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Preface

The aim of this book is to bring to scientists, researchers, engineers, and students
the newest achievements in electrochemically and chemically deposited metals and
alloys. This book is to some degree a continuation of our former book Fundamental
Aspects of Electrometallurgy, although there are significant differences. More
particularly, this book is devoted to the surface morphology of deposited metals
and/or alloys and offers an in-depth analysis of the influence of the parameters of
electrodeposition or chemical deposition of metals and alloys, which could lead to
technological advances in industrial settings worldwide. As such, the proposed
book may equally attract attention from those working in electrometallurgical or
electroplating plants and from members of research departments in industry or
academia.

The surface morphology of electrochemically deposited metals and alloys is a
very important property and thus may significantly influence their potential appli-
cations. Conditions of electrochemical deposition such as electrolyte composition,
pH, temperature, stirring, time, deposition overpotential, and current density deter-
mine the surface morphology.

The morphology of electrodeposited metals is usually analyzed on the basis of
the exchange current density and overpotential for hydrogen evolution. When
electrodeposition of metals is characterized by very large exchange current densi-
ties, at lower overpotentials individual grains or boulders are formed, while at
higher overpotentials formation of dendrites takes place. In the case of large
exchange current densities, spongy deposits and dendrites are produced at lower
or higher overpotentials, respectively. Finally, during electrodeposition character-
ized by medium and low exchange current densities, compact deposits are obtained
at low overpotentials, while dendrites or spongy deposits are formed at high
overpotentials.

A proper analysis of the polarization curves in correlation with the surface
morphology could contribute to very important conclusions useful for technological
operations in order to produce a metal deposit with the desired properties.
Electrodeposition of metals at low overpotentials proceeds under ohmic
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control and at higher overpotentials under diffusion control when the process is
characterized by the extremely large exchange current densities. In the ohmic
control regime, granular or regular crystals are deposited, while under diffusion
control, different shapes of dendrites are formed. When the electrodeposition of
metals is characterized by large exchange current densities, diffusion control is
observed in the whole range of overpotentials. Therefore, spongy deposits are
formed at lower and dendrites at higher overpotentials. For metals where electro-
deposition is characterized by medium or low exchange current densities, the
process proceeds under activation control at low overpotentials. Activation-con-
trolled electrodeposition produces large grains of metal with well-defined crystal
shapes. This is observed for overpotentials in the regions of the Tafel linearity. For
overpotentials larger than those consistent with Tafel linearity and smaller than
those determining the limiting diffusion current density plateau (the mixed
activation—diffusion control), the surface morphology is influenced by mass trans-
fer. Compact or uniform deposits of metals are obtained under these conditions.
Formation of dendrites is observed at overpotentials inside the plateau of the
limiting diffusion current density. For metals where electrodeposition is character-
ized by medium and low exchange current densities, the shapes of dendrites are
very different than those produced for metals where the electrodeposition is
characterized by the extremely large or large exchange current densities. This
observation raises many further questions from the fundamental point of view of
material science in conjunction with electrochemistry and opens a new window for
future studies.

Vigorous hydrogen evolution changes hydrodynamic conditions in the
near-electrode layer. In this way the presence of significant hydrogen evolution
may strongly affect the morphology of metal deposits. The typical structure
obtained in the presence of vigorous hydrogen evolution is honeycomb-like, with
holes or pores formed from detached hydrogen bubbles and surrounded by
cauliflower-like agglomerates of metal grains. Complexing agents and additives
(organic or inorganic) present in the electroplating solutions may also strongly
affect the morphology of deposits. The difference in the morphology of
electrodeposited metals relative to the one obtained by the electrodepositions
from simple salt solutions is caused by the change of the kinetic parameters of
electrodeposition due to the effect of additives or complexing agents. The deposi-
tion of compact metals and alloys, bright galvanic coatings, and dispersed and
powdered precipitates is discussed in detail. Also, the effects of periodically
changing currents and/or potentials during the electrodeposition on the morphology
and related properties of deposits are thoroughly presented in this book.

All the remarks mentioned above are applicable as well to the electrodeposition
of alloys. Using Brenner’s classification of alloy electrodeposition, e.g., equilib-
rium, regular, anomalous, etc., all existing combinations of deposition parameters
and their influence on the alloy morphology are analyzed. Interestingly, certain
features, which are not recognized in the electrodeposition of pure metals, are
observed in the alloy deposition processes. An example includes the spatiotemporal
structures, which is discussed in this book.
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Chemically deposited metals and alloys from aqueous solutions have been
significantly less studied than their electrodeposition counterparts. Both chemical
deposition, or as frequently termed in the literature electroless deposition, and
electrodeposition are charge transfer processes and as such can be considered as
electrochemical. Practically, all metals and/or alloys that can be electrodeposited
from aqueous solutions can be deposited by the electroless means using appropriate
reducing agents. Electroless deposition of various metals has been widely used in
industry since the 1950s. Metals of interest include Ni, Cu, Ag, Au, Pd, and
Co. Many alloys of these metals find applications in different industries. Both
galvanic and autocatalytic types of electroless deposition in relation with the
surface morphology are analyzed in this book.

The electrodeposition portion of this book is written by Popov, Nikolié, and
Jovi¢. Chapters 1, 2, and 3 are written by Popov and Nikoli¢, Chap. 4 is written by
Popov, Chap. 5 is written by Nikoli¢, Chap. 6 is written by Nikoli¢ and Popov, and
Chaps. 7 and 8 are written by Jovié. The chapter related to the chemical deposition
is written by S. Djoki¢. Chapters 1, 2, 3, 4, 5, 6, 7, and 8 of this book are based on
classical studies performed at the Department of Physical Chemistry and Electro-
chemistry at the Faculty of Technology and Metallurgy, University of Belgrade;
Department of Electrochemistry at the Institute of Chemistry, Technology and
Metallurgy (ICTM), University of Belgrade; and at the Institute for Multidis-
ciplinary Research, University of Belgrade, Serbia. K. I. Popov, N.D. Nikolié,
and V.D. Jovi¢ would like to acknowledge contributions and inspiration by Profes-
sor A.R. Despi¢ who initiated research in the area of electrodeposition at the
University of Belgrade. Popov and Nikoli¢ (Chaps. 1,2, 3, 4, 5, and 6) are thankful
for help from their colleagues Professors M.D. Maksimovi¢, M.G. Pavlovic,
N.V. Krstaji¢, B.N. Grgur, P.M. Zivkovié, S.K. Zelevié, and B.J. Lazarevié. Also
they acknowledge contributions from Drs R.M Stevanovi¢, S.M Pesié,
Z. Rakocevic, Lj.J. Pavlovi¢, G. Brankovié, V.M. Maksimovié, and S.B. Krstic,
as well as from numerous colleagues and students who participated in their
research.

V.D. Jovi¢ (Chaps. 7 and 8) is thankful to U.C. La&njevac and B.M. Jovi¢ from
the Institute for Multidisciplinary Research University of Belgrade, Serbia, for
contributions in the published chapters in Modern Aspects of Electrochemistry
series. He further expresses his gratitude to Prof. Ivan Krastev, Institute of Physical
Chemistry, Bulgarian Academy of Science, for providing necessary literature and
explanation of specific structural phenomena in electrodeposition of alloys, given in
Sect. 2.3 of Chap. 7. Popov, Nikoli¢, and Jovi¢ are also indebted to the Ministry of
Education, Science and Technological Development of the Republic of Serbia, for
the financial support of this work.

Djoki¢ is very thankful to many colleagues across the globe (Europe, North
America, China, and India) for inspiring him to further investigate chemical
deposition processes. Special thanks go to all of his students, clients, and his family
for the establishment of a few electroless processes in industry. Further, Djokic
expresses his thanks to Dr. Kenneth Howell of Springer for many very helpful
advice during the preparation of this book. As well, Djoki¢ acknowledges the help
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of Ms. Marion Pritchard and Ms. Nada Djoki¢ (both from University of Alberta,
Canada) for their unselfish help in the preparation of this manuscript.

We hope that the book will be of a particular interest to the individuals or groups
dealing with electrochemistry of metals or more specifically with the electrodepo-
sition phenomena in relation with the surface morphology. The research depart-
ments in the automotive, aerospace, electronics, energy device, and perhaps in the
biomedical fields may find this book as a very useful source in developments of
their future programs. Professors and students in the university settings worldwide,
when learning, investigating, or lecturing various electrodeposition processes at
both undergraduate or graduate levels, will find this book as a very valuable source
for their courses and/or projects. We believe that for the university environments,
the book can be attractive to the engineering students. Perhaps, chemistry or physics
students will find the book as a very useful source in their studies.
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Chapter 1
The Cathodic Polarization Curves
in Electrodeposition of Metals

1.1 Introduction

Morphology is probably the most important property of electrodeposited metals. It
depends mainly on the kinetic parameters of the deposition process and on the
deposition overpotential or current density. The morphology of an electrodeposited
metal also depends on the deposition time until the deposit has attained its
final form.

Morphology of electrodeposited metal strongly depends on the nature of metals,
and electrodeposition processes are usually classified in the dependence of the
exchange current density of deposition process [1]. For example, the individual
grains or boulders formed at lower overpotentials and dendrites at higher ones are
characteristics of the electrodeposition processes characterized by very large
exchange current densities. Formation of spongy deposits at lower overpotentials
and dendrites at higher ones is a characteristic of the electrodeposition processes
characterized by large exchange current densities. Finally, compact deposits are
obtained at lower overpotentials, while both dendritic and spongy-dendritic
deposits are formed at higher overpotentials during electrodeposition of metals
characterized by medium and low exchange current densities.

Obviously, morphology of metal electrodeposits depends on the type of control
of the electrodeposition process. For example, the activation-controlled electrode-
position of copper produces large grains with relatively well-defined crystal shapes.
This happens at overpotentials belonging to the region of the Tafel linearity
[2, 3]. At overpotentials that are between the end of the Tafel linearity and the
beginning of the limiting diffusion current density plateau (the mixed activation—
diffusion control), morphological forms are influenced by the mass transfer condi-
tions, and large grains are not formed [4, 5]. Dendrites are formed at overpotentials
inside the plateau of the limiting diffusion current density and at the higher ones at
which there is no hydrogen evolution or it is not enough to affect hydrodynamic
conditions in the near-electrode layer [6, 7]. The above consideration is valid for all
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electrodeposition processes characterized by medium and low values of the
exchange current density in the absence of the noticeable hydrogen evolution
reaction [7]. In the presence of strong hydrogen evolution, the honeycomb-like
deposits are formed [7].

On the other hand, formation of spongy deposits at the lower, and dendrites at
the higher, overpotentials was explained by long-standing assumption that the
electrodeposition processes characterized by large values of the exchange current
density are diffusion controlled at all overpotentials [8]. However, formation of
individual grains or granules at low overpotentials was not possible to explain by
this assumption. Recently, it was discussed [9] the linear dependence of current
density on the overpotential for the fast electrochemical processes, and it was
shown that this linear dependence can be ascribed to the ohmic control of the
electrodeposition process [10-13].

There is a close correlation between the morphology of metal electrodeposits
and the electrodeposition process control. Besides, the shape of the polarization
curve depends also on the electrodeposition process control. Hence, it can be
expected that the morphology of deposits can be correlated with the shape of the
polarization curves. This chapter introduces the basic correlations between polar-
ization and morphological characteristics of metal deposits.

1.2 Polarization Curves for the Case of Massive Active
Cathodes

1.2.1 Polarization Curves Without Included Ohmic Potential
Drop

1.2.1.1 Concentration Dependence of the Exchange Current Density Is
Not Taken into Account

The general form of current density—overpotential relationship in electrodeposition
of metals for the reaction

Ox +ne” _Red (L.1)

taking cathodic current density and overpotential as positive, is given by

[y

where ij is the exchange current density and ¢; is the activity of the oxidized (Ox) or
reduced (Red) state at a current density i and q, is the activity in the equilibrium
state [14].
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On the other hand,

and

—a,F —23
fazeXp< ;ﬂ) =eXp( 5 '7) (1.4)

where a. and a, are the cathodic and anodic transfer coefficient, b. and b, are
corresponding Tafel slopes, and 7 is the overpotential, and

2.3RT
b = 1 .5
¢ aF ( )
and
2.3RT
b, = 1.6
2 a,F ( )
where R is gas constant, T is temperature, and F' is Faraday constant.
The ratio of the activities for the cathodic reaction may be written as
O .
a i
L =1-— 1.7
=10 (1.7)

where iy is the limiting diffusion current density, and for the reverse anodic reaction
as [14]

(1.8)

taking into account the Kelvin term which becomes appreciable at low values of
electrode radii [15]. In Eq. (1.8), y is the interfacial energy between metal and
solution, V is the molar volume of the electrodeposited metal, and r., is the radius of
the spherical electrode. Equation (1.8) is valid for two electron reactions [14], while
the other possibilities are discussed in Ref. [16].

For a spherical electrode, Eq. (1.2) can be written as

. . i 2yV
S = 1 — — 1.9
Ispher = 10 |:< iL,spher)fc fanp (R Tl‘el>:| ( )




4 1 The Cathodic Polarization Curves in Electrodeposition of Metals

or
. iO |:fc 7.faexp(1327}::;>:|
Ispher = iofe (110)
i, spher
where
. nFDC
IL,spher = , 0 (111)
el

and n is the number of electrons involved in the electrode reaction, C is the bulk
concentration, and D is the coefficient of diffusion of a depositing ions. A somewhat
modified Eq. (1.10) is necessary for an understanding of electrodeposition on the tip
of dendrites inside the diffusion layer of a macroelectrode (see Chap. 2) and in the
case of electrodeposition at a periodically changing rate (see Chap. 4) [1, 17].

For sufficiently large r.; to make surface energy term negligible, Eq. (1.10) can
be rewritten in the form:

_iolfe—1a) (1.12.)

Ispher = iof,
C
1L, spher

For flat electrodes and sufficiently large spherical electrodes, Eq. (1.10) becomes

i:@&%ﬁ (1.13)
1+
ir,
where
FDC
i =0 (1.14)
0
and ¢ is the diffusion layer thickness.
1.2.1.2 Concentration Dependence of the Exchange Current Density
Is Taken into Account
In this case, the current density is given by
i =ios(fe —fa) (1.15)

where i 4 is the exchange current density on the electrode surface at current density
i, being determined by Eq. (1.16) [18]:


http://dx.doi.org/10.1007/978-3-319-26073-0_2
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. C\°.
ios = (C—0> io (1.16)

where C; is the surface concentration, i is the exchange current density for a
surface concentration Cy equal to the one in the bulk, and iy is the exchange
current density for a surface concentration Cy, and

d logip
= 1.17
¢ d logCy ( )
Using relation
Cs i
—=1-— 1.18
C i (1.18)

Eq. (1.15) can be rewritten in the form:

i:i0<1—,i>§(fc—fa) (1.19)

L
or, for { =1, after rearranging

i= —’O(fj_o(;{;)) (1.20)
1 + lsha)

It is necessary to note that Eq. (1.20) is an approximation because the value of {
is lower than unity. This approximation is widely used in qualitative discussions,
because it permits the simple mathematical treatment of electrochemical processes
with relatively small errors and with clear physical meaning. If { different than
unity is included in the derivation of the general polarization curve equation, simple
analytical solutions are not available and numerical solutions are required.

1.2.1.3 Comparison of Egs. (1.13) and (1.20) for Different
Exchange Current Density to the Limiting Diffusion
Current Density Ratios

Equations (1.13) and (1.20) are compared taking iy/ip = 100, 10, 1, 0.1, and 0.01.
fe= 10™ and fa= 1077 and the diagrams presented in Fig. 1.1 are obtained by
digital simulation. It can be seen that for iy/ip <1, diagrams computed using
Egs. (1.13) and (1.20) are the same.

At larger values of iy/iy_ ratio, the polarization curves calculated by Eq. (1.13) are
the same as follows from Eq. (1.13) when iy/i. — oo, forf, > f,. On the other
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Fig. 1.1 The comparison of polarization curves calculated using Egs. (1.13) and (1.20). From left
to right side of diagram, iy/i} ratio corresponds to 100, 10, 1, 0.1, and 0.01, respectively; f. = 10%,
and f, = 107 (Reprinted from Ref. [19] with permission from Elsevier and Ref. [9] with kind
permission from Springer)

hand, the polarization curves calculated using Eq. (1.20) under the same conditions
become

i (1.21)

at all overpotentials for io/ip — co. It can be seen from Fig. 1.1 that the increase of
the value of iy/ii ratio leads to the decrease of the electrochemical overpotential.
The activation part of overpotential is lost at iy/i values larger than 10, while both
activation and diffusion overpotential vanish at iy/ip values larger than
100 (Fig. 1.1). In the second case, the ohmic-controlled electrochemical reaction
can occur (see Sects. 1.2.1.5 and 1.2.2.2).

1.2.1.4 The Approximations for iy/iy, < < 1

Although Egs. (1.13) and (1.20) are generally valid, it is more convenient to use
some approximative relations derived from them [1]. For a flat surface, if

fof ¢

— << 1 (1.22)
L

fe>f,and

Egs. (1.13) and (1.20) can be rewritten in the form:
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i:io(fc_fa) (123)
which becomes
nkF
| = lp— 1.24
=i (1.24)

at very low overpotentials by expanding the exponential terms in Eq. (1.23) and
retaining the two terms of expansion of each exponential terms, if

ac = pn (1.25)
and
a= (1 =p)n (1.26)
where f is the symmetry factor.
When
fe>>f, and l(;fC <<1 (1.27)
L
the relation
i = iof, (1.28)
or
be . i
=—In— 1.2
T=53", (1.29)
is valid.
If f. >> f,. Egs. (1.13) and (1.20) become
j= e (1.30)
1+ i
or
be . i b
=—In—+—1 . 1.31
=53 23— (1.31)

L
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For

> 1 (1.32)

fe>f, and l;ﬂ>
L

Eq. (1.13) can be rewritten in the form:

(1) i1 (2] 09

which is valid if Egs. (1.25) and (1.26) are valid. Finally, if

f.>>f, and ’(l”: >> 1 (1.34)

Egs. (1.13) and (1.20) become
i=1ip (1.35)

The range of validity of Egs. (1.23), (1.24), (1.28), and (1.29) as well as (1.30),
(1.31), and (1.35) can be easily determined from # —log(i) and n — i plots in Fig. 1.2.
Equations (1.28) and (1.29) are valid from the beginning to the end of Tafel
linearity (Tafel line). At lower overpotentials, Eqs. (1.23) and (1.24) are valid,

0.6 T T T T T T T

04| ] -
4 ]

> Tafel line

~—

S o2} g

2 3
0.0 1
log (i)
1 L 1 " 1 " 1 1 1
1.0 0.5 0.0 05 1.0

log (i/ mAcm'Z)

Fig. 1.2 Simulated Tafel plot for the metal deposition (ip=0.11 mA cm ™% b, =118 mV dec™';
b,=40mV dec™'; ;. = 10 mA cm ™~ ?) and range of validity of equation: (/) Eqs. (1.23) and (1.24),
(2) Egs. (1.28) and (1.29), (3) Egs. (1.30) and (1.31), and (4) Eq. (1.35). Insert: polarization curve
(Reprinted from Ref. [1] with kind permission from Springer)
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while at higher ones, Eqgs. (1.30), (1.31), and (1.35) are valid. In Fig. 1.2, the
simulated polarization curve for cathodic metal electrodeposition together with
the Tafel plot and the range of validity of mentioned equations is shown. Usually,
in electrochemistry the marked regions are called (1 and 2) activation-controlled
region, (3) mixed activation—diffusion-controlled region, and (4) pure diffusion-
controlled region.

1.2.1.5 The Shape of the Calculated Polarization Curves as Function
of iy/iy, Ratio Without Included Ohmic Potential Drop

Using the current density—overpotential relationships and the procedure for the
determination of the ohmic potential drop, the polarization curves for electrodepo-
sition processes can be successfully simulated [9, 20].

The current density—overpotential curve equation (Eq. (1.20)), derived by taking
the concentration dependence of iy into account and the linear dependence of iy on
the C,/Cy ratio, can be rewritten in the form:

.i: ﬁ(fc _fa) (136)
L 1_’_11'_2(100 _fa)

being valid for all iy/iy ratios and overpotentials. Because of this, this form will be
used in discussion of the effect of the iy/i_ ratio on the shape of the polarization
curves. In Eq. (1.36), i, iy, ir, Cs, and Cy have already mentioned meanings, while f,
and f, can also be written in the form:

fe=10% and f, =107 (1.37)

where b. and b, are the cathodic and anodic Tafel slopes. Equation (1.36) is
modified for use in electrodeposition of metals using the values of the cathodic
current density and overpotential as positive. In Eq. (1.36), the ohmic potential drop
is not included in the overpotential values. Equation (1.36) is operative if IR error is
eliminated by using the electronic devices that distinguish the superfast change in
potential that occurs in this IR portion, when the current density is switched on and
off from the slower change of the electrode potential itself, where the charging of
the interfacial capacitor takes time [20]. In this way, the polarization curves which
do not include the ohmic potential drop can be simulated using Eq. (1.36).

The polarization curves without including the ohmic potential drop for different
iofip, ratio values for both, one and two electron reactions, are shown in Fig. 1.3
[21]. They are obtained by using Eq. (1.36) for the different iy/i} ratios and f. and f,
values obtained for different #, b,, and b, in the dependence of the mechanism of
electrodeposition reactions. From Fig. 1.3, it is a clear that these dependencies are
similar to each other for the large values of the iy/ii ratio and at any low value of
overpotential. Because of this, the polarization curves without including the ohmic
potential drop are not suitable and, for that reason, will be not treated further.
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Fig. 1.3 Dependencies i/i — 5 calculated using Eqs. (1.36) and (1.37) for the different values of
io/iy, ratio: (a) b, = 120 mV dec ™!, b, =120 mV dec™'; (b) b, =40 mV dec ™!, b, = 120 mV dec™!;
and (¢) b,=60 mV dec™ 1 be=60mV dec™! (Reprinted from Ref. [21] with permission from the
Serbian Chemical Society)

1.2.2 Polarization Curves with Included Ohmic
Potential Drop

1.2.2.1 The Structure of Polarization Curves

If IR error is not eliminated, the measured value of overpotential, #,,, includes the
ohmic potential drop and it is given by Eq. (1.38) [20]:

L
11m=17+i?° (1.38)

where i is the current density, L. is the length of the electrolyte column between the
tip of a liquid capillary and the electrode, and « is the specific conductivity of the
electrolyte. The values of i/ip for selected overpotentials n are obtained using
Eq. (1.36), and multiplication with i} produces the values of iy. # and i are then
substituted in Eq. (1.38), and overpotentials which included ohmic potential, #,,,
drop are obtained. Now, i/i;, — 1, dependencies can be plotted. Hence, the polar-
ization curves which include ohmic potential drop can be simulated by using
Eqgs. (1.36) and (1.38) [9].
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1.2.2.2 The Shape of the Calculated Polarization Curves
as Function of the iy/iy, Ratios and the Kind
of the Electrodeposition Process Control

The shapes of the polarization curves depend strongly on the iy/ip ratios. It is
obvious that the continuous change of the exchange current density to the limiting
diffusion current density ratio for processes of the metal electrodeposition is only
possible by the digital simulation. In this way, the relations between iy/i; ratios, the
shape of polarization curve, and the electrodeposition process control can be
established.

The simulated polarization curves which included the ohmic potential drop are
shown in Fig. 1.4. They are obtained using the same data as those shown in Fig. 1.3
and for i;, =50 mA cmfz, L.=02 cm, and k=0.1 S cm™ L In all cases, for
io/ip, = 100, there is linear dependence of the current density on overpotential up
to i=45 mA c¢cm 2 or to ifip =0.9. In these cases, the overpotential without
included ohmic potential drop (see Fig. 1.3) is very low, and the measured
overpotential is practically equal to the ohmic potential drop between the working
and the reference electrodes. Hence, for ip/ip. > 100, there is the ohmic control of the
electrodeposition process. It is obvious that the shape of the linear part of polari-
zation curve does not depend on the mechanism of the electrode reaction.

The polarization curves consist of two parts in the mixed ohmic—diffusion-
controlled electrodeposition [12]. The first part corresponds to the ohmic control

i/ mAem?
i/ mAem

0 50 100 150 200 250 300 350 400 450 500 550 0 50 100 150 200 250 300 350 400 450 500 550
| MV e/ MV

C 5o T

i/ mAcm?

O 50 100 150 200 250 300 350 400 450 500 550

Hy MV

Fig. 1.4 Dependencies i — #,,, calculated using Egs. (1.36), (1.37), and (1.38) and the different
values of ig/i; ratio for ii, =50 mA cm™2, L.=02cm,and k=0.1S cm™ 2 (a—c) as in captions in
Fig. 1.3 (Reprinted from Ref. [21] with permission from the Serbian Chemical Society)
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Fig. 1.5 Dependencies i — 7, for 10 <ig/ip, <100 calculated as those in Fig. 1.4. (a) b, =120 mV
dec™!, bh.=120mV dec™%; (b) b, =40 mV dec ™!, b.=120mV dec™’; and (¢) b, =60 mV dec™ !,
b.=60 mV dec™! (Reprinted from Ref. [21] with permission of the Serbian Chemical Society)

(it is the linear part), and the second one corresponds to the diffusion control
(Fig. 1.5). The length of the ohmic part at the polarization curve decreases with
decreasing the ip/ip ratio values. Assuming that the diffusion control of the electro-
deposition process becomes visible at 7,,, > 0.5 mV, the values of i s/i,_ at the end of
the linear part of polarization curves are calculated and shown in the function of iy/
iy ratio in Fig. 1.6 and given in Table 1.1. It can be seen from Fig. 1.6 and Table 1.1
that the linear part of the polarization curve vanishes at io/i, = 1. Hence, there is the
mixed ohmic—diffusion control in the interval of 1 < ip/ip. < 100.

At values of igp/ip ratio lower than 1, the complete diffusion control of the
electrodeposition process arises at all overpotentials. The lower limit of the region
of the complete diffusion control can be determined as follows: it is obvious that the
convex shape of the polarization curve characterizes the diffusion control of deposi-
tion process and the concave one the activation control of deposition process. The i/ip.
ratio as function of # is shown in Fig. 1.3 and the i as a function of #,, in Fig. 1.4. In
both cases, the convex shape of curves changes in the concave one at approximately
io/ip ~0.1, meaning that the diffusion control changes in the activation one at the
beginning of the polarization curve at low 5 and #,,,. At larger overpotentials, the
diffusion control occurs. Hence, the diffusion control at all overpotentials appears at
0.1 < iy/iy, <1, while the activation control appears at ip/ip. < 0.1 at low overpotentials.

It can be seen from Figs. 1.3 and 1.4 that the same conclusion can be derived for
the polarization curves with and without included ohmic overpotential drop. The
simulated polarization curves with included ohmic drop are calculated using data for



