
Chapter 1

Electrodeposition and Characterization

of Alloys and Composite Materials

V.D. Jović, U.Č. Lačnjevac, and B.M. Jović

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 AlCl3–MeEtImCl 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 Schlötter [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 Despić and

Jović [1]. Recently, published results on electrodeposition of alloys, with a partic-

ular attention on Ni–MoO2 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. Cu2+ and Zn2+) 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) ¼ E(B), i.e.,

Er Að Þ þ η Að Þ ¼ Er Bð Þ þ η Bð Þ, ð1:1Þ

where Er(A) and Er(B) are reversible potentials of metals A and B, while η(A) and
η(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:

Er Að Þ ¼ EΘ Að Þ þ RT

pF
lna Apþð Þ, ð1:2Þ

Er Bð Þ ¼ EΘ Bð Þ þ RT

qF
lna Aqþð Þ, ð1:3Þ

where EΘ(A) and EΘ(B) are standard potentials of metals A and B, a activities of

corresponding metal ions in the solution, and p and q 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:

x ¼ nA
nA þ nB

¼
jA
p

jA
p þ jB

q

ð1:4Þ

and

1� xð Þ ¼ nB
nA þ nB

¼
jB
q

jA
p þ jB

q

, ð1:5Þ

where nA and nB 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
jB

¼ p

q

x

1� xð Þ : ð1:6Þ
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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 Eqs. (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. 1.1a: the

overpotential for deposition of the more noble metal A is higher than that for the

less noble metal B. From the potentials Er(A
p+/A) to Er(B

q+/B) only more noble

metal deposition occurs, while the deposition of alloy commences at the potential

E1. In the potential range from Er(B
q+/B) to E1 metal A deposits with higher current

density than metal B (the alloy contains more metal A than B). At the potential E1

both metals deposit with the same current density, and the alloy contains the same

amount of both metals. At the potentials more negative than E1, 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 Er(B
q+/B), while the alloy contains more metal A than B. If the difference

between Er(A
p+/A) and Er(B

q+/B) is high and the overpotential for deposition of the

Fig. 1.1 Schematic presentation of the characteristic cases for alloy deposition
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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 ¼ q ¼ 2 the molar ratios of metals (A) and (B) in the alloy are defined by

the following relation:

x Að Þ ¼ jL Að Þ
jL Að Þ þ jd Bð Þ ¼

jL Að Þ
jd allð Þ ,

x Bð Þ ¼ jd Bð Þ
jL Að Þ þ jd Bð Þ ¼

jd Bð Þ
jd allð Þ :

ð1:7Þ

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

andB is immersed in the solution containing correspondingmetal ions (Ap+ andBq+),

its potential is termed as “static potential.” In such a case it is desired to establish the

conditions underwhich no net processwould 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

Fig. 1.2 Polarization

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);

jd(B)—current density for

the deposition of metal (B);

jd(all)—current density for

the deposition of alloy
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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 AxB(1�x) and the formation

of one mole of the substance characterizing this phase should be presented by the

following chemical reaction:

xAþ 1� xð ÞB , AxB 1�xð Þ: ð1:8Þ

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 AxB(1�x) can be

described in terms of their standard partial molar Gibbs energies (standard chemical

potentials) as

ΔfG
Θ AxB 1�xð Þ
� � ¼ μΘ AxB 1�xð Þ

� �� xμΘ Að Þ � 1� xð ÞμΘ Bð Þ: ð1:9Þ

The phase AxB(1�x) can also be formed in the electrochemical cell from the ions

of both metals (Ap+ and Bq+) 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

xApþ þ 1� xð ÞBqþ þ xpþ 1� xð Þq
2

� �
H2 ¼ AxB 1�xð Þ þ xpþ 1� xð Þq½ �Hþ: ð1:10Þ

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

ΔGΘ
cell ¼ μΘ AxB 1�xð Þ

� �þ xpþ 1� xð Þq½ �μΘ Hþð Þ � xμΘ Apþð Þ

� 1� xð ÞμΘ Bqþð Þ � xpþ 1� xð Þq
2

� �
μΘ H2ð Þ: ð1:11Þ

Taking into account that

xpþ 1� xð Þq½ �μΘ Hþð Þ � xpþ 1� xð Þq
2

� �
μΘ H2ð Þ ¼ 0, ð1:12Þ
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it follows that the standard Gibbs energy change in the electrochemical cell is

defined by the equation:

ΔGΘ
cell ¼ μΘ AxB 1�xð Þ

� �� xμΘ Apþð Þ � 1� xð ÞμΘ Bqþð Þ: ð1:13Þ
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

E AxB 1�xð Þ
� � ¼ EΘ AxB 1�xð Þ

� �þ RT

xpþ 1� xð Þq½ �F ln a Apþð Þxa Bqþð Þ 1�xð Þ
: ð1:14Þ

The standard electrode potential of the alloy phase, EΘ(AxB(1�x)), is related to

the standard Gibbs energy change in the cell, defined by the following equation:

EΘ AxB 1�xð Þ
� � ¼ �ΔGΘ

cell

xpþ 1� xð Þq½ �F

¼ �μΘ AxB 1�xð Þ
� �þ xμΘ Apþð Þ þ 1� xð ÞμΘ Bqþð Þ

xpþ 1� xð Þq½ �F , ð1:15Þ

where [xp + (1 � x)q]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

ΔfG
Θ Apþð Þ ¼ μΘ Apþð Þ ¼ pFEΘ Apþ=Að Þ ð1:16Þ

and

ΔfG
Θ Bqþð Þ ¼ μΘ Bqþð Þ ¼ pFEΘ Bqþ=Bð Þ: ð1:17Þ

Substituting Eqs. (1.16) and (1.17) into Eq. (1.15) and then substituting the

resulting EΘ(AxB(1�x)) into Eq. (1.14), the reversible potential of the alloy phase

is obtained as

E AxB 1�xð Þ
� � ¼ xp

xpþ 1� xð Þq½ � EΘ Apþ=Að Þ þ RT

pF
ln a Apþð Þ

� �

þ 1� xð Þq
xpþ 1� xð Þq½ � EΘ Bqþ=Bð Þ þ RT

qF
ln a Bqþð Þ

� �

� μΘ AxB 1�xð Þ
� �

xpþ 1� xð Þq½ �F , ð1:18Þ
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where μΘ(AxB(1�x)) ¼ ΔfG
Θ(AxB(1�x)) � xμΘ(A) � (1 � x)μΘ(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.

Fig. 1.3 Schematic presentation of the range of stability of phases (AxB(1�x))1 and (AxB(1�x))2 as

a function of the concentration of more noble metal ions, ln a(Ap+) (Reprinted from [1] with the

permission of Springer)

8 V.D. Jović et al.



Equation (1.14) defines the reversible potential of any alloy phase, as well as the

reversible potential of the pure more noble metal (x ¼ 1). Assuming a constant

activity of the ions of the less noble constituent of the alloy (a(Bq+) ¼ 1), it can be

seen in Fig. 1.3 that the slope of a plot of Er versus ln a(A
p+) 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 EΘ(AxB(1�x))1 of the alloy phase 1 turns out to be more positive than

other alloy phase 2, EΘ(AxB(1�x))2, or of the pure more noble metal, EΘ(Ap+/A),

then the alloy phase will remain stable over the entire range of activities of ions of

the more noble metal. If EΘ(AxB(1�x))2 < EΘ(Ap+/A), as shown in Fig. 1.3, there is

a crossing point between the two functions at the activity acr(A
p+). At the activities

larger than acr(A
p+) 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 acr(A
p+) 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(P2O7)]
2� and [Ni(P2O7)2]

6�, and three glycine com-

plexes, [Ni(NH2CH2COO)]
+, [Ni(NH2CH2COO)2], and [Ni(NH2CH2COO)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(P2O7)2]
6� is dominant complex with

Sn at pH 8.0, while two complexes of Ni dominate: complex [Ni(P2O7)2]
6� and

complex [Ni(NH2CH2COO)3]
�. This is shown in Fig. 1.4.

The values of the equilibrium potentials of prevailing complexes (Eeq), 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(P2O7)2]
6� complex is

�0.847 V vs. SCE, while the equilibrium potentials for the reduction of

[Ni(P2O7)2]
6� and [Ni(NH2CH2COO)3]

� 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(P2O7)2]
6�, while Ni would deposit

simultaneously from two complexes, [Ni(P2O7)2]
6� and [Ni(NH2CH2COO)3]

�, in
the presence of both complexing anions. The equilibrium potentials for deposition
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Table 1.1 All complexes present in the solution containing 0.1 M SnCl2 +

0.1 M NiCl2 + 0.6 M K4P2O7 + 0.3 M NH2CH2COOH, their concentrations,

stability constants, and equilibrium potentials of prevailing complexes

Complexes log β Conc. (M) Eeq (V vs. SCE)

[H(P2O7)]
3� 8.14

[H2(P2O7)]
2� 14.01

[H3(P2O7)]
� 15.78

[H4(P2O7)] 16.63

[H(NH2CH2COO)] 9.64

[H2(NH2CH2COO)]
+ 12.05

[Sn(NH2CH2COO)H]
2+ 12.78

[Sn(NH2CH2COO)]
+ 10.02

[Sn(P2O7)]
2�

13.05 0.007 �0.847

[Sn(P2O7)H]
� 15.92

[Sn(P2O7)H2] 17.47

[Sn(P2O7)2]
6� 16.27 0.093 �0.847

[Sn(P2O7)2H]
5� 22.31

[Sn(P2O7)2H2]
4� 26.79

[Sn(P2O7)2H3]
3� 30.07

[Sn(P2O7)2H4]
2� 31.58

[Sn(P2O7)OH]
3� 5.32

[Sn(P2O7)(OH)2]
2� �4.77

[Sn(P2O7)2OH]
5� 7.04

[Ni(NH2CH2COO)]
+ 5.60

[Ni(NH2CH2COO)2] 10.40 0.009 �0.716

[Ni(NH2CH2COO)3]
�

13.80 0.057 �0.716

[Ni(P2O7)]
2�

5.80 0.005 �0.716

[Ni(P2O7)2]
6� 7.40 0.029 �0.716

Reprinted from [13] with the permission of Electrochemical Society

Fig. 1.4 Distribution of different complexes in the solution containing 0.1 M SnCl2 + 0.1 M

NiCl2 + 0.6 M K4P2O7 + 0.3 M NH2CH2COOH as a function of the solution pH



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�2) 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 cm�2) to about 45 at.% Ni (for sample obtained at �6 mA cm�2) [21],

but in all cases both metals were present in the coating, indicating a good example

for equilibrium codeposition.

1.2.3.2 Irregular 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]:

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)
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j

jo
¼ jo

jo
exp

αaF

RT
η

� �
� c

co

� �
exp

�αcF

RT
η

� �� �
, ð1:19Þ

where η ¼ E � Er corresponds to the overpotential needed for the deposition of

metals [see Eq. (1.1)], c and co represent concentrations of the discharging species

at the surface of the electrode and in the bulk of the solution, respectively, jo is

“exchange current density” related to the rate constant of the deposition process,

and αa and αc are anodic and cathodic transfer coefficients related to the mechanism

of discharge (note that for a cathodic process both η and j acquire negative signs.

Also note that the current densities are divided by arbitrarily chosen unit current

jo 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 c virtually does

not deviate from co, 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:

η ¼ a� blog � j

jo

� �
, ð1:20Þ

where the Tafel constant a is

a ¼ 2:3RT

αcF
log

jo
jo

� �
, ð1:21Þ

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

b ¼ 2:3RT

αcF
: ð1:22Þ

The above reasoning applies equally and independently to both metals (A) and

(B), jA and jB, and the total current density being jalloy ¼ 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 AxB(1�x), this potential has no physical

meaning since it represents an arbitrary point to which jo is related.
Typical cases of activation-controlled codeposition of the metals A ( jA) and

B ( jB), presented as polarization curves for pure metals and an alloy phase ( j), 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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is the case, the total current density jalloy cannot be a linear function of potential in

the region in which the two partial current densities are comparable, since log

( jA + jB) 6¼ log jA + log jB (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 jB 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.

Fig. 1.6 Typical cases of

activation-controlled

codeposition of the metals

A ( jA) and B ( jB), presented
as polarization curves for

pure metals and an alloy

phase ( jalloy ¼ jA + jB)
(Reprinted from [1] with the

permission of Springer)

Fig. 1.7 Tafel functions for activation-controlled codeposition of the metals A ( jA) and B ( jB)
and an alloy ( jalloy). (a) 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)

14 V.D. Jović et al.



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:

aA � bAlog � jA
jo

� �
¼ aB � bBlog � jB

jo

� �
: ð1:23Þ

According to Eq. (1.6) one can derive:

log
xA
xB

¼ log
pjA
qjB

� �
¼ aA

bA
� aB
bB

� �
� bB � bA

bAbB

� �
E

� �
p

q
: ð1:24Þ

Returning to the linear coordinates one obtains:

x

1� x
¼ xA

xB
¼ joð ÞApa Apþð Þ αcð ÞA=p

joð ÞBqa Bqþð Þ αcð ÞB=q
exp

RT

F

0
@

1
A

αcð ÞAEΘ Apþ=Að Þ � αcð ÞBEΘ Bqþ=Bð Þ� 	� αcð ÞA � αcð ÞB
αcð ÞA2 αcð ÞB2

8<
:

9=
;:

ð1:25Þ

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]:
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c

co
¼ jL þ j

jL
ð1:26Þ

with

jL ¼ zFD

δ
co, ð1:27Þ

where D is the diffusion coefficient of the depositing species and δ is the Nernst

diffusion layer thickness.

Introducing Eq. (1.26) into Eq. (1.19) and rearranging following relation is

obtained:

j ¼ jo exp αaF
RT η

� �� exp � αcF
RT η

� �� 	
1þ jo

jL
exp � αcF

RT η
� � : ð1:28Þ

At increasing values of overpotential, the second term in the denominator

becomes overwhelming and the current density tends to a potential-independent

diffusion limiting one, jL.
Under the conditions of diffusion control, a plot of E versus log [(–jL/j) � 1]

should be made instead of the regular Tafel plot, and the relationship should be

linear with the slope of (2.3RT/αcF).
One of the cases of regular codeposition is the deposition of Ag–Pd alloy from

high concentration chloride (12 M LiCl) containing bath [23]. Polarization curves

for the deposition of Ag–Pd alloy from the solution containing 0.005 M PdCl2 +

0.05 M AgCl + 12 M LiCl + 0.1 M HCl (t ¼ 80 �C), recorded onto rotating glassy
carbon electrode under the conditions of stationary (RPM ¼ 0) and convective

(RPM ¼ 200) diffusion are presented in Fig. 1.8a. The Pd deposition commences

at about 0.07 V vs. SCE, while the codeposition of Ag begins at about �0.07 V

vs. SCE. Awell-defined diffusion limiting current densities for Pd ( jL(Pd)) and alloy
( jL(alloy)) deposition, representing actually the sum of jL(Pd) and jL(Ag), could be
detected on the polarization curves, indicating that the jL(Ag) is lower than that of Pd
(taking into account that the concentration of AgCl is ten times higher than that of

PdCl2) and that the diffusion coefficient for Ag deposition is lower than that for

Pd. This is confirmed in Fig. 1.8b. The deposition of Pd occurs by the reduction of

[PdCl4]
2�, while the deposition of Ag occurs by the reduction of [AgCl4]

3�.
From the slopes of the linear jL versus ω1/2 dependences [23] (Fig. 1.8b),

confirming that the diffusion of both species obeys Levich’s equation:

jL ¼ 0:62zFD2=3ν�1=6coω
1=2 ð1:29Þ

(ν—kinematic viscosity, ω—rotation speed), corresponding values of D for

both species are obtained: D([AgCl4]
3�) ¼ 5.5 � 10�6 cm2 s�1 and

D([PdCl4]
2�) ¼ 1.8 � 10�5 cm2 s�1.
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1.2.3.4 Anomalous Codeposition

According to Brenner’s classification [4], anomalous codeposition is characterized

by the fact that the less noble metal deposits before the more noble one as the

potential is driven cathodic. As a consequence, the content of the less noble metal in

the alloy is higher than its content in the solution.

An excellent example [24] is found in the case of Co–Ni alloy deposition. Pure Co

and pure Ni were deposited at RPM ¼ 1,000 onto a gold disc electrode from the

solutions containing 0.2 M CoSO4 + 0.2 M Na3C6H5O7 and 1 M NiSO4 + 0.2 M

Na3C6H5O7, respectively. For deposition of their alloys of different compositions,

only the concentration of Co2+ has been changed, being 0.005, 0.01, 0.025, 0.05, and

0.2 M, respectively. Alloy layers of different compositions of the thickness of

approximately 0.34 μm were obtained by galvanostatic deposition at two different

current densities [j ¼ �2.5 mA cm�2 (○) and j ¼ �28.5 mA cm�2 (□)] to the same

amount of charge (Qdep ¼ �1 C cm�2). Polarization curves for pure metals depo-

sition (Co and Ni) and Co–Ni alloy deposition (alloy) from the solution containing

0.025 M CoSO4 + 1 M NiSO4 + 0.2 M Na3C6H5O7 are presented in Fig. 1.9a (all

other polarization curves for Co–Ni alloy deposition are placed between that for Ni

and that for alloy—shaded area). As can be seen all polarization curves for Co–Ni

alloy deposition are placed at more positive potentials than either of pure metals,

which is clear indication for the anomalous codeposition of these two metals.

Fig. 1.8 (a) Polarization curves for the deposition of Ag–Pd alloy from the solution containing

0.005 M PdCl2 + 0.05 M AgCl + 12 M LiCl + 0.1 M HCl (t ¼ 80 �C), recorded onto rotating

glassy carbon electrode. (b) The jL versus ω1/2 dependences for pure Ag and pure Pd deposition

onto rotating glassy carbon electrode from the solutions containing 0.005 M PdCl2 + 12 M

LiCl + 0.1 M HCl and 0.005 M AgCl + 12 M LiCl + 0.1 M HCl (t ¼ 80 �C) (Reprinted from

[23] with the permission of Serbian Chemical Society)
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After deposition all Co–Ni alloy samples were dissolved in HCl, and the

amounts of Co and Ni were determined by the AAS technique. It was found that

the content of Co in the deposit increases with increasing concentration of Co2+ ions

in the solution, changing from ~8 to ~80 at.%. The Brenner’s diagram presented in

Fig. 1.9b clearly shows pronounced anomalous codeposition.

Different explanations for such behavior are offered in the literature [4].

The most likely one appears to be “the hydroxide suppression mechanism”

[25–28]. According to this concept, coevolution of hydrogen during the deposition

causes an increase of pH at the electrode/solution interface, producing hydrolysis of

less noble metal species and their precipitation as a layer of solid hydroxide.

Formed hydroxide layer provides a good supply of ions of the less noble metal

for their discharge and deposition, but suppresses the transport of species of the

more noble metal to the cathode surface, causing anomalous codeposition.

1.2.3.5 Induced Codeposition

While it has been shown that Mo, W, Ti, and Ge cannot be separately deposited

from aqueous solutions, they can be codeposited with the iron-group metals (Fe, Ni,

Co) in the presence of appropriate complexing agents. This alloy-type deposition

was defined by Brenner [4] as induced codeposition.

Fig. 1.9 (a) Polarization curves (corrected for IR drop) for the deposition of pure metals (Co and

Ni) and Co–Ni alloy at the gold disc electrode (RPM ¼ 1,000) obtained from the solutions: 0.2 M

CoSO4 + 0.2 M Na3C6H5O7 (Co); 1 M NiSO4 + 0.2 M Na3C6H5O7 (Ni); 0.025 M CoSO4 + 1 M

NiSO4 + 0.2 M Na3C6H5O7 (alloy). (b) Brenner’s diagram for the system Co–Ni: samples

obtained at j ¼ �2.5 mA cm�2 (open circle) and at j ¼ �28.5 mA cm�2 (open square) (Reprinted
from [24] with the permission of Elsevier)
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System Mo–Ni

In most of the papers concerning the process of induced codeposition of Ni and Mo,

where molybdenum was present in the form of molybdate ion (MoO4
2�), it was

assumed that both metals were reduced to a metallic state, producing a Mo–Ni alloy

coating. The most probable mechanism of alloy deposition was proposed by

Podlaha and Landolt [29–31] and Marlot et al. [32]. Their investigations were

performed under controlled mass transport conditions (rotating cylinder electrode).

It was shown that mass transport control is an important factor for induced

codeposition process. In a nickel-rich electrolyte molybdenum deposition is mass

transport limited and the alloy composition is strongly influenced by the electrode

rotation rate, while in a molybdenum-rich electrolyte the rate of molybdenum

deposition is limited by the flux of nickel ions and alloy composition is independent

of hydrodynamic effects [29]. The model assumes that nickel deposition occurs on

the surface not covered by the molybdate reaction intermediate, by direct reduction

of nickel species (all of them being complex of Ni2+ cations with the citrate anions)

independently on the molybdate reaction, which can occur only in the presence of

nickel species [29–32]. The model of Mo–Ni alloy deposition is described by

following reduction reactions [30]:

Ni C6H5O7ð Þ½ �� þ 2e� ! Ni sð Þ þ C6H5O7ð Þ�3 ð1:30Þ

MoO4
�2 þ Ni C6H5O7ð Þ½ �� þ 2H2Oþ 2e�

! Ni C6H5O7ð ÞMoO2½ �ads� þ 4OH� ð1:31Þ

Ni C6H5O7ð ÞMoO2½ �ads� þ 2H2Oþ 4e�

! Mo sð Þ þ Ni C6H5O7ð Þ½ �� þ 4OH� ð1:32Þ

H2Oþ e� ! ½ H2 þ OH� ð1:33Þ

assuming that the alloy deposition is always accompanied by the simultaneous

hydrogen evolution [reaction (1.33)]. This model has been confirmed by in situ

surface Raman spectroscopic studies, by revealing existence of adsorbed interme-

diate [Ni(C6H5O7)MoO2]ads
� [33].

It was later shown for the Mo–Ni–O powder electrodeposition [34] that this

mechanism is only partially correct and that among metallic Ni and Mo, the MoO3

phase is also deposited. Taking into account that NiO, MoO3, and MoNi4 phases

were detected in as-deposited samples by transmission electron microscopy (TEM),

it is obvious that the mechanism of alloy deposition similar to the one presented by

Eqs. (1.30, 1.31, 1.32, and 1.33) could be applied for the formation of MoNi4 phase

only, since it assumes complete reduction of both metal ions. By the analogy with

the mechanism proposed by Podlaha and Landolt [29–31], it was suggested that the

MoNi4 phase could be formed by the following mechanism [35]:
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Ni NH3ð Þ3
� 	2þ þ 2e� ! Ni sð Þ þ 3NH3 ð1:34Þ

MoO4
2� þ Ni NH3ð Þ3

� 	2þ þ 2H2Oþ 2e�

! Ni NH3ð Þ3MoO2

� 	
ads

2þ þ 4OH� ð1:35Þ

Ni NH3ð Þ3MoO2

� 	
ads

2þ þ 2H2Oþ 4e�

! Mo sð Þ þ Ni NH3ð Þ3
� 	2þ þ 4OH� ð1:36Þ

The most probable mechanism for the MoO3 phase formation is [34]:

MoO4
2� þ Ni NH3ð Þ3

� 	2þ þ H2Oþ 2e�

! MoO3 þ Ni sð Þ þ 3NH3 þ 2OH�
ð1:37Þ

System Fe–Mo [36]

The Fe–Mo alloy coatings were deposited onto mild steel substrate from the

solution containing FeCl3, Na2MoO4, Na4P2O7, and NaHCO3, pH 9.3. Depending

on the concentrations of FeCl3, Na4P2O7, and Na2MoO4, as well as the applied

current density, the wt.% of Mo in the coatings (approximate thickness 20 μm)

changed from about 45 wt.% to about 70 wt.%, while the current efficiency (ηj)
varied from about 10 % to 50 %, as shown in Fig. 1.10. It should be stated that in all

samples a certain (in some cases significant) amount of oxygen has been detected,

but this was neglected assuming that the mechanism for induced codeposition

defined by Eqs. (1.30, 1.31, 1.32, and 1.33) is operative and, accordingly, only

percentages of Fe and Mo were taken into account [36].

Typical morphology of the coatings deposited at different current densities is

presented in Fig. 1.11, characterized with nodular surface and large cracks. By the

Fig. 1.10 Dependence of ηj
on alloy composition (wt.%

Mo); (open square) the
influence of the Na4P2O7

concentration; (open circle)
the influence of the FeCl3
concentration; (open
triangle) the influence of the
current density for alloy

deposition (Reprinted from

[36] with the permission of

Serbian Chemical Society)
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EDS analysis of the Fe–Mo alloy surfaces, it was found that their composition

depends on the deposition current density, as shown in Table 1.2. Considering these

results it appears that the amount of MoO3 in the deposit decreases with the increase

of the deposition current density (lower percentage of oxygen), indicating that the

mechanism predicted by Eqs. (1.30, 1.31, and 1.32) and (1.34, 1.35, and 1.36) for

Ni–Mo, prevails at higher current densities, while the mechanism for MoO3

formation prevails at lower current densities of Fe–Mo alloy deposition.

1.3 Characterization of Electrodeposited Alloys

by Electrochemical Techniques

1.3.1 Basic Concepts

The most common technique for phase identification in alloys is X-ray technique.

The application of the X-ray technique on electrodeposited alloys is very often

limited by the size of crystals, since in electrodeposited alloys they are often very

Fig. 1.11 Typical morphology of the Fe–Mo alloy coatings deposited at different current densities

Table 1.2 Composition of the Fe–Mo alloy surfaces, obtained by the

EDS analysis, as a function of the deposition current density

jdep (mA cm�2) at.% O at.% Mo at.% Fe

�20 61.20 17.51 21.29

�50 34.05 27.08 38.87

�100 25.80 25.24 48.96
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small (lower than 10 nm) which is under the limit of detection in conventional

X-ray technique. Accordingly, such crystallites appear on the diffractograms as

amorphous and must be investigated by the expensive and often not available TEM

technique in order to be identified. Hence, it is desirable to use some other, much

simpler and less expensive technique for identification of phases in deposited

alloys. It appeared that electrochemical techniques, galvanostatic dissolution and

anodic linear sweep voltammetry (ALSV), could be used for successful identifica-

tion of phases in electrodeposited alloys [1].

The first attempt of the use of an electrochemical technique for characterization

of a deposited alloy was made in 1928 in order to determine the thickness of

metallic coatings [37, 38]. Using this method it was possible to determine the

thickness of the coating and that of the intermediate layer between the coating

and substrate, as well as to obtain data about the phase composition of the coating.

Since then, electrochemical techniques have been extensively used for investigating

processes of alloy dissolution [39–48]. In all of these cases bulk alloys were

investigated, and the discrepancies between the obtained results were significant.

At the beginning of nineties, three laboratories reported attempts to determine

the phase composition by complete dissolution of a thin layer (up to 10 μm) of a

deposited alloy [49–62, 64, 65, 72, 79, 80], using different techniques: galvanostatic

[50, 52], potentiostatic [57, 58, 61], and ALSV [49, 51, 57–62, 64, 65, 72, 79, 80].

1.3.2 ALSV technique

The ALSV technique is based on the application of linear sweep voltammetry at

low sweep rate of 1 mV s�1 during the dissolution of thin layer of deposited alloy.

After deposition of a thin layer of an alloy (up to 10 μm, recommendable about

1 μm) from the solution containing ions of both metals (constituents of the alloy)

onto glassy carbon, gold, silver, or platinum substrates in one cell, working elec-

trode, together with the deposit, is transferred into another cell containing only

supporting (neutral) electrolyte, and/or ions of the less noble metal of the two, in

which the alloy coating is completely dissolved. If the ions of the less noble metal

are present in such solution, usually the reference electrode is less noble metal in the

solution of corresponding ions. In the case of neutral electrolyte any reference

electrode could be used, but the starting potential for alloy dissolution should be

reversible potential of the less noble metal [1].

1.3.2.1 Conditions for Phase Detection in the Thin Layer

of Deposited Alloys

Following conditions must be fulfilled for successful phase detection in deposited

alloys by the ALSV technique:
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• It is important to dissolve the entire alloy sample, since only in such a case

eventual diffusion of alloy constituents in the solid phase will not influence the

process of alloy dissolution by masking of some phases by other ones. If there

are some solid-state diffusion limitations, they can be overcome by using either

long time polarization (galvanostatic or potentiostatic techniques) or very low

sweep rate in the ALSV technique;

• The processes of passivation or replacement must be prevented during the

dissolution of alloy. This can be achieved by a proper choice of the solution

for alloy dissolution. The use of simple salt solutions (such as NaCl, Na2SO4,

and NaClO4) with pH values in the range 3 � pH � 6 or simple salt solutions

with addition of small concentration of the less noble metal (up to 10�2 M) is

recommended [1];

• It is much better to use techniques in which potential is controlled since

galvanostatic responses are not always well defined [50, 52]. Particularly,

good results were obtained with the application of ALSV technique [51, 53,

57–62, 64, 65, 72, 79, 80].

• Concerning the process of the more noble metal deposition/dissolution, two

cases can exist in the application of the ALSV technique: (1) The deposition/

dissolution process of the more noble metal is reversible. Accordingly, during

the dissolution of alloy the ions of the more noble metal must reprecipitate on the

spot (since the potential is more negative than the reversible one of the more

noble metal); (2) the deposition/dissolution of the more noble metal is irrevers-

ible and the dissolution of the more noble component starts at the potentials

more positive than its reversible potential. Accordingly, no reprecipitation of the

more noble metal would take place.

1.3.3 Characteristics of the ALSV Responses for Dissolution
of Different Types of Alloys

The shape of the ALSV of alloy dissolution could be predicted by consideration of the

phase diagram of alloys and the Gibbs energies of phases appearing in the system.

Different types of alloys (eutectic, solid solution, alloys with intermediate phases,

and/or intermetallic compounds) will possess different shapes of the ALSV responses.

1.3.3.1 Eutectic-Type Alloys

Since the interaction (miscibility) between the components in the solid phase of the

eutectic-type alloys is absent or negligible, the Gibbs energies of each constituent

should be the same as that of the corresponding pure metal. Accordingly, the

reversible potential of each constituent in the alloy should be virtually the same

as that of pure metal of the same grain size. In such a case, the ALSV should be

1 Electrodeposition and Characterization of Alloys and Composite Materials 23



characterized by two separate dissolution peaks, each of them reflecting dissolution

of the corresponding pure metal and appearing at potentials more positive than the

reversible potential of that particular metal. The two peaks might overlap only if the

difference between the reversible potentials of these two metals is very small and

the thickness of a deposited alloy is high (over 1 μm).

System Cu–Pb [51]

The phase diagram for the system Cu–Pb [67] is shown in Fig. 1.12a, while the

ALSV’s of Cu, Pb, and Cu–Pb alloy dissolution, recorded in the solution containing

0.01 M Pb2+ + 1 M HBF4, v ¼ 1 mV s�1, RPM ¼ 0, are presented in Fig. 1.12b.

Pure metals were deposited onto rotating disc electrode (RDE) made of glassy

carbon (GC) at RPM ¼ 1,000: Pb was deposited from the solution containing 0.1 M

Pb2+ + 1 M HBF4, E ¼ �0.04 V vs. Pb2+/Pb; Cu was deposited from the solution

containing 0.05 M Cu2+ + 0.2 M H2SO4, E ¼ �0.05 V vs. Ag/AgCl; Cu–Pb alloy

was deposited from the solution containing 0.05 M Cu2+ + 0.01 M Pb2+ + 1 M

HBF4, E ¼ �0.52 V vs. Ag/AgCl ( jdep � �7.5 mA cm�2). As can be seen in

Fig. 1.12 (a) Phase

diagram of the system

Cu–Pb. (b) ALSV’s of

dissolution of pure metals

(Cu—dotted line, Pb—dash
dot line) and Cu–Pb alloy

(solid line) containing
approximately 50 at. % Pb

and 50 at. % Cu. Conditions

of dissolution:

0.01 M Pb2+ + 1 M HBF4,

v ¼ 1 mV s�1, RPM ¼ 0

(Reprinted from [1] with the

permission of Springer)
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Fig. 1.12b the peaks of Cu and Pb dissolution from the alloy are well defined and

separated, and their dissolution potentials are close to the dissolution potentials of

pure metals [case (1) of Sect. 1.3.2.1]. Slightly, more positive peak potential for the

dissolution of Pb from the alloy is due to diffusion of Pb from the bulk of alloy,

while slightly more negative peak potential for the dissolution of Cu from the alloy

is the consequence of the fact that, after the dissolution of all Pb from the alloy, the

remaining layer of pure Cu is more porous and its dissolution takes place at more

negative potentials. A small peak at about 0.15 V vs. Pb2+/Pb represents the

dissolution of a solid solution of Pb in Cu, which could be formed only in

electrodeposited alloys [63], with up to 10 wt.% of Pb being dissolved in Cu. Such

behavior indicates that deposited alloys could be characterized by the presence of

some phases not indicated in the phase diagram of the system. At the same time, it is

often the case that these phases cannot be detected by the X-ray technique, while

they are clearly defined on the ALSV of alloy dissolution (see further text).

System Cd–Zn [64, 65]

The phase diagram for the system Cd–Zn [67] is shown in Fig. 1.13a, while the

ALSV’s of Cd–Zn alloys dissolution of different compositions are presented in

Fig. 1.13b. The alloys were deposited at different constant current densities (to a

total charge of 1 C cm�2) on a RDE made of Au (RPM ¼ 1,000) from the solution

containing 0.01 M CdSO4 + 0.5 M ZnSO4 + 0.01 M H2SO4. Their dissolution by

the ALSV technique was performed in the solution containing 0.5 M Na2SO4

(pH 4), RPM ¼ 0 [64, 65]. The composition of the alloys was calculated from

the ratio of current densities of both metals: more noble metal (Cd) was deposited at

its diffusion limiting current density, jL(Cd), while the difference between the total

current density, jt and jL(Cd), was ascribed to the current density for Zn deposition,
j(Zn). The current efficiency for alloy deposition was calculated from the ratio of

the charge recorded during the alloy dissolution, Qdiss(alloy) (obtained by the

integration of the surface area under the ALSV response), and that for alloy

deposition, Qt(alloy), as ηj ¼ Qdiss(alloy)/Qt(alloy). Accordingly, the molar ratio

of the more noble metal in the alloy is expressed as [64, 65]

x Cdð Þ ¼ jL Cdð Þ
ηjjt alloyð Þ ¼

Qt Cdð Þ
ηjQt alloyð Þ ¼

Qt Cdð Þ
Qdiss alloyð Þ , ð1:38Þ

while that for the less noble one was

x Znð Þ ¼ ηjjt alloyð Þ � jL Cdð Þ� 	
ηjjt alloyð Þ ¼ ηjQt alloyð Þ � Qt Cdð Þ� 	

ηjQt alloyð Þ

¼ Qdiss alloyð Þ � Qt Cdð Þ½ �
Qdiss alloyð Þ : ð1:39Þ
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To express the molar ratio of each metal in the alloy by the ratio of their current

densities for deposition, Δ ¼ jL(Cd)/j(Zn), it follows that

x Cdð Þ ¼ Δ
1þ Δ

, ð1:40Þ

x Znð Þ ¼ 1

1þ Δ
: ð1:41Þ

The composition of alloys, i.e., the desired total current density for alloy

deposition for the defined duration of the current pulse, was obtained by using

Eqs. (1.38, 1.39, 1.40, and 1.41).

As can be seen in Fig. 1.13b the peaks of Zn and Cd dissolution are clearly

separated [case (1) of Sect. 1.3.2.1] for all alloy compositions (at.% of Zn in the

Fig. 1.13 (a) Phase diagram of the system Cd–Zn. (b) ALSV’s of dissolution of Cd–Zn alloy of

different compositions (at.% of Zn in the alloy marked in the figure). Conditions of dissolution:

0.5 M Na2SO4 (pH 4), v ¼ 1 mV s�1, RPM ¼ 0 (Reprinted from [1] with the permission of

Springer)
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alloys are marked in the figure), as in the case of the system Cu–Pb (Fig. 1.12b). By

comparing the charge under the peaks for Cd and Zn dissolution on the ALSV’s and

their charges for deposition (taking into account ηj), it was found that Qdiss(Zn) is

smaller than Qdep(Zn), while Qdiss(Cd) is higher than Qdep(Cd). This finding

confirms the fact that in electrodeposited Cd–Zn alloys, supersaturated solid solu-

tion of Zn in Cd can be formed [66].

System Cd–Co [72]

According to the literature data [67], several attempts were made in order to obtain

phase diagram for the system Cd–Co and none of them was successful, because it

was not possible to prepare alloys with less than 94 wt.% and more than 10 wt.% Co

[68]. In the case of melts with up to 10 wt.%, Co cooling curves showed only

eutectic arrests at 316 �C. By the structural analysis of this melt, it was stated that an

intermetallic phase is present in eutectic matrix [69]. Some authors claimed that

Cd23Co3 intermetallic compound (having structure of γ-brass) was identified in this
system [70], but it could not be proven by immersion of Co in a Cd melt at 700 �C
[71]. Hence, at the moment no convincing data concerning the phase diagram for

the system Cd–Co are available in the literature.

The Cd–Co alloy coatings [72] were deposited from sulfate electrolytes with

different compositions: (1) 0.01 M CdSO4 + 0.2 M CoSO4 + 0.2 M H3BO3,

(2) 0.02 M CdSO4 + 0.2 M CoSO4 + 0.2 M H3BO3 and (3) 0.02 M CdSO4 + 0.4

M CoSO4 + 0.2 M H3BO3. Pure Co was deposited in the solution containing 0.2 M

CoSO4 + 0.2MH3BO3 and pure Cd from the solution (2) at the potential of pure Cd

deposition (�0.75 V vs. SCE). All deposits were obtained under the conditions of

convective diffusion, i.e., RPM ¼ 1,000, while all ALSV’s were recorded at the

sweep rate of 1 mV s�1 in the 1 M NaCl solution (pH 2) at RPM ¼ 0 (stationary

electrode).

In Fig. 1.14a are compared ALSVs of pure Cd, pure Co, and Cd–Co alloy of

approximate composition 50 at.% Cd � 50 at.% Co, all deposited to a constant

charge of 1 C cm�2 (case (2) of Sect. 1.3.2.1). It appears that deposited Cd–Co alloy

does not belong to the eutectic-type alloys since some new, unknown phase (Un),

presented by the additional ALSV peak at about �0.32 V, has been formed. At a

certain solution composition (0.02 M Cd2+ + 0.2 M Co2+ + 0.2 M H3BO3), certain

deposition potential (�1.5 V), and certain amount of deposited alloy, the most

pronounced peak is the peak of the unknown phase, Fig. 1.14b. Hence, it is possible

to obtain the deposited Cd–Co alloy with the highest amount of the unknown phase

in the system Cd–Co [72]. It should also be emphasized that the peak of Co

dissolution is placed at significantly more positive potentials than the potential of

its deposition (about�1.0 V). Accordingly, Co2+ ions cannot reprecipitate [case (2)

of Sect. 1.3.2.1], as it was the case for Cu–Pb [51] and Cd–Zn [64, 65] systems.

Corresponding charges for the deposition of Cd and Co, obtained by the calcu-

lation of the Cd deposition charge using its diffusion limiting current density

(QCd ¼ jL(Cd)·t) and Co deposition charge as QCo ¼ Qtot � QCd, are presented
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in Fig. 1.15a. As can be seen with the increase of the total charge for alloy

deposition, Qtot, charges for both metals increase almost linearly. By the integration

of the charge under corresponding peaks on the ALSV’s, the charges for the

dissolution of Cd, Co, and unknown phase (Un) are obtained. These charges, as a

function of the Qtot, are presented in Fig. 1.15b. It appears that the charge (amount)

Fig. 1.15 (a) Deposition charges for Cd and Co as a function of the total charge for the alloys

deposition. (b) Dissolution charges for Cd, Co, and unknown phase (Un), obtained by the

integration of the charge under corresponding ALSV peaks, as a function of total charge for the

alloys deposition (Reprinted from [72] with the permission of Elsevier)

Fig. 1.14 (a) ALSV’s recorded at v ¼ 1 mV s�1 and RPM ¼ 0 in the electrolyte of 1 M NaCl

(pH 2) for pure Cd (dashed line), pure Co (dotted line), and Cd–Co alloy (solid line) deposited to a
constant charge of 1 C cm�2 in the electrolyte containing 0.01 M CdSO4 + 0.2 M CoSO4 + 0.2 M

H3BO3 at RPM ¼ 1,000. (b) ALSV’s recorded under the same conditions as those in (a) for

deposits obtained at a potential of�1.5 V to the different charges of 14.8 C cm�2 (1), 10.7 C cm�2

(2), and 6.7 C cm�2 (3) in the electrolyte containing 0.02 M CdSO4 + 0.2 M CoSO4 + 0.2 M

H3BO3 at RPM ¼ 1,000 (Reprinted from [72] with the permission of Elsevier)
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for the unknown phase sharply increases with increasing Qtot for the applied

potential of alloy deposition (�1.3 V), while the charge for Co increases for

Qtot � 2 C cm�2 reaching its limiting value of about 0.8 C cm�2 at higher values

of Qtot. Such behavior indicates that the amount of the unknown phase increases on

the account of the amount of both metals up to Qtot � 2 C cm�2, while at higher

values of Qtot its increase is mainly on the account of deposited Co, but certain

limiting amount of Cd must be deposited for the unknown phase to be formed and

seen on the ALSV. Taking into account these results, it is obvious that the unknown

phase detected in the deposited alloy cannot be ascribed to the Cd23Co3 interme-

tallic compound [70], since it contains higher amount of Co than Cd and its peak is

close to the peak of pure Co dissolution [72].

1.3.3.2 Solid Solution Type Alloys

In the case of solid solution type alloys, the prediction of the ALSV shape could be

problematic, i.e., the dissolution can proceed through two separate peaks or through

one peak. According to the literature [73] metal atoms in the ideal solid solutions

should be randomly arranged. In reality, such alloys can also contain some short-

and long-range ordered structures. Some alloys whose metals are totally miscible in

the solid state, such as Au–Cu solid solution, possess “superlattice” structures

(AuCu3, AuCu, and Au3Cu), and each of these types of “superlattices” could

have different dissolution characteristics. On the other hand, if the Gibbs energy

of mixing is not very high and if the potential sweep is sufficiently slow [1, 51], the

less noble metal should dissolve completely at more negative potentials than the

potential of dissolution of the more noble metal. In such a case at least two ALSV

peaks should be expected, corresponding to the dissolution of both pure metals. The

preceding peaks should represent the dissolution of the less noble metal only,

assuming that, even if the two metals dissolved simultaneously in the preceding

peaks (as is likely to happen with a solid solution), the more noble metal should

immediately reprecipitate since its ions are formed at potentials more negative than

the reversible potential of the more noble metal. Such theory, predicting two ALSV

peaks, has been proposed in the literature [1, 51].

System Co–Ni, Ideal Solid Solution [24]

The phase diagram for the system Co–Ni [67] is shown in Fig. 1.16a, while the

ALSV’s of Co–Ni alloys dissolution of different compositions are presented in

Fig. 1.16b. Considering deposition/dissolution characteristics of both metals (both

are irreversible), this system cannot be assigned to either of the cases (1) or (2) of

Sect. 1.3.2.1.

Pure Co and pure Ni were deposited onto gold disc electrode at RPM ¼ 1,000

from the solution containing 0.2 M CoSO4 + 0.2 M Na3C6H5O7 and 1 M NiSO4 +

0.2 M Na3C6H5O7, respectively. For deposition of their alloys of different
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compositions, only the concentration of Co2+ has been changed, being 0.005 M,

0.01 M, 0.025 M, 0.05 M, and 0.2 M, respectively (see Fig. 1.9). Alloy layers of

different compositions of the thickness of approximately 0.34 μm were obtained by

galvanostatic deposition at different constant current densities, but at the same

amount of charge of 1 C cm�2. All samples were dissolved in the solution 1 M

NaCl (pH 2) by application of the ALSV technique on the stationary Au electrode

(RPM ¼ 0). The composition of alloy samples deposited at a constant current

density to the amount of 1 mg and galvanostatically dissolved in 10 ml of 1 M

HCl has been determined by the AAS technique [24].

Considering ALSV results presented in Fig. 1.16b, it could be concluded that

the peak potentials of dissolution of pure metals are very close to each other

Fig. 1.16 (a) Phase diagram of the system Co–Ni. (b) ALSV’s of dissolution of Co–Ni alloy of

different compositions: solid lines—pure Co and pure Ni; open square—78.3 at.% Co; open
circle—47.5 at.% Co; open triangle—25.2 at.% Co; open inverted triangle—12.9 at.% Co; open
diamond—8.0 at.% Co. Conditions for dissolution: 1 M NaCl (pH 2), v ¼ 1 mV s�1 (Reprinted

from [24] with the permission of Elsevier)
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(the difference being about 0.1 V) and that all Co–Ni alloy samples dissolve

through one ALSV peak only, indicating simultaneous dissolution of both metals

from their alloy. Such behavior during the alloy dissolution is the consequence of

the fact that the potentials of dissolution are much more positive than the potentials

of Ni deposition (reduction of Ni2+ ions) so that it is not possible for Ni2+ ions to

reprecipitate. It is interesting to note that the peaks of dissolution of Co–Ni alloys

with less than 50 at.% Co are placed at potentials more positive than that of the

more noble metal (Ni). Most of the data concerning the phase diagram of the system

Co–Ni [74] state that these two metals form solid solutions at all compositions,

while in one work the possibility of the formation of ordered CoNi3 structure [75]

has been predicted. For a new phase in the system, one would expect additional

ALSV peak (as it is in the case in the system Ag–Pd, see text below), but in the case

of Co–Ni alloys dissolution this is not the case.

Let us consider the standard potential of the phase CoxNi(1�x). According to the

existing literature [1], standard potential of such phase should be

EΘ CoxNi 1�xð Þ
� � ¼ EΘ Co2þ=Co

� �þ EΘ Ni2þ=Ni
� �

2
� μΘ CoxNi 1�xð Þ

� �
2F

: ð1:42Þ

In the case of the ideal solid solutions, the Gibbs energy is entirely defined by the

entropy of mixing (the enthalpy, ΔHΘ
i ¼ 0), while the entropy of mixing depends

on the composition of solid solution and the temperature

μΘ
i CoxNi 1�xð Þ
� � ¼ �RT x ln xþ 1� xð Þ ln 1� xð Þ½ �: ð1:43Þ

In real systems this behavior is rather exceptional and usually mixing is endo-

thermic or exothermic, i.e., ΔHΘ is included and explained by the quasi-chemical

model assuming that the heat of mixing (ΔHΘ) is only due to the bond energies

between adjacent atoms [73]. In such a case the Gibbs energy change upon mixing

of a so-called regular solid solution is given by

μΘ
i CoxNi 1�xð Þ
� � ¼ ΔHΘ CoxNi 1�xð Þ

� �� RT x ln xþ 1� xð Þ ln 1� xð Þ½ �, ð1:44Þ

where the heat of mixing ΔHΘ(CoxNi(1�x)) is determined by the interatomic bonds

and is given by the equation:

ΔHΘ CoxNi 1�xð Þ
� � ¼ Nazεx 1� xð Þ ð1:45Þ

with Na being Avogadro’s constant, z is the number of bonds per atom, and ε is the
bond energy.

This model is also rather limited, and in the real systems the actual arrangement

of atoms will be a compromise that gives the lowest internal energy consistent with

sufficient entropy, or randomness, to achieve the minimum Gibbs energy. Such a

tendency can lead to a formation of ordered structures known as “superlattices,”
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which are clearly detected [73] in the system Au–Cu as Au3Cu, AuCu, and AuCu3.

All the above considerations assume thermally prepared alloys obtained under

equilibrium conditions. Since electrodeposited alloys are practically never obtained

under equilibrium conditions [1], one can expect that the effects of the heat and

entropy of mixing will be even more pronounced in the case of deposited alloys.

Using Eq. (1.42) the highest value of the entropy of 1.717 kJ mol�1 is obtained

for x ¼ 0.5 (for temperature of 25 �C), while the corresponding change of the

standard potential of the CoxNi(1�x) phase is only 9 mV. Hence, in such a case the

standard potential of this phase should change linearly from that of Co, EΘ(Co2+/

Co), to that of Ni, EΘ(Ni2+/Ni), while the contribution of μΘi is very small and

causes very small deviation in the change of standard potential from linearity (see

Fig. 1.17). Taking into account that it is not possible to determine reversible

potentials of Co, Ni, and Co–Ni alloys from the dissolution characteristics

represented by their ALSV’s in Fig. 1.16b, and bearing in mind high irreversibility

of the deposition/dissolution processes for both metals, an attempt was made to use

ALSV peak potentials instead of the reversible potentials for dissolution of all

components of the system [24]. In Fig. 1.17 are presented dependences of the

ALSV peak potentials (Ep) as a function of the alloy composition (at.% Ni) for

the alloys and pure metals deposited at different current densities. As can be seen

theoretical and experimental dependences are different, with the most positive

experimentally determined peak potentials recorded for the composition of approx-

imately 75 at.% Ni (CoNi3). The peak potential change is much better defined for

the samples deposited at lower current density, jdep(alloy) ¼ �2.5 mA cm�2.

Fig. 1.17 Dependences of the ALSV peak potentials as a function of alloy composition for Co–Ni

alloys deposited at different current densities (marked in the figure) (Reprinted from [24] with the

permission of Elsevier)
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By expressing μΘ using Ep instead of E
Θ values in Eq. (1.5), it is possible to plot

experimental and theoretical values for μΘ as a function of alloy composition, as

shown in Fig. 1.18.

Hence, it could be concluded that even in the absence of additional ALSV peak

for dissolution of “ordered structure” (CoNi3), it is possible to predict the existence

of such structure in the solid solution by proper analysis of the ALSV response.

System Ag–Pd [62]

The Ag–Pd alloys were deposited to a constant charge from the solution containing

0.005 M PdCl2 + 0.04 M AgCl + 12 M LiCl + 0.1 M HCl (t ¼ 50 �C) onto

rotating Au disc electrode (RPM ¼ 1,000) at constant current densities defined

by the desired alloy composition [see Eqs. (1.38, 1.39, 1.40, and 1.41)]. Pure metals

were deposited under the same conditions from two different solutions: Pd from the

solution 0.001 M PdCl2 + 12M LiCl + 0.1 M HCl at the constant current density of

�0.5 mA cm�2; Ag from the solution 0.04 M AgCl + 12 M LiCl + 0.1 M HCl at

the constant current density of �10.0 mA cm�2. All deposited samples were

dissolved by the ALSV technique in the solution 0.001 M AgCl + 12 M LiCl +

0.1 M HCl (RPM ¼ 0).

The ALSV’s of pure metals dissolution (Ag—dotted line, Pd—dashed line) and

an alloy containing approximately 50 at.% Ag and 50 at.% Pd (solid line) are

presented in Fig. 1.19a [case (1) of Sect. 1.3.2.1].

Fig. 1.18 Dependences of the μΘ and μΘi as a function of alloy composition for Co–Ni alloys

deposited at different current densities ( jdep(alloy)—marked in the figure) (Reprinted from [24]

with the permission of Elsevier)

1 Electrodeposition and Characterization of Alloys and Composite Materials 33



As can be seen Ag and Pd dissolution peaks are well separated. The ALSV of an

alloy containing approximately 50 at.% Ag and 50 at.% Pd is characterized by the

presence of additional peak at about 0.24 V vs. Ag/AgCl (Un), while peak of pure

Ag dissolution from the alloy is placed at more positive potentials (due to diffusion

through the alloy matrix) and peak of Pd dissolution is positioned at more negative

potentials (due to its porous structure—consequence of Pd reprecipitation). The

peak of unknown phase (Un) is seen to depend on the amount of deposited alloy, as

well as on the alloy composition, Fig. 1.19b. In the alloy with 80 at.% Ag deposited

to the lower charge (1 C cm�2, thinner deposit—dotted line) this peak is small and

not well defined, while in the same alloy with higher thickness (4 C cm�2—solid

line) this peak is much bigger, indicating higher amount of this phase in the alloy.

This finding [62] indicates that deposited Ag–Pd alloy is not a simple homogeneous

solid solution [76, 77], as predicted by the phase diagram [67]. Confirmation of this

finding is in accordance with the measurement of the microhardness of deposited

Ag–Pd alloys, which was found to increase with increasing Ag content in the alloy

[78]. Such behavior could only be explained by the presence of some intermetallic

compound that possesses a higher value of microhardness than that of pure

Pd. Since the microhardness of Pd is three times higher than that of Ag, the

microhardness of their solid solutions should be somewhere in between. Hence,

the unknown phase is most likely an intermetallic compound, formed only in the

deposited Ag–Pd alloys.

Fig. 1.19 (a) ALSV’s recorded at v ¼ 1 mV s�1 and RPM ¼ 0 in the solution 0.001 M AgCl +

12 M LiCl + 0.1 M HCl for pure Ag (dotted line), pure Pd (dashed line), and Ag–Pd alloy

(approximately, 50 at.% Ag and 50 at.% Pd—solid line) deposited to a constant charge of

1 C cm�2. (b) ALSV’s recorded under the same conditions as those in (a) for alloy containing

80 at.% Ag and 20 at.% Pd deposited to the different charges of 1.0 C cm�2 (dotted line) and
4.0 C cm�2 (solid line) (Reprinted from [62] with the permission of Elsevier)
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1.3.3.3 Alloys Characterized with Intermediate Phases

and/or Intermetallic Compounds

It is known that the configuration of atoms that has minimum Gibbs energy after the

mixing of two metals often does not have the same crystal structure as either of the

pure metals. Such structure may be either an intermediate phase or intermetallic

compound. The difference between them is not in their structures but in the change

of their Gibbs energies with composition [73]. The changes of their Gibbs energies

with the composition are schematically represented in Fig. 1.20. Since the change

of the Gibbs energy of an intermetallic compound is very sharp, it seems reasonable

to assume that its reversible potential should be a singular point. Accordingly, the

dissolution peak of an intermetallic compound on the ALSV should be better

defined than that of an intermediate phase [51], but this is not necessarily true

since either of them should diffuse through the alloy matrix, and their diffusion

could influence the shape of the ALSV peak. Hence, one can expect that the ALSV

peaks of intermediate phases or intermetallic compounds which appear at the

beginning of the ALSV (at the most negative potentials) could be influenced by

the diffusion through the matrix of alloy (being wider), while those which are

placed at the most positive potentials should be sharper.

In studying the phase composition of alloys containing intermediate phases

and/or intermetallic compounds by the ALSV technique several systems were

investigated. The best examples of the power of the ALSV technique are found in

the work described below for the systems: Cd–Cu [51, 57, 58, 61], Cd–Ni [23],

Ag–In [79], and Ag–Cd [80].

Fig. 1.20 Schematic representation of the change of Gibbs energy of intermediate phase and

intermetallic compound as a function of alloy composition (Reprinted from [1] with the permis-

sion of Springer)
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System Cd–Cu [58]

According to the phase diagram of the system Cd–Cu, this alloy is characterized by

the presence of four intermetallic compounds [67] (Fig. 1.22a): Cd3Cu, Cd8Cu5,

Cd3Cu4, and CdCu2. In order to obtain alloys of certain compositions,

corresponding to four intermetallic compounds, four samples were deposited with

the current density ratios 3/1, 8/5, 3/4, and 1/2. Among these, alloys with high

amount of Cd were also deposited at the current density ratios 6/1 and 15/1, as

shown in Fig. 1.21. Deposition of such alloys was possible due to the fact that

deposition of Cu onto RDE in the investigated solution is diffusion-controlled,

taking place at the diffusion limiting current density jL(Cu) (see Figs. 1.2 and 1.21).
All alloys were deposited at the gold or silver RDEs at RPM ¼ 1,000 from the

solution containing 0.01 M CuSO4 + 0.5 M CdSO4 + 0.2 M Na2SO4 + 0.01 M

H2SO4. As can be seen in Fig. 1.21 down to about �0.7 V vs. Ag/AgCl only Cu is

deposited, while at more cathodic potentials Cd deposition took place. Hence, Cu is

deposited under diffusion control, while Cd is deposited under activation control

and in all cases flat deposits were obtained.

Deposited alloys were dissolved by the ALSV technique (RPM ¼ 0, v ¼ 1

mV s�1) in the solution 0.01 M CdSO4 + 0.2 M Na2SO4 + 0.01 M H2SO4. Cad-

mium wire immersed in the solution of Cd2+ ions was used as the reference

electrode (Cd2+/Cd) and dissolution of alloy started from the reversible potential

of this electrode [case (1) of Sect. 1.3.2.1].

In Fig. 1.22 are shown phase diagram of the Cd–Cu system [67] (a) and the

ALSV of dissolution of alloy containing 75 at.% Cd and 25 at.% Cu (solid line),

Fig. 1.21 Polarization diagrams for Cd–Cu alloy deposition at defined (marked in the figure)

ratios of current densities, j(Cd)/jL(Cu). RPM ¼ 1,000, solution: 0.01 M CuSO4 + 0.5 M

CdSO4 + 0.2 M Na2SO4 + 0.01 M H2SO4 (Reprinted from [1] with the permission of Springer)
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pure Cd (dash-dot line), and pure Cu (dotted line) (b). The peaks of dissolution of

certain intermetallic compounds, as well as pure metals, are marked in the figure.

As can be seen all intermetallic compounds could be detected in the deposit

obtained at the current density ratio jdep(Cd)/jdep(Cu) ¼ 3/1 (solid line). The

peaks of dissolution of all intermetallic compounds are well defined, except the

peak of Cd3Cu4 which is covered by the peak of CdCu2 to a large extent. By simple

deconvolution (dotted lines) of the ALSV at this position, the peak of Cd3Cu4 could

be clearly detected (dashed line).

The shapes of ALSV’s depend on the alloy composition, i.e., on the current

density ratio for their deposition. In Fig. 1.23 are shown ALSV’s of dissolution of

Cd–Cu alloys deposited at different values of jdep(Cd)/jdep(Cu) to a constant charge
of 5 C cm�2. With the increase of Cd content in the alloy the number of peaks

increases. For the alloy deposited at the current density ratio 1/2 only two peaks

Fig. 1.22 (a) Phase diagram of the system Cd–Cu and (b) ALSV for dissolution of alloy

containing 75 at.% Cd and 25 at.% Cu (solid line), pure Cd (dash-dot line), and pure Cu (dotted
line). Solution: 0.01 M CdSO4 + 0.2 M Na2SO4 + 0.01 M H2SO4; RPM ¼ 0; v ¼ 1 mV s�1

(Reprinted from [1] with the permission of Springer)
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appear on the ALSV corresponding to CdCu2 and Cu, whereas for alloys deposited

at higher values of current density ratio the number of peaks increases with the

peaks corresponding to other intermetallic compounds (marked in the figure).

Considering presented ALSV’s it appears that Cd3Cu4 and CdCu2 cannot be

detected separately [57, 58] in any of deposited alloys and that only for the ALSV of

alloy deposited at jdep(Cd)/jdep(Cu) ¼ 3/1 the Cd3Cu4 could be detected after

ALSV deconvolution.

It is obvious from the presented results that in spite of the adjustment of the

current density ratio for the formation of particular intermetallic compound, in most

cases more than one compound has been detected, indicating that single-phase

equilibrium alloys could rarely be obtained, which is the fact well known in

electrochemical practice [7, 8].

In order to confirm results obtained by the ALSV technique, an attempt was

made to detect intermetallic compounds in alloy layers of higher thickness

(>20 μm) deposited at different current density ratios, using X-ray technique.

Unfortunately, the X-ray results revealed practically amorphous deposits, indicat-

ing that the grain sizes of intermetallic compounds were less than that required for

Fig. 1.23 The ALSV’s for dissolution of Cd–Cu alloys deposited at different current density

ratios (marked in the figure, 1/2, 3/4, 8/5, 3/1, 6/1, and 15/1). Solution: 0.01 M CdSO4 + 0.2 M

Na2SO4 + 0.01 M H2SO4; RPM ¼ 0; v ¼ 1 mV s�1 (Reprinted from [1] with the permission of

Springer)
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discernible X-ray peaks. Hence, to increase the grain size of intermetallic com-

pounds thicker samples (50 μm) were deposited onto glassy carbon disc, peeled off

from the substrate surface, and submitted to thermal treatment at a temperature of

200 �C for 50 h in vacuum. The results obtained using Guinier analysis after the

thermal treatment [58] are presented in Table 1.3. In spite of the fact that the X-ray

analysis was performed on samples thermally treated after deposition (some solid-

state reaction might take place), comparison of the ALSV results with those of the

Guinier phase structure analysis shows relatively good agreement between them.

The tendency for reduction in the number of intermetallic compounds for thermally

treated samples could be explained in terms of the tendency towards the

equilibrium [58].

From the presented results it could be inferred that deposited alloys are not in an

equilibrium state. Considering ALSV’s presented in Figs. 1.22b and 1.23, the

question arises as to whether the ALSV peaks represent phases (intermetallic

compounds) that are present in the alloy from the start or reflect the transformation

of initially present phases into compounds ever richer in Cu during the process of

dissolution [50]? If this would be the case (only Cd3Cu existed at the start and is

subsequently transformed successively into compounds richer in Cu), the charges

under the subsequent peaks should follow a rational sequence defined by the

stoichiometry. Thus, by calculation, the charges under subsequent peaks should

be equal to 0.607, 0.178, and 0.357 of that under the first (most negative) peak,

respectively. This is obviously not so. Indeed, the more likely event would be the

Table 1.3 Comparison of the

results of the Guinier method

of phase structure analysis for

Cd–Cu alloys deposited at

different current density ratios

and submitted to subsequent

thermal treatment and the

results of the ALSV analysis

of as-deposited samples

jdep(Cd)/jdep(Cu)
Guinier analysis

results

ALSV analysis

results

3/4 CdCu2
Cd3Cu4
Cu

Cu

CdCu2

8/5 CdCu2
Cd3Cu4
Cd8Cu5

Cu

CdCu2
Cd3Cu4
Cd3Cu

Cd

3/1 Cd8Cu5
Cd3Cu

Cd

Cu

CdCu2
Cd3Cu4
Cd3Cu

Cd

6/1 Cd8Cu5 Cu

Cd3Cu4
Cd8Cu5
Cd

15/1 Cd8Cu5
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formation of different compounds in accordance with the standard Gibbs energy per

atom sequence, but this is not the case either. Hence, it can be concluded [58] that

all the compounds were formed simultaneously. This conclusion is in accordance

with the results of the Guinier phase structure analysis.

System Cd–Ni [15]

System Cd–Ni is one of the most suitable binary alloy systems for the application of

ALSV technique since the process of deposition/dissolution of Ni is irreversible.

Although its standard potential is �0.474 V vs. SCE (EΘ
Cd ¼ �0.647 V vs. SCE)

and in this system Ni represents the more noble component, its deposition, due to

high overpotential for Ni deposition [15, 24], commences at about�1.04 V vs. SCE

in the solution for alloy deposition (0.002 M CdSO4 + 0.2 M Na3C6H5O7 + 2.0 M

NiSO4, Fig. 1.24), while the ALSV peak for Ni dissolution in 1 M NaCl (pH 2) is

positioned at about�0.10 V vs. SCE (Fig. 1.25). Accordingly, the Ni2+ ions formed

during the dissolution of certain intermediate phase in the potential range from

�0.80 V vs. SCE to �0.20 V vs. SCE (Fig. 1.25) cannot reprecipitate on the spot

[case (2) of Sect. 1.3.2.1], and the ALSV peak of dissolution of pure Ni could be

seen at the most positive potentials on the ALSV only if the whole amount of

deposited Ni has not been dissolved during the dissolution of all phases and the

deposit contains some amount of free Ni. On the other side, due to its reversible

deposition/dissolution Cd starts to deposit at more positive potential than Ni of

Fig. 1.24 Polarization diagrams for Cd (dotted line), Ni (dashed line), and Cd–Ni alloy (solid
line) deposition recorded onto gold RDE at the sweep rate of 1 mV s�1 and RPM ¼ 1,000 in the

solution containing 0.002 M CdSO4 + 0.2 M Na3C6H5O7 + 2.0 M NiSO4 (Reprinted from [15]

with the permission of Elsevier)
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about�0.82 V vs. SCE (Fig. 1.24), and its dissolution commences at about�0.80 V

vs. SCE (Fig. 1.25). At the same time it is very easy to calculate alloy composition

by the analysis of charge consumed during the alloy deposition, the total charge for

alloy dissolution (charge under the ALSV), and the charge for deposition of Cd [see

Eq. (1.38)]. The current efficiency for alloy deposition is given by the relation.

ηj ¼
Qdiss alloyð Þ
Qdep alloyð Þ : ð1:46Þ

In Fig. 1.24 are presented polarization curves for Cd, Ni, and Cd–Ni alloy

deposition recorded at the sweep rate of 1 mV s�1 and RPM ¼ 1,000 in the solution

containing 0.002 M CdSO4 + 0.2 M Na3C6H5O7 + 2.0 M NiSO4.

The phase diagram of the system Cd–Ni [67] is presented in Fig. 1.25a. As can be

seen two intermediate phases, β (Cd5Ni) and γ(CdNi), exist in a narrow range of

composition. Hence, one would expect two peaks for these phases on the ALSV of

Cd–Ni alloy dissolution, placed at potentials more positive than that for pure Cd

dissolution (in the case that the whole amount of Ni is not consumed in these two

Fig. 1.25 (a) Phase

diagram of the system

Cd–Ni and (b) ALSV’s for

dissolution of pure Cd

(dash-dot line), pure Ni
(dotted line), alloy
containing 30 at.% Ni

(dashed line), and alloy

containing 50 at.% Ni

(solid line). Conditions
of dissolution: 1 M NaCl,

pH 2; RPM ¼ 0;

v ¼ 1 mV s�1 (Reprinted

from [15] with the

permission of Elsevier)
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phases, being dissolved under these peaks, additional peak for Ni dissolution might

appear at the most positive potentials). Considering the ALSV’s for dissolution of

pure Cd (dash-dot line), pure Ni (dotted line), Cd–Ni alloy containing 30 at.% Ni

(dashed line), and Cd–Ni alloy containing 50 at.% Ni (solid line), presented in

Fig. 1.25b it is obvious that expected ALSV response has been obtained [15]. The

Cd–Ni alloy containing 30 at.% Ni is characterized by the presence of both inter-

mediate phases (β and γ) and no free Ni, while the alloy containing 50 at.% Ni is

characterized by the presence of only one phase (γ) and small amount of free Ni.

In order to confirm agreement between the results obtained by the ALSV

analysis and those obtained by the analysis of the phase diagram [67] (equilibrium

ones) of the system Cd–Ni, the equilibrium molar fraction of each phase in the

system (Cd, Ni, β, and γ) has been compared with that obtained by the integration of

corresponding ALSV peaks. For this to be done the Cd–Ni alloys with following

compositions were deposited and dissolved using ALSV technique: 24, 32, 41, 50,

58, 67, 75, 83, 92, and 97 at.% Ni. The results of this analysis are presented in

Fig. 1.26. As can be seen good agreement between the equilibrium molar fractions

and molar fractions obtained by the analysis of the ALSV’s has been obtained for

phases β and γ, while slightly higher amount of Ni (in comparison with the

equilibrium one) has been obtained for alloys containing up to 50 at.% Ni. Hence,

although it is well known in electrochemical practice that equilibrium alloys could

rarely be obtained by electrodeposition, in some cases (as is Cd–Ni alloy) this is

possible.

Fig. 1.26 Equilibrium molar fractions of Cd (solid line), β phase–Cd5Ni (dash-dot line), γ phase–
CdNi (dashed line), and Ni (dotted line). Molar fractions of β phase–Cd5Ni (open circle),
γ phase–CdNi (open triangle), and Ni ( filled square) obtained by the analysis of the ALSV’s

(Reprinted from [15] with the permission of Elsevier)
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Taking into account that the alloys were dissolved in the electrolyte (1 M NaCl,

pH 2) containing no ions of corresponding metals (Cd2+ and Ni2+), instead of using

standard potentials of metals [Eq. (1.18)] for determining the standard Gibbs

energies of intermediate phases β and γ, the reversible potentials (Er) for dissolution

of Cd, Ni, β, and γ could be used. These potentials could be relatively precisely

determined from the ALSV’s of their dissolution as the potentials at which the

dissolution current density starts to rise on the ALSV. In such a way Eq. (1.18)

could be written as [15]

E AxB 1�xð Þ
� � ¼ xp

xpþ 1� xð Þq½ �Er Að Þ þ 1� xð Þq
xpþ 1� xð Þq½ �Er Bð Þ

� μΘ AxB 1�xð Þ
� �

xpþ 1� xð Þq½ �F : ð1:47Þ

Applying this equation on the intermediate phases β (Cd5Ni) and γ (CdNi),

following relations are obtained:

Er βð Þ ¼ 0:167Er Nið Þ þ 0:833Er Cdð Þ � μΘ βð Þ
2F

, ð1:48Þ

Er γð Þ ¼ 0:5Er Nið Þ þ 0:5Er Cdð Þ � μΘ γð Þ
2F

: ð1:49Þ

From Eqs. (1.48) and (1.49) it follows

μΘ βð Þ ¼ 2F 0:167Er Nið Þ þ 0:833Er Cdð Þ � Er βð Þ½ �, ð1:50Þ

μΘ γð Þ ¼ 2F 0:5Er Nið Þ þ 0:5Er Cdð Þ � Er γð Þ½ �: ð1:51Þ

Using Eqs. (1.50) and (1.51) and values for Er(Ni), Er(Cd), Er(β), and Er(γ), the
values for the standard Gibbs energies of intermediate phases were obtained as

μΘ(β) ¼ �1.3 kJ mol�1 and μΘ(γ) ¼ �28.9 kJ mol�1.

Hence, taking into account that the obtained values for μΘ(β) and μΘ(γ) are

negative, this is in good accordance with the fact that already at 20 at.% of Ni there

is practically no free Cd in the deposited alloys. Such a behavior indicates very

strong interaction between Cd and Ni in order to form both phases, with the γ phase
being present in the alloy at all alloy compositions, i.e., with the γ phase being the

most stable one in the alloy.

System Ag–In [79]

The phase composition of the Ag–In alloy has been investigated by different

authors [67, 81, 82], and the most cited paper is that of Campbell et al. [82]. Due

to its complex structure the phase diagram is commonly presented in two parts: up
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to 400 �C and above. A part of the phase diagram below 400 �C is presented in

Fig. 1.27. This system is characterized by the presence of three intermediate phases,

ϕ (AgIn2), ε (Ag9In4), and γ (Ag3In), while considering deposition/dissolution

characteristics of the more noble metal it belongs to the case (2) of Sect. 1.3.2.1.

The Ag–In alloy coatings were deposited onto stationary Pt electrode from

cyanide electrolyte [79] with the composition: 0.2 M InCl3 + 0.04 M KAg

(CN)2 + 0.1 M D(+) Glucose + 1 M KCN, pH 8.4. Cyclic voltammogram for

alloy deposition/dissolution (v ¼ 1 mV s�1) is presented in Fig. 1.28, while in the

inset is shown cathodic part only, with the current densities for alloy deposition

marked with the arrows (four different alloy compositions). Three potential regions

could be detected on the cathodic part presented in the inset: only Ag is deposited

down to the inflection point A, while the alloy deposition takes place at more

negative potentials (from point A to the second inflection point B) and from point B

simultaneous alloy deposition and hydrogen evolution take place. Already at the

current density of �2 mA cm�2, Ag–In alloy coating with small amount of In is

deposited, while higher amounts of In are obtained at higher cathodic current

densities (�4, �6, and �8 mA cm�2).

Fig. 1.27 Phase diagram of Ag–In system below 400 �C. γ (Ag3In)—hexagonal phase; ε
(Ag9In4)—cubic phase; ϕ (AgIn2)—tetragonal phase (Reprinted from [79] with the permission

of Elsevier)
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The ALSV curves of the dissolution of Ag–In coatings deposited from cyanide

electrolyte at different current densities (�2, �4, �6, and �8 mA cm�2) to a

constant charge (Q ¼ 1.25 C cm�2) recorded in the solution of 12 M LiCl + 0.1 M

HCl (v ¼ 1 mV s�1) are presented in Fig. 1.29. The ALSV curve of the alloy

coating deposited at a current density of �2 mA cm�2 shows only the presence of

one peak E, probably due to the α-phase of the alloy which is a solid solution of In

in Ag that exists up to about 19 wt.% of In in the alloy (average amount of In in this

coating is found to be about 4 wt.% [83, 84]) and/or pure Ag (see Fig. 1.27), since

this peak is situated at the same potential as the peak of pure Ag dissolution. As

shown earlier [85] the solid solution appears at the same potential as pure metal

(in this case Ag) and cannot be detected as a separate peak. The ALSV curve of the

alloy coating deposited at a current density of �4 mA cm�2 is characterized by

the presence of three additional peaks, A, B, and D. These peaks become more

pronounced in the coating deposited at a current density of�6 mA cm�2, while new

peak C appears in the coating deposited at a current density of�8 mA cm�2. Hence,

these peaks should be attributed to the presence of different phases in the alloy

coatings: A—In, B—AgIn2, C—Ag9In4, D—Ag3In, and E—Ag. With the increase

of the amount of Ag richer phases, the coating becomes very heterogeneous and

some periodic spatiotemporal structures can be observed on its surface [79, 83, 84].

It is interesting to note that the effect of aging of the alloy coatings has clearly

been demonstrated for this alloy. In Fig. 1.30 are shown ALSV’s (a) and

diffractograms (b) for freshly deposited alloy samples (dotted lines) and samples

Fig. 1.28 Cyclic voltammogram for alloy deposition/dissolution (v ¼ 1 mV s�1) recorded onto Pt

stationary electrode in the solution 0.2M InCl3 + 0.04MKAg(CN)2 + 0.1MD(+) Glucose + 1M

KCN, pH 8.4. In the inset is shown cathodic part only, with the current densities for alloy

deposition marked with the arrows

1 Electrodeposition and Characterization of Alloys and Composite Materials 45



kept under vacuum in a desiccator during 20 h at the room temperature (solid lines).

As can be seen in these figures in a sample analyzed immediately after deposition

one phase, Ag9In4—peak C, is missing. It is reasonable to expect that during the

solid-state reaction, which takes place at the room temperature very slowly, more

noble phases (Ag9In4 and Ag3In) are formed on the account of the less noble ones

(In and AgIn2), as shown in Fig. 1.30. The same effect has also been detected for the

system Cd–Cu [86].

Fig. 1.29 ALSV’s of Ag–In alloy coatings dissolution (v ¼ 1 mV s�1, solution 12 M LiCl + 0.1

M HCl) deposited at different current densities (marked in the figure in mA cm�2). The ALSV

peaks A, B, C, D, and E correspond to In, AgIn2, Ag9In4, Ag3In, and Ag, respectively (Reprinted

from [79] with the permission of Elsevier)

Fig. 1.30 (a) ALSV’s of Ag–In alloy coating dissolution (v ¼ 1 mV s�1, solution 12 M LiCl +

0.1 M HCl) deposited at j ¼ �6 mA cm�2 recorded immediately after deposition (dotted line) and
after aging for 20 h at the room temperature. (b) Diffractograms of Ag–In alloy coating deposited

at j ¼ �6 mA cm�2 recorded immediately after deposition (dotted line) and after aging for 20 h at
the room temperature (Reprinted from [79] with the permission of Elsevier)
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In order to confirm the statement about the presence of phases mentioned above,

following experiment was performed: an alloy coating containing all phases was

submitted to the ALSV experiment in such a way that during the first sweep only

the phase under the first peak (A) was dissolved; in the second sweep, starting from

the same potential (�800 mV), the first (A) and second (B) peaks were dissolved;

in the third sweep A–C peaks were dissolved; in the fourth sweep A–D peaks were

dissolved; and finally during the last sweep the rest of the alloy was dissolved. The

result of this experiment is shown in Fig. 1.31a. After the dissolution of the peak A

(up to the potential limit 1, marked with the arrow), during the second run (up to the

potential limit 2) very small peak A appears on the ALSV curve, while peak B is

Fig. 1.31 (a) ALSV’s of Ag–In alloy coating dissolution (v ¼ 1 mV s�1, solution 12 M LiCl +

0.1 M HCl) deposited at j ¼ �8 mA cm�2: 1 first dissolution sequence; 2 second dissolution

sequence; 3 third dissolution sequence; 4 fourth dissolution sequence. (b) Diffractograms of the

same Ag–In alloy coating: 0 before the first dissolution sequence; 1 after the first dissolution

sequence; 2 after the second dissolution sequence; 3 after the third dissolution sequence; 4 after the
fourth dissolution sequence (Reprinted from [79] with the permission of Elsevier)
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almost the same as one recorded on the ALSV curve shown in Fig. 1.29. During the

next run these two peaks are still slightly visible, while the peak C is well defined

(as in Fig. 1.29). After dissolving a phase corresponding to the peak C, during the

next run, peaks A and B disappear, peak C become very small, while peak D is the

same as in Fig. 1.29. Finally, during the last run no peaks, except the peak E, are

seen on the ALSV. After each ALSV run samples were investigated by means of

X-ray diffraction, and corresponding diffractograms are shown in Fig. 1.31b. As

can be seen excellent agreement between ALSV and X-ray diffraction results were

obtained, confirming above statement concerning the presence of different phases.

System Ag–Cd [80]

Phase diagram of the Ag–Cd system is presented in Fig. 1.32. The phases observed

in the Ag–Cd alloy system are described in the monograph of Hansen and Anderko

[67] in the following way: The solubility of Cd in Ag (α-phase) reaches 42 at.%.
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In the composition range between 26 and 29 at.% Cd, the high-temperature Ag3Cd

phase could be observed. In the composition range between 42 and 60 at.% Cd,

three phases (β, β0 and ξ) are established in the vicinity of 50 at.% Cd at different

temperatures. The β and β0 phases are characterized by the b.c.c. lattices and the ξ
phase by h.c.p. lattice. These phases correspond to the AgCd compound. The

existence of several phases (γ, γ0, ε, and η) is reported in the composition range

between 60 and 100 at.% Cd. The first one (γ) is a hexagonal phase, and the second
one (γ0) possesses a b.c.c. lattice. They correspond to the Ag5Cd8 compound. The

pure hexagonal ε phase exists in the range 68–81.4 at.% Cd and corresponds to the

Cd3Ag compound. In the composition range 81.4–96.9 at.% Cd, ε phase exists

together with the η phase, which is a solid solution of Ag in Cd. Pure η phase is

observed in the interval 96.9–100 at.% Cd (100 �C).
The Ag, Cd, and the Ag–Cd alloy coatings were deposited onto stationary

Pt electrode from cyanide electrolytes [80]. Pure Cd from the solution containing

0.14MCdSO4·8/3H2O + 0.56MKCN, pureAg from the solution containing 0.032M

KAg(CN)2 + 0.56 M KCN, and Ag–Cd alloys from the solution containing

0.032 M KAg(CN)2 + 0.14 M CdSO4·8/3H2O + 0.56 M KCN. Figure 1.33 shows

polarization curves recorded at a sweep rate of 1 mV s�1 in the electrolyte containing

both metals separately or together. The deposition of Ag (dashed line) is characterized

by the cathodic shoulder, which is most likely indication of the diffusion limiting

current density (taking into account small concentration of Ag) at a potential of about

�0.82 V, with the deposition starting at about �0.79 V. The increase of the cathodic

current density at potentialsmore negative than�1.2V during theAg deposition is the

consequence of simultaneous hydrogen evolution. Pure Cd deposition (dotted line)

starts at the same potential as that of Ag. At potentials more negative than �1.6 V,

current oscillationswith amplitudehigher than200mVhavebeenobserved. In the case

of Ag–Cd alloy deposition, a shoulder representing diffusion controlled deposition of

Ag (solid line) appears at about �0.51 V (for about 0.3 V more positive than the

shoulder of pure Ag). Hence, in the solution containing both metal ions, deposition of

Fig. 1.33 Polarization

curves recorded at a sweep

rate of 1 mV s�1 in the

electrolyte containing

0.032 M KAg

(CN)2 + 0.56 M KCN (Ag),

0.14 M CdSO4·8/

3H2O + 0.56 M KCN (Cd),

and 0.032 M KAg

(CN)2 + 0.14 M

CdSO4·8/3H2O + 0.56 M

KCN (Ag–Cd) (Reprinted

from [80] with the

permission of Elsevier)
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Ag commences at more positive potential. In order to find out the reason for such

behavior, the analysis of Ag complexes with cyanide has been performed. The results

are presented inTable 1.4.As can be seen,whenpureAg is present in theKCNsolution

the dominant complex is [Ag(CN)3]
2�, with the equilibrium potential of �0.737 V.

In the presence ofCd ionsmost of the CN� anions are consumed inCd–CNcomplexes

([Cd(CN)]+, [Cd(CN)2], [Cd(CN)3]
�, and [Cd(CN)4]

2�), and the dominant Ag–CN

complex becomes [Ag(CN)2]
�, with the equilibrium potential of �0.479 V. Hence,

from the presented analysis it is obvious that the first shoulder on a solid curve in

Fig. 1.33 for Ag–Cd alloy deposition corresponds to the deposition of pure Ag from

[Ag(CN)2]
� complex [87].

Five alloy samples were deposited to the total charge of 1.3 C cm�2 at different

potentials (�1.0,�1.4,�1.6,�1.8, and�2.0 V). Their ALSV’s and diffractograms

are presented in Fig. 1.34a, b, respectively. As in a previous case the results of

the ALSV analysis and the X-ray analysis are in good agreement. Accordingly, the

ALSV peaks detected in Fig. 1.34a could be ascribed to following intermediate

phases: the peak A corresponds to the pure Cd phase; the peak B to the AgCd3
phase; the peak C to the AgCd phase; the peak D to the Ag3Cd phase; and the peak

E to the pure Ag.

It is interesting to note that neither ALSV nor X-ray analysis is sensitive to the

presence of different lattices for certain compounds at room temperature analysis:

(β, β0, and ξ)—AgCd compound; (γ, γ0, ε, and η)—Ag5Cd8 compound.

There are two more systems with intermediate phases investigated by the ALSV

technique application, Ni–Zn [87–90] and Co–Zn [91]. As in above presented

results, ALSV and X-ray analysis showed good agreement for both systems.

1.3.4 Mechanism of Dissolution of Thin Layers
of Electrodeposited Alloys

When a single-phase binary alloy is anodically dissolved in an aqueous solution,

assuming that all the necessary conditions are fulfilled (cf. Sect. 1.3.2.1), the

mechanism of dissolution may be [1, 40]:

Table 1.4 Concentration of different Ag complexes and their equilibrium potentials

Solution composition

Concentration (%) Eeq/V vs. Ag/AgCl

[Ag(CN)2]
� [Ag(CN)3]

2� [Ag(CN)4]
3� [Ag(CN)3]

2� [Ag(CN)2]
�

0.032 M KAg(CN)2 +

0.56 M KCN

35.9 61.2 2.6 �0.737

0.032 M KAg(CN)2 +

0.14 M

CdSO4 + 0.56 M

KCN

98.1 1.9 � �0.479

Reprinted from [80] with the permission of Elsevier
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1. Simultaneous dissolution of both components of the alloy, with the more noble

one being reprecipitated on the spot;

2. Partial dissolution (ionization) of the less noble component, causing

restructuring of the remaining matrix into a phase richer in the more noble

component;

3. Complete dissolution (ionization) of the less noble component, with the atoms of

the more noble one aggregating by surface diffusion (formation of patches and

monolayers of the more noble component with the possibility of formation of

small three-dimensional crystals, which may prevent further dissolution of the

less noble component);

4. Complete dissolution (ionization) of the less noble component, leaving atoms of

the more noble one in an unstable matrix. Atoms of both metals then move in the

solid phase by volume diffusion, one kind dissolving, and the other kind

restructuring the matrix so that it corresponds to the crystal lattice of the pure

metal.

Fig. 1.34 (a) ALSV’s of

Ag–Cd alloy coatings

dissolution (v ¼ 1 mV s�1,

solution 12 M LiCl + 0.1 M

HCl) deposited at different

potentials (marked in the

figure). (b) Diffractograms

of corresponding alloy

coatings (Reprinted from

[80] with the permission of

Elsevier)
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On the basis of diffusivities extrapolated from high-temperature measurements,

the participation of the fourth mechanism should be negligible. However, this

extrapolation assumes that the equilibrium concentration of vacancies is established

and that the contribution of diffusion along small grain boundaries and dislocations

is negligible. This is not the case in reality, since the diffusion coefficients at room

temperature may be considerably larger than the extrapolated ones (in the case of

Cu, monovacancies cannot account for this mechanism, but divacancies, with

D ¼ 1.3 � 10�12 cm2 s�1, may make the mechanism operative) [40].

There is a significant inconsistency in the results reported earlier from investi-

gations of the mechanism of alloy dissolution, particularly for results obtained with

bulk alloy samples [39–48]. For example, for one and the same system (Cu–Ni) it

was found both that components dissolve simultaneously [44] and that Ni dissolves

preferentially [43]. In the case of Cu–Au and Cu–Zn systems, two different

mechanisms were observed, preferential dissolution of the less noble component

and simultaneous dissolution of both components [40–43]. Actually, it was con-

cluded that in the Cu–Zn system, enrichment of the surface with copper is a

necessary condition for simultaneous dissolution of both components to start.

Hence, there exists an induction period of disproportionate dissolution of the less

noble component, preceding simultaneous dissolution [43].

It is likely that the mechanism depends on the composition of the alloy. Thus, at

low contents of the more noble metal, the dissolution of the less noble one leaves

the atoms of the former loose and ready to oxidize. Conversely, at high contents of

the more noble metal, the atoms of the less noble one are likely to tend to squeeze

out of the lattice without producing much change in the latter.

It is obvious that in bulk alloy samples, diffusional limitations (diffusion of

metal atoms from the bulk of the alloy to the surface) influence the process of

anodic dissolution. In the case of dissolution of thin layers of alloys, where the

entire amount of the alloy is dissolved, such limitations (if they exist) can be

overcome (cf. Sect. 1.3.2.1). However, two phenomena should be noted:

(a) Simultaneous dissolution creates locally an increased concentration of the

positive constituent, corresponding to a more positive reversible potential of

the pure metal phase than that attained at a particular moment in the course

of the anodic sweep. Hence, that potential turns out to be cathodic with respect

to the reversible potential, so that this metal constituent must deposit on the spot

either in the form of another alloy phase with a more positive reversible

potential or in the form of pure metal crystallites. Hence, the net recorded

current reflects the dissolution of the less noble constituent only.

(b) Dissolution of one alloy phase from a mixture with other phases, or through

redeposited positive constituent, must run into transport difficulties. Hence, the

dissolution current comes under diffusion control, which makes the current

vs. potential (time) pattern similar to that obtained in such a situation for a

cathodic metal deposition process; that is, it exhibits a maximum and subse-

quent decay.
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Considering all presented cases it appears that the alloy phase dissolves by

dissolving both metal constituents. If the deposition/dissolution process of the

more noble metal is reversible [case (1) of Sect. 1.3.2.1], the ions of this metal

reprecipitate on the spot and the whole amount of the more noble metal becomes

dissolved through the ALSV peak positioned at the most positive potential (systems

Ag–Pd, Cd–Cu, Cd–Zn, Cu–Pb, etc.). If the deposition/dissolution process of the

more noble metal is irreversible [case (2) of Sect. 1.3.2.1], the more noble metal

dissolves together with the less noble one through the peak of each phase. In the

case that the whole amount of the more noble metal is not consumed in existing

phases, the rest of the more noble metal becomes dissolved through the ALSV peak

positioned at the most positive potential (systems Cd–Co, Cd–Ni, Co–Ni, etc.).

Finally, it should be noted that using the ALSV technique, it is possible to

identify solid-state reactions in electrodeposited alloys at room temperature, lead-

ing to the formation of more noble phases on the account of the less noble ones

(as shown for the systems Ag–In [79] and Cd–Cu [85]).

1.4 Electrodeposition of Composite Metal Coatings

1.4.1 Basic Concepts

Two types of coatings obtained by electrodeposition could be ascribed to composite

metal coatings: (i) laminar metal structures and (ii) metal coatings with inclusion of

nonmetallic particles [1, 92].

According to the theory of composite systems [93], the existence of intermediate

layer between two metals is inevitable in multilayered laminar metal structures. The

thickness of the intermediate layer is usually of the order of couple of atomic layers,

and the parameters of the system (concentration of individual metals, crystal

structure, Young’s modulus, density, coefficient of thermal expansion, etc.) change

from one layer to another. Usually such intermediate layer is composed of two

layers of solid solutions and one layer of intermetallic compound, as it is schemat-

ically presented in Fig. 1.35.

By using appropriate techniques for the formation of such structures (chemical

of physical evaporation, electrodeposition, etc.), it is possible to achieve high value

of total surface area of the intermediate layer amounting to 3,000 cm2 cm�3.

Accordingly, the larger the surface of the intermediate layer, the higher the differ-

ence in the properties of the multilayered laminar metal structure (higher values of

Young’s modulus, hardness, tensile strength, etc.) [93]. Taking into account that the

electrodeposition of such structures is the cheapest technique, its advantage over the

other techniques is obvious.

It should be emphasized here that multilayered laminar metal structures could be

obtained by electrodeposition of individual metal layers from separate baths, which

is a time consuming process. On the other side, it is possible to obtain such deposit
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from one bath containing ions of both metals by appropriate choice of metal ions

concentration and applied current density. In such a case one layer (usually first) is

always pure more noble metal, while the other one (second) must be alloy of these

two metals. Hence, by appropriate choice of deposition conditions, one can adjust

the composition of a second layer in multilayered structures, as well as the thickness

of each layer, and, accordingly, properties of such structures.

Concerning composite structures containing metals with inclusion of nonmetal-

lic particles, despite the potential interest and many years of work in this field, only

a few large-scale commercial baths have been developed, while general theoretical

explanation of this phenomenon is still missing [1, 92] although some attempts

were successfully applied to certain systems [1, 92].

1.4.2 Electrodeposition of Laminar Metal Structures

As already stated above, multilayered laminar metal structures could be obtained by

electrodeposition of individual metal layers from separate baths or from one bath

containing ions of both metals. Only the second case is of interest for this chapter,

and such conditions will be discussed.

1.4.2.1 Spontaneous Formation of Layered Deposits

In the investigations of electrodeposition of alloys, laminar metal structures, paral-

lel to the cathode surface, were observed in quite a few instances. Such phenom-

enon has been observed byMeyer and Phillips [94] during the deposition of Cu with

other metals; Aotani [95] detected laminar metal structures in the case of Fe–Ni

alloys deposition, while Mikhalev [96] found them in Cd–Zn deposits. This phe-

nomenon has been accompanied with the fluctuations of potential ranging from

Fig. 1.35 Schematic

representation of the

intermediate layer in

multilayered laminar metal

structures
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0.1 mV to 0.1 V depending on the system and applied current density. Any

fluctuations of periodic nature (oscillations) must be the consequence of superpo-

sition of two counteracting processes. Accordingly, this phenomenon could be

explained in a following way: At the beginning of the process under galvanostatic

conditions, the rate of deposition of the more noble metal is sufficient for its nuclei

to be formed and its grains to grow. However, after some time, due to depletion of

the diffusion layer, the concentration of the ions of the more noble metal at the

cathode surface becomes practically zero and the discharge of the ions of the less

noble metal must compensate for the decrease of the partial current density of the

more noble metal. This requires a certain increase in cathodic overpotential and

nucleation and growth of the less noble metal mainly. After some time the concen-

tration of the ions of the more noble metal at the cathode surface recovers to the

point where its nucleation can start again, causing decrease of the cathodic

overpotential and, accordingly, the nucleation and growth of the less noble metal

subsides. Hence, the process starts all over again.

1.4.2.2 Formation of Laminar Deposits by Pulsating Current Regimes

Instead of letting laminar metal structures to be formed spontaneously during the

alloy deposition, there was significant motivation to obtain well-defined multilay-

ered structures of controlled compositions and thicknesses of individual layers.

Deposition of such structures was first demonstrated by Brenner [4], while Cohen

et al. [97] obtained an Ag–Pd alloy with periodically changing composition by

alternating the current density, and such structure showed improved wear perfor-

mance of electrical contacts. In order to obtain laminar metal structure with the

thickness of individual layers (with the second layer being Cu–Ni alloy with small

amount of Ni) of 300 nm in the system Cu–Ni, pulsating regimes were used [98,

99]. It was shown that such structures possessed higher tensile strength [98] and

microhardness [99].

In the application of pulsating regimes [97–99] three types of pulses, schemat-

ically presented in Fig. 1.36, were used.

The first attempt in theoretical treatment of the variation of the composition of a

deposit obtained by pulsating current from a bath containing two different metal

cations, using complicated mathematical procedure, was presented in 1985

[100]. The quantitative theory of laminar metal deposition based on fundamental

concepts of electrode kinetics, using much simpler mathematical approach, was

presented in a series of papers of Despić and coworkers [101–103].

Single Current Pulse Regime

For the deposition of laminar metal coatings, two conditions must be fulfilled:

(1) The reversible potentials for metals A and B must be sufficiently different so

that at a given current density the less noble one (B) virtually does not deposit
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during the deposition of the more noble one (A) until complete concentration

polarization with respect to ions of metal A takes place. (2) Within the duration

of the current density pulse, Send’s equation [22] for diffusional polarization is

obeyed with respect to concentration change, resulting in transition from deposition

of metal A to deposition of metal B after well-defined transition time.

Hence, the first layer contains pure metal A and its thickness is, according to

Faraday’s law, defined by

d Ið Þ ¼ MA

zAρAF

� �
jτA, ð1:52Þ

where MA, ρA, and zA are, respectively, atomic weight, density, and charge on the

ions of metal A, j is the current density in the pulse, while τA is the transition time

with respect to the ions of metal A. Assuming that the convection and migration of

ions of the electrolyte are negligible, τA is defined by Send’s equation [22]:

τA ¼ zAFð Þ2πDA

4

Co
A

j

� �2

, ð1:53Þ

where CA
o and DA are, respectively, the bulk concentration and diffusion coeffi-

cient of the ions of metal A. Introducing Eq. (1.53) into Eq. (1.52) and rearranging

one obtains

Co
A

� �2
j

¼ 4ρA
zAFπDAMA

d Ið Þ: ð1:54Þ

Fig. 1.36 Schematic presentation of pulsating regimes used for deposition of laminar metal

structures
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Considering Eq. (1.54) it could be concluded that desired thickness of the layer

of metal A could be achieved by proper choice of metal ions concentration and the

current density of the pulse.

Taking into account that Sand’s equation is valid only as long as the change of

concentration occurs within a stagnant layer undisturbed by convection and intro-

ducing the Nernst’s diffusion layer boundary δ and hydrodynamic layer boundary

Δh, the minimum current density that must be applied for the transition and

deposition of the second layer to take place is given by

jmin ¼ zAFπDA

2Δh
Co
A ð1:55Þ

and, accordingly, by introducing Eq. (1.54) into Eq. (1.55), the maximum achiev-

able thickness of the first layer (metal A) is

d Ið Þmax ¼ MAC
o
AΔh

2ρA
: ð1:56Þ

Deposition of the second layer starts after τA is reached and is accompanied by

sudden change of potential to the reversible potential of metal B deposition [1].

The shape of the potential vs. time (E vs. t) response in such a case depends on

the property of the alloy and its constituents in the investigated solution. Two

situations could be considered: (i) replacement reaction takes place during the

off-time ( j ¼ 0) period; (ii) replacement reaction does not take place during

the off-time ( j ¼ 0) period.

(i) If the difference between the reversible potentials of metals A and B is

sufficient, and the constituents of the alloy do not mix in the solid state (eutectic-

type alloy), and/or deposition/dissolution of metal B is reversible, replacement

reaction must take place during the off time ( j ¼ 0). Such a case is schematically

presented in Fig. 1.37. The current density change is presented in (a), while

corresponding potential change is presented in (b). As can be seen, after reaching

τA, metal A continues to deposit but at a decreasing partial current density [actually

by its diffusion limiting current density—jd(A) ¼ jL(A)], while the partial current
density of the metal B increases to make a constant current density of the pulse—

jd(B). If the concentration of ions of metal B is much larger than that of the metal A,

the growth of the second layer could be virtually unlimited and the content of metal

A in the second layer will continuously decrease with the thickness of the second

layer [following the decrease of jd(A)]. Corresponding potential response, sche-

matically presented in (b), is characterized by a sudden increase of cathodic

potential to the value higher than Er(B) at the position of τA. At the position of

the end of the current pulse (T ) and the beginning of the current density off period

( j ¼ 0), replacement reaction will take place. The deposition of metal A will

continue with jd(A) ¼ jL(A) ¼ jd(A)r, while, in order to keep total current density

at zero, the less noble metal B will start to dissolve with the positive partial current

density jdiss(B)r equal to that of metal A deposition. Once this process is finished,
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either due to dissolution of the whole amount of metal B in the second layer or

prevention of its dissolution for some reasons (e.g., at some places of a second layer

atoms of metal B become covered with a monolayer of metal A, etc.), the current

density jdiss(B)r will drop to zero and corresponding potential to the value of

Er(A) [1].

Although the replacement reactions have extensively been studied in the

literature [104], the only example for such reaction in the layered deposits was

demonstrated for the system Cu–Pb [1, 101]. A two-layer structure, composed of a

first layer of pure Cu and a second layer of Cu–Pb alloy, has been deposited at a

constant current density jd ¼ �1 mA cm�2 for different times (from 60 to 300 s)

on a stationary glassy carbon electrode from a solution containing 0.01 M Cu

(CH3COO)2 + 0.01 M Pb(CH3COO)2 + 1 M HBF4 [101]. After the deposition,

zero current density ( j ¼ 0) was applied (positions marked in the figure with 1, 2,

3, 4, 5, 6, 7, 8, and 9) and corresponding potential responses are presented in

Fig. 1.38. As can be seen after applying zero current density (positions 1–9), the

Fig. 1.37 Schematic representation of the partial current densities changes (a) and corresponding

potential response (b) during the deposition of two layers of metals A and A + B by constant

current density pulse ( jd) up to time T and during the replacement reaction at j ¼ 0. Partial current

density for deposition of metal A after reaching τA � jd(A) and partial current density for

deposition of metal B after reaching τA � jd(B), partial current density for deposition of metal

A during the replacement reaction jd(A)r, partial current density for dissolution of metal B during

the replacement reaction jdiss(B)r (Reprinted from [1] with the permission of Springer)
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potential remains for some time at a level slightly below the reversible potential of

Pb, after which it falls to the potential of Cu. That time is virtually equal to

duration of the current density pulse, indicating that the dissolution of Pb from a

second layer occurs all the time. When the dissolution process is finished,

potential returned to the reversible potential of Cu. By the EDS analysis it was

confirmed that the whole amount of deposited Pb has been dissolved during the

off-time periods. Hence, all conditions (i) for the replacement reaction to take

place were fulfilled: Cu–Pb is eutectic-type alloy, and deposition/dissolution of

Pb is reversible [101].

(ii) If the difference between the reversible potentials of metals A and B is

sufficient, and the constituents of the alloy mix in the solid state forming solid

solution and a metal B passivates in the electrolyte used, replacement reaction will

not take place during the off-time ( j ¼ 0). Such a case is schematically presented in

Fig. 1.39. The current density change is presented in (a), while corresponding

potential change is presented in (b). During the current density pulse everything

is the same as in a previous case. The absence of replacement reaction is charac-

terized by sudden potential change from Er(B) to Er(A) at the position of the end of

the current pulse (T ) and the beginning of the current density off period ( j ¼ 0).

Typical example for such behavior is the system Cu–Ni [98, 99, 103, 105,

106]. This system belongs to the solid solution type alloys, and the dissolution of

Ni is prevented by its passivation in the electrolyte for deposition. As shown earlier

[15, 24] dissolution of the whole deposited amount of Ni could be achieved in

chloride containing electrolyte of pH 2.

Fig. 1.38 Potential responses recorded during constant current density jd ¼ �1 mA cm�2 pulse

trains on a stationary glassy carbon electrode from a solution containing 0.01 M Cu(CH3COO)2 +

0.01 M Pb(CH3COO)2 + 1 M HBF4. After the deposition, zero current density ( j ¼ 0) was

applied (positions marked in the figure with 1–9) (Reprinted from [1] with the permission of

Springer)
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Dual Current Pulse Regime

Single current pulse regime imposes serious limitations on both the thickness of the

layers of the more noble metal and the content of that metal in the second layer. The

application of a dual current pulse scheme was found more suitable for manipula-

tion of the thickness of each layer, as well as the content of the more noble metal in

the second layer. The scheme consists of current pulses in two different intensities

each. A lower current density j(I) for a certain time period T(I) is followed by a

higher current density j(II) for a period T(II) before the current is interrupted (or the
sequence repeated). It can be shown that with such a scheme and proper choice of

parameters, any desired thickness of both layers can be achieved and the content of

metal A in the second layer can be reduced to a desired level. The process can be

improved, in terms of shortening the deposition time of the first layer while

maintaining a desired content of metal A in the second layer and by synchronously

modulating the hydrodynamic conditions. Such a process can have significant

practical value for obtaining bilayers (or multilayers) [1, 102].

In the dual current pulse regime, it is desirable to have

Co
B >> Co

A ð1:57Þ

the best choice being that which satisfies equality

Fig. 1.39 Schematic

representation of the partial

current densities changes

(a) and corresponding

potential response

(b) during the deposition of

two layers of metals A and

A + B by constant current

density pulse ( jd) up to time

T and after, in the absence

of the replacement reaction

at j ¼ 0. Partial current

density for deposition of

metal A after reaching

τA � jd(A), partial current
density for deposition of

metal B after reaching

τA � jd(B)
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Co
B

j IIð Þ ¼
Co
A

j Ið Þ : ð1:58Þ

An attempt was made to deposit two-layer structure composed of pure (first) Cu

layer of about 2 μm and the second layer of different Cu–Ni alloy compositions of a

thickness of about 12 μm by applying dual current pulse regime presented in

Fig. 1.40. The two layers were deposited onto Ag RDE (RPM ¼ 1,000) from the

solution 0.02MCuSO4 + 2MNiSO4 + 0.5MNa3C6H5O7. The value of the current

density in the first pulse, j(I), was adjusted at 75 % of the value of the diffusion

limiting current density for copper ions at the given concentration and rotation

speed [102].

Fig. 1.40 A sequence of high current density pulses (a) and corresponding potential responses (b)

(marked with numbers 1–7) during the formation of two-layer structure composed of a pure (first)

Cu layer of about 2 μm and the second layer of different Cu–Ni alloy compositions of a thickness

of about 12 μm. The current density ratio, c.r.—j(Ni)/j(Cu)L, for pulse no. 1–2.0, no. 2–5.3,

no. 3–13.3, no. 4–27.6, no. 5–36.5, no. 6–56.1, no. 7–61.5 (Reprinted from [102] with the

permission of Electrochemical Society)
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Relatively, smooth deposits, consisting of two well-defined layers, are obtained.

Results of the EDS analysis of the composition of the second layer (Cu–Ni alloy) of

the deposits obtained by the current regimes shown in Fig. 1.40 are compared in

Table 1.5 with the composition of the second layer calculated from the current

density ratio in the second pulse assuming 100 % current efficiency for alloy

deposition, c.r.—j(Ni)/j(Cu)L. Taking into account precision of the EDS analysis,

it is seen that a relatively good agreement is obtained.

A multilayer structure consisting of ten relatively thick layers shown in Fig. 1.41

was obtained by the current regime presented in Fig. 1.42.

Table 1.5 The composition

of the second layer of the

deposits as a function of the

current density ratio (c.r.) Pulse no. c.r.

Composition of the second layer

EDS analysis Calculated from c.r.

at.% Cu at.% Ni at.% Cu at.% Ni

1 2.0 35.4 64.6 33.3 66.7

2 5.3 20.8 79.2 16.0 84.0

3 13.3 7.9 92.1 7.0 93.0

4 27.6 4.9 95.1 3.5 96.5

5 36.5 4.7 95.3 2.7 97.3

6 56.1 3.9 96.1 1.7 98.3

7 61.5 4.2 95.8 1.6 98.4

Reprinted from [102] with the permission of Electrochemical

Society

Fig. 1.41 Multilayer

structure obtained by the

current pulses presented in

Fig. 1.42 (Reprinted from

[102] with the permission of

Electrochemical Society)
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Presented analysis confirmed that the thickness and the composition of layered

deposits could be controlled with sufficient precision [102].

1.4.2.3 Intermediate Layer Detection

Taking into account the fact that the intermediate layer in deposited laminar metal

structures plays an important role in obtaining improved mechanical and magnetic

properties [93], from 1980 to 2000 particular attention has been given to the

pulsating regimes which would provide as thin as possible layers (of the order of

nanometers) [105–109] in multilayered metal structures, and, accordingly, much

higher surface area of the intermediate layer.

In theoretical consideration of multilayer deposition of Cu–Ni alloy under the

conditions of convective diffusion [103], it was shown that a constant concentration

of Cu in the second layer (Cu–Ni alloy) could be established at different thicknesses of

the second layer, depending on the value of the current density of a second pulse and

the rotation rate. As the value of the current density in the second pulse increases, the

thickness at which a constant concentration of Cu could be established also increases,

indicating that the thickness of the intermediate layer also increases, reaching the

maximum value of about 150 nm [103]. Unfortunately, this theoretical consideration

was not experimentally confirmed. Most of the experimentally confirmed theoretical

treatments of the pulsed deposition of multilayer have been applied to the Cu–Ni

system [110–113]. Equations for partial currents for copper and nickel deposition [19,

111] (including the evolution of hydrogen) from a single bath in the case of

galvanostatic [110] and potentiostatic [111] deposition of multilayered Cu–Ni coat-

ings under the conditions of convective diffusion were developed. The experimental

Fig. 1.42 Current density pulses and corresponding potential responses applied for the formation

of multilayer structure presented in Fig. 1.41 (Reprinted from [102] with the permission of

Electrochemical Society)
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results were in good agreement with the theoretical predictions. The subject of two

papers [112, 113] was the process taking place during the off-time period in pulsed

deposition, showing that during the off-time period copper deposits by a displacement

of nickel (“replacement reaction”). These models were found to agree well with the

experimental findings. Hence, the existence of an intermediate layer in these investi-

gations has not been confirmed experimentally.

However, it was shown in the system Cd–Ni [114] that the intermediate layer

could be detected by the application of the ALSV technique. Alloy samples used for

the ALSV analysis were galvanostatically deposited at the amount of charge of

1 C cm�2 in the solution containing 2 M NiSO4 + 0.2 M Na3C6H5O7 + 0.002 M

CdSO4. Pure Ni and Cd layers were also deposited galvanostatically at jd ¼
�10 mA cm�2 (Qd ¼ �1 C cm�2) from the solutions containing 2 M Ni

(NH2SO3)2 + 0.5 M H3BO3 and 0.5 M CdSO4 + 0.01 M H2SO4, respectively.

The samples composed of a layer of alloy and a layer of pure Cd on top of the

alloy layer, used for the analysis of the intermediate layer existence, were galvanos-

tatically deposited from two different baths: 2 M NiSO4 + 0.2 M Na3C6H5O7 +

0.002 M CdSO4 and 2 M Ni(NH2SO3)2 + 0.5 M H3BO3 + 0.002 M CdSO4. All

samples were dissolved in a solution of 1 M NaCl (pH 2).

Intermediate Layer Between Ni and Cd Deposited from a Separate Baths

For this purpose layers of pure Cd and pure Ni were deposited from the appropriate

separate baths onto gold disc electrode. To provide normal dissolution of these

metals, Ni was first deposited as a more noble metal and a layer of Cd was deposited

on top of it. From such a deposit Cd dissolves at about �0.8 to �0.7 V, while Ni

starts to dissolve at about �0.33 V with the peak appearing at about �0.1 V.

Hence, to detect an intermediate layer between these two metals, ALSV’s of

pure Ni and pure Cd dissolution were first recorded. Then, after the deposition of a

layer of Cd on top of a layer of Ni, an ALSV of dissolution of a deposit consisting of

two metal layers was recorded. Since these two metals make two intermediate

phases [15], in the case of interaction between the two layers, one would expect one

or two small ALSV peaks, pertaining to the dissolution of either of these phases,

between the peaks of dissolution of pure metals. There was no indication, however,

of the existence of any additional ALSV peak even after prolonged thermal

treatment (deposit was kept in an atmosphere of purified nitrogen at a temperature

of 50 �C for 24 h) of such deposit. Knowing that the ALSV technique is very

sensitive and that it is possible to detect clearly a monolayer of metals by this

technique, it seems that in the case of Ni and Cd layers, deposited from separate

baths, no intermediate layer between them is formed.

Intermediate Layer Between Cd–Ni Alloy and Pure Cd

Deposited from a Single Bath

In the case of Cu–Ni alloy, detection of an intermediate layer by the ALSV

technique is impossible, since these two metals make a series of solid solutions
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and the potentials of dissolution of pure metals in solution 1 M NaCl, pH 2, are very

close. However, the system Cd–Ni should be very suitable for this purpose, since

the ALSV’s of Cd–Ni alloys dissolution are seen to be characterrized by the

existence of two ALSV peaks corresponding to the dissolution of phases β and γ
of the formula NiCd5 and NiCd, respectively [15, 114]. Hence, if there exists the

intermediate layer, it should be composed of these phases [1]. By comparing ALSV

of dissolution of a single layer of the alloy with the ALSV of dissolution of the

two-layers deposit, it is possible to detect an intermediate layer between these two

layers. An example is shown in Fig. 1.43. Curve 1 represents the ALSV of the alloy

dissolution without the Cd layer on top, curve 2 the ALSV of pure Cd dissolution,

while curve 3 represents the ALSV of the two-layers deposit dissolution. As can be

seen curves 1 and 3 are different, with the peaks of β- and γ-phase dissolution being
somewhat higher on the curve 3, while the peak of pure Cd dissolution does not

change. As the content of Ni in the alloy layer increases, the difference between

these two ALSV curves becomes smaller.

Hence, the difference between curves 3 and 1 (shaded areas on Fig. 1.43) should

represent the intermediate layer. By integration of the surface of shaded areas, it is

possible to obtain the charges (amounts) corresponding to the increase of β and γ
phases in the two-layer deposit [marked in the figure as ΔQ(β) and ΔQ(γ)], which
should be a consequence of the formation of an intermediate layer between a layer

of alloy and a layer of pure Cd. Thus, the intermediate layer is mainly composed of

β and γ phases, which is in good agreement with the theory of an intermediate layer

in laminar metal structures [93].

Fig. 1.43 The example of the ALSV’s of Cd–Ni alloy dissolution (dotted line, 1), pure Cd

dissolution (dashed line, 2) and dissolution of a two layer deposit (solid line, 3) composed of a

layer of Cd–Ni alloy and a layer of pure Cd deposited on top of a layer of the alloy (Reprinted from

[114] with the permission of Elsevier)
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These investigations were performed with the two-layers deposits obtained from

two different baths (as stated above). The recorded charges ΔQ(β) and ΔQ(γ),
obtained for both investigated baths for alloy deposition, are shown in Fig. 1.44 as

functions of alloy layer composition. As can be seen in the figure, the intermediate

layer composition is slightly different in the two cases. The amount of the β phase in
the intermediate layer is seen to reach its maximum value at about the same alloy

composition (30–40 at.% Ni) in both cases, while the contribution of the γ phase in
the intermediate layer is different in two-layer deposits obtained from different

baths. Such a behavior clearly indicates that the composition of an intermediate

layer is sensitive to the composition of the electroplating bath, since the conditions

of deposition were identical in both cases.

Assuming that both phases are homogeneously distributed in the intermediate

layer, the intermediate layer thickness can be calculated from the charges recorded

on the ALSV’s. From the formula of the β phase (Cd5Ni), one can determine the

charge corresponding to Ni as 0.167 and to Cd as 0.833 of total chargeΔQ(β) and in
a similar way for the γ phase [Ni 0.5 and Cd 0.5 of ΔQ(γ)]. Using these charges and
corresponding values of the density and molecular weights of the two metals, the

thicknesses of β and γ phases in the intermediate layer can be calculated. Hence, the

total thickness of the intermediate layer should represent the sum of the thickness of

individual phases. Figure 1.45 shows the dependence of the thickness of β and γ
phases and the total thickness of an intermediate layer (dil) as a function of alloy

Fig. 1.44 The charges corresponding to the contribution of the β and the γ phases in the

intermediate layer obtained by the analysis of the ALSV’s of two-layer deposits dissolution.

Alloys were deposited from the solutions containing: (a) 2 M NiSO4 + 0.2 M Na3C6H5O7 + 0.002

M CdSO4; (b) 2 M Ni(NH2SO3)2 + 0.5 M H3BO3 + 0.002 M CdSO4 (Reprinted from [114] with

the permission of Elsevier)
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composition, obtained by the analysis of the results presented in Fig. 1.44. As can

be seen the thickness of the intermediate layer depends on the solution for alloy

deposition, and its maximum value is about 45 nm. Hence, in certain systems it is

possible to estimate the thickness and the surface of intermediate layer by the

application of ALSV technique.

1.4.2.4 Mechanical and Magnetic Properties of Multilayered

Structures

Mechanical properties of multilayered structures were only investigated for

deposits containing Cu/Cu–Ni layers. Following mechanical properties were

mainly investigated: Young’s modulus [98], hardness [115], and tensile strength

[107, 115–117]. It is shown that all investigated properties depend on the thickness

of the individual layers and that in all cases multilayered structures showed better

properties than that of pure metals and/or their alloys.

The results of hardness investigation [115] are presented in Fig. 1.46. As can be

seen maximum hardness for the deposit containing Cu/Ni�100 layers was achieved

at the thickness of individual layers of 12 nm. These results are not in agreement

with those detected for evaporated layers Cu/Ni�111 [116], where the maximum

hardness was obtained for individual layer thickness of 1.6 nm, indicating that,

most probably, the hardness depends on the thickness and the total surface area of

Fig. 1.45 The thickness of the individual phases, dil(β) and dil(γ), and the intermediate layer, dil,
obtained by the analysis of the results presented in Fig. 1.44 (Reprinted from [114] with the

permission of Elsevier)
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the intermediate layer which is different for different techniques of multilayered

structure formation.

In several investigations the influence of the individual layer thickness on the

tensile strength was reported [106, 114, 116, 117]. The results of these investiga-

tions are presented in Fig. 1.47. Significant difference in the obtained results is

Fig. 1.46 The hardness of the deposit containing Cu/Ni � 100 layers as a function of the

thickness of individual layers (Reprinted from [115] with the permission of Elsevier)

Fig. 1.47 The tensile strength of the multilayered deposits as a function of the thickness of

individual layers: open circle—[107]; open square—[117]; open triangle—[118]; open inverted
triangle—[108] (Reprinted from [109] with the permission of Elsevier)
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mainly the consequence of different parameters of the deposition process (bath

composition, pulse regimes, temperature, etc.). A common explanation for the

decrease of tensile strength with the increase of individual layer thickness (after

the maximum value) is the increase of the coherence of the intermediate layer. It is

concluded that with the decrease of the number of dislocations in the intermediate

layer, the probability of their transfer from it to previous or subsequent layer

increases, resulting in the decrease of tensile strength.

The dependence of the tensile properties of multilayered Cu–(Ni–Cu) deposits,

with the nominal overall composition 90 at.% Ni�10 at.% Cu, was investigated in

the work of Tench and White [108] as a function of the Cu layer thickness (varying

from 1 to 15 nm). Multilayers of the nominal thickness of 50 μm were deposited

from a commercial sulfamate bath with the addition of 5 mM CuSO4. Pure Cu

layers were plated at �0.14 V vs. SCE with cathode rotation at RPM ¼ 750, while

Ni layers (with 0.8 at.% Cu) were plated at j ¼ �105 mA cm�2 from the stagnant

bath. The results of the tensile properties (ultimate tensile strength, UTS, yield

strength, YS, modulus, and strain) measurements are presented in Table 1.6. Con-

sidering X-ray data it was concluded that a decrease in the enhanced strength for

such deposits, producing peak at a Cu layer thickness of about 7 nm, is associated

with a decrease in the deposit (100) texture (normally established for Ni layers) and

an increase in the (110) orientation preferred for Cu deposits.

Concerning the magnetic properties, giant magnetoresistance, which is a signifi-

cant decrease of electric resistance in the presence of magnetic field, characteristic

effect for multilayered structures, has been discovered in 1988 for the systems Fe/Cr/

Fe and Fe/Cr byGrünberg and Fert (these scientists receivedNobel Prize for physics in

2007). This phenomenon has also been recognized for electrodeposited multilayered

structures [119–123]. The strongest effect is detected for multilayered Co–Cu/Cu

[121] and Co–Ni–Cu/Cu [122, 123] structures, while less pronounced effect is

detected for the multilayered Ni–Cu/Cu [121] structures. It is important to note that

the presence of the intermediate layer of the thickness of 2–3 nm has been detected for

the first time by high resolution transmission electron microscopy (HRTEM) for the

multilayered Ni–Cu/Cu structures [119], as shown in Fig. 1.48.

Table 1.6 Tensile test for electroformed 90 % Ni � 10 % Cu multilayers vs. Cu layer thickness

Cu layers (nm) UTS (MPa) YS (MPa) Modulus (GPa) Strain (%)

1.0 1,021 795 160 2.4

2.0 1,056 840 152 2.4

2.0 1,029 881 141 1.4

5.0 1,107 893 147 2.0

7.5 1,116 844 154 2.1

7.5 1,116 848 151 2.7

10.0 1,069 807 145 2.8

12.5 978 789 154 1.5

15.0 863 724 130 1.2

Averages 148 (�18) 2.1 (�0.9)

Reprinted from [108] with the permission of Electrochemical Society
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1.4.3 Metal Coatings with Inclusion of Nonmetallic Particles

The basics of deposition of composite coatings containing metal and nonmetallic

particles are given in the literature in chapter of Despić and Jović [1] and in a review

paper of the electrochemical engineering group of Southampton University

[92]. Despić and Jović [1] summarized results obtained in this field up to about

1993 in 28 available references, while review paper of Low et al. [92] presented

mostly recent literature survey of the deposition of metallic coatings containing

nano-sized particles citing 82 references. In this survey [92] are summarized various

types of nano-structured materials obtained by electrodeposition, examples of the-

oretical models used to describe such a process, investigations of the inclusion of

Al2O3, SiC, SiO2, ZrO2, diamond, Si3N4, TiO2, etc. into metal matrix of Ni, Cu, Au,

Zn, and Fe, types of current density pulses used for these investigations, effects of

nano-sized particles on deposit characteristics, influence of bath agitation and

cathode movement, and examples of studies using rotating cylinder electrode and

other operating parameters (pH, bath temperature, type of additives and concentra-

tion of metal ions, and additives). Also, gradient distribution of particles and

Fig. 1.48 HRTEM picture

taken on the Ni–Cu

(3.8 nm)/Cu(1.4 nm) sample

which shows the atomic

structure of a twin boundary

(indicated by the arrow) and
the magnetic/nonmagnetic

layers (Reprinted from

[119] with the permission of

Elsevier)
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properties of nano-composite deposits (corrosion rates, microhardness, wear

resistance, magnetic properties) as a function of the deposition parameters are

discussed. In almost all of the cited references in these two publications, the authors

are either explaining the mechanism of codeposition or the influence of deposition

parameters on the mechanical, tribological, corrosion, and magnetic properties of

obtained composite structures. Recently, Cattarin and Musiani [124] published

review of the studies carried out during the last decade on the electro-synthesis of

oxide-matrix composite materials for electrocatalysis of the HER [125–134] and the

oxygen evolution reaction [135–145] (OER), citing 71 references. In this review

[124] particular attention has been given to the oxide-matrix composite materials for

electrocatalysis of the OER. The matrix materials were PbO2, Ni, Tl2O3, and PbO2/

CoOx, while as dispersed phases Co3O4, RuO2 or Ru + Sn oxides, and Co2NiO4

were used. In comparison with the pure matrices, composite anodes exhibited much

lower overpotentials and lower Tafel slopes, comparable to those of electrocatalytic

materials produced by other methods.

Taking into account that the review concerning oxide-matrix composite mate-

rials for electrocatalysis of the OER has already been published [124], in the next

part of this chapter deposition of composite coatings containing metals and non-

metallic (oxide) particles as catalysts for the HER will be presented and discussed.

1.4.4 Ni Based Coatings with Inclusion of Nonmetallic
Particles as Cathodes for the HER

Two types of Ni-based composite coatings were investigated: (i) composite coat-

ings of large surface area containing Co3O4 and RuO2 particles [146], composite

coatings containing RuO2 and IrO2 particles [147, 148] and TiO2 particles [134];

(ii) composite coatings containing MoO2 particles [150–153].

1.4.4.1 Composite Coatings Containing Co3O4, RuO2, IrO2,

and TiO2 Particles

All composite coatings were deposited from suspensions stirred with a magnetic bar

(at ca. RPM ¼ 1,000) onto disc electrodes rotating at RPM ¼ 2,500, under

galvanostatic control. The Ni + RuO2 composites were deposited from suspensions

of RuO2 in either of the following electrolytes: 0.2 M NiCl2 + 2 M NH4Cl aqueous

solution, pH 4.5, at 25 �C;Watt’s bath containing 1.126MNiSO4·6H2O + 0.185M +

NiCl2·6H2O + 0.485 M H3BO3, pH 4, at 55 �C at low current densities (�0.02 to

�0.1 A cm�2). The deposits obtained from the former bath at high current densities

(�0.5 to�3.0 A cm�2) are called Por–Ni + RuO2 and those obtained from the latter

one are called Watt–Ni + RuO2. Similarly, Por–Ni and Por–Ni + Co3O4 are plated

from the former solution (at high current densities) [146]. The Tafel plots for the HER
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on some of the investigated cathodes, recorded with IR drop correction, are presented

in Fig. 1.49. As can be seen the most active electrode, in either alkaline or acidic

solution, is Por–Ni + RuO2, mainly due to high surface area in comparison with

Por–Ni and Watt–Ni + RuO2, while all composites show catalytic effect for the

HER. This is confirmed by the SEM analysis of surfaces of composite coatings

obtained in thiswork, presented in Fig. 1.50. Itwas also shown that composite coatings

based on IrO2 particles [148] did not possess catalytic effect for the HER.

Composite Ni–P + TiO2 coatings were also deposited onto stationary Cu plate

from a bath for deposition of Ni–P containing 99 g dm�3 TiO2 powder, which was

stirred with RPM ¼ 300. It was shown that the increase in electrochemical activity

of the Ni–P + TiO2 electrode towards the HER is due to both the presence of

titanium oxides and the increase in the real surface area, as compared with the Ni–P

electrode [134].
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Fig. 1.49 Tafel plots of the

current density potential

curves for the HER

measured on polished Ni

(a), Por–Ni (b), Por–

Ni + RuO2 composite,

α ¼ 0.18 (c) and Watt–

Ni + RuO2 composite,

α ¼ 0.28 (d) in 1 M NaOH

and 0.5 M H2SO4

(Reprinted from [146] with

the permission of Elsevier)
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1.4.4.2 Composite Ni–MoO2 Coatings as Cathodes for the HER

in Industrial Electrolysis

Composite coatings containing MoO2 [150–153] particles (average size 200 nm)

were deposited at j ¼ �300 mA cm�2 from the solution 0.2 M NiCl2 + 2 M NH4Cl

(pH 3.8) containing MoO2 powder particles, in the apparatus (pilot plant of small

dimensions) schematically presented in Fig. 1.51. The volume of the electrolyte in

Fig. 1.50 SEM pictures of deposits obtained from 0.2 M NiCl2 + 2 M NH4Cl aqueous solution,

pH 4.5, with a deposition current density �3.0 A cm�2. (a) and (b) Por–Ni; (c) and (d) Por–

Ni + RuO2, from a 50 g dm�3 RuO2 suspension; (e) and (f) Por–Ni + Co3O4, from a 50 g dm�3

Co3O4 suspension (Reprinted from [148] with the permission of Elsevier)
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the cell for deposition was approximately 20 dm�3. The electrolyte was circulated

with the pump with a maximum flow rate of 0.83 dm3 s�1 (a). The flow rate in the

cell was measured with a flow meter (a), being 0.33 dm3 s�1. Additional mixing of

the electrolyte was provided by the airflow of 0.17 dm3 s�1 through two pipes with

small openings facing the bottom of the cell in order to remove eventually precip-

itated MoO2 particles from the bottom of the cell and to force particles to float and

circulate with the electrolyte (b). The temperature of the electrolyte was kept

constant by the thermocouple, heater, and the control unit (a). The Ni 40 mesh

cathode, connected to a Ni holder (frame), was placed between two Ni anode plates,

as is schematically presented in (c). A homemade power supply, with the ripple

smaller than 1 %, was used for applying necessary current/voltage [149, 150].

Four samples were deposited under different conditions. Samples 1 and 2 were

deposited from the bath with freshly added MoO2 (after 1 h of electrolyte circula-

tion), while deposition of samples 3 and 4 started 24 h after MoO2 addition. It

appeared that aging of the electrolyte of at least 24 h is necessary for better

incorporation of MoO2 particles in the deposit [150].

Fig. 1.51 Schematic presentation of the apparatus for deposition of Ni–MoO2 composite coatings

(Reprinted from [149] with the permission of Int. J. Hydrogen Energy)
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Polarization characteristics of the HER for samples 1–4, recorded in 32 mass %

NaOH at 90 �C and corrected for IR drop, are presented in Fig. 1.52a. Significant

decrease of overvoltage for the HER is recorded for samples 3 and 4. By comparing

polarization diagrams for the commercial De Nora’s electrode (■), and the best

sample 4 (○), one can see that polarization diagrams are almost identical,

Fig. 1.52b, indicating that Ni–MoO2 composite coatings, deposited under condi-

tions described above in the apparatus presented in Fig. 1.51, could be promising

replacement for the commercial cathodes based on the Ni–RuO2 composite coat-

ings (DN) [150]. Taking into account that in the industrial electrolysis the current

density for the HER is usually �0.3 A cm�2, considering polarization curves

presented in Fig. 1.52b, it could be concluded that the overvoltage for the HER

onto Ni–MoO2 composite coating is for about 20 mV lower than that on the

commercial cathode.

The morphology of the coating deposited in the presence of the highest amount

of MoO2 powder particles (3 g dm
�3, sample 4) is presented in Fig. 1.53a. As can be

seen, two regions can be detected on the deposit surface. The region rich in Ni with

no cracks (low percentage of molybdenum and oxygen), usually positioned at the

middle of a Ni mesh wire between the crossing of two wires, and the region rich in

Mo with the presence of cracks (high percentage of molybdenum and oxygen and

low percentage of nickel) are placed around the position of the crossing of two

wires. It is quite difficult to uniformly incorporate MoO2 particles in the Ni deposit

on the Ni 40 mesh, since all places of the surface are not equally accessible to the

MoO2 particles and Ni ions. The position of crossing of two wires is the place

where, because of the change of hydrodynamic conditions at this particular posi-

tion, higher amount of MoO2 particles is embedded in the Ni deposit, probably as a

result of lower real current density for Ni deposition. The uniform composition of

the Ni–MoO2 composite coating could probably be achieved by improving hydro-

dynamic conditions. The cross section of the Ni-rich part of the coating is presented

in Fig. 1.53b. The EDS analysis showed that white areas (b) are rich in Mo, but the

Fig. 1.52 (a) Polarization diagrams for the HER measured on samples 1–4. (b) Polarization

diagrams for the HER measured on sample 4 (open circle) compared with that recorded for the

commercial De Nora’s Ni–RuO2 cathode ( filled square) (Reprinted from [150] with the permis-

sion of Int. J. Hydrogen Energy)
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content of Ni is still high (around 79 at.%) and the content of oxygen is low. Hence,

white areas correspond to agglomerates of MoO2 surrounded with Ni and incorpo-

rated into Ni matrix (gray areas) [150].

This statement is confirmed by the XRD analysis of as-deposited sample 4 and

XRD analysis after additional thermal treatment. The coating was thermally treated

in air atmosphere for 5 h at two different temperatures, 300 and 600 �C. As shown in
Fig. 1.54, in the XRD pattern of the as-deposited sample only Ni peaks could be

detected, indicating amorphous (or nano-crystalline) MoO2. After recrystallization

at 300 and 600 �C, peaks of MoO2 are clearly seen in the XRD pattern of sample

4 [150].

Hence, considering polarization curves presented in Fig. 1.52b it appears that the

overvoltage for the HER onto Ni–MoO2 composite coating is for about 20 mV

lower than that on the commercial cathode. However, this is not the only criteria

that should be satisfied for the application of such cathodes in industrial electrol-

ysis. The “service life” test should also give satisfactory results.

Service Life Test

In the process of chlor-alkali electrolysis for chlorine production in the membrane

cells [154–156], an ion-exchange membrane separates the anode and the cathode

compartments and gaseous hydrogen is produced in the cathode compartment from

30 to 32 mass % caustic soda solution at a typical operating temperature of 90 �C.
The efficiency of the cathodes is an important issue in this process, since the

overvoltage for the HER in the cathode compartment contributes significantly to

Fig. 1.53 (a) Surface of the sample 4, SEM. (b) Cross section of the Ni-rich part of the coating,

backscatter SEM (Reprinted from [151] with the permission of Elsevier)
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the overall power consumption. The efficiency of the cathodes is a result of

combination of certain activity and stability at current densities (0.3–0.6 A cm�2)

normally used in industrial applications. The main reason for the loss of activity and

stability of the cathodes during long-term operation is the so-called polarity inver-

sion of the electrodes, which takes place during the replacement of old electrodes of

an electrolyzer with new ones in the zero-gap cells. During this operation anodes

and cathodes are short-circuited, causing a reverse current flow which may damage

the cathodes and negatively affect their activity for the HER [156]. The manufac-

turers can predict how often in a certain period of time such operation should be

performed and, in accordance with that, design an appropriate accelerated “service

life” test for cathodes [148, 151, 153].

Such test was performed in the following way: the electrode was kept at j ¼
�0.3 A cm�2 for 0.5 h and the corresponding potential response was recorded.

After that, the electrode was cycled (five cycles) in the potential range from

�1.25 V (HER) to 0.5 V (OER) with a sweep rate of 50 mV s�1. In the next step

the electrode was kept again at j ¼ �0.3 A cm�2 for 500 s and the corresponding

potential response was recorded. This procedure was repeated five times, until the

number of cycles reached 25. The potential response measured at j ¼ �0.3 A cm�2

for 500 s (the value recorded at the last point, 500 s) was corrected for IRΩ drop

using the value of ohmic resistance (RΩ) obtained from EIS measurements. The

results of this test for the composite Ni–MoO2 coating (sample 4) and the commer-

cial De Nora’s electrode (DN) are presented in Fig. 1.55. As can be seen the

performance of the Ni–MoO2 coating (sample 4) after “service life” test confirmed

Fig. 1.54 XRD pattern of as-deposited sample 4, the same sample after annealing at 300 �C for

5 h in air (300 �C) and after additional annealing at 600 �C for 5 h in air (600 �C) (Reprinted from
[150] with the permission of Int. J. Hydrogen Energy)
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that this electrode could be promising replacement for the commercial one, show-

ing slightly lower overvoltage for the HER after 15 cycles.

The appearances of the coating after its cathodic polarization at�0.3 A cm�2 for

40 h and after the “service life” test are presented in Fig. 1.56a, b, respectively. As

can be seen the appearance of the coating did not change after 40 h of the HER

(Figs. 1.53a and 1.56a), while Mo-rich parts were mainly destroyed and peeled

from the Ni mesh surface after the “surface life” test (Fig. 1.56b). Taking into

account the presence of the large number of cracks in the Mo-rich parts of the Ni–

MoO2 coating, the loss of the coating (and consequently the loss of activity) is most

likely due to erosion caused by the evolved gas. It is well known that the effective

catalytic activity does not correlate always with the total surface of the catalyst,

especially with the inner surface. In the case of Raney–nickel cathodes [158],

utilization of the inner surface for the HER does not exceed on the average 10 %

at the high current densities. This low degree of catalyst utilization is due to slow

diffusive mass transport of electrogenerated dissolved hydrogen out of the pores

and cracks of the catalyst. Hydrogen bubbles cannot precipitate in nanometer pores

unless the concentration of the hydrogen in the electrolyte exceeds high concentra-

tion. It is clear that the higher exchange current density of the evolved gas reaction,

the lower the penetration depth and catalyst utilization. Taking into account the fact

that this electrode exhibits high catalytic activity for the HER, due to diffusive mass

transport limitation of dissolved hydrogen, it could be expected that this reaction

practically does not take place in the pores and cracks present in the coating.

Consequently, the mechanical damage was not caused by the evolved hydrogen

bubbles, which is confirmed in Fig. 1.56a. However, during cycling procedure

Fig. 1.55 The results of “service life” test for the commercial De Nora’s electrode (DN) and

composite Ni–MoO2 coating (sample 4), potential for the HER corrected for IRΩ drop at the

current density j ¼ �0.3 A cm�2
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(inverse polarization), the OER takes place on examined electrodes reaching very

high current densities of 0.3–0.4 A cm�2 during anodic polarization. Unlike the

HER, the OER is a highly irreversible reaction and due to its very low exchange

current density it takes place at overall catalyst surface without any diffusion

limitation in the pores and cracks. So, the rapid evolution of oxygen on Mo-rich

parts of the Ni–MoO2 coating generated significant pressures within the porous

coating causing their mechanical damage (erosion). The EDS analysis of the

surface of the Ni–MoO2 coating showed that the percentage of Ni and Mo was

practically the same before and after the “service life” test, indicating that during

the replacement of old electrodes with the new ones (inverse polarization) no

dissolution and further oxidation of MoO2 could take place.

1.5 Conclusions

In this chapter basics of electrodeposition of alloys from aqueous solutions are

presented, taking into account conditions that must be fulfilled for deposition of

alloys, their reversible potentials in the solutions of corresponding ions, the influ-

ence of the Gibbs energy of phase formation, and stability of such alloy phases in

the solutions of corresponding ions.

Different types of alloy deposition (equilibrium, irregular, regular, anomalous,

and induced codeposition) are defined, being ascribed to certain systems, such as

Ni–Sn, Ag–Pd, Ag–Cd, Co–Ni, and Fe–Mo, respectively.

Fig. 1.56 (a) Surface of the sample 4 after 40 h of the HER at j ¼ �0.3 A cm�2, SEM. (b) Surface

of the sample 4 after “service life” test (Reprinted from [151] with the permission of Elsevier)
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Characterization of electrodeposited alloys by ALSV is explained in great detail

for the eutectic-type alloys (systems Cu–Pb, Cd–Co, and Cd–Zn), solid solution

type alloys (systems Ag–Pd and Co–Ni) and alloys containing intermediate phases

and/or intermetallic compounds (systems Cd–Cu, Cd–Ni, Ag–In, and Ag–Cd).

Based on the presented results of ALSV technique application to different alloy

systems, a mechanism of alloy dissolution is proposed.

In the part concerning electrodeposition of composite metal coatings, two types

of deposits are described: laminar metal structures and metal coatings with inclu-

sion of nonmetallic particles. Basic equations and conditions for deposition of

laminar metal structures are given, together with the explanation of the improve-

ment of their mechanical and magnetic properties (based on the existence of the

intermediate layer of high surface area) in comparison with their alloys or pure

metals. In the case of metal coatings with inclusion of nonmetallic particles,

particular attention is addressed to their catalytic properties for hydrogen and

oxygen evolution reactions.
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136:1336

55. Wong KH, Andricacos PC (1990) J Electrochem Soc 137:1087

56. Horkans J, I-Chia Hsu Chang, Andricacos PC, Podlaha EJ (1991) J Electrochem Soc 138:411
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101. Despić AR, Jović VD (1987) J Electrochem Soc 134:3004
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78:689
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