involving the diffusion and mass transfer of
ions in solution, the removal of solvation shells, electron transfer, the formation of surface
adsorbed atoms, the clustering of adsorbed atoms, the generation of crystal nucleus, or
embedding into existing lattice. The study of the dynamic process of electrocrystallization
has always been an important content of electrocrystallization theory and has attracted
considerable attention in the field of electrochemistry. The nucleation-and-growth process
is the most important research content and has been widely researched [8,9].

In the early stage, electrodeposition theory focused on the crystal-growth interface
structure of electrocrystallization and its effect on the formation of new phases on the
electrode surface. Stranski [15] studied the difference of nucleation energy at different sites
at the solid-liquid interface, indicating that the new phase was more easily generated at
steps or terraces of multiple contact surfaces. According to the theory of electrodeposition
microgrowth and the crystallization process, the electrodeposition process can be described
as shown in Figure 1.

With further research development, considering that electrocrystallization occurs
at the solid-liquid interface, the electrochemical nucleation process inevitably produces
partially charged particles (i.e., a partially hydrated molecule). Conwav et al. [16] calculated
that the charge transfer was more likely to occur in the plane position of the electrode
surface. The preferential growth of the lattice at the step or corner was proposed to be
accompanied by the surface diffusion of adsorbed particles. Subsequently, Vermilyea
and Fleischmann et al. [17,18] introduced the spiral-dislocation crystal-growth theory into
the electrocrystallization theory to explain the spiral-dislocation growth observed on the
electrodeposited copper surface [19,20].

Electrocrystallization is a multistep chain process whose reaction completion is con-
trolled by the slowest step. Accordingly, researchers have studied rate-controlling steps
to reflect the entire electrocrystallization process. Theoretically, any step of electrocrystal-
lization can become a rate-controlling step. In fact, nucleation and growth can be broadly
classified into two categories: ‘interfacial (or charge) controlled’, in which the nucleus-
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growth rate is limited by the rapidity with which ions can be incorporated into the new
phase, and ‘diffusion controlled’, in which nucleus growth is limited by the rate at which a
material is transported through the solution onto the electrode surface. Certain systems also
tend toward one or the other due to their complex mechanisms. However, most electrochem-
ical crystallization processes are performed under diffusion control. Furthermore, in the
electroplating process controlled by diffusion mass transfer, most metal-electroplating pro-
cesses are performed by 3D nucleation growth, except for a few metals that show single-layer
deposition or two-dimensional nucleation growth such as silver electrodeposition [21-23].
This field has also received the greatest concern in the study of the electrocrystallization
mechanism, and it is also the main aspect to be summarized in the next section of this paper.
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Figure 1. A schematic of the electrocrystallization process. (a,c) Hemispherical diffusion zone on
the terrace, step, and kick sites. (b,d) Cylindrical diffusion zone on the terrace, step, and kink sites.
(e) Cylindrical or hemispherical diffusion zone on the plane surface. The red dashed arrows represent
the ion transport path.

The establishment and research of diffusion-controlled potentiostatic current transient
modeling is based on spherical nucleation and growth. The general idea of establishing
the model in the study was based on the mass-transfer process of a single-nucleus point.
The calculation of current-time transformation on an electrode surface is also based on
the current transformation of single-nucleus electrodeposition, which is then extended to
the process of multinucleus interaction superposition. The establishment of the coating
nucleation-and-growth model controlled by diffusion and mass transfer is usually described
as follows. Nuclei are generally accepted to have a hemispherical shape. The radius
‘r” of a hemispherical nucleus that grows under pure diffusion control is obtained by
combining Faraday’s law with the time-independent part of the hemispherical diffusion
equation. In other words, the nucleus has such a small size that it can be considered



Coatings 2022, 12,1195

4 of 14

as an ultramicroelectrode. As the radii of the diffusion zones grow and overlap, the
electrodeposition current decreases quickly. Many researchers have applied Avrami’s
theorem to describe how diffusion zones grow and overlap on the electrode surface.
Next, this paper summarizes the research on the establishment of a diffusion-controlled
3D nucleation-and-growth model and the calculation of the current transformation. Other
nucleation-and-growth processes are not specifically summarized and discussed.

3. Model of Nucleation and Growth

Armstrong et al. [24] studied the nucleation-and-growth process of electrocrystalliza-
tion. They proposed the formation and growth of 3D conical nuclei during electrocrystalliza-
tion in 1966 and discussed the current transformation process of the electrocrystallization.
Subsequently, Bosco et al. [25,26] theoretically studied the electrocrystallization process
of nuclei with different shapes and found that the theoretical current of hemispherical 3D
nucleus growth showed the characteristics of changing from maximum to minimum before
reaching the final current, which was the closest to the actual electrocrystallization current
transformation process.

The potentiostatic current—time transition curve of electrodeposition nucleation growth
is the most extensively used research method of electrodeposition nucleation. As early as
1958, researchers [27] used the ‘constant voltage’ method, in which the constant potential af-
ter the potential step is applied to the battery and the current generated as a function of time
is measured as a method of extracting information about nucleation. Then, Astley et al. [28]
simulated the movement of hemispherical nuclei with radius ‘R’ and volume ‘V’ in a solu-
tion of ions with the deposition concentration ‘c’ and considered the diffusion coefficient
‘D’ of fast and slow ion migration in the electrolyte. The flux of ionic charge per unit
time on the hemispherical surface will be equal to the current during electrodeposition.
Researchers have also studied the relationship between flux to the nuclei and the process
of crystallization [29]. Next, the crystal growth model and current transition function of the
3D nucleation process of electrocrystallization with diffusion-controlled ion migration and
mass transfer as the control step are summarized.

In the 1980s, Scharifker et al. [29-32] systematically discussed the microdynamic
process of electrocrystallization based on the study of 3D spherical nucleus-growth model
and infinite diffusion mass-transfer theory, the so-called SH model. The SH model is based
on the variation law of a single-core time current, superimposes the current of each core
point according to the random distribution law of nuclei points, describes the relationship
between core points with Avrami’s theorem [33-36], and finally calculates the expression
of time—current [30]. The relationship between I(; ;) and time ¢ is described in Equation (1).

I = zFmT (ZDc)‘O’/2 MY241/2 /5172 "

The nomenclature used for the variables, parameters, and constants are explained at
the end of the manuscript. In the case of the random distribution of multiple-discharge nu-
clei on the electrode surface, Avrami’s theorem is used to describe the interaction between
the nuclei and the diffusion-influence region in the SH model, which has a time-dependent
diffusion-influence region radius. Finally, the current density-transition functions of multi-
nucleus point-discharge deposition can be obtained as follows:

Instantaneous nucleation is described by Equation (2):

I= chDl/z/(nt)l/2(1 — exp (—NmkDt)) )
Progressive nucleation is described by Equation (3):
I— chDl/z/(m&)l/z(l — exp (—ANmnk’Dt2/2>) 3)

To simply describe the time—current transformation of the coating nucleation-and-
growth process, the SH theoretical model converts the time—current relationship into a
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2
dimensionless one, its current density is transformed into (é) , and time is transformed

into (t/ty). The mathematical relationship after the dimensionless transformation is
expressed as follows:
Instantaneous nucleation is described by Equation (4):

I\? 19542
(Ln> = T — e [12564(t/1) Y @)

Progressive nucleation is described by Equation (5):

2
(I;) = %{1 ~ exp [~23367(t/t,)’] }2 ®)

These current-time-functions establish a clear bridge between the macrotransient
current and the microprocess of electrocrystallization, thereby providing a method of
electrochemical in situ analysis of the electrocrystallization mechanism. The expression
after dimensionless transformation is simple and convenient in practical application, and
is extensively used in electrodeposition research. These functional relations are also well-
verified by experiments on the transient—current curve measured with a glassy carbon
electrode. Therefore, the SH model is the first theoretical study in the literature to complete
the establishment of the nucleation-and-growth model of electrocrystallization under
complete diffusion control and the calculation of the current-transition function formula,
which is extensively recognized and applied in electroplating research such as Au [37-40],
Cu [41], Sn—Co [42], etc. However, in the long-term research process, some experimental
tests of the nucleation process have revealed a certain deviation between the experimental
test curve and the theoretical one described by the SH model [43—45]. In most reports in
the literature, the experimental and theoretical curves of the SH model well agreed before
the time corresponding to the current peak, but they showed deviations after the time
corresponding to the current peak. The study also found that with prolonged time, the
deviation between the experimental curve and the theoretical curve gradually expands.
The difference in the current attenuation between the theoretical model current function
and the experimental transient—current curve has gradually been put forward in a large
number of studies. In other words, the attenuation speed of the actual current curve is
slower than that of the SH model current-function curve, as reported in [43] (Figure 4), [44]
(Figure 3), [45] (Figure 4) and [46] (Figure 7).

In light of this deviation, Scharifker et al. [44] proposed that the extra electrochemical
reaction, excited by the change in the electrode-surface polarization state such as hydrogen
evolution, compensates for the attenuation of the actual electrocrystallization current, so
the attenuation of the actual current is slower than that of the theoretical current. This
viewpoint provides a better explanation than the SH model for the electrocrystallization
process containing hydrogen evolution. This extra reaction leads to the electrode test
current being slightly higher than the current value described in the theoretical model for a
long time. This view has a certain ability to explain the deviation of the curve measured at a
relatively negative potential. However, the deviation between the experimental curve and
the theoretical curve of some simple single-metal salts at a relatively low polarization is
difficult to explain. Other researchers in the literature have primarily studied and discussed
the distribution of core points on the electrode surface and the existence of multiple pairs
of electrochemical reactions on the electrode surface [47-49].

Other researchers have attempted to improve the SH model from the aspects of
electrocrystallization theory and kinetic mechanism. Mostany et al. [29] investigated the
distribution of active points on the electrode surface and nucleation density and added
the correction parameter ‘a’ into the SH model. The number of active points of electro-
crystallization is introduced into the current function, and ‘a” modifies the SH model by



Coatings 2022, 12,1195

6 of 14

adjusting itself to improve the matching degree between the original expression and the
experimental curve.

In light of the difficulty of the SH model in describing electrodeposition under the
condition of a large core density at the negative electrode potential, Heerman et al. dis-
cussed the situation of a high-density of active points and introduced the variables related
to Dawson’s integral ‘@’ to modify the expression of the SH model [50]. Altimari et al. [51]
proposed a mixed kinetic-diffusion control deposition model, discussed the distribution-
and-growth process of crystal nuclei, and provided an explanation for the problem of
current attenuation to zero.

The above discussions were based on the modification of SH model expression based
on hemispherical infinite-diffusion process. Through some correction methods, the corre-
sponding relationship between the experimental curves and the modified theoretical model
was improved. However, through careful analysis of the functions established by the SH
model, we found that the dimensionless Equations (4) and (5) could also be confirmed
(i.e., when the independent variable of the expression increases, the value of its dependent
variable continues to decay). When the electrocrystallization time reaches 100 times of £,
(the time value corresponding to the peak value of current density) in Equations (1) and (2),
the current value decays to 1-2% of the peak current. This phenomenon obviously differs
as the deposition current tends to be stable during actual electrodeposition.

Careful observation of the actual transient current curve revealed that when the
time exceeded the time corresponding to the current peak, the electrodeposition current
continued to decline with prolonged time, and its declining trend had a limit. Generally,
during actual electrodeposition, the reaction on the electrode surface gradually stabilizes
after the change in the electrode-surface state from a few seconds to tens of seconds at
constant potential. The current at the electrode surface also showed a stable result. This
phenomenon is essentially different from the continuous decline in current in the SH
theoretical function in a long-time range, showing the inevitability of the SH theoretical
curve’s deviation from the experimental data in a long-time range.

In their work with current attenuation as the main research content, in 1999,
D’Ajello et al. [43,52,53] discussed the electrodeposition nucleation model from the perspec-
tive of ion transport in the electrolyte and introduced the idea of a limited-diffusion region.
In the microdynamic process of electrocrystallization, the Brownian motion region of ions
was introduced. A migration boundary was considered to exist in the migration process of
ions that is not controlled by the electric field. According to this idea, the parameters of the
relationship formula of the electrocrystallization current function were calculated. The 3D
instantaneous nucleation-growth process and 3D continuous nucleation-growth functions
are described as follows.

Instantaneous nucleation is described by Equation (6):

2nNDRzFcpb| 1 LNUZ 1 6
P = + — —at
j = 27NDRzFe, — | [t = exp (<at) ©

Progressive nucleation is described by Equation (7):

]. = 271N DRzFcyb (1 4 W) |:] — exp(_a/tZ)] (7)

Introducing parameter ‘R’ can solve the problem of the transient—current attenuation
to zero. The model provides different explanations for the transient—-current model of
electrocrystallization from the perspective of ion migration. The current-transformation
formula established by using ‘R’ can inhibit the current attenuation for a long time, primarily

RN!/2 V2 R /AN
— and N/

Taking the studies of D’Ajello and Scharifker into consideration, Luo et al. [14] pro-

posed that the key factor causing the deviation between the SH model and experimental

because of the existence of the terms in Equations (6) and (7).
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results was the stabilization and limitation of a diffusion mass-transfer region based on
the study of the electroplating of gold and its alloys in 2018. The parameter ‘R’ (diffusion
depth) was introduced, and a finite diffusion coating growth-and-nucleation model based
on diffusion migration and mass-transfer depth extension with stability tendency was
proposed. When the diffusion depth extended to infinity (i.e., ‘R’ is infinite), the expression
of Equations (8) and (9) can be unified with Equations (2) and (3) in the SH model. More-
over, the random distribution and the overlapping diffusion regions on the surface of the
multiple-discharge deposited nucleus points (N) are still described by Avrami’s theorem.
The current-density transition process of the multinucleus point-discharge deposition
process is obtained as follows.
Instantaneous nucleation is described by Equation (8):

v D 1
I = zFcoD'V?/71/? (Z + ﬁ) (1 —exp (—NmkDt)) 8)

Progressive nucleation is described by Equation (9):

I =zFeD? /7 (m T
RVt

A comparison of the mathematical relations of Equations (2) and (3) with Equations
(8) and (9) revealed that the diffusion depth in the model is described by the parameter ‘R,
and the attenuation of the theoretical current-transient function can be adjusted. Therefore,
the unity of the model and the SH model is ensured. The SH model is a limiting case of
this model (i.e., when ‘R—o0’, Equations (8) and (9) and the current-density Equations (2)
and (3) in the SH model have the same mathematical expression). They also extended the
current transient to the potential transient [13].

Hyde et al. [54] further considered that the SH model was limited to static analysis
and proposed a transient model of the deposition current and electrodeposition model
under the condition of forced convection. They demonstrated that a system involving
multiple diffusion-controlled nucleation under hydrodynamic conditions can be effectively
parameterized and used to extract the values of Ny and A. Then, the electrodeposition
model under forced convection was established using a propeller to guide the solution
through the electrode surface and wall-tube electrode. The applicability of the model to the
nucleation and growth of lead under two sets of hydrodynamic conditions was studied
and compared.

Stephens et al. [55] studied the nucleation and growth process using introduced
auxiliary additives during the electrodeposition process. The mathematical model was
compared with the experimental data. The simulation used estimates of the reaction-
rate constants associated with an additive system comprising sodium sulfate electrolytes
containing accelerator and inhibitor species. Based on the synergistic effect of various
additive species, a validation of models for metal nucleation and growth processes was
developed as computations were integrated with experiments. However, due to the
complicated nature of the additive chemistry for the system studied there, additional
refinement of the hypothesis is needed through further comparison with experiments in
the future.

Branco’s explanation of potentiostatic current transients during nucleation and diffusion-
controlled growth took into account the contact angle between developing clusters and
the electrode surface [56]. It was demonstrated that the contact angle had no impact on
the non-dimensional plots of the currents normalized with respect to their maxima or the
nucleation rates determined from the analysis of experimental transients. Their findings
showed that taking contact angles other than 90° into account when analyzing experimental
current transients usually results in a decreased number in the densities of active sites
for nucleation. Taking the influence of contact angle between the spherical cap and the

) x (1 — exp (—ANmnk/th/Z)) )
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electrode surface into consideration was the strength, but this work did not reveal the
quantitative relationship between the contact angle and the description of potentiostatic
current transients during nucleation and diffusion-controlled growth.

In diffusion-controlled 3D nucleation and growth, Mazaira [57] established an over-
lapping layered model in which the early formed diffusion region was larger than the later
formed diffusion region, considering the difference of all diffusion regions in height. The
layered overlapping model of the diffusion zone provided an improved description of
compound nucleation growth with diffusion-controlled 3D growth. The model described
the nucleation-and-growth process by the layered-stacking method but did not provide the
exact current—transformation formula.

Mamme [58] believed that it is essential to consider both kinetic and mixed control
regimes when interpreting electrochemical nucleation and growth processes. To describe
the growth of an isolated nucleus, they solved a time-dependent multi-ion transport and
reaction model using the finite element approach. They discovered that a nucleus that is
lower than a certain size always begins to develop under kinetic control, even after the
introduction of a suitably significant overpotential. This finding means that a transition
occurs from kinetic to mixed and to diffusion control. The corresponding transition periods
between growth regimes were identified, and it was discovered that they were inversely
correlated with the abundance of active species, decreased exponentially with overpotential,
and increased linearly with initial nucleus size. Both effects were more pronounced as the
process transitions from kinetic to mixed-control.

According to Guo and Searson [59-61], an island-growth mechanism often drives
the electrochemical deposition of a metal onto a foreign substrate. The onset potential for
deposition shifting away from the metal-ion couple’s equilibrium potential to the negative
is a crucial aspect of island formation. They discussed how nucleation overpotential
affects the kinetics of island growth, the effects of nucleation overpotential on island
shape and orientation, and the effects of coupling between the island density (applied
potential) and island size at coalescence (grain size). The dynamics of island formation
were then proposed in terms of the contributions to vertical and lateral growth. The growth
kinetics and properties of the islands were strongly influenced by nucleation potential,
according to the results. lon transport in the solution regulates the deposition process when
the overpotential for nucleation is high. The dynamics of island growth can define the
geometry of the island in systems with low nucleation overpotential. They also suggested
a fresh Monte Carlo model.

Given the lack of understanding of the early stages of electrochemical nucleus for-
mation, Ustarroz et al. [49] studied the early stages of silver nucleus electrodeposition
on carbon substrates using aberration-corrected TEM with carbon-coated TEM grids as
electrochemical electrodes. With the help of electrochemical measurements and access to
as-deposited nucleus size distribution and structural description, they made significant
progress toward understanding the mechanisms underlying nucleus electrodeposition.
The findings indicate that the surface mobility and aggregation of nanoclusters dominate
early nucleus formation. They came to the conclusion that electrochemical nucleation-and-
growth models need to be updated and that the early stages of nucleus electrodeposition
should take into account an electrochemical aggregative growth process. Then, they cal-
culated the Volmer-Weber 3D island-nucleation mechanism that occurs during the initial
stages of metal plating and film formation on low-energy substrates. The sizes of these
crystal clusters are determined by the electrode-deposition material and are unrelated to the
potential or deposition time. The equilibrium between the nucleation and surface diffusion
of nanoclusters determines the shape of deposits [62].

Velmurugan [63] believed that three-dimensional nucleation and growth on active
surface sites were the basic and important initial stages of metal electrodeposition. Nu-
cleation/growth kinetics of individual silver crystals on the Pt surface were measured in
this study. A series of parameters such as the number of active sites, kinetic time lag, and
number of growing nuclei were obtained from the i—t curves.
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Gliozzi et al. [48] proposed an ohmic model to represent the process of nucleation and
growth of electrodeposited materials. They assumed that the ions used for electrodeposition
were uniformly distributed in the electrolytic cell and that ionic currents were generated
due to the bulk electric field. Taking the neutralization of metal ions at the electrode
into consideration, the nucleation during electrodeposition was described by the kinetic
equation. The characteristic time describing ion neutralization was negligible relative to
the ion flight time across the cell. The analysis of the interaction between the bulk electric
field and the applied electric field provided an analytical formula for the surface density of
deposited ions and the current in the applied circuit. The influence of electric field in the
substrate on the surface deposition was also considered in their work.

During the development of current transition models for the multiple nucleation and
diffusion-controlled growth of electrodeposited materials, there are two main schools of
thought. The first consideration is based on the modification of SH model expression based
on the hemispherical infinite-diffusion process due to the SH model having a satisfactory
performance for most potentiostatic testing. The second school recommends an indepen-
dent method based on the perspective of ion transport in the electrolyte, for example, the
assumption of a Brownian motion region of diffusion throughout the deposition process.

Any model’s ability to accurately simulate a real electrodeposition process determines
its utility in nature. A direct observation of the multiple nucleation and growth processes
occurring at the electrode surface using modern characterization technology can provide a
better understanding of the nucleation and growth process during electrodeposition.

4. Summary of Current Transition of Nucleation and Growth

The description of the potentiostatic current transients during nucleation and diffusion-
controlled growth reported are summarized in Table 1.

Table 1. A summary of the current-transition functions of nucleation and growth in the references.

Current Transition Function Groups of Nucleation

Ref. Theoretical Model and Growth
Group (1)
. . e e eo For instantaneous nucleation:
1983/B. Scharifker and Hemispherical infinite diffusion [ = zFcD?/ (rtt) 3 (1 — exp(—NmkDt));

G. Hills [30]

1984 /B. Scharifker and
J. Mostany [29]

1987 /M. Sluyters-Rehbach,
J.H.O.J. Wijenberg, E. Bosco
and J. H. Sluyters. [64]

1999/L. Heerman and
A. Tarallo [65]

mass transfer model For progressive nucleation:

I =zFcD%/(nit) (1 — exp(—AN,,wKD#/2))
Group (2)
Current transition function:

1 —
1= (45i) (1 oo{-torao - 1] )
Hemispherical infinite diffusion For instantaneous nucleation:

mass transfer model N 0] = (il) 1 — exp(—bb)];
+2

For progressive nucleation:

x —o0:] = (ti%) [1— exp(—Abr?)]

Group (3)
Hemispherical infinite diffusion Current transition function:
mass transfer model I(t) = .
1 1
L__(1— exp[—a(Af)2{(At)2 — e~At [(A)77A%0)}
a(At)2
Group (4)
Current transition function: 11
Hemispherical infinite diffusion j(t) = zFDc(ntDt)2 € (1 — exp [focNO <7IDt)5 th)] );

mass transfer model . - 1
For instantaneous nucleation: §(t) = (nDt)?2;

(ST

For progressive nucleation: 6 = (3/4)(nDt)




Coatings 2022, 12,1195

10 of 14

Table 1. Cont.

Current Transition Function Groups of Nucleation

Ref. Theoretical Model and Growth
Group (5)
For instantaneous nucleation:
1999/D’Ajello, P.C.T., Hemispherical finite diffusion j=27nNDRzFcob( 1+ RN? 1 — exp(—at)];
Munford, M.L., Pasa, A. A [43] mass transfer model Vat

2006/M.Y. Abyaneh [10]

2018/Vladimir A. Isaev, O.V.,
Grishenkova, Y.P. Zaykov [12]

2018/Luo, Gong, Li, Deyu,
Yuan, Guohui and
Li, Ning [14]

For progressive nucleation:

j= ZHNOODRchob<1 + ‘/ERT V/?M") [1 — exp(—a't?)]
Group (6)

Conical model:

()rcc. = % tanoéd% [1—exp(—mR3Ny)];

Hemispherical model:
(j)Hemi = 2% %T exp(—TZ) fOT exp (52) ds
Group (7)
For instantaneous nucleation:
j=2%kixw(x) = 2% kyxexp(—x2) [y expE2dg;
For progressive nucleation:

Conical /hemispherical infinite
diffusion mass transfer model

Hemispherical multiple
nucleation with kinetic controlled
growth under linear diffusion

mass transfer model ] :y3zz7ek1w2 (y) =

3%kyexp(—y?) [ (y? — &2)exp (382 — 28%)d¢

0
Group (8)
For instantaneous nucleation:
Cylindrical /hemispherical finite I — ZFCOD% /i <\/nD + L) (1 — exp(—NmkDt));

e R
diffusion mass transfer mode Vi .
For progressive nucleation:

I'=z2FegD? /7t (VG2 + 1) (1 — exp(~ ANk DE2/2))

5. Conclusions

Nucleation and growth processes in electrochemical metal deposition determine
the properties of the metal deposits. The study of nucleation and growth processes by
electrochemical methods utilizing the current function of electrocrystallization to reveal
the microcrystallization kinetic process has certain advantages over other methods of
investigating heterogeneous nucleation. This brief review provides an updated state of the
model, current transition of nucleation and growth during electrocrystallization, with some
comments on their relative merits. Nucleation and growth processes play an important
role in future electrochemical fabrication techniques, in particular, for the generation of
nanoelectronic devices as well as for the development of new materials with unconventional
properties. Furthermore, the shortcomings of the existing studies were pointed out, and
improvement directions were proposed.

(1) There has been no direct observation of the nucleation and growth process proposed
by the theoretical model to the best of our knowledge. Thus, it is necessary to test
the validity of the theoretical model using the experimental data obtained from the
analysis of the actual nucleation and growth process on the electrode surface.

(2) The transient current functions reported by various theoretical models are very com-
plex and difficult to use. Some useful functions can be carried out to make the
theoretical calculations and current measurements more convenient, and have great
practical significance to the field of electrochemistry.

(3) The correlation between the nucleation, growth, and microstructure of deposits has
not been studied yet. That is, the correlation between the nucleation, growth, and
microstructure of deposits is certainly desired to help gain deeper insights into the
preparation of the microstructure in the future.
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Nomenclature
The following notations are for the essential parameters used in this work:
L Peak value of current density (mA-cm~2)
tm The time value corresponding to the peak value of current density (s)
I Current density of the whole electrode surface

= (8mrcm/ p)l/ 2 The numerical constant determined by the conditions of
the experiment

M Molecular weight of the deposited material (g-mol ')

0 Density of the deposited material (g-cm~3)

o/M Molar density of the species to be deposited (mol-cm~3)
F Faraday constant (C-mol~1)

z Number of electron transfer per ion

zF Molar charge of the electrodepositing species

t Electrodepositing time (s)

c Bulk concentration (mol-cm~3)

A Steady state nucleation rate constant per site (s~!)
D Diffusion coefficient (cm?-s~1)

e Elementary electric charge(C)

v Volume of one atom of the deposit (cm?

N Total number of nuclei [Group (1)]

N,

0o Number density of active sites [Group (5)]
1
K = % <87TPCM> ? itis again evaluated by taking the limit ANt—0 and
3/2
comparing it with I(t) _ ZZFANoon(ggsz) M1/23/2
No Number density of active sites at (em—2) [Group (2)]

= zFDV2¢/71/2 (A-sl/2~cmz) [Group (2)]

= No7tkD (s~1) [Group (2)]

= (2n)*2D(Mc/p)**Ny/ A [Group 3)]

Maximum number density of nuclei (cm™2) [Group (3)]
Total coverage

S QR
5 &

j(®) Total current density
o(t) Thickness of the diffusion layer
6 Thickness of the uniform diffusion layer
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e =1 G SO0 e an
=1- (17e*At) /At
« = 271(2MDc/p)'/? [Group (4)]
No Rate of nucleation (cm~2) [Group (4)]
R Critical distance for the interaction between the nucleus and Brownian

motion region [Group (5)]

b An appropriate proportional constant [Group (5)]
a = 47ND [Group (5)]
a’ = 1 ANwdnD
()rcc./(j)Hemi  Current density of conical nucleation model (A-cm~2)
o Angle of contact between nuclei and the substrate [Group (6)]
Ry Radius of the base of a growth form (cm) [Group (6)]
T = R() vV 7TNO
s Area of the equi-concentration field of radius r per unit area of the
electrode surface
kq = const, the rate nucleus growth (em-s~1) [Group (7)]
x =k (7‘(71)1/ 2t
n Number density of nuclei (cm~?2)
r Hemispherical nucleus(cm) [Group (7)]
w(x), wa(y) Dawson’s integral
o Ion concentration under equilibrium conditions at time ¢ = 0 [Group (8)]
R Radius of finite diffusion mass transfer [Group (8)]
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