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ABSTRACT :-

In this study, it is acquainted with the kinetics of the chemical and
electrochemical reactions by modeling and understanding of the essential and
secondary (conjugate) chemical and electrochemical reactions during plating process .
In addition , the effects of various conditions on the speed and kinetic of those
reactions is also considered . In order to apply this manner , the mean-field kinetic
equations and Poisson equation for charged lattice model are adopted using two types
of one-dimensional cells for theoretical part of this study , namely (half and full cell)
of size (100) with an applied potential of (2KT/e) . Provided that the cell should
contain two identical electrodes of thickness (10) .A computer program in visual
basic is specially constructed to show the results of this study as it should be .
Through this program the concentrations are determined including (metallic atoms,
cations, anions, solvents, vacancies and electrons) , the charges distribution and
electrical potential across the sites. the results , during the three periods

(t =(1,3,5)x10%) , showed that under potential application across the cell , the

deposition continues for long time then it is suppressed when the anode reaches
failure limit , and it is observed that the deposition increases with the extension of
space charges at the cathode , from the other hand , the ionic evolution (cation) will
take a peak shape at the cathode , then it has a certain gradient between anode and
cathode. A reversed situation occurs for the anions evolution . At the same time,
electric potential distribution across the sites becomes higher resulting in deposition
increasing .
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1.INTRODUCTION :-

Electrochemical phenomena are ubiquitous in nature as well as in industry .
Application includes for example batteries, fuel cells, catalysis processes ,
aluminum or magnesium electrolytic = production, corrosion problems ,
electrodeposition and electroplating [Vincent,1997].

The important aspect of electrochemical process are dendritic growth ( densely
branches, shapes and branch thickness ) , electrochemical reactions that happen inside
the cell represented by oxidation-reduction processes at surface of anode and cathode
, lattice model and mean-field kinetic equations ( to calculate local concentrations
inside the cell to simulate growth and dissolution ) [Bernard,2001].

Barton and Bockris , showed the Barton and Bockris model of propagation ,
this model described growth in well- supported electrolytes , calling into question its
applicability to polymer electrolyte systems . In addition ,the model assumed that
propagation dendrite tips were relatively isolated and hemispherical in shape .
Diggle et . al , improved the Barton and Bockris model of propagation [Barton
,1962][ Diggle ,1969].

Mullins and Sekerka , developed linear stability analyses and stability criteria in
one-dimensional thermal systems where surface tension forces slow the rate of solid
deposition from melts. The Mullins-Sekerka method was extended to unsteady
galvanostatic deposition from a two-dimensional semi-infinite region by Aogaki and
Makino [ Mullins ,1963][ Aogaki ,1981].

Chen and Jorne , developed the most applicable fractal propagation model .
Chazalviel , described migration-limited mechanisms in his work . Both approaches
rely on the assumption that high voltages(10v) are applied to the electrochemical cell
[Chen,1990][ Chazalviel,1990].

Dobretsov et. al , studied spinodal decomposition in alloys where ordering and
phase separation occur simultaneously. Chen , studied spinodal decomposition in a
ternary system [Dobretsov,1996][Chen,1994].

Jean-Franqois Gouyet and Mathis Plapp , used Cahn-Hilliard equations to
perform numerical simulations in two dimensions of the growth of regular
"snowflakes." It naturally showed curvature and kinetic effects at the interface as
assumed by the classic phenomenological equations of dendritic growth. In addition,
they found solute trapping. The dendrite tips were stabilized by the Gibbs- Thomson
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boundary condition. They compare their models and the phase-field models and
discuss the influence of noise [Jean,1996].

Mathis Plapp and Jean-Franqois Gouyet , developed the mean-field kinetic
equations for a lattice gas model of a binary alloy with vacancies (ABv model) in
which diffusion takes place by a vacancy mechanism. These equations are applied to
the study of phase separation of finite portions of an unstable mixture immersed in a
stable vapor. Due to a larger mobility of surface atoms, the most unstable modes of
spinodal decomposition are localized at the vapor-mixture interface. Simulations
show checkerboard-like structures at the surface or surface-directed spinodal waves
[Mathis, 1999].

Bernard et. al, have built electrochemical mean-field kinetic equations
modeling electrochemical cells and growth structures that form during
electrodeposition. They confirmed the viability of this approach by simulating the ion
kinetics in front of planar electrodes during growth on the cathode and dissolution of
the anode(double layer, space charge, due to an anion depletion ahead of the growing
front,...). Two dimensional simulations of growing dendrites are also presented
[Bernard,2001].

Gouyet et. al, reviewed several methods to obtain mean-field kinetic
equations, and discuss applications to the dynamics of order—disorder transitions,
spinal decomposition, and dendritic growth in the isothermal or chemical model. In
the case of dendritic growth they showed that the mean field kinetic equations are
equivalent to standard continuum equations and derive expressions for macroscopic
quantities. In spinodal decomposition, they focused their attention on the vacancy,
which is a more faithful picture of diffusion in solids than the more widely examined
exchange mechanism. They have studied the interfaces between an unstable mixture
and a stable ‘vapors’ phase, and analyze surface modes that lead to specific surface
patterns [Gouyet,2003] .

Charles Monroe and John Newman , used two methods,Mullins-Sekerka linear
stability analysis and the Barton and Bockris dendrite-propagation model . Both
described cathodic roughening and dendritic growth and contain the effects of surface
tension and local concentration deviations induced by surface roughening. Here, a
kinetic model is developed which additionally includes mechanical forces such as
elasticity, viscous drag, and pressure, showing their effect on exchange current
densities and potentials at roughening interfaces[Charles,2004].

Paolini et. al , stuided the kinetics of a system composed of charged particles
may be described by an approximate method where a corresponding mean electric
field created by the particles is used in place of the actual binary interaction. Results
for the effective Coulomb interaction are illustrated by the deviation angle in
deuteron-deuteron collision for some characteristic conditions found in Inertial
Electrostatic Confinement devices (IEC). This equipment is used to confine high
energy ions, such as deuteron and triton, in order to produce fusion reaction. Now is
underway a study to use the effective interaction together with the Boltzmann
Equation to describe the time evolution of the energy and angular momentum
distribution of ions in an IEC device[Paolini,2009].

Candacek et. al , stuided the structural transformations of siliconnano wires
when cycled against lithium were evaluated using electrochemical potential
spectroscopy and galvanostatic cycling. During the charge, the nanowires alloy with
lithium to form an amorphous (Li , Si) compound .In studies on micron-sized particles
previously reported in the literature, this transformation is a crystallization to a meta
stable Li 15 Si 4 phase[Candacek , 2009] .
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2.THEORETICAL ANALYSIS :-

2.1. Lattice Gas Model :-
Lattice gas model is used to study and analyze the electrochemical process as a
model involves various electrochemical mechanisms governing the dendritic growth
and including charged particles and using simple microscopic characteristics to
simulate the salient features of the electrochemical process consisting of both the
diffusion kinetics of the charged and neutral species, and the oxido-reduction
phenomena on the electrode interfaces. Due to non-availability of theoretical studies
of the behavior of an entire electrochemical cell based on a microscopic model, lattice
gas model are still used up to now to simulate the phenomena located on the electrode
surfaces , such as adsorption or under potential deposition and for studies of ionic
transport at liquid-liquid interfaces[Bernard ,2001].

In a two-dimensional lattice gas on a square lattice with lattice spacing (a) in
figure(1) which shows this model , a fixed potential difference is applied across the
cell. The ions in the electrolyte are subjected to an electric field £, (and hence a force

F, =gE, ) at their lattice site position k . The various species have short-range

interactions (here, attractive interactions are considered between solvent and ions,
solvent and solvent, and metal and metal). Electron transfer takes place on the
electrode surfaces . Cations M *give metallic atoms M ° after reduction , while

anions A4~ are supposed to be nonelectroactive. Solvent S is neutral, but can interact
through short-range interactions with other species and with itself. A microscopic

configuration is specified by the set {n} of the occupation numbers 7, on each site k:
n! =1if k is occupied by species a =M°’, M*,A4 .S, or a vacancy v, and 0

otherwise. It is supposed that there is a steric exclusion between the different species,
that is , a given site can be occupied by only one species or it can be empty (vacancy)
[ Bernard ,2002] :

Zn,f‘+n; =1 _>|a|4_ (1)

@ metal
4w cation
& anion
i =olvent

CATHODE

re«iuction - oxadation
Fig. 1. The lattice-gas model considered in the present study[Bernard ,2001]
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Two very different types of interactions are existed in the electrochemical cell
depending on electric field intensity between charged species and the spacing among
them , namely[Marc,2003]:-

1. Short-rang interactions: - Which are taking place between the nearest -
neighbors and different - in - charge species having rather weak inter-
connection bonds between different species such as ( Van Der Waals forces ,
solvation effects , and chemical interactions ).

2. Long-range interactions:- Occur between the species of higher intensities of
electric fields separated by longer spaces having stronger inter - connection
than the former type bonds such as ( coulomb interactions between the charged
species).In short-range interactions, the particle (metal, ion, or solvent) jumps to one
of its vacant nearest-neighbor sites.

Also for charged particles, it depends on the local electric field that shifts the
barrier height as shown i.e. for a moving particle carrying a charge (¢ ) to be shifted
from site k to site k+a a long the jump path X, in the presence of electrical field , the

potential energy is superimposed to the local potential of that particle as shown in
figure (2) [Marc,2003] .

qV,=-V,.)/2=qE, . ,al2

k+a

Fig.2. In the presence of electric field £, a potential energy, which varies, to first
order, like ¢ £. X along the jump path X, is superimposed to the local potential
seen by a moving particle (with charge ¢q) .

where:-
E : The electrical field, g : Charge of particle , X : The jump path

V, : Electrical potential defined on the lattice sites k.

The result for the jump rate from site k to site k+a is[Marc,2003] ,

~ 1 qa
o o af B
w no) =w" exp(— E E e%n ) xexp(—— 1% _]/ 2
k,k+a({ }) p(KT > < k+a) p(2KT( k k+a)) ( )

where:- &% : The nearest - neighbor interactions between species @ and f
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KT : The (fixed) thermal energy , ¢“ : Charge for each species
w”: A fixed jump frequency that may be different for each species

2.2. Mean-Field Kinetic Equations

In the absence of electrochemical processes at the electrodes , the number of
each type of particles remains constant, and the kinetic equation of the average
concentration has the structure of a conservation equation

oP’ ~
= Tk G)

where:-

P : The concentration of species aat site k,a :spacing between neighbors
species « .
J ti+a - The diffusion current of species a on the bond linking site k to nearest

neighbor site k+a.
The diffusion current of species o on the bond linking site k to nearest
neighbor site k+a defined by two methods[Marc,2003] :-

a. First method:-

1
TEira = WIPR,  exp(-—> > &¥Pl, +— V.-V,
rekva = W[ hva EXP( KT; - brat T ( Viia)
1 q”
- P% P! xexp(——— E E e?pF 4 — 4
k+a p( KT > ~ k+a+a 2KT( k+a k))] ( )

b. Second method:-

jZk+a - M/?k+aD luk (5)
In this method as the product of an electrochemical bond mobility M ; atimes

the (discrete) gradient of an electrochemical potential 2" .

Where D, is a difference operator acting on the site coordinates, D F, = F,, , —F,.
The electrochemical potential :
B =i +q"V, = —Z Z £ Dl +KT1n( )+q (6)

where:-

(-Z Z &” pl. ): Alocal energy due to the interaction of species & with its
B a local environment

KT ln(p—"v) : An entropy term , ¢“V,  : electrostatic energy

Py
The mobility along a bond k , k+a is given by:
~ w* (B +hg.) o, Dy
M ., =—P'P., shc 7
ko T Tk P TR 2KT @)
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where it is used the notation shc u = sinh u/u (close to equilibrium , z;,, = z; and
she[ D, ug /2KT]=1).

2.3. The Poisson Equation

To determine the electrostatic potential for a given charge distribution, a
discrete version of the Poisson equation is solved using the lowest order discretization
for the Laplacian that involves only nearest neighbor sites|Bernard,2001] ,

-d
D Via =4V, =— > q“p¢ (8)

& a=+,—,e
where:-

2
a

q“ : The charge of species a (¢° = —e, for the electron).
a : The lattice spacing , d : the spatial dimension

OF¢ ~
=) J¢ 9
” Z ©9)
where:-

~ _
Jy k+a - Electronic current

The electronic current is then written as an electronic mobility times the discrete
gradient of the chemical potential [Bernard,2002],

Jlf,k+a = _le,k+aDaﬁ/f (10)
where:-
M ti+a - Electronic mobility from k to k+a

4, : The local chemical potential of the electron
The electronic mobility can be determined as[Marc,2003] ,

\ e _ W_e o o
Mikra = 17 VAR IAC) (11)

where w is a constant frequency prefactor and f is an interpolation function that is
equal to 1 for large metal concentrations and falls to zero for low metal
concentrations. With this choice, the electronic jump probability is important only if
nearest-neighbor sites k and k+a have a large enough probability to be occupied by
metallic atoms. It is used for f[Bernard,2002] .
tanh[(P — P.)/&]+ tanh[ P,/ &]
f(py="2lP= L) e 3 (12)
tanh[(1 - P)/&]+tanh[P, /£]
a monotonic function that varies from 0 when p =0 to 1 for p =1, with a rapid

increase through an interval in p of order & centered around some concentration P,

that is reminiscent of a percolation threshold. This interpolation is motivated by the
fact that the metallic region must be dense enough to be connected in order to allow
the electrons to propagate.

The local chemical potential of the electron is defined by [Bernard,2002]
[Marc,2003] ,

il =E, +q°V, +—=* 13
Hi gy D(Ef) (13)

where:-
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E, s the Fermi level of the metal ,

D(E ,): Is the density of electronic state at the Fermi level.

This method provides a fast way to calculate the surface charges on the
electrodes. As will be shown below, it works perfectly well at equilibrium. However,
in out-of-equilibrium simulations, a problem appears on the side of the anode where
the metal is dissolved. Since the mobility rapidly decreases with the metal
concentration, electrons present on the metallic site before dissolution may be trapped
in the electrolyte, leading to spurious electronic charges in the bulk. This problem has
been solved in a phenomenological way by adding a term, which relaxes the
electronic charge to zero in the electrolyte, to the evolution equation for the
electrons[Marc, 2003] ,

aPe ~€ e o e

8_: = _ZJk,k+a - wl-f,(P)IK (14)
where f.(p°) is the same interpolation function as f , but with different
parameters &, and P, . With a convenient choice of these parameters, ‘‘electron

relaxation’’ occurs only in the liquid.
2.4. Electron transfer

When electron transfer takes places on the electrode surfaces. Metallic cations

M ™ located in the electrolyte may receive an electron from a neighboring metallic
site and be reduced; in turn, metal atoms in contact with the electrolyte may reject an
electron to a neighboring metallic site and become an ion,

M, +e,,,6K & M (15)
The direction of the transfer depends on the relative magnitude of the

electrochemical potentials of the involved species. Reduction of cations on a site k of
the cathode appears when:

B+ 1y, > H (16)
otherwise, the metal is oxidized. Consequently, o, ., 1is defined as the current of
electronic charges from k+a to k (current of positive charges from k to k+a) reducing
the cations on site k(electronic current issued from the oxidation of the metal) via a

corresponding elimination (creation) of the electrons on site k+a , it is possible to
write the reaction rate [Schmickler,1995] ,

. B+ 1y B
Cthsa =Of 1y, ————— —exp —) 17
Kok ko k+a \EXP KT Xp KT (17)
where:-
@ 4., : Prefactor of the reaction rate .
This corresponds to an activated electronic charge transfer between the metal
surface and the nearest-neighboring cation. The total reduction rate on site k is the

sum of all the reaction paths Z Crkia -

a

The coefficient @, .., determined from[Bernard,2002] [Marc, 2003]
O jea =@ 1= f(PDI(P]) (18)
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where " is a constant frequency factor .In this way , the transfer is localized around
the metal-electrolyte interface . The same interpolation f(p)is used for the electron

mobility.
3.COMPUTER PROGRAM :-

A program is constructed in visual basic language for one-dimensional system
.Through which the determination of concentration at each time and ploting the
relationship between concentration (metal, cation, anion, solvent, vacancy) and
position are performed which represent growth (in cathode electrode) and dissolution
(in anode electrode) show figure (3) .

Equations ( 3 ) through ( 18 ) are integrated in time by a simple Euler Scheme
( constant or variable time step ) with dimensionless values .

One Dimension Cells With Potential

Drawing concentiation

Half cell Full cell
Run new Run old Run new
Input Data [\
=] e e e cell size e\ecitrude masiter  time setp g
=
clectiode  elechiolyte [100 [10 [5o0000 1 =
1 interaction P ‘ b
metal  [paz25 0025 st requency prefactars u,we wst =1
: [ 7 [aoor | [oooost 3
Fatien | 0.0003 oo density of fermi 3
Haes potential energy permittivity o
anien  |'0.0003 0.01 [1o00 [z [4.44751 005
solvert [gn25 = pe.e.perel for interpolations
Jos [0 [0z J0.008
metal Reselt iy ]
[ 00250000427 9217 2379237541 [ 0.05004330448951 30890528: o8
cation iteration sets electron pOSItlon
[ 0.003859597 9486565395 0258: [ 0.0000000000001 2539901 07:

anion

| £00000

solvent

|5EI

potential

I 0.00386319615810454918382:

I 0.3052240536540163541 466! I 1.98010357065676564219161

laS s pBLS

Fig.3. Shows the flow chart of the main program of half and full cell with potential

'
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4.RESULTS AND DISCUSSION :-

When a potential difference (dv) of 2KT/e is applied across the cell of size 100
sites contains two identical electrodes of the same thickness of 10 layers . The ionic
species start to migrate , a double layer appears on the interface , a reduction process
take place at the cathode and the oxidation process take place on the anode . These
processes are accelerated by the electric field that can achieved the ions kinetics .

Figures (4 — 9) represents simulation of the different species , namely : ( metal ,
cation , anion , solvent and vacancy ) across the sites 50 for the half cell and 100 sites
for the full cell with initial ion concentration of 0.01 during the three times
intervals t= (1,3,5)x10° .

Figures ( 10 — 12) show the growth of the cathode and the dissolution of the
anode . It is noted that the shape of the metal concentration profile across the interface
is essentially preserved from the overall configuration view point but with different
values.

The interesting results concern the kinetics of the ions . Figures ( 13 —16 )
show the evolution of the ion concentration, it is observed that the progressive
formation of a concentration gradient between the anode and the cathode with , for
cations , a concentration peak on the cathode ( accompanied by an electronic layer on
the metal surface ) . The anion concentration profile presents on the contrary an
increase close to the anode . Figure (17) show the total charge distribution at three

successive times t = (1,3,5)x10° , in addition to the double-layers located around the

interfaces, an excess of cations over the anions, on a range of about 30 lattice
distances. This extended space charge leads to an important potential drop on the
cathode side, as can be seen in figures (18) and (19) that show the electric potential ,
this is matched with [Bernard ,2001][ Marc,2003]

5. CONCLUSIONS :-

Based on the results of this investigation , the following conclusions can
be drawn :-
1. The mean-field kinetic equations (MFKE) that are able to reproduce qualitatively
the behavior of electrochemical cells with planar electrodes.
2. The growth starts in the one - dimensional electrochemical cells and continues

up it maximum value and then gradually stops at time 10° for the cell of size (100
x 10), while in the cells subjected to potential difference of 2KT/e, the
deposition process continues for a longer time up to anode collapsing .

3. The evolution of the ion concentration is seen to be constant and unchanged in the
absence of the potential difference and gradually drops until it stops at time 10° |
while it has certain gradients under potential difference between the cathode and
anode electrodes , furthermore the cation has a peak at the cathode is higher than
that of anion concentration and the reveres occurs at the anode electrode .
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Fig.14. Anion concentration profiles
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Fig.16. Anion concentration profiles
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Fig.18. Potential profiles
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Fig.15. Cation concentration profiles
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Fig.17. Charge distribution.
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