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Electrodeposition Approaches to
Deposit the Single-Phase Solid
Solution of Ag-Ni Alloy

Brij Mohan Mundotiya, Wahdat Ullah
and Krishna Kumar

Abstract

The Ag-Ni films have attracted the attention of material scientists and researchers
due to its applications as magnetic materials, catalyst, optical materials, etc. In the
bulk, the formation of a single-phase solid solution of the Ag-Ni alloy film is difficult
due to the large differences in the atomic size and the positive enthalpy of mixing.
However, the immiscibility in the Ag and Ni constituents is diminished in the nano-
sized level. The electrodeposition method has established itself as a most suitable
method for synthesis of single-phase Ag-Ni alloy films due to its time efficiency,
cost-effectiveness, and ability to mass production of single-phase solid solutions. In
this method, the miscibility of alloying elements (i.e., Ag and Ni) and the quality of
the Ag-Ni film can also be easily controlled by tuning the electrodeposition process
parameters such as the magnitude of the applied current density, temperature of the
electrolyte, additives in electrolytes, etc. This chapter presents a detailed overview of
the process parameters affecting the miscibility, morphology, and the quality of the
single solid solution of Ag-Ni film. Furthermore, the nucleation and growth mecha-
nism of Ag-Ni film and the effect of the curvature of the deposited film’ particles in
the miscibility of the Ag and Ni elements have also been discussed in detailed.

Keywords: deposition parameters, electrodeposition, immiscibility,
morphology, single-phase Ag-Ni alloy

1. Introduction

In recent years, the researchers are looking with the hope that the metastable
(non-equilibrium) alloys might be materials with potentially unique and exploitable
functional properties. The alloys in the non-equilibrium state are generally made
from the immiscible element system such as Co-Ag, Ag-Ni, Au-Co, Ag-Pt, Fe-Cu,
Co-Cu, and Ag-Fe alloy systems. In bulk state, constituent elements of these systems
exhibit strong immiscibility behavior even up to very high temperatures. However,
miscibility of their constituent elements can be enhanced by mixing them in
nanoscale level to form a nano-size system. The enhanced miscibility of constituent
elements in the nano-size system also induces its exploitable functional properties
due to the evolution of the unique type of microstructure [1]. In recent years, numer-
ous amorphous and nanocrystalline single solid solution alloy systems of immiscible
elements Ni-Co [2], Ni-W [3], Ni-Si [4], and Ni-Fe [5, 6] have all been explored and
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reported in scientific literatures. Among the metastable alloys systems, Ag-Ni alloy
system is one of the very interesting system due to the presence of one magnetic (Ag)
and one nonmagnetic (Ni) alloying elements and their possible applications in the
field of catalysts [7], magnetic materials [8, 9], electrical materials [10], and optical
materials [11]. But due to the alloying characteristics of the constituent elements of
the Ag-Ni system, these systems have been explored very little.

The alloying elements of Ag-Ni system (i.e., Ag and Ni elements) have the same
lattice structure (FCC), and the difference between their atomic sizes is very large
(~14%). They are immiscible in both the solid and liquid states or even up to very
high temperatures. The phase diagram of the Ag-Ni system is very simple (see
Figure 1). As it is obvious from the phase diagram that Ag and Ni are mutually insol-
uble, even at 400°C, the solubility of Ni in Ag is only ~0.0219 at% [12]. The reasons
of the high immiscibility of Ag and Ni alloying elements are (a) the large difference
in their atomic sizes (~14%) and (b) a positive enthalpy of mixing (AH™™ for solid
solution equiatomic Ag-Ni alloy is 23 kJ/mol) [13, 14]. However, an enhancement of
miscibility between Ag and Ni atoms in nano-size level to form a nano-size system
has been achieved by researchers [8-11]. Enhancement of miscibility of atoms of
nanoparticles of Ag and Ni can be attributed to (a) the effect of increase of particles
curvatures with the reduction of their sizes that facilitate miscibility in accordance
with the Gibbs-Thomson effect and (b) the decrease of the driving force for the
nucleation and growth of the second phase within a nano-sized particle [13].

In recent years, the single-phase Ag-Ni alloys have successfully synthesized by
various techniques such as ion beam mixing [16], laser ablation [10], gamma-ray
irradiation [17], etc. Zhang et al. [17] synthesized the single solid solution phase
of Ag-Ni alloy by simultaneous reduction of Ag and Ni ions by gamma-ray irradia-
tion. The authors obtained a single solid solution phase of the Ag-Ni system with
the homogeneous distribution of compositions of Ag and Ni atoms inside the
particles. The average size of the particle of a single solid solution of Ag-Ni system
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Figure 1.
Phase diagram of Ag-Ni system [15].
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was 6 nm. In another study reported by Kumar et al. [18], an average particle size
of 30 nm of a single solid solution of Ag-Ni system was synthesized by immersion
of a film of thermally evaporated fatty acids sequentially in solutions containing
Ag" ions and Ni" ions. Srivastava et al. [19] studied the size-dependent micro-
structural evolution for Ag-Ni alloy nanoparticles. The authors synthesized Ag-Ni
nanoparticles by the co-reduction of Ag and Ni metal precursors. It was found that
the Ag and Ni atoms were completely mixed in Ag-Ni alloy nanoparticles when

the particle size was less than 7 nm. As the size of the particles was increased, the
nanoparticles showed two separate regions: (a) a pure Ag region and (b) a solid
solution of Ag-Ni alloy.

The electrodeposition method has established itself as a most suitable method
for synthesis of single-phase Ag-Ni alloy films due to its time efficiency, cost-effec-
tiveness, and ability to mass production of single-phase solid solutions [13, 20-26].
In the electrodeposition process, the apparatus used for the deposition of the film is
less complicated than the vacuum-based methods such as molecular beam epitaxy
or sputtering. In this method, miscibility of the alloying elements (Ag and Ni) to
form a single-phase solution of Ag-Ni films and their quality can also be easily con-
trolled by tuning the electrodeposition process parameters such as current density,
electrolytes, electrolyte temperatures, additives in electrolytes, etc. In the following
sections of this chapter, the overview of information related to the effects of these
parameters on the miscibility of the alloying elements (Ag and Ni) and the quality
of the deposited film are discussed.

2. Nucleation and growth mechanism of film

The deposition of the alloy films on the conductive substrate involves the
nucleation and growth process. The nucleation process is very important because
it decides the nature of the evolution of microstructure and crystallinity in the
deposited alloy film. The alloy film deposition on the conductive substrate by
electrodeposition method involves a heterogeneous process. The interface between
the electrolyte solution and the substrate surface provides preferential sites for
nucleation. As an example, consider the nucleation of a nucleus on the substrate
surface (see Figure 2). On the substrate surface, nucleus forms in the shape of a
half convex lens (spherical cap). The surface tension force acting on the surface-
nucleus-electrolyte interfaces is determined by the formula given in Eq. (1). This
equation is known as Young’s equation [27]:

Y = Y+ YircosO (1)

where i, Y, and yq are the surface or interface energy of electrolyte-nucleus,
nucleus-substrate, and substrate-electrolyte interfaces, respectively, and € is the
contact angle that depends on nature of the surfaces involved to form interfaces.

In the heterogeneous nucleation process, the probability of the nucleation is
determined by the critical nucleus radius r* and the activation energy barrier AG*
that a nucleation process must be overcome to form a nucleus. The formulae for the
r* and AG* are given by Egs. (2) and (3), respectively [28]:

r* o= (2”Ylf> (sinzﬁ - cosf + 2 cosd - 2) (2)

AG; 2 -3 cosf + cos>0
£ _ 1677y (2-3cos9+cos39> 3)
3(AG))? 4
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Figure 2.
Schematic diagram of a nucleus on a solid surface (substrate) with energy vectors and contact angle.

where AG; is the Gibbs free change per unit volume. If the radius (r) of the
nucleus is smaller than the critical nucleus radius (r*), the nucleus is not survived
for further growth and redissolved.

From the atomic point of view, the electrodeposition of film occurs in two
different stages. In the first stage, few metal atoms from the electrolyte solution
adhere to the substrate. Normally, it is considered that the first stage may process via
either of the two mechanisms: (a) step-edge site ion transfer or (b) terrace site ion
transfer [29]. In the step-edge site ion-transfer mechanism, the metal adions transfer
from the electrolyte solution to a kink site of a step edge of the substrate surface via
two paths. In the first path, the metal adions directly transfer from the electrolyte
solution to the kink site of a step edge of the substrate. While in the second path,
the metal adions diffuse from the electrolyte solution to the step edge first and then
finally transfer to the kink site. On the other hand, in the terrace ion-transfer mecha-
nism, the metal adions transfer from the electrolyte solution to the flat surface of the
terrace region. The bonds between the metal adions are stronger to each other than
to the surface of terrace regions. Therefore, metal adions easily diffuse from the ter-
race and transfer to the step-edge site and then finally to a kink site. These clusters of
metal adions on the different sites of the substrate form nuclei of ordered structure.

Following the first stage, the second stage of growth of the nucleus occurs.

The experimental observations revealed that there are three basic kinds of growth
modes of alloy film [30]: (a) island growth, (b) layer growth, and (c) island-layer
growth. When the bound between the depositing species (i.e., metal adions) is
stronger than to the substrate, the island growth occurs. As the deposition proceeds,
the islands of deposit subsequently grow and merge to form a continuous film on
the substrate. The layer growth of film occurs, when the depositing species (i.e.,
metal adions) are bound strongly to the substrate than to each other. In the layer
growth mode, first of all, a complete monolayer of depositing species is formed on
the substrate, then a second layer starts to deposit on the monolayer. The island-
layer growth mode of alloy film is a combination of both island and layer growth
modes. In the island-layer growth mode, first of all, a layer of deposit is grown on
the substrate by the layer growth mechanism; this layer has some degree of residual
stresses when the critical thickness of the layer is reached then due to an increase of
the stresses on it, the island growth mechanism is activated.

3. Electrodeposition solution for Ag-Ni films

Metastable Ag-Ni alloy films are deposited by electrodeposition method by using
their respective salts and some additives (such as thiourea, saccharin, trisodium
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Coating/ Electrolyte bath pH Temperature Current Substrate Reference
nano- (°C) density
particles (mA/
cm?)
Ag-Ni C¢HsNaz0.: 0.3 M 4.5~ Room 0.5-50 Brass plate Eom et al.
film NiSO4: 0.7 M 7.5 temperature [20]
AgNO;: 2-5mM
Ni-Ag NiSO,-6H,0: 5.6 30 5 Cuplate Raghupathy
coating 4993 g/L etal. [21]
AgNOs:
0-0.339g/L
Ce¢HsNa30,-2H,0:
0-41.160 g/L
H;BO;: 12 g/L
Ni-Ag CeHsNazO5: 5.5 Room — Cuplate Schneider
layer 0.26 mol/L temperature etal. [22]
NiSO,: 0.7 mol/L
AgNO;;
0.002 mol/L
Ag-Ni AgClO4: 0.01M 3 — — Cu sheet Liang et al.
film Ni(ClOy): [23]
015M
NaClO,: 0.1 M
H;BO;: 015M
Thiourea: 0.2 M
Ag-Ni AgNO;:0.01M 32 Room 25 Cu plate Srivastava
film Ni(NOj3),-6H,0: temperature etal. [24]
0.08 M
H;BO;: 0.003 M
Thiourea:
0.045M
Ag-Ni AgNOs3:169¢g 12 Room 100 Cu plate Srivastava
solid film Ni(NO3),-6H,0: temperature etal. [25]
025¢g
H3BO;: 0.02 g in
100 mL distilled
water
Ag-Ni AgNO;:169¢g 3.6 80 20,70, Cu plate Srivastava
nano Ni(NO;),-6H,0: and 100 etal. [26]
particles 025g
H;BO3: 0.03 g
Thiourea: 0.35 g
in 100 mL
distilled water
Table 1.

Electrodeposition parameters used for the deposition of Ag-Ni alloy films/nanoparticles.

citrate, citric acid, sodium perchlorate, etc.). The electrolyte is the electrochemical
solution of metal or alloy salts that is required to deposit at cathode (conductive
substrate) surface during electrolysis. The deionized and distilled waters are used as
a solvent for most of the electrolytes; therefore, these electrolytes are called aqueous
electrolytes. The costs of the aqueous electrolytes are lesser than the nonaqueous
electrolytes due to the easy availability of the water solvent. Deionized water is
water that has been treated to remove all the dissolved mineral salts. While, the
distilled water is prepared by boiling the normal water so that it evaporates and
then recondensed, leaving most impurities behind [31].
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Mostly sulfate and nitrate salts with some suitable additives (such as thiourea, sac-
charin, trisodium citrate, citric acid, sodium perchlorate, etc.) are used for the prepara-
tion of the electrolytes for deposition of the Ag-Ni systems. The sulfate and nitrate salts
have high solubility in the water. The additives in the electrolyte act as grain refiners,
complexing agents, brighteners, etc. The additive of sodium perchlorate is commonly
used for reducing the resistance (i.e., viscosity) and increasing the ionic conductivity
of the electrolytes [32]. And for improving quality of Ag in the deposited film, addi-
tives of boric acid and sodium gluconate are generally added in the electrolyte [33, 34].

List of some typical salts of metal ions with and without additives which are
often used for deposition of Ag-Ni films/nanoparticles and the involved deposition
process parameters are shown in Table 1.

4. Electrodeposition parameters for the Ag-Ni alloy films

The solid solubility, structure, and morphology of the deposited Ag-Ni alloy
films depend on the several electrodeposition process parameters. Some of the
crucial process parameters influencing the miscibility, morphology, and structure
of the Ag-Ni alloy films are discussed in given below subsections.

4.1 Deposition current density

According to the electro-crystallization theory, whenever a high current density
is applied, a high overpotential is generated at the cathode, as a consequence of this,
the nucleation rate increases. The faster nucleation rate reduces the particle sizes of
the deposited film [35-39], because the fine particle sizes increase the specific area
or curvature that promotes the miscibility of the constituent elements [40, 41]. This
phenomenon is known as the Gibbs-Thomson effect.

The composition of the Ag-Ni alloy film could be altered by changing the current
density. Santhi et al. [32] have deposited metastable Ag-Ni film with the granular
kind of morphology. The average particle size was ~50 nm. They observed that the
Ni content in the deposited Ag-Ni film increases with increasing current densi-
ties. Bdikin et al. [42] reported that the particle size of the deposited Ag-Ni film
decreases with increasing Ni contents in the film. For 70 wt% of Ni content, the
Ag-Ni film particle size goes down to very small (~3.3 nm). Eom et al. [20] investi-
gated the effect of the current density on the chemical composition and crystallog-
raphy of the deposited Ag-Ni film. They deposited Ag-Ni films on a brass substrate
using NiSO4, AgNO;, and C¢HsNa3O; electrolyte. The Ag content in the deposited
Ag-Ni film was found to be higher at lower current density. The high content of Ag
in the deposited film was due to its lower reduction potential. However, the content

Figure 3.
SEM micrographs of Ag-Ni films deposited at curvent densities of (a) 0.5 mA/cm? and (b) 10 mA/em® [20].
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of Ni in the deposited films was found to be increased with increasing current
density. At higher current density, Ni becomes the dominant component because of
the more transfer limitation of Ag ions. Apart from the change in composition, the
change in morphology as well as the grain size of the films with changing current
densities was also reported by the authors. At a current density of 0.5 mA/cm?, films
had dendritic kind of morphology. But when the current densities were increased
from 0.5 to 50 mA/cm?, the morphologies were changed from dendritic to particle
type (see Figure 3), and a significant reduction in grain sizes had also occurred.

The enhancement of miscibility of Ag and Ni elements to form a single-phase
solid solutions of Ag-Ni alloy systems can be explained by Tafel equation (Eq. (4))
[43] and Eq. (5) [20] given below:

n = a+blogi 4)
- K <_‘g“2) (5)
J = Kyiexp zekTh

where /] is the overpotential at cathode, a and b are the constants, i is the current
density, ] is the nucleation rate, K; is the rate constant, g is the factor relating the
surface area S of the nucleus to the perimeter P (g = P?/4S), s is the area occupied
by one atom on the surface of the nucleus, T is the electrolytic temperature, k is the
Boltzmann constant, and z, e, and ¢ are the number of electrons involved in the
reaction, electron charge, and edge energy, respectively. According to Tafel equa-
tion (Eq. (4)), the reduction in the grain size is primarily due to the increase in the
overpotential by increasing the current density. The relations between the nucle-
ation rate, overpotential, and current density are given by Egs. (4) and (5). From
Eq. (5), itis clear that the nucleation rate has an exponential relationship with the
overpotential. As the overpotential at the cathode increases, the nucleation rate also
increases exponentially. In Egs. (4) and (5), it can also be seen that the nucleation
rate and current density are related to each other. Therefore, when current density
increases, the overpotential at the cathode increases, as a result of this, the nucle-
ation rate also increases. The increase in the nucleation rate produces finer grains
in the deposited film. The finer grains increase the specific area or curvature which
promotes an increase in the extent of miscibility of Ag and Ni atoms to form a single
solid solution of Ag-Ni system.

Srivastava and Mundotiya [26] investigated the influence of the current den-
sity on the particles size of the deposited Ag-Ni alloy films. The Ag-Ni films were
deposited on the Cu-substrate (30 mm X 10 mm X 0.3 mm) by using the electrolyte
(0.17 g of AgNO;, 0.25 g of Ni(NO;),#6H,0, 0.03 g of H;BO3,and 0.35 g
of thiourea in 100 ml of distilled water (pH ~ 3.6). During the electrodeposition,
the temperature of the electrolyte was maintained at 80°C. The addition of an
additive (complexing agent) of thiourea was chosen to deposit a granular kind of
morphology in Ag-Ni film. They observed no significant change in morphologies of
the deposited Ag-Ni films at current 20, 70, and 100 mA. At these current densi-
ties, the morphologies of the deposited films were similar granular morphology.
However, the content of Ni in the Ag-Ni films increases, while the sizes of grains
decrease with increasing current densities. These trends were in agreement with
those reported in the scientific literature [20, 32, 42]. Thus, as a general statement,
it can be concluded that the decrease in the grain size of the Ag-Ni film increases
the miscibility of the constituent elements.

The miscibility behavior of the Ag-Ni system with different contents of Ni
in Ag-Ni films can be explained by the X-ray diffraction (XRD) patterns shown

7
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in Figure 4. It can be seen in the patterns that the peaks of the Ag-Ni films shift
to higher angles with increasing Ni content. The shifting of the peaks indicates
substitution of the more Ag atoms by the relatively smaller Ni atoms with increas-
ing content of Ni. That means the lattice constant of the Ag-Ni films decreases with
increasing content of Ni. As the lattice constant decreases, the interplanar spac-
ing of the Ag-Ni alloy films also decreases because the lattice constant is directly
proportional to the interplane spacing. And the interplanar spacing is inversely
proportional to the angle. Another important characteristic showed by the XRD
profile is the broadening of the Ag-Ni films peaks with increasing Ni content. The
broadening could be the result of decreasing grain size of the Ag-Ni films with
increasing Ni content.

Therefore, the current density is the important parameter to control the misci-
bility of the Ag-Ni alloy system by controlling the size and composition.

4.2 Electrolyte temperature

The temperature of the electrolyte also influences the morphologies, the par-
ticles sizes, and the quality of the deposited single solid solution of the Ag-Ni films.
This is due to the fact that the solubility of the metal salts in the electrolyte can
be sufficiently increased by increasing the temperature of the electrolyte. As the
temperature increases, the viscosity of the electrolyte decreases, and as a result of
this, the mobility (diffusion and migration) of the metal ions toward the cathode
increases [36]. Due to an increase in solubility and mobility of the metal ions in
the electrolyte at a higher temperature, the conductivity of the electrolytes also
improves, because the conductivity of the electrolyte depends on the degree of
dissociation of dissolved metal ions in the electrolyte and the mobility of dissolved
metal ions. The improvement in the conductivity of electrolyte at higher tempera-
ture decreases the overpotential at the cathode [44, 45]. A decrease in the cathodic
overpotential with an increase in the electrolyte temperature above 55°C is reported
by Rashidi and Amadeh [46]. The decrease in the cathodic overpotential slows
down the nucleation rate; at low nucleation rate, the existing nuclei grow faster.

Cu(111)

Cu substrate

Ni at.%

97.5
95.4
94

91
74
67
45

33.5

Intensity/ a.u.

35 40 45 50 55
26/degree

Figure 4.
XRD pattern of Ag-Ni alloy films with different Ni-content [23].
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Thus it can be concluded that an increase in the temperature of the electrolyte may
lead to increased particle/grain growth in the deposited Ag-Ni film [26, 46, 47].

The temperature of the electrolyte also influences the composition of the
deposited film. The concentration of Ag in the deposited film increases with
increasing electrolyte temperature [48]. To deposit the films of the same composi-
tions at different electrolyte temperatures, very high overpotential at the cathode is
required. But high overpotential at the cathode favors hydrogen evolution which is
undesirable for deposition of high-quality alloy film because it creates pores and/or
hydrogen embrittlement in the deposit films [48].

4.3 Additives

The addition of the suitable additives in the electrolyte affects the morphology
and the quality of the deposited film. The additives in the electrolyte produce an addi-
tional overpotential at the cathode [36] which helps in the creation of a homogeneous
film with a low level of roughness [49]. For improving the quality of the deposited
film, many suggestions have been given by the researchers. Among those suggestions,
the most common suggestion is related to the blocking of lattice sites by adsorption of
additives on the surface of the substrate. This helps to prevent the growth of grains in
the deposited film by inhibiting short-range surface diffusion [50].

The reduction of Ag and Ni takes place at a potential of +0.2 and —0.26 V, respec-
tively. The difference between the reduction potentials of Ag and Ni is too large.

Due to the existence of this large difference in the reduction potentials of Ag and Ni
during electrodeposition of Ag-Ni film, morphological instabilities between Ag and
Ni phases occur during the growth process of the Ag-Ni film. Therefore, synthesizing
a perfect Ag-Ni film by co-deposition of Ag and Ni is difficult in this condition. The
deposited Ag-Ni film generally has a porous and dendritic morphology. For minimiz-
ing the difference of the reduction potentials of Ag and Ni, some suitable additives
such as sodium citrate (CsHsNaz;O;), thiourea, etc. are commonly added with elec-
trolyte [20, 34]. The morphology of the electrodeposited Ag-Ni film can be tuned by
the addition of suitable additives and/or complexing agents in the electrolyte. These
additives shift the reduction potentials of Ag and Ni more closely. The thiourea is one
of the additives which has a strong complexing capacity with Ag [41] but no or weak
complex with Ni. Due to its strong complexing capacity with Ag, it decreases the
reduction potential of Ag into more negative potential without altering the reduction
potential of Ni. The minimization of the difference of the reduction potentials of Ag
and Ni by addition of additive in electrolyte also helps in suppressing the evolution
of the hydrogen at the cathode. After the addition of the additive of thiourea in the
electrolyte solution, a change of morphology of the feature of the deposited Ag-Ni
films is observed [51]. The dendritic morphology changes to nanoparticles by adding
additives in the electrolyte solution as shown in SEM micrographs in Figure 5. This
transformation of dendritic morphology into nanoparticles after addition of thiourea
additive in the electrolyte solution can be attributed to the minimization of the dif-
ference of the reduction potentials of the Ag and Ni elements.

The decrease of the reduction potential of Ag by adding additive of thiourea in
the electrolytic solution is also reported by Liang et al. [23]. They deposited Ag-Ni
films on the Cu substrate by using thiourea-based acidic solutions as an electro-
lyte. It was observed that the presence of thiourea in the electrolyte decreases the
reduction potential of Ag via formation of the metal-organic complex. The average
grain size in the deposited film was found to be lesser than 200 nm. It was also
detected that the deposited films consist of a mixture of various phases suchasa
supersaturated solid solution of Ag-rich phase, pure Ni phase, and an amorphous
phase at the boundaries. These phases were metastable. However, when the Ag-Ni
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alloy films were annealed at 600°C, these metastable phases were separated into
Ag phase and Ni phase. Bdikin et al. [42] have also confirmed the separation

of supersaturated solid solution (metastable phase) of Ag-Ni film into a single
elemental phase after annealing the film at 600°C. They deposited the Ag-Ni films
of different compositions on the copper substrates by using a single electrolyte
containing Ag and Ni ions at room temperature and the current density 2-5.4 mA/
cm’. The authors detected that the deposited nanocrystalline Ag-Ni films were
metastable. These deposited Ag-Ni films become unstable with increasing anneal-
ing temperatures and decompose into a single elemental phase when annealed at
600°C.

4.4 Curvature of the deposited film’s particles

The curvature provided by the particles of the deposited films is also play-
ing a very crucial role in increasing the miscibility of the constituent elements.
Srivastava and Mundotiya [25] explored the possibility of changes in the extent
of miscibility of Ag and Ni elements with changes in the system’s morphology and
tried to establish a correlation between size, morphology, and extent of miscibil-
ity in the Ag-Ni system. They deposited the Ag-Ni alloy films on the Cu substrate
(30 mm x 10 mm x 0.3 mm) by using the electrolyte solution (1.69 g of AgNO;,
0.25 g of NiNO3+6H,0, and 0.02 g of H3;BO; in 100 mL of distilled water) at the
current input of 100 mA and deposition time of 10 minutes. It was observed that
the Ag-Ni films contain features of two distinct morphologies: (a) dendritic mor-
phology (designated by type A feature) and (b) branched wire type morphology
(designated by type B feature), as can be seen in Figure 6(a) and (b), respectively.
The dendritic morphology (i.e., type A feature) had high Ag content in single-
phase Ag-Ni when compared to the branched wire type morphology (i.e., type B
of the feature). The SAED pattern from the type A feature shows a regular array of
diffraction spots, which indicates that the dendritic morphology is a single crystal
with size in micrometer range (Figure 6(c)), while the SAED pattern from the
region of the type B feature consists of series of concentric rings, which indicates
that the wire type morphology is polycrystalline in nature, and contains a large
number of nanoparticles, and the rings in SAED pattern result in falling of the sum
of individual patterns of these particles on the concentric rings (Figure 6(d)).
The SAED patterns (both from the regions of the type A and type B features) did
not show any diffraction for Ag, Ni, or even their oxides. The measured d-spacing

Figure 5.
SEM micrograph of Ag-Ni alloy film deposited at 100 mA/cm* and an electrolyte temperature of 80°C for: (a)
without thiourea additive and (b) with thiourea additive in the electrolyte [51].
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. SAED pattem
SAED pattem L

For B type feature

For A type teature

Figure 6.
(a and b) TEM bright field image of type A and type B features. (c and d) SAED pattern obtained from type
A and type B featuves [25].

values from the diffraction spots or concentric rings did not match with any of
the d-spacing values for standard FCC crystal structures (i.e., Ag and Ni crystal
structures). This indicates that the Ag and Ni atoms arranged themselves in solid
solution atomic configurations to form a single solid solution of Ag-Ni system.
The average size of the nanoparticles in the branched wire type morphology was
~20 nm. It was observed that both features (i.e., type A and type B) contained Ag
and Ni atoms in a single solid solution atomic arrangement, but the presence of Ni
atoms in the feature made up of ~20-nm-sized particles (i.e., type B) was found to
be larger than the type A feature. The greater extent of miscibility of immiscible
Ag and Ni atoms in the type B feature can be attributed to the greater curvature
provided by the nanoparticles.
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