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Preface

The series Modern Aspects of Electrochemistry has presented new developments in
Electrochemistry since its inception in the early 1950s. This prestigious series
contains works of many distinguished electrochemists worldwide including those
of the series founders, Professors John O’M. Bockris and Brian E. Conway.
The vision of Professors Bockris and Conway continues to achieve greatness with
its 57th volume thanks to Springer and Dr. Kenneth Howell. I would especially like
to point out that I was blessed with opportunities to study, work with, and collab-
orate with Professors Conway and Bockris. I owe a great deal to these two fine
individuals for all I have learnt in the field of electrochemistry. Professors Bockris
and Conway collaborated with many electrochemistry groups around the globe.
In this way, Professors Bockris and Conway significantly influenced many
electrochemists and developments in the electrochemical science and technology.
I would especially like to mention the contributions of my former teacher, Professor
Konstantin I. Popov, and his coworkers, who in spite of very limited equipment and
finances are still achieving first class results.

This volume of Modern Aspects of Electrochemistry is devoted to Professors
John O’M. Bockris and Brian E. Conway. Although Professor Brian E. Conway
passed away in 2005 and Professor John O’M. Bockris, just recently, in July of
2013, their vision continues and will continue in the future. Significant contribu-
tions to this volume have come from individuals who were in one or another way
influenced by these fine minds.

Chapter 1 by Jovic et al. describes the electrodeposition of alloys and composite
materials. After a historical overview of the early work, the chapter discusses the
conditions for the electrodeposition of alloys from a thermodynamic point of view.
The narrative then further explores the characterization of the electrodeposited
alloys by electrochemical techniques. Anodic linear sweep voltammetry for the
characterization of the electrodeposited alloys, e.g., eutectic, solid solution, and
alloys with intermediate phases or intermetallic compounds is described and
referenced in detail. In addition, the results of the analysis of electrodeposited
alloys by the anodic sweep voltammetry are compared to those obtained by the
X-ray diffraction. Finally, the chapter describes electrodeposition of composite
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materials and their mechanical and electrical properties. Important discussion is
devoted to the electrodeposition of Ni-MoQO, composite coatings as cathodes for
hydrogen evolution in industrial electrolysis.

In Chap. 2, Nikoli¢ and Popov discuss the mechanistic aspects of lead electro-
deposition. Electrodeposition of lead is characterized by a relatively high exchange
current densities. For a while, it was generally accepted that the electrodeposition of
lead proceeds in the whole range of overpotentials and that it is diffusion controlled.
The experimental results and discussion in this chapter show that electrodeposition
of lead may proceed under the conditions of pure ohmic or mixed ohmic-diffusion
control. The conditions for lead electrodeposition are influenced by the concentra-
tion of Pb(Il) in the solution. At higher concentrations of Pb(Il) in the solution,
electrodeposition of lead is completely under ohmic control. The surface morphol-
ogy of the electrodeposited lead is determined by the conditions of electrodeposi-
tion. While under ohmic control well-defined single crystals of lead are produced,
elecetrodeposition under mixed ohmic-diffusion control leads to the formation of
dendritic deposits. The formation of different shapes of dendrites of lead during the
electrodeposition is further attributed to the composition of the electrolytes used in
the experiments. The primary type of dendrites is produced from the simple
electrolytes, while the secondary type is formed from complexed solutions.

In Chap. 3, Miskovic¢-Stankovi¢ discuses the electrophoretic deposition of
ceramic materials onto metal surfaces. Ceramic coatings may be useful as
anticorrosion surfaces or in biomedical applications as implants. Materials
presented in this chapter include alumina, boehmite, monetite, brushite, hydroxy-
apatite, and their combination with silver and/or lignin. The effects of the param-
eters of electrochemical deposition on the thickness, morphology, and structure of
the deposited ceramic coatings are discussed in this chapter. Various instrumental
methods are used to describe the properties of electrodeposited ceramic coatings.

Chapter 4 by Tsui and Zangari reviews the fundamentals of the electrodeposition
of metal oxides for the energy conversion and storage technologies. Electrochem-
ical growth of oxide materials and methods to control their composition, surface
morphology, and crystal structure in relation to the applications for the energy
conversion are discussed. The materials examined in this chapter include ZnO for
solar cells, Cu,O for photovoltaic and photoelectrochemical systems, a-Fe,O3 for
photoelectrochemical water splitting, and MnO, for the supercacitor energy
storage.

Chapter 5 by Stojadinovic et al. is devoted to the anodization of aluminum and
more particularly to an interesting phenomenon—namely, luminescence—occur-
ring during this process. While the anodization of aluminum has been investigated
for quite some time, little or no attention has been paid to the occurrence of
so-called galvanoluminescence, an emission of weak optical radiation, mostly in
the visible spectrum. The nature of the galvanoluminescence depends on
the electrolytes used in the process, surface pretreatment, and anodizing conditions.
As such, the galvanoluminescent methods are recommended for use in the
determination of the oxide film thickness, growth rate, refraction index, optical
constants of alumina, etc. Anodization of aluminum above the breakdown voltage
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leads to the formation of plasma as indicated by the presence of sparks on the
surface, accompanied by the simultaneous gas evolution. As a consequence,
the total luminescence increases. The spectroscopy analysis of plasma allows the
determination of electron temperature and electron number density.

In Chap. 6, Cadian et al. analyze the electrochemical aspects of chemical and
mechanical polishing. This process is widely used in the semiconductor
manufacturing in order to generate complex three-dimensional geometries.
A successful polishing of metals is based on the formation of a passive surface
film. Chemical mechanical polishing performed on both tungsten and copper and
the electrochemical interactions with the polishing slurry are discussed in this
chapter. Electrochemical processes that lead to undesirable phenomena such as
pitting, etching of the metal surface, galvanic corrosion, and re-deposition of
material onto the polished surface are described in detail.

Chapter 7 by Djoki¢ and Magagnin reviews the surface treatments prior to
metallization of semiconductors, ceramics, and polymers. Classical and recently
developed methods such as treatment of the ceramic and polymer surfaces with Pd
(II) and Ag(I), as well as galvanic displacement reactions for the case of
semiconductors, are discussed. Metallization of nonconductive surfaces is very
important for many industrial applications.

I sincerely hope that this volume of the Modern Aspects of Electrochemistry will
bring to scientists, researchers, engineers, and students review chapters related to
the latest findings in the field of electrodeposition and surface finishing, The ideas
discussed will have significant import for electronics, aerospace, automotive,
energy devices, and biomedical applications.

Edmonton, AB, Canada Stojan S. Djokié
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Chapter 1
Electrodeposition and Characterization
of Alloys and Composite Materials

V.D. Jovié, U.C. Lacnjevac, and B.M. Jovi¢

1.1 Introduction

It is general experience in materials science that alloy can exhibit qualities that are
unobtainable with parent metals. This is particularly true for electrodeposited
alloys. Some important properties of materials, such as hardness, ductility, tensile
strength, Young’s modulus, corrosion resistance, solderability, wear resistance, and
antifriction service, may be enhanced. At the same time some properties that are not
characteristic for parent metals, such as high magnetic permeability, other magnetic
and electrical properties, amorphous structure, etc., can also be obtained. In some
cases alloy coatings may be more suitable for subsequent electroplate overlayers
and conversion chemical treatments [1].

Some alloys may be more easily obtained by electrodeposition than by metal-
lurgical processes. This is particularly true for alloys composed of metals having
large differences in melting temperatures or cannot be mixed in a liquid state. Such
metals can very often be codeposited from the solutions (e.g., alloys Ag—Ni,
Ag—Co, and Cd—Co). Taking into account that some metals cannot be deposited
from the aqueous solutions (Ti, V, W, Nb, Zr, etc.), they could be deposited from
the melts of their salts. In recent times the processes of metals and alloys deposition
from the room temperature molten salts were also investigated and developed
(deposition of Al-Cu, Al-Co, Al-Ni alloys from AlCl;—MeEtImCI melt).

The fast-growing requirements of modern industry for materials with special
qualities in the last century have given rise to increasing interest in electrodeposi-
tion of alloys, particularly in corrosion protection and in the modern electronic
industry [1].
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Historically, the electroplating of alloys is practically as old as electroplating of
pure metals, since the electroplating of brass and bronze was performed by De
Ruolz [2] in 1842, shortly after the discovery of the first cyanide baths. It is
interesting to note that these baths were essentially similar to ones used nowadays,
being based on the use of Cu, Sn, and Zn complexes with cyanide.

From 1842 until the end of the nineteenth century, over 180 alloys involving
40 elements have been deposited [3]. An excellent review of the achievements up to
1962 is given in the book of Brenner [4], while from practical point of view it is
recommended to consider the book of Bondar, Grimina, and Pavlov [5], which
contains recipes and references for more than 1,100 baths for alloy deposition.

Although the first alloys [2] were deposited in 1842, practically the first attempt
at scientific approach to electrodeposition of alloys, discussing the role of cathodic
potential in the deposition of brass, came rather late with the work of Spitzer [6] in
1905. In 1914 a more comprehensive attempt came from Schlotter [7], but better
under-standing of the alloy deposition process by understanding the electrochem-
ical thermodynamics and kinetics, as well as complexometry and some other fields
in order to obtain clear scientific bases, had to await second part of the nineteenth
century. Some attempts were made by Gorbunova and Polukarov [8], Fedoteev
et al. [9], and Faust [10], but they remained at a rather elementary level, obviously
oriented to help practical electroplaters.

The results obtained until 1995 are summarized in the chapter by Despi¢ and
Jovi¢ [1]. Recently, published results on electrodeposition of alloys, with a partic-
ular attention on Ni-MoO, composite coatings used as catalysts for the hydrogen
evolution reaction (HER), are discussed in this chapter.

1.2 Electrodeposition of Alloys from Aqueous Solutions

1.2.1 Conditions for Electrodeposition of Alloys

The metals immersed in the solution of their simple salts establish the reversible
potential. The values of the reversible potentials for different metals could differ for
about 3 V. Electrodeposition of metals could take place only at potentials more
negative than the reversible ones. Accordingly, in the solution of ions of two metals
(cf. Cu** and Zn**) with one being on the positive side of the potential scale
(vs. SHE) (Cu) and another one being on the negative side of the potential
scale (Zn), intensive deposition of Cu could take place at potentials at which Zn
would not deposit at all. Taking into account that the reversible potentials of metals
could change with the presence of different anions in the solution (complexation of
metal ions), and that the rates of electrodeposition of different metals are usually
different, it is possible to achieve conditions for simultaneous deposition of these
two metals [1].
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For simultaneous deposition of two metals, A and B, their deposition potentials
(E) must be identical, E(A) = E(B), i.e.,

Er(A) +n(A) = Ex(B) +n(B), (1.1)

where E(A) and E(B) are reversible potentials of metals A and B, while #(A) and
n(B) correspond to the overpotentials needed for the deposition of these two metals.
The reversible potential could be changed by the change of metal ions concentra-
tion in the solution and by the temperature of the solution and is defined by the
Nernst’s equation:

E.(A) = E°(A) +Ilj—;1na(AP+), (1.2)
E.(B) = E®(B) +];—;lna(Aq+), (1.3)

where EQ(A) and E®(B) are standard potentials of metals A and B, a activities of
corresponding metal ions in the solution, and p and ¢ numbers of electrons to be
exchanged during the process of metal deposition.

The condition defined by Eq. (1.1) could be accepted only as a first approxima-
tion, since the potential of the metal deposition is undefined quantity if the value of
corresponding current density is not known. It appears that a better definition of the
conditions for simultaneous deposition of two metals would be current density at
which both metals deposit with approximately the same current density. More
precisely, for two-components alloy to be deposited with the molar ratio of the
more noble metal x and the less noble metal (1 — x), assuming that the Faraday’s
low is obeyed, following relations should be fulfilled:

n Ia
x=—n =P (1.4)
natng a4l

and

where n, and ng are numbers of moles of components A and B. Hence, the current
density ratio for the deposition of these two metals should be defined as

Ja _ D X
=== . 1.6
7 (1.6)
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Fig. 1.1 Schematic presentation of the characteristic cases for alloy deposition

The condition defined by Eq. (1.6) could be achieved by proper adjustment of three
essential variables: the concentration of the depositing ions at the electrode/solution
interface (where the discharge occurs), the electrode potential, and the temperature.

In order to obtain better inside into the conditions defined by Eqgs. (1.1, 1.2, 1.3,
1.4, 1.5, and 1.6), it is important to present polarization curves (current density
versus potential relationships) for deposition of each metal. The characteristic cases
are presented in Figs. 1.1 and 1.2. The first case is presented in Fig. 1.la: the
overpotential for deposition of the more noble metal A is higher than that for the
less noble metal B. From the potentials E.(AP"/A) to E.(BY"/B) only more noble
metal deposition occurs, while the deposition of alloy commences at the potential
E . In the potential range from E(BY"/B) to £, metal A deposits with higher current

density than metal B (the alloy contains more metal A than B). At the potential E;
both metals deposit with the same current density, and the alloy contains the same
amount of both metals. At the potentials more negative than E;, the metal B
deposits with higher current density and, accordingly, the alloy contains more
metal B than metal A. The second case is presented in Fig. 1.1b: the overpotential
for deposition of metal A is slightly lower than that for metal B, i.e., the polarization
curves are almost parallel. Hence, the deposition of alloy commences at the
potential E£.(B%*/B), while the alloy contains more metal A than B. If the difference
between E.(AP*/A) and E(B*/B) is high and the overpotential for deposition of the
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Fig. 1.2 Polarization E'(B“*/B) Er(A‘”/A)
curves for the deposition of = .

more noble metal (A) and
less noble metal (B):
JL(A)—diffusion limiting
current density for the
deposition of metal (A);
Ja(B)—current density for
the deposition of metal (B);
Jja(all)—current density for
the deposition of alloy

more noble metal A is lower than that for the less noble metal B, the third case,
presented in Fig. 1.1c applies: in such a case alloy deposition is impossible. The
difference between the reversible potentials of two metals could be changed
(lowered) by the change of metal ions concentration (activity), and in most cases
this is achieved by the complexation.

Simultaneous deposition of two metals is possible even if the difference in their
reversible potentials is high if the applied current density for alloy deposition is
higher than the diffusion limiting current density for the deposition of the more
noble metal. Such a case is schematically presented in Fig. 1.2.

If p = g = 2 the molar ratios of metals (A) and (B) in the alloy are defined by
the following relation:

A A

)= T8 Ta®) ~ Jalall)’ -

By B Q® (17)
JL(A) +ja(B)  Jjy(all)

1.2.2 Reversible Potential of Alloys in the Solution
of Corresponding Ions

According to the electroplating literature [4], when an alloy composed of metals A
and B is immersed in the solution containing corresponding metal ions (AP* and BY"),
its potential is termed as “static potential.” In such a case it is desired to establish the
conditions under which no net process would take place, so that the potential could be
considered as the reversible potential of the alloy. Taking into account that an alloy
may (and very often does) consist of several phases (intermetallic compounds), with
each phase having different thermodynamic properties, it should be expected to have
different reversible potential for each alloy composition. Such a case is essentially a
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nonequilibrium situation. Nevertheless, the thermodynamic properties of each
phase, and accordingly the problem of its reversible potential, can be treated assum-
ing that this is the only phase present in a given situation (it will be discussed later).

The problem of the reversible potential of alloys has been treated in the literature
[1, 11, 12] in terms of the Nernst equation applied to the less noble metal only,
while the more noble component of the alloy being considered as an inert metal
matrix. Such approach is not appropriate since it yields unrealistic results. Hence, in
a proper approach the thermodynamic property of the alloy cannot be assigned to an
individual component of the alloy. Instead, a phase should be treated as composed
of a chemical entity of stoichiometric composition corresponding to the alloy
composition. Accordingly, a phase can be described as A,B(;_,, and the formation
of one mole of the substance characterizing this phase should be presented by the
following chemical reaction:

YA+ (1 —x)B < AB(_y). (1.8)
1.2.2.1 The Influence of the Gibbs Energy of Phase Formation

The change of the Gibbs energy in the formation of the phase AB(,_,, can be
described in terms of their standard partial molar Gibbs energies (standard chemical
potentials) as

AGO (AB(1_y) = 1 (AB(_y) —®(A) — (1 — x)u®(B). (1.9)
The phase A,B(;_,, can also be formed in the electrochemical cell from the ions
of both metals (AP" and BY") present in the solution. In such a case the electro-

chemical cell is composed of an electrode made of the alloy phase as cathode and a
standard hydrogen electrode as anode. The cell reaction is then

XAPT 4 (1 — x)BYt + [XPJF(I —X)q

3t = ABy D (1 g (110

The standard Gibbs energy change for this reaction is defined by the equation:

AGE, = u®(AB_y) + [ + (1 — x)gu®(H") — xu®(APF)

- (=) - PO o) (1.11)

Taking into account that

o+ (1 — g®(HY) - [M} OH) =0, (L12)
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it follows that the standard Gibbs energy change in the electrochemical cell is
defined by the equation:
AG?

cel

(= KO (AB ) —®(AP) — (1 —x)®(BY).  (L13)

The electromotive force of this cell, which is identical with the electrode
potential of the alloy phase on the standard hydrogen scale, is given by

RT

b+ (1—0)qF In a(Ap+)"'a(BQ+)(‘fX)' (1.14)

E(AXB(l_X>) = E® (AxB(l—x)) +

The standard electrode potential of the alloy phase, EG(AXB(I_X)), is related to
the standard Gibbs energy change in the cell, defined by the following equation:

—AG®
E@ AVB _ — cell
(ABu-v) = o T = aF

_ #O(ABu) + 0@ + (1 - uOBT)
a b + (1 - x)q]F ’ '

where [xp + (1 — x)g]F represents the total number of electrons exchanged in one
act of the cell reaction [Eq. (1.10)].

The standard Gibbs energies of formation of the ions relative to that of the
hydrogen ion (taken as zero), which are equal to the standard chemical potentials of
the ions, are related to the standard potentials of the corresponding metals on the
standard hydrogen scale as

ArGO(APY) = u®(AP*) = pFE® (AP /A) (1.16)
and
A¢G®(BY") = u®(BI") = pFE® (BY' /B). (1.17)

Substituting Egs. (1.16) and (1.17) into Eq. (1.15) and then substituting the
resulting E®(AXB(1_X)) into Eq. (1.14), the reversible potential of the alloy phase
is obtained as

E(A.\‘B(l—x)) = m |:E®(AP+/A) +IR;_Z4: In a(Aer)]

(1 -x)q O (Ra+ RT n a(BIt
o+ (1~ 04 [E (BT/B) + F In alB? )]
O (AB()

o+ (1—x)glF’ 19
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E®(AByi.
Er(AxB(1.x)) ( xD(1 x))1

(RTAxp+(1-x)q1F)

E°(A"IA)

E°(AB1x)2

(RTALxp+(1-x)q1F}

stable €—> unstable

ac(A™) Ina(AP")

Fig. 1.3 Schematic presentation of the range of stability of phases (A,B(_y); and (A,B_y)), as
a function of the concentration of more noble metal ions, In a(AP*) (Reprinted from [1] with the
permission of Springer)

where 1®(AB(_y) = AGP(AB(_y) — xu°(A) — (1 — x)u®(B) is the standard
chemical potential of the alloy phase relative to those of metal constituents. From
Eq. (1.18) it could be concluded that: (a) the reversible potential of an alloy phase
depends on the activities of ions of both metals in solution and (b) the dominant role
in determining the position of the standard potential of the alloy phase relative to
the pure metals is played by the standard molar Gibbs energy of the alloy phase
formation [1].

1.2.2.2 Stability of Phases in the Solution of Corresponding Ions

When ions corresponding to metal constituents of an alloy phase are present in the
solution, it is necessary to take into consideration their tendency to form other possible
alloy phases or undergo reduction to pure metals. Accordingly, if another alloy phase
or a pure metal would yield a more noble reversible potential, thermodynamic
conditions for anodic dissolution of the existing alloy phase are created (“replacement
reaction”). Hence, the considered alloy phase becomes unstable tending to undergo
corrosive degradation. It can be shown that the instability depends on the activity of
the metal ions in solution. Such a case [1] is schematically presented in Fig. 1.3.
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Equation (1.14) defines the reversible potential of any alloy phase, as well as the
reversible potential of the pure more noble metal (x = 1). Assuming a constant
activity of the ions of the less noble constituent of the alloy (a(BY") = 1), it can be
seen in Fig. 1.3 that the slope of a plot of E, versus In a(AP*) is always larger for the
pure more noble metal than for the alloy phase, since {x/[xp + (1 — x)q]} < 1/p for
any x < 1. If EG(AXB( 1—xv)1 of the alloy phase 1 turns out to be more positive than
other alloy phase 2, EG(AXB(I,X))Q, or of the pure more noble metal, E®(APY/A),
then the alloy phase will remain stable over the entire range of activities of ions of
the more noble metal. If E®(AXB(1_,C))2 < EG(AP+/A), as shown in Fig. 1.3, there is
a crossing point between the two functions at the activity a.(AP"). At the activities
larger than a.(AP") the metal would tend to precipitate on the account of dissolu-
tion of the alloy phase 2, i.e., the alloy phase 2 will be unstable. Conversely, at
activities smaller than a.(AP") the alloy phase 2 will remain stable in the
solution [1].

Taking into account discussion about the alloy phase stability, it is
recommended not to introduce into the solution ions of the more noble metal, but
only those of the less noble one. At the beginning of the nineteenth century (1907),
Pushin [12] was aware of this fact and in his work the potentials of alloys were
measured in the solution containing only less noble metal ions, and the same metal
was used as the reference electrode.

1.2.3 Types of Electrodeposition of Alloys

According to Brenner [4], electrochemical codeposition of two metals to form an
alloy could be: equilibrium, irregular, regular, anomalous, and induced. This
classification is based on the relation between the composition of the deposited
alloy (percentages of metals in the alloy) and the “metal ratio” which represents
percentages of corresponding metal ions in the solution independently of their ionic
form (“stoichiometric concentrations”). For the regular, irregular, and equilibrium
codeposition, it is characteristic that the relative content of metals in the deposited
alloy corresponds to that expected from the relation between their reversible
potentials, whereas anomalous codeposition corresponds to the reverse situation.
Induced codeposition is characteristic for the metals which cannot be deposited
from the aqueous solutions, Mo, Ti, W, Ge, but can be codeposited with the iron-
group metals (Fe, Co, Ni).

1.2.3.1 Equilibrium Codeposition

Equilibrium codeposition implies a common reversible potential for both metal
constituents so that the reduction of both metal ions would take place at potentials
more negative than the reversible ones. To close the gap between the reversible
potentials of depositing metals, it is necessary to make the concentration of simple
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salts (undergoing complete dissociation) of the more noble metal impractically low
and of the less noble metal impractically high. As stated in Sect. 1.2.2.1 the best
way to overcome this problem could result from complexation of metal ions with
different ligands. Complexation usually changes the activity of the resulting species
in solution by many orders of magnitude, while keeping the total amount of one or
other metal in solution sufficiently high for a good supply of plating material to the
cathode. It is very often case that the ions of both metals form complexes with one
and the same ligand with similar values of the stability constants, so that the change
of the potential of the deposition of each metal is the same (or similar) value.
Usually, in such a case, the complexation with two different ligands could result in a
more pronounced change of the deposition potentials of two metals. In a further text
an example for the deposition of the Ni—Sn alloy from the solution containing
pyrophosphate and glycine ligands is presented [13].

According to the literature [14] standard potential of the Ni deposition is
—0.23 V vs. SHE, while that for Sn is —0.1364 V vs. SHE and accordingly Ni
is less noble metal. Taking into account that the overvoltage for Ni deposition [15]
is much higher than that for Sn deposition, the difference between the potentials of
deposition of these two metals should be larger than that of their standard potentials.
In the data presented in Dean’s Handbook of Chemistry [16] Ni forms two pyro-
phosphate complexes, [Ni(P,O,)]*~ and [Ni(P,0,),]°", and three glycine com-
plexes, [Ni(NH,CH,COO)]*, [Ni(NH,CH,COO),], and [Ni(NH,CH,COO)3] .
There are only three papers in the literature with the data for different complexes
of Ni and Sn in the pyrophosphate and glycine solutions, the data proposed by
Duffield et al. [17], Turyan et al. [18], and Orekhova et al. [19]. Corresponding
reactions for the formation of different complexes and their formation (stability)
constants are given in the work of Duffield et al. [17]. All species and their stability
constants used for the calculation of the distribution of different complexes in the
solution containing Sn, Ni, pyrophosphate, and glycine ions are listed in Table 1.1.

The calculation of the distribution of complexes in the solution containing
pyrophosphate and glycine showed that [Sn(P,0-),]°” is dominant complex with
Sn at pH 8.0, while two complexes of Ni dominate: complex [Ni(P,0,),]® and
complex [Ni(NH,CH,COO);] . This is shown in Fig. 1.4.

The values of the equilibrium potentials of prevailing complexes (Eq), calcu-
lated using explanations based on the Gibbs energy change for reaction of certain
complex formation [20] (assuming that the ions activities are equal to their
concentrations), are also presented in Table 1.1. As can be seen, the equilibrium
potential for deposition of Sn by the reduction of [Sn(P,0,),]%~ complex is
—0.847 V vs. SCE, while the equilibrium potentials for the reduction of
[Ni(P207)2]6_ and [Ni(NH,CH,COO)s;]™ complexes are more positive, being
about —0.716 V vs. SCE, and situation becomes opposite to that for deposition
from the solution of simple ions. After the complexation Ni becomes more noble
metal, while Sn becomes less noble one. Hence, it could be concluded that at
pH 8.0 Sn would deposit from the complex [Sn(P,0,),]°", while Ni would deposit
simultaneously from two complexes, [Ni(P207)2]6_ and [Ni(NH,CH,COO);] ", in
the presence of both complexing anions. The equilibrium potentials for deposition



Table 1.1 All complexes present in the solution containing 0.1 M SnCl, +
0.1 M NiCl, + 0.6 M K4P,05 + 0.3 M NH,CH,COOH, their concentrations,
stability constants, and equilibrium potentials of prevailing complexes

Complexes log p Conc. (M) Eq (V vs. SCE)
[H(P,0)]*~ 8.14

[Ho(P,O) ™~ 14.01

[H3(P,0-)]™ 15.78

[H4(P,0-)] 16.63

[H(NH,CH,COO)] 9.64

[H,(NH,CH,COO)* 12.05

[Sn(NH,CH,COO)H]** 12.78

[Sn(NH,CH,COO0)]* 10.02

[Sn(P,0,)1*~ 13.05 0.007 —0.847
[Sn(P,O,)H] ™ 15.92

[Sn(P,0)H,] 17.47

[Sn(P,0-),1°~ 16.27 0.093 —0.847
[Sn(P,O,),H]>~ 22.31

[Sn(P,O;),H,]*~ 26.79

[Sn(P,O,),H;]*~ 30.07

[Sn(P,O;),H4 >~ 31.58

[Sn(P,0;)OH]*~ 5.32

[Sn(P,07)(OH),]*~ —4.77

[Sn(P,0,),0H]>~ 7.04

[Ni(NH,CH,COO)]* 5.60

[Ni(NH,CH,COO),] 10.40 0.009 —0.716
[Ni(NH,CH,COO0)3]~ 13.80 0.057 —0.716
[Ni(P,07)1*~ 5.80 0.005 —0.716
[Ni(P,0-),]1°~ 7.40 0.029 —0.716

Reprinted from [13] with the permission of Electrochemical Society
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Fig. 1.4 Distribution of different complexes in the solution containing 0.1 M SnCl, + 0.1 M
NiCl, + 0.6 M K4P,0; + 0.3 M NH,CH,COOH as a function of the solution pH
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Fig. 1.5 (a) Polarization curve for deposition of the Ni—Sn alloy onto Ni electrode. (b) Typical
cross section of coatings obtained at different current densities marked with solid squares in
Fig. 1.5a (Reprinted from [21] with the permission of Int. J. Hydrogen Energy)

of Sn and Ni still differ for 0.131 V. As already stated, because of high overvolt-
age for Ni deposition [13], it could be expected that two metals possess identical,
or similar, potential of deposition. This is exactly the case for these two metals in
the pyrophosphate—glycine solution. The polarization curve for Ni—-Sn alloy
deposition onto Ni electrode is shown in Fig. 1.5a [21]. The deposition process
commences at about —0.83 V vs. SCE being activation controlled down to about
—0.95 V vs. SCE, while in the potential range from about —0.95 V to about
—1.20 V well-defined diffusion limiting current density (—10 mA cm ?) is
established. In the region of the activation control (squares marked on
Fig. 1.5a), Ni-Sn alloy coatings were deposited at the current densities of —2,
—4, and —6 mA cm 2. Flat and compact deposits were obtained in all cases, as
shown in Fig. 1.5b. The composition of the coatings changed with the increase of
cathodic current density from about 37 at.% Ni (for sample obtained at
—2 mA cmfz) to about 45 at.% Ni (for sample obtained at —6 mA cmfz) [21],
but in all cases both metals were present in the coating, indicating a good example
for equilibrium codeposition.

1.2.3.2 TIrregular Codeposition

The irregular type of codeposition is very often characterized by simultaneous
influence of cathodic potential and diffusion phenomena, i.e., it mainly occurs
under the activation and/or mixed control of the deposition processes. The rate of
deposition in such a case is expressed by Butler—Volmer equation which is usually
used for the kinetics of electrochemical processes [1]:
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] a.F c —a.F
j%=j—§[eXp(1;'T n) - (g)eXP<R—‘T' ﬂ (1.19)
where n = E — E, corresponds to the overpotential needed for the deposition of
metals [see Eq. (1.1)], ¢ and ¢, represent concentrations of the discharging species
at the surface of the electrode and in the bulk of the solution, respectively, j, is
“exchange current density” related to the rate constant of the deposition process,
and a, and «a, are anodic and cathodic transfer coefficients related to the mechanism
of discharge (note that for a cathodic process both # and j acquire negative signs.
Also note that the current densities are divided by arbitrarily chosen unit current
Jj° in order to obtain dimensionless values for further use).

If the discharge of depositing species is sufficiently slow so that their supply to
the electrode surface occurs without difficulty, the concentration ¢ virtually does
not deviate from c,, and such a case is termed “activation controlled” deposition
with the rate-determining step being the activation energy of the discharge process.
At any cathodic overpotential larger than —40 mV, the first term in Eq. (1.19)
becomes negligible, so that this equation can be transformed into a simpler one,
known as the Tafel equation:

n:a—blog(—_j—o>, (1.20)
J

where the Tafel constant a is

2.3RT i
a= logcg), (1.21)

while the slope of the linear dependence obtained from a plot 7 versus log(—j)
(Tafel slope) is

2.3RT

b= . 1.22
(XCF ( )

The above reasoning applies equally and independently to both metals (A) and
(B), ja and jg, and the total current density being jiioy = ja + JB-

It should be stated here that the concept of overpotential is related to the
reversible potential of a pure metal in a given solution. In the case of codeposition
of two metals and the formation of a phase A,B(;_,,, this potential has no physical
meaning since it represents an arbitrary point to which j, is related.

Typical cases of activation-controlled codeposition of the metals A (j,) and
B (), presented as polarization curves for pure metals and an alloy phase (), are
shown in Fig. 1.6.

The Tafel functions, presented in Fig. 1.7, indicate linear relationships between
the logarithm of the partial current densities and the electrode potential. When this
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Fig. 1.6 Typical cases of
activation-controlled

codeposition of the metals

A (ja) and B (jg), presented

as polarization curves for

pure metals and an alloy

phase (Jaoy = Jja + JjB) ~
(Reprinted from [1] with the

permission of Springer)
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Fig. 1.7 Tafel functions for activation-controlled codeposition of the metals A (js) and B (jg)
and an alloy (jaioy). (@) Different slopes of Tafel functions for pure metals deposition. (b) The
same slopes of Tafel functions for pure metals deposition (Reprinted from [1] with the permission
of Springer)

is the case, the total current density /a0y cannot be a linear function of potential in
the region in which the two partial current densities are comparable, since log
(Ja + JjB) # logja + log jg (Fig. 1.7a). When the Tafel function of the total current
density merges with one or the other partial current density line, then one or the
other metal is obtained virtually pure. In the extreme case in which the Tafel slopes
for both depositing metals are equal, as shown in Fig. 1.7b, the difference between
log ja and log jg remains constant, i.e., the composition of the alloy is constant at all
potentials. In such a case the actual composition of the alloy depends on the
difference between the values of the Tafel constants (a) for the two metals.
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Considering the values of the Tafel constants and Tafel slopes, it is possible to
analyze the factors determining the deviation of the metal ratio in the alloy from the
metal ratio in solution. At any constant potential following relation is valid:

ap — bAIOg (—i—A> =dap — bBIOg (—?) . (123)

o o

According to Eq. (1.6) one can derive:

XA Dia an as bg — ba p
log— =1 L) =||l——=—] - E|-. 1.24
w8 (qu> KbA bB) ( babg ) } q (1.24)

Returning to the linear coordinates one obtains:

X xa (o)apa(APH) WP [RT
XA o[ %1

(@a/a X
L=x X (j,)pqa(BIT) /4

a O ( AP+ —(a 0 (Ra+ _(aC)A_(aC)B
[(ac) AE®(AP* /A) — (ac)E® (B /B)] @@ [ (129)

Hence, it appears that the composition of the alloy follows a complex depen-
dence on the metal ratio, involving all the thermodynamic and kinetic parameters
determining activation-controlled codeposition [1].

As shown in Fig. 1.7 the Tafel lines are meant to pertain to the deposition of pure
metals under the assumption that alloying does not change the Tafel constants and
that the current density for alloy deposition should be a sum of partial current
densities for pure metals. However, in practice, deviation from such behavior has
been recorded, and an attempt to explain this phenomenon has been reported by
Gorbunova and Polukarov [8] on an extreme case in which surface diffusion of A
across the grains of B and nucleation of new grains of A are strongly inhibited.

An example for this type of alloy deposition is presented in Fig. 1.33 for the
system Ag—Cd (cf. Sect. 1.3.3.3).

1.2.3.3 Regular Codeposition

Regular codeposition assumes transport-controlled codeposition in which diffusion
of metal ions of both metals is a rate-determining step in the overall codeposition
reaction.

Under steady state conditions of deposition the diffusion is governed by Fick’s
first law [22]:



