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ABSTRACT

The increasing interest of the electrochemical phenomenon becomes
clearer due to the major contribution of which in the whole industry economics.
Examples are found in batteries, fuel cells or capacitors, for electric vehicles,
portable devices or industrial productions of chemicals; in the production of
chlorine, caustic soda, aluminium; in electroplating, electromachining, and
electrorefining; and in corrosion.

The simulation manner of electrochemical cells through the
electrochemical plating is recently considered one of the most modern ones . 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 theortical part of this study , namely (half and full cell) of
size (100) with and without 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.

Two methods are used to determine the diffusion current , on which , the
mean-field kinetic equations mainly depend .They are :-

V. lons replacement instead of the solvent.

Y. The gradient of the chemical potential .



In both methods , during the three periods (t = (1,3,5)x10°) , the results

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 .

Without potential application across the cell ,the deposition starts and then
stopped at time (t =10° ) due to suppression of electrochemical reactions at this
time .

Comparing the two methods mentioned above at time (t =5x10°) , it is
found that the deposition in the first method by diffusion current is larger in
quantity (for the metallic atoms concentration for the half cell) than the second
method. The reverse is occurred for the full cell .

It is found in this study that the deposition at (t =0.5x10°) is directely
proportional to each of ionic concentration(cation and anion) in the electrolyte ,
potential difference and Fermi energy and inversely proportional to electrodes

spacing.
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CHAPTER ONE

INTRODUCTION

V.V General

Electrochemical phenomena are ubiquitousin 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 [V].

In YA+« Volta built his first Voltaic pile. Thirty years later, Faraday
established that the amount of chemical change is proportional to the quantity
of electricity passed through the electrolysis. He introduced the terms cathode,
anode, electrode, ion, cation, anion, and electrolyte. Later in Y4 +Y, Thomas A.
Edison and Waldemar Jungner invented the first alkaline rechargeable
batteries. Finally, in Y4YV, Alan MacDiarmid and Alan Heeger discovered the
electrical conductance of polyacetylene, leading to the construction with
David Maclnnes in Y3AY of the first battery with no metallic constituents
[Y.Y].

The above preceding can be summarized as scheme below describing

the electrochemical processes| ¢]:-

which mey Electrochemistr which may
generate curmant use electric
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\.Y Electric Double Layers

Whenever two pieces of material (two phases) are brought into contact
a potential difference is set up between them. This occurs through a flow of
charge, taking place until the potential difference, A¢, built up by the flow of
equalizing charges compensates for the difference of the chemical potentials,
Ay, , of individual entities in the two phases. Then , at equilibrium:

A, +2,FA¢ =0 (\.Y)

where:
F : the Faraday constant.
z; - valency of ion .

equation(}.)) can be put in the form:

AL, = Ay, +2,FAP) =0 (V)
where:
= +7,F¢ (V.7)
is called the electrochemical potential of the species, i . Thus, at equilibrium:
(1) phaser = (1) phase2 (.7)

for each species, i .

It is not necessary to devise specific examples of electric double layers,
because wherever there is a junction between two pieces of material,
involving a layer of moisture or an actual solution, there is an electrochemical
double layer. Thus it is virtually impossible for the electrochemical potential
of an entity in one phase to be the same as it is in another phase, before the
phases are brought into contact ; and if the electrochemical potentials are not
equal, a current will flow until they become equal , thus developing a
potential difference[°].

It will be helpfull if it is proceeded gradually towards a model of the
double layer which is nowadays considered to agree with the experimental
observations. Historically , the first model was that of Helmholtz and Perrin

(figure Y.Y) . It regards the double layer simply as a plane layer of charges
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(excess adsorbed ions) in the solution, confronting a plane layer of charges of

opposite sign on the electrode.

—_—) 5 —
+ -
RS -
s 4 O S
g -
2
w /:/ @ (b) parallel-plate
/ @ N capacitor
————jZi é S
g
(@) in the solution >
—> 0 <*— Distance X

Figure (1.Y) The Helmholtz model .

It was from this simple idea that the name 'double layer' developed .

Helmholtz model is much oversimplified .A strict and rigid distribution
of ions on a simple plane seems unlikely . There must be thermal agitation of
the ions on the solution side and they are not confined to one single sheet at
+.°nm or so from the metal , but distributed over a much greater distance into
the bulk of the solution[®].

This idea of the distribution of charge on the solution side was the main
point of another theory, the Gouy-Chapman theory of the diffuse layer. It
resembles, in respect of this distribution, the Debye-Huckel theory of the
ionic atmosphere, which it preceded historically. The interplay of thermal and
electrical forces near a charged electrode builds up an ionic cloud of effective
thickness «*.

k™t =1/BJc =1/[(N,e?/500¢,5, KT)" 2J/c] (V.9)
where:
B: the value which is dependent on the temperature and the electrolyte

permittivity.
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c : the bulk concentration of the ),)-valent electrolyte in mol dm .

N, : the Avogadro constant="1.+YYYéx Y« #mol *,

e, : the charge of electron .

¢,¢, . permittivity{the ion relative permittivity in solvent and in vacuum
respectively}.

K : Boltzmann constant=".YA+10Ax )« 2 J K™ mol .

T: temperature=Y3A K,

The concentration profiles within the diffuse layer are given by the

following exponential relationships:

¢, = cexp[—(e,y, /KT)] (1.°)

c_ = cexp[+(e,w, /KT)] ().2)
where c, and c_ are the concentrations of cations and anions at a distance x
from the electrode ,respectively, and y, the potential at distance x from the
electrode, and it is given by:

Wy =W, eXp(—kX) (.Y
where:
w, . the potential at the electrode surface .

Figure (1.Y) shows the concentration profiles within the diffuse layer.

The principal conclusions of the Gouy-Chapman theory are summarized
in figure (1.Y) .

The Gouy-Chapman theory gives an overestimate , with too much stress
on distribution, which means physical (coulombic) adsorption, and not
enough stress upon the sticking of the ions on to the electrode on the solution
side[°].
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A

ion \
- \\ Cbulk
C
AN
bulk N

Figure (1.Y) The concentration profiles within the diffuse layer at a metal/NaF

interphase.

Change of potential
with distance

A

© @
©

@ - >

1 Distance x

Electrode

++++N
++++l
A
N
1

potential

|

&
<«

v

Diffuse layer

(@) in the solution (b) parallel —plate
capacitor

Figure ().Y) The Gouy-Chapman model.

A third and better model of the situation in the double layer is that of
Stern model , in which the ideas of Helmholtz and of Gouy-Chapman were
combined . According to Stern, some of the charge on the solution lies in a
plane called 'the plane of closest approach’, and the remainder is spread out in
the solution (in Gouy-Chapman style) . The plane of closest approach of the
ions to the electrode divides the solution side into two regions:a Helmholtz

and Perrin region, and a Gouy-Chapman region . Each of these two regions
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can be simulated by a parallel plate capacitor, and therefore the double layer
IS equivalent for two capacitors in series. The variation of potential with
distance is linear in the first region and exponential in the second region
(figure Y. 9)[°].

Cy 4_ Helmholtz-Perrin S o
| region

e
00,9, —HE
Og O e,

@ A The plane of
\\/ closest approach

potential

»

Distance x

Diffuse part of
the double layer

Po.

Figure (1.¢) The Stern model .

The total capacitance of the double layer is therefore given by:
1 c=1 c,+1 cg (O.Y)
where ¢, and c, are the capacitances of the two equivalent capacitors.
Let v, _, be the potential of the electrode with respect to that of the bulk
of the solution; and consider the case when  (the potential of the Helmholtz

plane) is sufficiently small. Then (equation ).%) the potential variation can be
described by:

W =¥ o) g for x<o

w =y, exp[-x(x-05)] for x>¢ (YA
The fact that water molecules in contact with the electrode will no
longer have the same structure as water in the bulk of the solution , but will be

oriented as dipoles on to the electrode (thus contributing to the potential
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difference across it), was neglected until the Y37+'s. A scheme which takes

this important factor into account is shown in figure ().°).

M, metal plane _ Inner Helmholtz plane
“4«— Outer Helmholtz plane

Solvated cations

Gp L = == <——Normal water structure
< SR € =785

[l

11
Bl

Specifically Secondary water layer

_ 6<€'<78.5
adsorbed anion Primary water layer
6( =6

Figure ().) The structure of the double layer according to
Bockris,Devanathan and Muller .

As it is seen there , a distinction is made between contact-adsorbed ions
and the solvated cations which are adsorbed out of direct contact with the
electrode . The plane passing through the centres of contact-adsorbed anions
is called the 'inner Helmholtz plane ' and that passing through the centres of
solvated ions, the 'outer Helmholtz plane' . In fact , there are two outer
Helmholtz plane , one for the cations and the other for the anions, but in our
first-approximation discussion it was assumed that these two planes were
identical . Thus, three regions must be distinguished in the structure of the
solution side at an electrified interface .The water layer in the first region is
stressed by the force exerted on it by the electrode field , and thus the relative
permittivity of this 'primary water layer ' with fully oriented water molecules

Is much less than the permittivity of water in bulk, and ¢, =about 1.(This is the
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relative permittivity of water molecules when they are dielectrically saturated,

as they will be at the high field strenghth attained in double layers).

The water molecules in layers further from the electrode than the first
are oriented by the electrode filed, but are also partly disoriented by thermal
and hydrogen-bonding influences. The relative permittivity of this secondary
water layer rises with increasing distance from the electrode ,from about 1 to
the bulk value of YA.@ at YAAK,

This is the model of the double layer that will be used (figure Y.®) ,but
when making rough and ready calculations, the model may be considered in a

simple Helmholtzian way (figure Y.))[°].

V.Y The Kinetics of Electronic Charge Transfer

In this section , the act of charge transfer is described and the rate of
that transfer is related to the potential difference in the interface.
To explain the physico-chemical view point of the charge transfer, the

formula of the probability P, is reviewed , where an energy level E in a metal

will be populated by electrons is known as the Fermi-Dirac distribution
function:

1
~ exp[(E - E;)/KT]+1

(.9

Pe

where E. is known as the Fermi energy.

If E= E. in equation (1.%) , then the exponential term becomes e° =1
and PE:% , S0 the Fermi level is that energy level which is half- populated

by electrons at T>+ K. When P.=1, the energy level of energy E is full, and
the electrons find no states available to move into in the metal. Levels which
are full will not conduct electricity because they have no empty sites into
which moving electrons can pass. Thus, electron levels which are full cannot
act as source or sink for electrons and cannot take part in an electrode
reaction[°].
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Correspondingly, when P_tends to zero, there are not enough electrons
present to act as a source of electrons in charge transfer.

If an electron is considered to be emitted from a metal into a vacuum.
As the electron tries to enter the vacuum a positive image charge is induced
on the metal, and the electron experiences a force pulling it back. Thus, the
electron encounters an energy barrier of finite height and width.

It should be expected, using classical mechanics, that the electron would
have to have an energy greater than the energy of the barrier to leap over it
and escape from the metal .Only a very small fraction of the electrons inside
the metal has an energy greater than or equal to that corresponding to the top
of the barrier. Consequently, the emission current by such a classical path is
very small. By raising the temperature, the exponential exp(-AE/KT) (where
AE s the barrier height) increases, and an increasing number of electrons pass
over the barrier. This is what happens when a hot wire emits electrons, as in a
classical diode[°].

The theory of this kind of emission current was given long ago. It is
easy to show that ,for electrochemical situations, current densities arising in
this way at electrodes would be <Y+ Am~=, where as the normal order of
electrode currents is about Y+ Am~2.

Thus , the classical over the barrier calculation gives results quite
remote from currents observed experimentally, and one must conclude that
classical mechanics cannot apply to the transfer of electrons from a metal in
solution to neighbouring ions. This means that common sense (based on
understanding of the way big objects behave) does not apply to the electron-
level events which occur at electrodes . What does apply is quantum
mechanics, the physics of the not-so-common- sense behaviour of very small
particles. The laws of quantum- mechanical ‘tunnelling' will govern when an
electron can leave a metal and go to the solution. And quantum - mechanical
tunneling will determine the probability that an electron can leave the solution

and enter the metal[°].
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. . : ; Incident i
Incident wave function  Transmitted T Transmitted
wave {ercnon wave function wave function
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/ /| Metal
EB ————— '
E fO-\»-/- b\_—: - \O-
Frag Cation in the double
parficie Electronat layer in an excited
Fermi energy state of energy E
P level >
X<0 X=0 x= 1 X x=0 Distance in solution x
Q. b.

Figure ().71) Pictures the quantum — mechanical tunneling (a) of a free particle
through a rectangular energy barrier in vacuum , and (b) of an electron
through a metal — electrolyte interface .

Figure V.71 (a) illustrates quantum-mechanical tunnel transfer through a
barrier. According to classical mechanics, a free particle of energy E smaller
than the energy E,of the barrier could never escape to the region x>1. In
quantum mechanics , there is some probability that the particle will get to the
other side of the barrier, because the behaviour of the particle is described by
a wave-function[°].

In figure Y.7 (a) the wave function of the system is superimposed on the
energy diagram and the whole picture is intended to be interpreted
qualitatively. The behaviour of particle can be predicted in quantum
mechanics if the behaviour of the wave function is known.In the first region,
x <0, and beyond the barrier the wave function varies periodically with
distance, x. In the second region (0 < x < I)the wave function varies in non-
periodic way. There is a formula for the ratio between the number of particle
penetrating the barrier at x> 1, and the number of particles striking the
barrier at x < 0. The essential part of this formula is the exponential term :
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exp{-4rdh*[2m(E, — E)Y 2]} AR
where mis the mass of the particle. Hence, the transmission coefficient will
not be zero unless at least one of the quantities E;, | , or mhas the value
infinity. For a given (E, —E)and I, the transmission coefficient increases as
the mass of the particle decreases. Thus ,electron tunnel more easily than
atoms .But it is electrons which have to cross the barrier.

It is easy to show ,from equation (1.9) , that if E is about +.) eV above
the Fermi energy the probability (at Y3A K) of the level containing an
electron is <Y+ 2, and if it is +.) eV below the Fermi level ,the probability
that the level will be full is +.9%. A level above the Fermi level 'empty' and a
level below the Fermi level 'full’ shall therefore be called.

Thus,for energy levels around the Fermi level , there are many electrons
available to react with materials in solution. For levels below the Fermi level,
there are no empty states and no mobility , so that electron transfer is not
possible. It assumed that all the electrons involved in the electric current do
have energies of E..

Figure Y. (b) illustrates tunneling at a metal-electrolyte interface. The
shape of the barrier varies with distance in a smooth fashion. Nevertheless,
the barrier is qualitatively similar to the rectangular barrier shown in figure
V.%(a) , and for the purpose of this present argument it is safely to work in
terms of the simpler square barrier.

The tunneling of an electron (of energy E.) from a metal to a particle
in the solution takes place only if another energy condition is fulfilled. There
must be a level in that particle which is available (empty) and which is at the
same energy, E. , asthe electron in the metal .No energy change is observed
during electron transfer, so that electron must pass from metal to solution, and
vice versa, without loss of energy. Hence, it is interested in the probability of

excitation of energy levels in the solution particles (example H,0") to the

level of the metal's Fermi level. Between these levels , and the corresponding
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levels in the metal , transfer will occur. In the electronation reaction |,

H,O0"+e - H,, +H,0 , the H-0 bonds are excited, and may be longer than

bonds in the unexcited state[°].

Chemically , the rate of interfacial reactions are expressed in
mol m~s |, but in electrochemistry ,they are expressed in Am(to display
the current density). The two expressions are related. According to Faraday's
laws of electrolysis, When 41¢347C(=F) are passed across an interface, one
mole of material is liberated if the charge on the ionic species involved is e

and 1/ z moles if the charge is ze.

For current density i in Am=? (=C s™m™) the number of moles
discharged per (metre)* per second is i/ zF . So the reaction rate is

v=i/ zF (.)Y)

Since i is proportional to v , current-density is mentioned in
electrochemistry it is really to think of the rate of an electrode reaction. A
high current density means a high electrochemical reaction rate.

A typical reaction rate is Y+ mA cm?=)++ Am~?; when the actual
calculated value of v will be Y++/47¢37=3+-° mol m~?s for ions of one
unit charge[°].

When the electrode is made more negative, electrons are expelled to
the solution ; and when it is made more positive, they are attracted. However ,
at any condition of the electrode, there is some emission of electrons and
some acceptance of them. It depends upon whether the electron-ejecting or
the electron-accepting current is greater. A net electrochemical reaction rate

is therefore written as:
et camoe =1 1. 0N
This equation means: ' the net cathode current density observed in an
outside circuit is the difference of the cathodic (electron emitting) current

density and the anodic (electron accepting) current density .



Chapter one VY

There must be an analogous equation for the net anode current (when

the electrode is positive enough to make the partial anodic current
predominate), and this will be :

| I, —1

net,anode ~ "+

(VYY)
This equation would read: ' the net anode current density is the
difference of the actual anodic current density, and the corresponding cathodic
current density ' .

Figure (V.Y) illustrates the physical meaning of these two current
densities. When the cathodic current is greater than the anodic current a net
cathodic current, corresponding to M*+e —> M(e) , flows through the

interface; when the anodic current predominates a net anodic current,

corresponding to M(e) » M* +e , flows through the interface[°] .

Potential

Potlential Polential
1 + + +
B :, ) e ;,-‘,
LT ._ r .‘;_’.
R ) oo .
S T RONCn: I o i-
Vi | 2z 7
7 = ‘net,anodic A1 et =0 © === 'net, Cathodic
P . e N ’ 3
SN R | L., B, -
P e + /_/:.:’f_- I+ s
P (0] Iy 40 10
P /// . - . A ( p
VoVey Distance ¢ ’ / Dislance T ; Distance
<. S Nrey .
) ’// o V<Vrev |
1< ig - l1_=i0 o> g
i+ = il:‘ i|. = io

Figure (1.Y) The meaning of the exchange current density i, . The arrows

indicate the electron flows through the interface . The reversible potential
difference across the double layer is supposed to be negative .

If a net anodic current density is considered as a positive quantity and a

net cathodic current density as a negative quantity, then the following

equations (.Y Y) and (Y.)Y") can be used instead of :

When i, >i i, =i

net

net, anodic

et — b — L

>0 and when i, <i_, i

(V.Y

<0.

net — Inet, cathodic
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Expressing i,and i_ in terms of the potential difference, v , across the
double layer, yields the following relation between the net current density and
the potential difference v :

e = (1. )y_o @XP[(L— B)FV /RT] - (i_)y o exp(-AFV [ RT) (V.)¢)
where:

R : the gas constant=A.Y ¢ JK*mol .
£ symmetry factor.

The relationship which has been deduced is that between the current and
the potential of an electrode. One basic aspect of the relation has not yet been
brought out. If there is a net anodic current when the electrode is sufficiently
positive and a net cathodic current when the electrode is sufficiently negative,
then there must exist a potential at which there is no net current, i.e.
equilibrium in the electrode reaction would exist. Hence[°]:

i, =0 when i =i, ().Ve)

This means that the rates of electron ejection (emission) and injection
(acceptance)would be equal and the current zero.

This special potential at which the rates are equal is called by several
names the equilibrium potential, the reversible potential, or the

thermodynamic potential . From now onwards, it shall be refered to as v,,.

Thus, i =0 When V=V, (Y.Ve)

and from equation ().)¢) it follows that:
io = (i+)V:0 eXp[(l_ﬁ) I:Vrev / RT] = (i—)V:O eXp(_IBFVreV/RT) (\ \ W)
i, 1s called the exchange current density.

Figure (1.V) illustrates also the meaning of exchange current density:

at equilibrium (i.e., when Vv =Vv_,), the partial anodic and cathodic current

densities (positive equilibrium ) are equal , and i, =(,),, +( )., - When Vv is

more positive than Vv i <i,, i, >i, , and a net anodic current (electrons

rev ! - 0 + o !

from solution to metal ) flows through the interface. When v is more negative
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I R P

than v P> and a net cathodic current flows through the

rev 1

interface.

Equation ().) £) can be written in terms of Vv, :

I = (L)V:O eXp[(l—ﬁ) erev/RT] exp[(l_ ﬁ)F(V _Vrev)/ RT]

—(L)y o exp(=FV,, / RT)exp(-fF(V -V, )/RT) (NE)

Then , using the expressions of i, (equation (}.11)) :
i =i,{exp[(1- B)F(V -V, )/ RT]—exp(-fF(V -V, )/ RT)} (V)
The difference n=V -V (V)N

expresses how far away from the equilibrium (or reversible) potential the
current state is, and is called the over potential of the electrode reaction.

The over potential » is the extra potential that must be applied to an
electrode reaction to make it occur at a certain net velocity. When 5 =0 , the
electrode is at its reversible position and no net current passes. The cathodic
and anodic partial reactions are still occurring , but i, =0 (ie.

(i) =0,) =i,). If >0 (ie. Vv>Vv_,), i <i, and i, >i,; a net anodic

o +

current flows through the interface . If <0 (i.e. V<V, ), i >iandi, <i_;

rev

a net cathodic current flows through the interface (see also Figure Y.V).

If it is returned to equation (1.VV) and replaced v -v,, by » :

i =i {exp[(L— B)F 7/ RT]—exp(—BFn/RT)} ().)9)

This is the Butler-Volmer equation, and relates the net current density
of the electrochemical reaction to the overpotential. The Butler-Volmer
equation shows that:

At positive (anodic) overpotentials , i is positive , so that the net
current is anodic, and at negative (cathodic) overpotentials, i is negative , so
that the net current is cathodic.

If more electrons are put into electrodes, or more are taken out , the
level of the Fermi electrons is being altered . Hence, the change in the Fermi

level in the metal from the value it had at equilibrium measures the
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overpotential , and both correspond to the net reaction rate (or current
density ) to which they give rise[°] .

An important aspect of electrochemical is dendritic growth that taking
place at cathode electrode and leading to branched structures resulted from
mass transfer in the electrolyte and at the electrodes of electrochemical
cells.For this reason , the study of electrochemical growth is necessary for
prediction or determination of the growth speed, branch thickness and overall
structures. The efficiency of the cell is highly dependent on the distribution of
chemical reactants in the vicinity of these electrodes. One difficulty is to
predict the distributions of concentrations in electrolytes. The calculation of
concentration in electrochemical cell is achieved depending on mean-field

Kinetic equations derived using charge microscopic model.

V.¢ The Important aspect of Electrochemical Process

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).

V.¢.) Electrochemical Growth (Dendritic Growth)

Electrochemical growth may lead to the formation of complex and
highly branched structures that can be fractals (like in diffusion limited
aggregation(DLA)) or densely branched, depending on the experimental
conditions[1,Y].Figure ().A) shows an example of dendrites. Dendritic growth
is one of the most remarkable phenomena observable in the dynamics of
phase transitions. The term ‘dendritic structure’ has come to embrace a wealth

of different tree-like structures formed during aggregation or solidification
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processes. Probably the most well-known dendritic structure is the
snowflake;however, the description of snowflake formation is particularly
diffcult due to the complicated crystal growth dynamics [A]. Roughly,
dendritic shapes can be divided into two categories: very irregular, fractal
shapes produced for example in electrodeposition and the more regular
shapes produced during the solidification of a crystal from an undercooled or

supersaturated liquid [2,) +].

Figure ().A) Dendritic growth at the interface between a lithium and a

polymer electrolyte[V] .

V.¢.Y Electrochemical Reactions

Electrochemical reactions take place , namely reduction and
electrodeposition on the cathode , oxidation and dissolution on the anode .In
addition to the charged double layers at the metal-solution interface , ionic
transport in the electrolyte may lead to the formation of extended space-
charge regions,which makes it necessary to include Poisson equation[)V].
Diffusion , migration and convection are the main transport mechanisms

through the electrolyte(see figures Y.4 and Y.) +).
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V.£.Y Lattice Models

Several types of models have been proposed for the kinetics of phase

transformations in solids. They can be classified as macroscopic, mesoscopic,
and microscopic. In the macroscopic models, also termed sharp-interface
models, one considers the growth of already well-defined domains. Usually,
the typical size of these domains is much larger than the intrinsic thickness of
an interface. Therefore, the interfaces are described by surfaces without
thickness (lines in two dimensions). Sharp interface models have been
successfully used in the theory of dendritic growth and for a description of
late-stage domain growth during phase separation , as well as in many other
pattern-forming systems.

Mesoscopic models are based on the principles of out-of-equilibrium
thermodynamics. One assumes that, even if the system as a whole is in a state
far from thermodynamic equilibrium on a small scale of the order of the
interface thickness, the system is in local equilibrium and the intensive
thermodynamic quantities vary only very slightly on this scale. Under this
condition, one may write down a free energy functional, which depends on
the local fields, and postulate an equation of motion.

Microscopic models are usually based on lattice models of the Ising
type, also called lattice gases or more precisely stochastic lattice gases to
distinguish them from Boltzmann lattice gases used to model hydrodynamic
flows [V Y].

In this study a lattice gas model will be used that includes charged
particles and that uses simple microscopic characteristics to simulate the
salient features of electrochemical process,including both the diffusion
kinetics of the charged and neutral species, and the oxido-reduction
phenomena on the electrode interfaces.
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V.£. ¢ Mean-Field Kinetic Equations(MFEKE)
Mean-field kinetic equations are a valuable tool to study the atomic

dynamics and spin dynamics of simple lattice gas and Ising models. They can
be derived from the microscopic master equation of the system and contain
analytical expressions for kinetic coefficients and thermodynamic quantities
which are usually introduced phenomenologically. MFKE will be used to
study diffusion and ordering Kkinetics, spinodal decomposition and dendritic
growth.Presence of charged particles implies that, in addition to the Kinetic
equation driving the particle motion , the Poisson equation is to be solved for
the electrical potential .The chemical potentials present in the MFKE are then
replaced by electrochemical potentials . MFKE establishes a link between a

microscopic lattice model and macroscopic phenomenological equations [ Y].

\.¢ Objective and Scope

The main objective of this investigation is to study the kinetic of
chemical and electrochemical reactions and the effect of different conditions
by modeling the assential electrochemical and chemical reactions
accompanied during electroplating processes basing on the mean-filed
Kinetic equations a long together with a Poission equation for the electrical
potential.

A computer program in visual basic language is specially designed for

this purpose for all these configurations.
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CHAPTER TWO

LITERATURE SURVEY

Y.\ Introduction

The interest in this work is directed towards simulation of
electrochemical cells . Hence the literature survey is directed toward dendritic
growth , mean-field kinetic equation and mass transport in electrochemical

cells.

Y.Y Dendritic Growth

Barton and Bockris,[ £],) 41Y,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, [Y°], Y414, improved
the Barton and Bockris model of propagation .

Mullins and Sekerka ,[Y1],Y47Y, 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,[YV],Y2AY.

Chen and Jorne , [YA], Y44+ | developed the most applicable fractal
propagation model . Chazalviel , [YY], Y39+ | described migration-limited
mechanisms in his work . Both approaches rely on the assumption that high
voltages() +v) are applied to the electrochemical cell.

Harris et. al , [Y4] , Y44Y , studied the dynamics of interfaces in two
dimensions by using Monte Carlo simulations. They observed the

roughening dynamics and the Mullins—Sekerka instability.
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Dobretsov et. al , [Y+],Y397, studied spinodal decomposition in alloys
where ordering and phase separation occur simultaneously. Chen,[Y],Y34¢,
studied spinodal decomposition in a ternary system.

Losert et. al ,[YY],) 497 showed the spatial period-doubling instability
of dendritic arrays in directional solidification as suggested theoretically by
Warren and Langer,[YY], Y34+,

Jean-Frangois Gouyet and Mathis Plapp,[Y£],Y 137, 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 boundary condition. They compare
their models and the phase-field models and discuss the influence of noise.

Bernard et. al , [Y¢],Y++), studied analytically the Kkinetics of growth of
parallel needles. They established a discrete Fokker-Planck equation for the
probability of finding at time (t) a given distribution of needle lengths. In the
linear regime, it shows a short-wavelength Laplacian instability which they
investigated in detail. From the crossover of the solutions to the nonlinear
regime, they deduced analytically the general scale invariance of the two-
dimensional models.

Charles Monroe and John Newman , [Y1] , Y:«+¢ 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.
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Y.¥ Mean- Field Kinetic Equations(MFKE)
Suzuki and Kubo,[YVY],Y47A, derived the first general of mean-field

Kinetic equations for the spin-flip Ising model . Binder,[YA],) 4V ¢ derived
mean-field kinetic equations for the spin-exchange model of binary alloys.
Binder and Frisch,[Y%],Y9%), connected between these discrete mean-field
Kinetic equations and continuum equations.

Mathis Plapp and Jean-Frangois Gouyet,[Y+],Y%94, 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.
They determined the growth rates of bulk and surface modes by a linear
stability analysis and deduce the relation between the parameters of the model
and the structure and length scale of the surface patterns. The thickness of the
surface patterns is related to the concentration fluctuations in the initial state.

Bernard et. al , [V],Y+ + Y, have built electrochemical mean-field kinetic
equations modelling 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.

In Y«+Y the same researchers published this paper with another
arrangement including some extensions [¥)]. In Y.+Y they published the
research with new arrangement and new aspects as following[YY]:

- equation of jumping rate from site to another i.e. from site k to k+a
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- calculation of diffusion current by a method independent of gradient of the
electrochemical potential and depending on procces of replacement
different species in vacancies.

- add electron relaxation to the evolution equation for the electron.

Gouyet et. al [Y¥Y],Y+ Y, reviewed several methods to obtain mean-
field kientic equations, and discuss applications to the dynamics of order—
disorder transitions, spinodal 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 ‘vapour’ phase, and analyze surface modes that lead to
specific surface patterns. For order—disorder transitions, studied in the frame
work of a repulsive two-sublattice model, they have derived sets of coupled
equations for the mean concentration and for the occupational difference
between the two sublattices emerging from the symmetry breaking due to
ordering . These equations are applied to transport in the presence of ordered
domains. Finally, they discussed the possibilities of improving the simple
mean-field approximation by density functional theories and various forms of

the dynamic pair approximation, including the path-probability method.

¥.¢ Mass Transport in Electrochemical Cells
Spalart,[V¢],Y AAA and Watmuff ,[Ye],)44Y, studied mass transfer in

electrochemical systems and reported global information on the process such

as total cell potential drop,the electrical current and the global density
variation of ionic species. As result, other tools must be used in order to

provide detailed data on the structure of the flow.
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Frangois Gurniki,[Y1],Y+ + +, studied of mass transport in turbulent flow
of electrochemical cells. The investigation is performed through numerical
simulations. The mathematical models account both for turbulence and the
properties of electrochemical mass transfer. Different models were tested for
the electrochemical process at the electrodes. Natural and forced convection
were investigated. The electrolyte considered is binary. The transport
equations for mass are consequently reduced to one equation only, and is
identical to the transport equation for a passive scalar, or temperature. No
volume reaction is considered. The major contribution of that work was the
validation of a numerical method to compute turbulent mass transfer in near-
electrode regions. A class of turbulence models with a fairly simple

formulation was validated for electrochemical processes.

Y. Summary
It is clear from the preceding studies that some researchers had treated

the deposition process or the simulation of electrochemical deposition in
one- dimension depending on concentrations differences in the reaction
Kinetics , while there is no other works adopting other than this concept.Most
of those researchers studied the dendritic growth through the alloys
solidification process and derived the pertaining relevant equations of the
reactions kinetics basing on solidification equations, while this work has
discussed the previons models(gradient of an electrochemical potential)
mentioned earlier i.e. depending on concepts and equations of alloys
solidification besides the study of other parameters effects which have not
been discussed formerly , such as changing of concentration, voltage , Fermi
energy and electrode spacing during deposition . A mathematical model is
constructed in this study depending on other criterion which are cations and
anions replacement instead of the solvent it self, then a comparison between

the two methods is achieved.



AR
CHAPTER THREE
THEORETICAL ANALYSIS OF MEAN-FIELD KINETIC AND
POISSON EQUATIONS

Y.\ Introduction

In this chapter , the theoretical analysis of the mean-field kinetic and
Poisson equations will be presented. The local concentration of species metal
atoms and metallic cation is modified by transport(diffusion and migration in
the electric field) and by the electron transfer; for other species anions and
solvent .The modification is achived by only transport . The transport term is
active only in the solid-electrolyte interface . In addition , Poisson equation
will be used to determine the electrostatic potential for a given charge

distribution.

¥.¥ Butler-VVolmer Model of Electrode Kinetics

Experience demonstrates that the potential of an electrode strongly
affects the kinetics of reactions occurring on its surface. Hydrogen evolves
rapidly at some potentials ,but not at others. Copper dissolves from a metallic
sample in a clearly defined potential range; yet the metal is stable outside that
range , and so it is for all Faradaic processes. Because the interfacial potential
difference can be used to control reactivity, it is required to be able to predict
the precise way in which heterogeneous rate constant for reduction and
heterogeneous rate constant for oxidation depend on potential. A predictive
model based purely on classical concepts. Even though it has significant
limitations, it is very widely used in the electrochemical literature and must

be understood by any student of the field [YV] .



Chapter three Yv
¥.¥ Microscopic Theories of Charge Transfer

There is a generalized theory of heterogeneous electron-transfer
Kinetics based on macroscopic concepts, in which the rate of the reaction was
expressed in terms of the phenomenological parameters , standard
heterogeneous rate constant and transfer coefficient. While it is useful in
helping to organize the results of experimental studies and in providing
information about reaction mechanisms, such an approach cannot be
employed to predict how the Kinetics are affected by such factors as the nature
and the structure of the reacting species, the solvent , the electrode material,
and adsorbed layers on the electrode. To obtain such information, one needs
a microscopic theory that describes how molecular structure and environment
affect the electron-transfer process [YV].

A great deal of work has gone into the development of microscopic
theories over the past ¢° years. The goal is to make predictions that can be
tested by experiments, so that one can understand the fundamental structural
and environmental factors causing reactions to be Kkinetically facile or
sluggish. With that understanding , there would be a firmer basis for
designing superior new systems for many scientific and technological
applications. Major contributions in this area have been made by Marcus,
Hush, Levich, Dogonadze, and many others. Comprehensive reviews are
available , as are extensive treatments of the broader related field of electron-
transfer reactions in homogeneous solution and in biological systems [YV].

At the outset,it is useful to distinguish between inner-sphere and
outer-sphere electron-transfer reactions at electrodes (figure Y.)) . This
terminology was adopted from that used to describe electron-transfer
reactions of coordination compounds. The term ™ outer-sphere™ denotes a
reaction between two species in which the original coordination spheres are
maintained in the activated complex["electron transfer from one primary bond

system to another"].In contrast, " inner-sphere™ reactions occur in an activated
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complex where the ions share a ligand ["electron transfer within a primary
bond system"][¥V].

Likewise, in an outer-sphere electrode reaction, the reactant and
product do not interact strongly with the electrode surface, and they are
generally at a distance of at least a solvent layer from the electrode. A typical

example is the heterogeneous reduction of Ru(NH,):", where the reactant at

the electrode surface is essentially the same as in the bulk. In an inner-sphere
electrode reaction , there is a strong interaction of the reactant, intermediates,
or products with the electrode; that is such reactions involve specific
adsorption of species involved in the electrode reaction. The reduction of
oxygen in water and the oxidation of hydrogen at pt are inner-sphere
reactions. Another type of inner-sphere reaction features a specifically
adsorbed anion that serves as a ligand bridge to a metal ion. Obviously outer-
sphere reactions are less dependent on electrode material than inner-sphere
ones. Even if there is not a strong interaction with the electrode , an outer-
sphere reaction can depend on the electrode material, because of (a) double-
layer effects , (b) the effect of metal on the structure of the Helmholtz layer,
or (c) the effect of the energy and distribution of electronic states in the
electrode.

Outer-sphere electron transfers can be treated in a more general way
than inner-sphere processes, where specific chemistry and interactions are
important . For this reason, the theory of outer-sphere electron transfers is
much more highly developed. However, in practical applications, such as in
fuel cells and batteries, the more complicated inner-sphere reactions are
important . A theory of these requires consideration of specific adsorption
effects, as well as many of the important factors in heterogeneous catalytic

reactions[Y'V].
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Homogenous Electron Transfer

Outer-sphere
Co(NH,)y" +Cr(bpy)s" — Co(NH,)2" + Cr(bpy)s*

Inner-sphere
Co(NH,),CI** +Cr(H,0)2" — (NH,).CoCICr (H,0)3"

Outer-sphere Inner-sphere

@'® " @

Solvent

Electrode

Figure (¥.)) Outer-sphere and inner-sphere reactions[YV].

¥.¢ 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 underpotential deposition and

for studies of ionic transport at liquid-liquid interfaces[V].
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An electrochemical cell made of a dilute binary electrolyte and two
metallic electrodes of the same metal is to be considered. No supporting
electrolyte , generally used to suppress ion migration .The electrodes are
modeled by a lattice that reflects the underlying crystalline structure, and
whose sites are occupied by metallic atoms or vacancies. It is convenient to
represent the electrolyte by the same lattice, occupied by a solvent, cations,

anions, or vacancies[YY].

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

field E, (and hence a force F_=qE,) 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 A~ 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 n¢ on each site k: n7 =1if
k is occupied by species « =M°, M*,A",S, or a vacancy v, and + 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)[Y,YY]:
> ng+n =1

(.M
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@ metal
4% cation
& anion
i solvent

CATHODE

reduction oxidation

Figure (¥.Y) The lattice-gas model considered in the present study [V].

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[V,¥),¥Y]:-

V. 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) are modeled
here by nearest - neighbor interactions £“ between species « and g
(with the convention that a positive ¢“ corresponds toan attractive

interaction ). Interaction energies with vacancies are taken to be zero.
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Y. 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. In principle, an exchange process
between occupied nearest-neighbor sites is also included. This leads to more
complicated kinetic equations and will not be considered here. To specify the
jump rates, it can be assumed that the atoms perform activated jumps. The
height of the activation barrier depends on the local binding energy, that is,

the number and type of bonds that need to be broken as shown in figure

(Y"I[TY].

Figure (V.Y) In the lattice-gas model, an A atom makes activated jumps to
empty nearest-neighbor sites. The barrier has to overcome depends on its
interactions (white links) with its nearestneighbor atoms.

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
(q) 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 (¥.£) [YY].
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q(Vk _Vk+a)/2 = qu+a/2'a‘/2

Figure (¥.¢) In the presence of electric field E, a potential energy, which
varies, to first order, like qE. 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
q : charge of particle
X : the jJump path

v, : electrical potential defined on the lattice sites k.

The result for the jJump rate from site k to site k+a is[Y'Y],

a

(Vk _Vk+a)) (Y‘Y)

L e I S R R
where:-

KT : the (fixed) thermal energy.

w*: a fixed jump frequency that may be different for each species.

g“: charge for each species.

¥.e Mean-Field Kinetic Equations

The establishment of the mean-field kinetic equations follows the same
procedure as for neutral particles [YA,Y4]. When the particles jump form site

to site , the probability of finding a given configuration {n} evolves with time



e
areitinghrde the master equation . Let p({n},t) denote the
probability of finding the configuration {n} at time t .The master equation

reads[YY]:
% p(in} )= ;[w({n'} = {npp({n’}, t) - w(in} — {n"hp(in} O] (")
where w({n} — {n’}) is the transition probability from {n} to {n’}. In the time

evolution of the average concentration of the various species (a = +,—,0,s),

pi (1) =(n¢ )= n¢p(in}t) (7.%)

oy
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”
ot

- _ ijg,lk+a (VD)
where:-

P~ : the concentration of species «at site k.

J& .. The diffusion current of species « on the bond linking site k to nearest

neighbor site k+a.

a : spacing between neighbors species «.

¥.e.\ Diffusion Current

The diffusion current of species « on the bond linking site k to
nearest neighbor site k+a defined by two methods[Y ¥]:-

Y. First method:-

jlf,lk+a = <Wzk+a({n})nsnl\:+a _Wli-a,k ({n})nlf+an\k/> (Y"\)

with w¢,,,({n)given by equation (Y.Y). The factor n¢n;,,(and n{, n; for the

reverse jump) means that for a jump of « to be possible , the start site must
be occupied by species «, while the target site must be empty (occupied by a

vacancy V).
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The occupation numbers n?in the above expressions are replaced by

their average p;. This replacement is not unique because of different
possible choices for the factorization of the occupation number operators

[Y4]. A convenient choice [V4,¢+], is the direct replacement of all occupation

numbers by their averages in equation(¥.%) and (¥.Y), which leads to:

a p q”
‘]k+k+a = W [P k+a exp( _z z & ﬂ kﬂ+a +2KT (Vk _Vk+a)

1 q“
— PP} xexp(—— e’Pl —— -V
k+a p( KT z z k+a+a’ ZKT (Vk+a k))]

sa

(™)

Y. Second method:-

jlf,(k+a = _MlszraDaﬁlf (VA)
In this method as the product of an electrochemical bond mobilityl\ﬁg‘ a

times the (discrete) gradient of an electrochemical potential z*.
Where D,is a difference operator acting on the site coordinates,

D,F. = F... — F.. The electrochemical potential:

R LA D) 5aﬂpkﬂ+a+KT|n( )+an (*.9)

where:-

->. > e“pl.,):alocal energy due to the interaction of species o with its
B a

local environment

KT In(2 )an entropy term.
Py

q°v, . electrostatic energy.
The mobility along a bond k,k+a is given by:

W ~a + ~a D ~a
v p (zuk /uk+a) ShC a/uk
KT 2KT 2KT

~(Z
Mk,k+a

(T)4)
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where it is used the notation shc u=sinh u/u (close to equilibrium, g7, = i’

endphal Pres /2KT]=1) .

¥.% The Poisson Equation

Consider an infinitesimally small volume element dv ion, upon which
attention is to be fixed during the discussion (figure Y.¢),and let the net charge

density inside the volume element be g, . Further, let the average electrostatic

potential in the volume element be v. [£V].

S5

Figure(¥.e) At a distance r from the reference ion, the excess charge density
and electrostatic potential , in an infinitesimal volume element q, , Vv, , and dv
respectively.

Reference lon

One relation between q, and V. is given by Poisson's equation . There

IS no reason to doubt that there is spherically symmetrical distribution of
positive and negative charge and , therefore , excess charge density around a
given central ion . Hence , Poisson's equation can be written as[¢ V],

1d

av Ar
r2_"y=_" ABRR
r? dr( dr) ( )

r

where:-
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Chapinerclalestric constant (permittivity).
ey, oy
qr - Iz KT ( . )

where:-

z, : the valency of the ion .
e, : the electronic charge .
n’ : the concentration of the ionic species i .
Equation (Y.)Y) is termed as linearized Boltzmann equation

Substitution of equation (¥.)Y) in equation (¥.))) results the linearized

Poisson-Boltzmann equation [£V].

__( Zd\:r) (_Zno 2 2 (V\V)

redr
Using the formulation and discussion above 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[V,¥),YY],

zvk+a -

where:-

(Y.V9)

a=+,—,€

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

The boundary conditions at the metal-electrolyte interface have to be
considered with special care. In a “macroscopic” picture where this interface
is of arbitrary form but sharp (i.e. represented by a mathematical line), the
electric field is zero in the metal, and the potential is constant and equal to the
imposed boundary condition up to the sharp interface. If there is an electric
field in the electrolyte, surface charges are created. In the mean-field

representation outlined above, the interface is diffuse, i.e. “smeared out” over
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several lattice sites, and both the definition of the boundary condition and
Cleateatiore of surface charges have to be consistently implemented.

These problems are solved by the introduction of very mobile electrons
diffusing from site to site in the metal, and solve the Poisson equation for all

the charges, including electrons. More precisely, it is denoted by RS the
deviation from the neutral state expressed in electrons per site. Hence, PS>
corresponds to an excess of electrons, PS<+ to an electron deficit.The time

evolution of the excess electron concentration is[YY],

oP; ~
-_-57J¢ ¥ yo
5’[ ; k,k+a ( )
where:-

3¢\, - electronic current

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

jlf,k+a :_Mf,k+aDaﬁE (Y‘\-L)

where:-

Mg, .. : electronic mobility from k to k+a
u; - the local chemical potential of the electron

The electronic mobility can be determined as[YY],

e

W

Ivl:,kﬁ-a = KT

F(R)F(RL)

(YY)
where we is a constant frequency prefactor and f is an interpolation function
that is equal to ) for large metal concentrations and falls to zero for low metal

concentrations. With this choice, the electronic jump probability is important



v
only if nearest-neighbor sites k and k+a have a large enough probability to
be occupied by metallic atoms. Itis used for f[¥)].

Py = tanh[(P — P.)/&]+ tanh[P./£]
Chapter three tanh[(1- R)/&]+tanh[R, /]

a monotonic function that varies from 0 when p=0 to 1 for p=1, with a

(YA

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[Y),YY],

Pe
ui =E, +q°V, +—= va
Hy f A Vy D(E,) ( )
where:-
E, :isthe 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[YY],

P’
ot

- _Z 3;,k+a —W1l- fr(PkO)]Pke (V_\‘ ')

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.
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Y.V Electron transfer

Two types of processes occur at electrodes . One kind comprises like
those just discussed , in which charges (example , electron) are transferred
across the metal-solution interface . Electron transfer causes oxidation or
reduction to occur. Since such reactions are governed by Faraday's law (i.e.,
the amount of chemical reaction caused by the flow of current is proportional
to the amount of electricity passed), they are called Faradaic processes.
Electrodes at which Faradaic processes occur are sometimes called charge
transfer electrodes . Under some conditions, a given electrode-solution
interface will show a range of potentials where no charge-transfer reactions
occur because such reactions are thermodynamically or Kkinetically
unfavourable. However, processes such as adsorption and desorption can
occur, and the structure of the electrode-solution interface can change with
changing potential or solution composition. These processes are called
nonFaradaic processes[YV].

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. & MY (".¥)

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:

H o+ e > (Y.vY)
otherwise, the metal is oxidized. Consequently, o,,,is defined as the

current of electronic charges from k+a to k (current of positive charges from k
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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
cleapentioresite k+a , it is possible to write the reaction rate [V, ¥) , Y'Y [£Y],

. M + Hhe
Gk,k+a = a)k,k+a(exp% —eXp K,kl_,) (VYY‘)

where:-
oy .o - 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 > o, .. -

The coefficient w; ., determined from[¥), VY],

Oy o = @ [L= F(P)IT(PY.0) (*.Y9)
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.
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Chapter three
¥.A Summary of Equations used
The different combined pieces can
groups[Y,Y),¥Y Y¢]:-
Y. Without potential applied on the electrochemical cells:

be divided into two

Pa’
¢ = _Z‘]k k+a (Y’,YO)
a=+,—0,S
Y. With potential applied on the electrochemical cells:
oP,’
=_Z‘]k k+a zak,ma (V-YW)
oP?
:_ZJkk+a+sz,k+a (¥.YV)
P
= > Jiies (*.7Y)
oP; ~
=-3J° Y.Y4
ot g k., k+a ( )
P? ~
R ITIEY RRACD SO (.7
SV, -4 AR

Equations (¥.Ye) through (¥.¥)) are integrated in time by a simple

Euler Scheme ( with a constant or variable time step) .
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CHAPTER FOUR

COMPUTER PROGRAM

¢\ Introduction

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).

£.Y Program for One - Dimension Cells (Method )

The program of one dimension cells includes two main programs:-
V. Half and Full cell without potential.

Y. Half and Full cell with potential.

£.Y.) Input Data for Half and Full Cells without Potential

The input data required to run the program are as follows:-
- Cell size:-
- number of divisions of the cell.

- electrode size in terms of divisions.

- Concentration:-
- electrode concentrations(metal,cation,anion,solvent).
- electrolyte concentrations(metal,cation,anion,solvent).

- Another parameters:-
- interaction energy.
- frequency prefactors.

- time step.

- number of iteration(times).
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£.Y.).a Program Output

The outputs of the program include:-
- New concentration at any times:-
- electrode concentrations(metal,cation,anion,solvent,vacancy).
- electrolyte concentrations(metal,cation,anion,solvent,vacancy).

- Concentration profiles across the cell.

¢.Y.V\.b Program Layout

The main program consists of six subroutine (Run new half
(RN) , Run old half (RO), Run new full (RNY), Run old full (RNY) ,
drawx and quit) .

Figure (£.)) shows the flow chart of the main program of half

and full cell without potential.

£.Y.Y Input Data for Half and Full Cells with Potential

The input data required to run the program are as follows:-

- Cell size :-

- number of divisions of the cell.

- electrode size in terms of divisions.
- Concentration:-

- electrode concentrations(metal,cation,anion,solvent).

- electrolyte concentrations(metal,cation,anion,solvent).
- Another parameters:-

- interaction energy.

- Fermi energy , density of states , permittivity.

- frequency prefactors.

- time step.

- number of iteration(times).

- pc,e,pcr,e) for interpolations.

- potential difference.



Chapter four to
£.Y.Y.a Program Output

The outputs of the program include :-
- New concentration at any times:-
- electrode concentrations ( metal , cation , anion , solvent ,
vacancy , electron).
- electrolyte concentrations ( metal , cation , anion , solvent,
vacancy , electron).
- Potential and electric charge.
- Concentration profiles across a position cell.

¢ Y.Y.b Program Layout

The main program consists of six subroutine(Run new half
(RNY), Run old half (ROY), Run new full (RNY), Runold full (RNY) |,
drawx and quit) .

Figure (£.Y) shows a flow chart of the main program of half
and full cell with potential.

The subroutines (RN , RNY , RNY and RNY) determine
concentrations for the first time at certain times while the subroutines (RO ,
RO)Y , ROY and ROY) determine new concentrations based on previous ones
at certain times.The subroutines (RN , RO, RN and RO)) deal with equation
(Y.Y®) while the subroutines RNY , ROY , RNY and ROY deal with equations
(YY) L (YY), (YYA) (YY), (YY) and (Y.Y)Y) . The subroutines (drawx)
plots the relation ship between concentrations and the positions of half and

full cell . The subroutine (quit) is used to exit from the program .

£.Y Program for One - Dimension Cells (Method Y)

The program of this method is as that of the preceding one but
they are different in the following points:-
Y. Using diffusion current equation (¥.A) instead of equation (Y.V) .
Y. Calculate of electrochemical potential in the first method (metal and

cation) while the second method (metal,cation,anion and solvent).
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CHAPTER FIVE

RESULTS AND DISCUSSION

° .\ Introduction

A representation of the results obtained from running computer
programs including boundary conditions stated in Tables (°.)) and (°.Y) to
simulate growth, dissolution,ions kinetics, charges distribution and electric
potential in one-dimensional cells with input of the data mentioned in articles
(£.Y) and (£.Y) with dimensionless values given in Tables (°.Y) and (°.¢) .
Also studying the concentrations effects , Fermi energy , potential and
spacing between two electrodes on the deposition process and the comparison
between the two diffusion current equations (v.Y) and (Y.A) from the view

point of deposition ,ionic evolution,charge distribution are achieved .
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

%.Y Conclusions :-

Based on the results of this investigation, the following conclusions

can be drawn :-

\

. The mean-field kinetic equations (MFKE) that are able to reproduce

qualitatively the behavier of electrochemical cells with planar electrodes.

. 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 ("++ xY+) , while in the cells subjected to potential
difference of YKT/e , the deposition process continues for a longer time
up to anode collapsing .

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 revers occurs at the anode electrode .

. Appearing of Helmholtze double layer in the absence of the potential

difference while in the cell subjected to a potential difference leads
naturally to the formation of the extended space charge and the

Helmholtze double layer .

. The extended space charge to play a crucial role in the selection of the

growth velocity and the dense branching structure of the deposit and that

what is confirmed by Fleury and others[£Y].

. Increasing of the electric potential across the sites results in deposition

increasing , as well as increase of each of the initial ion concentration ,

Fermi energy and potential difference results in increasing of deposition
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P ¢

while spacing increasing between the electrodes results in decreasing of

the deposition process .

. In the half cell , the first method of the diffusion has a higher deposition

and electric potential and a wider spaced area of the charge distribution at

time t= 5x10° and the reverse holds for the full cell .

. lonic concentration growth for the half cell is less for the first method

than that of the second one while the second method ionic concentration
growth at the cathode is higher than that of the first method and the

reverse holds at the anode for the full cell .

. The (MFKE) contains all the ingredients necessary to simulate dendritic

growth by electrodposition in two and three dimensions .

.Y Recommendations for Future Work

The following recommendations are suggested for future work :-

. Investigating two and three — dimensional simulations in electroplating

cells .

. Study the effect of mass transfer / mixing on the rate of electrochemical

reaction .

. Study the effect of heat transfer on electrochemical dynamics .
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Figure (£.Y) Shows the flow chart of the main program of half and full cell

without potential
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Figure (£.Y) Shows the flow chart of the main program of half and full cell

with potential
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Calculate particle currents from
equation (Y.V)
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B < Iter=mtr

Figure (£.Y) The logic flow chart of two subroutines RN and RO
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Figure (£.¢) The logic flow chart of two subroutines RNY and RO
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Figure (£.2) The logic flow chart of two subroutines
RNY and ROY
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J=np

J=¥

A

Calculate reaction current from eauation (Y.Y ¥

J=np-Y¥

kQ,

crttY Y=« ert(Y nn-Y=+ erttY Y=+ crt() nn-

Calculate particle currents from equation (¥.V)

J=np-Y¥

K=\

\ 4

cr(k,Y)=-,cr(k,np-Y)="

00
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—> 1=Y
\ 4
Calculate electron current from equation
(Y1)
J=np-Y¥
A 1=y
Calculate sum diffusion current
(metal,cation anion, solvent,electron) from
equa’[ions (“,\"t’\‘,\‘\/’\‘,\‘/\'\‘.\"i’\‘.%)
J=np-Y¥
A 1=y
A
Calculate dv(j) from equation (¥.Y))
A 1=y

A

Calculate v(j) using Euler scheme

J=np-Y¥

1=y

Up data concentration using

Euler scheme

h
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< > Call drawx subroutine

Iter=mtr

Y

@

Open file and save data
Iter) ,concentration{metal,cation,anion,solvent,
vacancy,electron},electric potential

\ 4
[ End subroutine 1

Figure (£.7) The logic flow chart of two subroutines
RNY and ROY

[ Start drawx 1

!

I=Yortore I=YorY
|
\ 4 \ 4
Draw lines between Draw lines between
concentration(metal,solvent, concentration(cation,anion)
vacancy)and position and position

A 4

\A { End subroutine }

Figure (£.Y) The logic flow chart of the subroutine
drawx
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o9

Table (°.Y) Boundary conditions for one-dimensional cells without

potential

Half cell

Full cell

V. no - flux boundary conditions
in the solid

Y. fixed concentration in the
liquid

Y. no - flux boundary conditions
for particles at solid side

Y. no - flux boundary conditions
in the solid and liquid

Y. no - flux boundary conditions
for particles at both sides

Table (°.Y) Boundary conditions for one-dimensional cells with potential

Half Cell

Full Cell

V. no -flux boundary conditions
in the solid

Y. fixed concentration in the
liquid

Y. potential zero at solid side.
Potential at liquid side.

¢, no - flux boundary conditions
for the reaction current

©. no - flux boundary conditions
for particles at solid side

Y. no - flux boundary conditions
in the solid and liquid

Y. +/- potential /Y at both side

Y. no - flux boundary conditions

for the reaction current

¢. no - flux boundary conditions
for particles at both side
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Table (°.Y) Program input data without potential

Type Number Electrode Initial Initial
of of size concentration concentration , A Times
cell divisions of electrode of electrolyte t (t)
Of the Ce” cathode anode
(0] (@]
Half P°s=0.925 P°1=0.025
O ' - + 4 \ Onvnnnn Yo v eean
cell P s =0.0003 P°1=001
P°s=0.025 P°1=0.905
Full
\ L] \ L] \ L] = = \ = =
cell

Calculate initial concentration:
, KT=) , Q=4 pl=+."), z=¢ ¥ =1e¥=1"=1*=0
e =(e"+e*-2e%)/2=1

p:Q/tanh(%) ~0.95056 , p*l = pl =0.01, p°s=0.5(p+Q) =0.925

£ Q) _0.0003
KT

Z : the coordination number(z=¢ for a square lattice in two dimensions)
pl :the ion concentration in liquid

: the reduced interaction energy &~
p: total concentration in liquid and solid

, P°s =0.5(P-Q) =0.025, p*s = p*l xexp(

p°l = 0.5(p—Q) = 0.025, p°l = 0.5(p+Q)—2x pl = 0.905
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Chapter five
Table (°.¢) Program input data with potential
Electrode
Type | Number size Initial Initial
of of concentration of | concentration of | ¢ E, DEN]L ¢ tw*] we parameters [dV JAt | Times
cell | divisions electrode electrolyte of (®
of the cell E 8 interpolation
3 <
p°s = 0.925 p°l = 0.025 p. =05
. :
Half o ik - p*s = 0.0003 p*l =0.01 v seevere ol ) RAAN e=01 ! ;
1l '
” p’s=0025 | p’l =0905 b, =003 S
Ve KT o YKT/
e, =0001 | "
Full ' | | = = = = = = = = = = = =
cell
q0 = q’ =-e= qe =-eg=-) q+ =e=) e=) KT =) Number of substeps=" Fregnency wpoiss="+.\ dimenionless




Chapter five Y

.Y Simulation of One-Dimensional Cells without Potential

When there is no applied potential across a cell of size ).« sites
contains two identical electrodes with thickness of Y- layers , the ionic
species start to diffuse and migration , a double layer appear on the interface ,
reduction process on the cathode and oxidation process on the anode take
place .

Figures (°.) - ©.£) represents simulation of the different species |,
namely : (metal,cation,anion,solvent and vacancy) across the sites ¢+ for the
half cell and Y« « sites for the full cell with initial ion concentration of .+
during time intervals of t = (0.510)x10° .

Figures (¢.e — ©.Y) show the growth (deposition) occurred at the
cathode and dissolution at the anode . It is noted from these figures that the
doposition starts to be minimized (dropped) until it reachs a time of 10° at
which it is stopped , because of dropping the chemical potential differences
across the cell below 10~°, due to the fact that there is no deposition at lower
chemical potentials.

Figures (°.A - ©Y) show the gradient of evolution of the ionic
concentrations , while there is no such a gradient between the cathode and the
anode electrodes but it is approximately constant. These ionic concentration
slowly drop with time till it stopped, and hence , the deposition also stop, this

is matched with (Bernard , Plapp and Gouyet),[YY] .
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1.00

metalic atoms
solvent

0.80 —

half cell
t=50000

0.60 —

cation,anion*50

Concentration
1 1 1 1 1
| \%L

0.40 —
electrolyte
0.20 —
vacancy
0.00 | T | T | T
10.00 20.00 30.00 40.00 50.00
Position

Figure(®.)) Concentration profiles across a ° +-site cell.

1.00

metallic atoms
solvent

0.80 —

half cell
t=1000000

0.60 —

cation,anion(*50)

Concentration
1 1 1 1 1
_ %J

0.40 —
electrolyte
0.20 —
vacancy
0.00 I T I T I T
10.00 20.00 30.00 40.00 50.00
Position

Figure(®.Y) Concentration profiles across a ° +-site cell.
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1.00
metalic atoms
solvent
080 — full cell
t=50000
c
.g 0.60 —
©
s @ cation,anion*50 g
S 12 c
O g ®
c
(@) 0.40 —
O
electrolyte
0.20 —
7 4 vacancy §
0.00 L] I L] I L] I L] I L]
20.00 40.00 60.00 80.00 100.00
Position
Figure(e.Y) Concentration profiles across a ) + +-site cell.
1.00
metallic atoms
solvent
0.80 —
full cell
t=1000000
c
S 060 —
)
© . o
..E 1 s cation,anion(*50) g
(<) £ o]
O 3 S
c
O 0.40 —
@)
N electrolyte
0.20 —
‘ vacancy i
000 T I T I T I T I T
20.00 40.00 60.00 80.00 100.00
Position

Figure(®.¢) Concentration profiles across a \ - +-site cell .
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1.00
. half cell
t=50000
0.80 — t=1000000
c
) -
d—
©
} -
d—
C 0.60 —
o
c
O —
@) electrolyte
% 0.40 —
o
=
e
(-5 —
O
0.20 —
000 1 I 1 I 1 I 1 I 1
8.00 9.00 10.00 11.00 12.00 13.00
Position

Figure(®.®) Showing the electrode position (reduction) at the cathode.

1.00
- full cell
t=50000
0.80 — t=1000000
c
© -
)
©
| —
)
C  0.60 —
(4D)
(&)
c
o —
O electrolyte
% 0.40 —
(@)
=
CG -
®)
0.20 —
0.00 1 I 1 I 1 I 1 I 1
8.00 9.00 10.00 11.00 12.00 13.00
Position

Figure(°.71) Showing the electrode position (reduction) at the cathode.
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88.00

1.00
full cell
t=1000000
t=50000 — 0.80
— 0.60
electrolyte i
— 0.40
— 0.20
T T T T T 0.00
90.00 92.00 94.00
Position

Figure(®.Y) Showing the dissolution of metal at the anode.

Cation Concentration*50

0.60

0.40 —

0.20 —

0.00

Anode Concentration

half cell
t=50000
t=1000000
T <]
k=]
o
=
3 electrolyte
T | T | T
8.00 10.00 12.00

Position
Figure(®.A) Cation concentration profiles .
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0.60
half cell
rrrrrrrrrrrrrr t=50000
} t=1000000 |

o
g}
= 0.40
e '
IS
=
c
Q -
o
c
(@)
O electrolyte
S 0.20 —
=
<

0.00 T [ T [ T

8.00 10.00 12.00 14.00
Position
Figure(®.4) Anion concentration profiles .
0.60
full cell
rrrrrrrrrrrrrrr t=50000
t=1000000

o
e}
F=
S 040 —
d—
©
=
c
L -
c S
S g
O 3 electrolyte
c
O 020 —
e}
(48]
o

0.00 —— . I . I .

8.00 10.00 12.00 14.00

Position
Figure(e.) +) Cation concentration profiles.



Chapter five

electrolyte

full cell

t=1000000
t=50000

anode

0.60

— 0.40

— 0.20

Anion Concentration*50

I ]
90.00
Position

Figure(®.) ) Cation concentration profiles.

0.60

0.40

0.20 —

0.00

0.00

Cation Concentration*50

full cell
t=50000
h t=1000000
electrolyte
T I I T
8.00 10.00 12.00 14.00
Position

Figure(®.) Y) Anion concentration profiles.
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0.60

full cell

t=1000000

t=50000

— 0.40

anode

electrolyte
— 0.20

Anion Concentration*50

I T T 0.00

90.00
Position

Figure(®.)Y) Anion concentration profiles .

.Y Simulation of One-Dimensional Cells with Potential

When a potential difference(dv) of YKT/e is applied across the cell of
size Y+ sites contains two identical electrodes of the same thickness of ) -
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) represents simulation of the different species ,
namely : (metal,cation,anion,solvent and vacancy) across the sites ¢+ for the
half cell and ).+ sites for the full cell with initial ion concentration of
+.*) during the three times intervals t= (1,3,5)x10° .

Figures (°.Y+ — ©.YY) 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 .
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The interesting results concern the kinetics of the ions . Figures
(6.YY — o, YV)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 .
Figures (°.YV) and (°.YA) 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 Y+ lattice distances. This extended space charge leads to an important
potential drop on the cathode side, as can be seen in figures (°.Y%) and (°.Y'+)
that show the electric potential , this is matched with (Bernard , Plapp and
Gouyet),[V,¥),YY].

1.00
metallic atoms solvent
half cell
0.80 =— dv=YKT/e
t:\ .....
c
S 060 —
r—
©
= 8
% T £ cation,anion(*50)
o 8
[
(@) 0.40 —
@)
T electrolyte
0.20 —
7 vacancy
0.00 | p— | T | T | T | T
10.00 20.00 30.00 40.00 50.00
Position

Figure(®.) ¢) Concentration profiles across a © « -site cell.
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1.00
metalic atoms solvent
half cell
0.80 —
dv=YKT/e
t:\” .....
[
S 060 —
)
(48]
| —
<
(<5} 3
&) 2
8 0.40 — 3 cation,anion(*50)
@)
0.20 — electrolyte
7 vacancy
000 I I I I I I I I I
10.00 20.00 30.00 40.00 50.00
Position
Figure(°.Y2) Concentration profiles across a © «-site cell.
1.00
metallic atoms solvent
half cell
0.80 — dv=YKT/e
=0 2 v v v v
c
O 060 —
)
©
=
S 7 8
3 £
o= 8
(@) 0.40 =—
(@] cation,anion(*50)
0.20 = electrolyte
] vacancy
000 I I I I I I I I I
10.00 20.00 30.00 40.00 50.00
Position

Figure(®.) 1) Concentration profiles across a © +-site cell.
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1.00
metallic atoms solvent
( full cell
0.80 = dv=YKT/e
t:\ ~~~~~
e
S 060 —
(4]
=] tion,anion(*50)
= 4 . cation,anion(
o (5]
S : g
[
O 040 — © ©
@)
7 electrolyte
0.20 =
7 & k vacancy i
0.00 | | T | T | T | T
20.00 40.00 60.00 80.00 100.00
Position
Figure(e.YVY) Concentration profiles across a \ + +-site cell.
1.00
metalic atoms solvent
full cell ‘
0.80 — dv=YKT/e |
=R
[
S 060 —
o
©
=
% 1 3 cation,anion(*50) e
&) £ 2
c © <
(@) 040 — ©°
o
7 electrolyte
0.20 —
} % & vacancy J
\\\‘—— ,,,,,,,,
000 I I I I I I I I I
20.00 40.00 60.00 80.00 100.00
Position

Figure(®.YA) Concentration profiles across a ) + +-site cell.
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1.00
metallic atoms solvent
full cell
0.80 — dv=YKT/e
t=0 e v
c
S 060 —
)
(4]
| -
£ {¢ o o
o g cation,anion(*50) 8
o & :
o 0.40 —
O
— /"'
/ electrolyte
0.20 =
7 a vacancy !
0.00 — 1 | T | T | T | T
20.00 40.00 60.00 80.00 100.00
Position
Figure(®.Y4) Concentration profiles across a ) + +-site cell.
1.00
4 \
half cell
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0.80 =— ——  t=300000
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O - N J
)
©
| -
o
c 0.60 —
(D)
8 | |
t
S _ electrolyte
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8 0.40 —
(@]
=
e}
cU -
@)
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000 I I I I I I I I I
8.00 9.00 10.00 11.00 12.00 13.00
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Figure(°.Y +) Showing the electrode position (reduction) at the cathode.
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full cell

t=500000
t=300000
t=100000

electrolyte

1.00
0.80 —

[

O

IS

S

o

C  0.60 —

[¢D)

(&)

c

O

@)

ég 0.40 —

(@)

e

e

4]

@)
0.20 —
0.00

8.00

Figure(°.YY) Showing the electrode position (reduction) at the cathode.

' I
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10.00 11.00
Position

12.00
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t=500000
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t=100000

electrolyte
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89.00

90.00 91.00
Position

92.00 93.00

13.00
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Figure(°.YY) Showing the dissolution of metal at the anode .
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Figure(°.YY) Cation concentration profiles.
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Figure(°.Y £) Anion concentration profiles.
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Cation Concentration*50

Anion Concentration*50

0.80
4 N\
full cell
7 t=100000
t=300000
0.60 — t=500000
\\
0.40 —
- 3
$
% electrolyte
0.20 —
0.00 T T | T | | T
20.00 40.00 60.00 80.00 100.00
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Figure(e.Ye) Cation concentration profiles .
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Figure(°.Y1) Anion concentration profiles.

Y



Chapter five

Electric Charge(cathode)

Electric Charge(cathode)
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Figure(°.YY) Charge distribution.
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Figure(°.YA) Charge distribution.
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Figure (°.Y%) Potential profiles.
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Figure (°.Y+) Potential profiles .
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°.¢ Factors Effecting the Deposition Process

Y. Concentration :-

It is seen from figure (°.Y)) that the deposition occurred at the
cathode at time t = 0.5x10° for different ionic concentrations is increased with
increasing of the ionic concentration in electrolyte due to increasing of the
reduction processes at the cathode and oxidation processes at the anode . In
figures (°.YY — 2.Yo) it is clearly seen the evolution of the ion concentration ,
charges distribution at the cathode electrode and electric potential distribution
across the sites ©+ for the half cell at time t= 0.5x10° for these different

concentrations (+.+Y,+.»Yand .+ Y).

1.00
T\
. half cell
dv=YKT/e
t=0 v
0.80 — 0.03
c 0.02
8 - 0.01
@ —
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)
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% 0.40 — vt
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=
cs -
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0.20 —
000 T I T I T I T I T
8.00 9.00 10.00 11.00 12.00 13.00

Position
Figure(®.Y) Cathode concentration profiles across a © * -site cell.
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Figure(°.YY) Cation concentration profiles across a © «-site cell.
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Figure(®.YY) Anion concentration profiles across a © +-site cell .
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Figure(e.Y¢) Electric charge(cathode) profiles across a © - -site cell.
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Figure(®.Y°) Potential profiles across a ©+-site cell .
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Y. Fermi enerqy :-

Figure (°.¥1) shows the deposition taken place at the cathode at
time t = 0.5x10° for different values at Fermi energy and it is observed that
there is a direct proportional relation between deposition and Fermi energy
due to the increasing of the electron chemical potential , and hence the
electrochemical reactions are accelerated resulting in increasing the reduction
and oxidation processes. It is observed from figures (°.YY — ©.¢+) the
evolution of the ion concentration , electric charges distributions and electric
potential distributions across the sites ¢+ for half cell at time t= 0.5x10°
for Fermi energy of (YV.ee¢vere & &evedrt and o £¢ve) e ) | These values

are arbitrary chosen to check the proportionally of deposition with Fermi

energy.
1.00
( N\
half cell
= dv=YKT/e
N =
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Figure(®.Y1) Cathode concentration profiles across a © +-site cell.
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Figure (°.YV) Cation concentration profiles across a © «-site cell.
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Figure (°.YA) Anion concentration profiles across a © - -site cell .
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Potential

0.01
0.00
0.01 ( )
-0. half cell
dv=YKT/e
t:o R
| 5.447514
4.447514
rrrrrrrrrrrrr 3.447514
\_ J
-0.02
| I ' ' '
8.00 12.00 16.00
Position

20.00

A

Figure(°.Y¥4) Electric charge(cathode) profiles across a © +-site cell.
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Figure (°.¢+) Potential profiles across a © +-site cell.
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Y. Electrodes spacing :-

Figure (°.£Y) shows that the deposition at the cathode is decreased
with increasing of electrodes spacing due to dropping of the electric potential
across the cell sites and thus deceleration of the electrochemical reactions
resulting in reducing the oxidization and reduction processes.

Figures (°.¢Y — ©.¢o) jllustrate ionic concentration growth |,
charges distribution at the cathode and electric potential distribution across
the sites (Y++and°+) for the half cell at t= 0.5x10°.
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Figure(®.¢)) Cathode concentration profiles across ©+-and Y+ *-site cell .
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¢, Potential difference :-

Figure (°.£71) shows that the deposition is increased with the
applied potential increasing across the cell because of the increasing of the
electrical potential for these sites, and hence accelerating the electrochemical
reactions are leading to increasing of the processes of oxidation and reduction
at the anode and cathode electrodes ,while figures (¢.¢Y — ©.o+) illustrate
the ionic concentration growth , charges distribution at the cathode and
electric potential distribution across the sites ¢+ for the half cell at t=

0.5x10° for two values of potentials of (Y and Y+) KT/e.
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°.® The Time Rate of Deposition

Figure (°.©Y) shows the deposition rate occurred at the cathode
during the three time intervals t = (1,3,5)x10° and it is observed that the
deposition rate equal = + out of the boundaries of the double layer . The
highest deposite rates during these intervals mentioned above are
(+.ve€1Y, . vvad and +.A+ Y1) respectively , these values are dropped as it is

aparted from the electrode surface up to vanishing .
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°.%" The Second Method of Diffusion Current
There are two methods for the diffusion current used in the

calculation of the concentrations (metal , cation , anion and solvent ) . The
first one is the equation (¥.V) in which results were discussed in articles (°.Y)
and (°.Y) .The second is equation (Y.A) .

Figures (°.eY) and (°.eY) illustrate the simulation for the
concentrations (metal , cation , anion and solvent ) at time t = 5x10° , while
figures (°.2¢) to (°.1+) show each of growth and dissolution at the cathode
and anode electrodes , the evolution of the ion concentration , charge
distribution and electric potential a cross the sites at each of the cases (half

and full) during the time intervals of t = (1,3,5)x10° and what is said a bout

results exploration and interpretation in section (©.Y) holds for this section .
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Figure(c.1¢) Charge distribution across a \ * *-site cell.
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°.Y Comparison between the First and Second Method of the Diffusion

A comparison is achieved between the two methods from the view
points of (deposition , ionic concentration growth , charge distributions and
electric potential across the sites ) in case of half and full cell subjected to a

potential of YKT/e attime t= 5x10° .

a. Half cell :-

Figure (©.7°) shows that the deposition of the first method of the
diffusion is higher than that of the second one due to high reduction at the
cathode of the first method. Figures (©.11) and (°.1V) show that the ionic
concentration growth of the first method is less than that of the second one .
Figure (°.7A) shows that the electric potential distribution across the sites is
higher causing increasing electrochemical reaction speed . Figure (°.11%)
represents charges distribution at the cathode of the first method which

extends over a larger space leading to the increasing of the growth velocity.

1.00

0.80 =
[
O -
IS
S
e
[ 0.60 —
(D]
O
[
O —
(@) electrolyte
% 0.40 =
o
=
)
8 =

half cell
0.20 — t=500000
diffusion second method
11 diffusion first method
0.00 T T T T T
8.00 12.00
Position

Figure(°.12) Showing the electrode position (reduction)at the cathode.
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b. FEull cell :-

Figures (.vV+) and (°.Y)) show that the second method diffusion
deposition rate is higher than that of the first method because of higher
reduction at the cathode of second method . Figures (°.VY) and (°.VY)
represent the evolution of the ion concentration which is higher for the second
method than that of the first method at the cathode . The reverse takes place at
the anode . Figure (°.V£) shows that the electric potential distribution across
the sites for the second method is higher than that of the first method causing
accelerating of the electrochemical reaction of the second method . Figure
(°.ve) illustrates the charges distribution at the cathode and anode electrodes.
It is observed that the distribution area of the second method at the cathode is

more — extended causing a higher growth velocity .
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