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Abstract

Electrodeposition is a unique technique in which a variety of materials can be
produced including metals, ceramics, and polymers. In the current chapter, the
advantages of electrochemical deposition techniques in fabricating various nano-
materials with superior properties compared with conventional materials will be
highlighted. The properties of various nanostructured coatings produced by elec-
trodeposition are discussed. Some models describing nucleation and growth
mechanism are presented. Finally, the importance of some nanocrystalline elec-
trodeposits in many industrial applications as well as their potential role in the
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planned future technologies is emphasized. The potential of highly ordered
nanomaterials for future technological applications includes the field of various
nanophotonic, catalytic, microfluidic, and sensing devices, as well as functional
electrodes and magnetic recording media. Another application is template-
assisted electrodepositiion employing a variety of nanoporous membranes and
films such as nanoporous alumina membranes used for the synthesis of high-
density, ordered arrays of nanodots, nanotubes, and nanowires.
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Introduction

Nanocrystalline materials with grain size of less than 100 nm are a new and novel
class of advanced materials, which are intensively applied in the scientific and busi-
ness communities. Since their introduction in the early 1980s [1], intensive scien-
tific activity in the areas of production, microstructural characterization, and
property determination of these materials has resulted in the development of a num-
ber of manufacturing techniques capable of producing various materials with supe-
rior properties over conventional materials [2]. Consequently, several industrial
applications and hence new market opportunities have emerged from this field and
are continuing to increase in numbers. Most current efforts on large-scale produc-
tion of nanostructured materials are concerned with consolidating nanocrystalline
precursor powders produced by techniques such as gas condensation, ball milling,
or spray conversion. Film deposition techniques such as physical and chemical
vapor deposition, sol-gel techniques, etc. are also under intensive research
activities.

A thin coating (thickness up to -100 pm) electroplated onto on a substrate to
modify specific surface properties is probably the most widely known application
of electrodeposition technologies. However, it should be noted that there are sev-
eral other processes (e.g., brush plating, electrowinning, and electroforming)
which can be used to produce nanocrystalline materials as thick coatings (several
mm or cm thick) or in freestanding forms such as sheet, foil, tubes, wire, mesh,
plate, and foam [3]. Table 1 summarizes the nano products obtained from each
process.

The production of nanomaterials requires a deposition process on the atomic
level and extreme control over the deposition. The obvious advantages of this
century-old process of electrodeposition are as follows:

(a) High production rate and low cost
(b) Free from porosity and high purity
(c) Industrial applicability
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Table 1 Different techniques for production of nanomaterials

Nanoproduct Production techniques

Powders Gas condensation, ball milling, or spray
conversion

Thin coatings Physical and chemical vapor deposition, sol-gel

techniques, electrodepsoition

Thick coatings Brush plating, electrowinning and electroforming
Freestanding forms such as sheet, foil,
tubes, wire, mesh, plate and foam

(d) Ability to overcome shape limitations or allow the production of freestanding
parts with complex shapes

(e) Coating on widely differing substrates

(f) Ability to control structural features with sizes ranging from nm to pm

(g) Control of the alloy composition and the ability to produce alloys with compo-
sition unattainable by other methods

(h) The possibility of forming of simple low-cost multilayers in many different
systems

(i) No requirements of postdeposition treatment [3]

Electroplating is a technologically feasible and economically superior tech-
nology for the production of nanostructured pure metals and alloys as well as
nanocomposites [2]. Electrochemical deposition of polycrystalline metals and
alloys exhibits several types of growth forms such as layers, blocks, ridges, pyra-
mids, spiral growth, dendrites, powders, and whiskers [4]. Mohanty [5] has dem-
onstrated the electrodeposition of various nanostructure materials, such as
nanoparticles, nanowires of Au, Pt, Ni Co, Fe, Ag, etc., for example, the synthe-
sis of nanocrystalline pure metals e.g., Ni [6], Co, and Cu [7], binary alloys e.g.,
Ni-P [8], Ni-Fe [9], Zn-Ni [10], and Co-W [11], and ternary alloys e.g., Ni-Fe-Cr
[12] and Ni-Mo-Fe [13]. Even multilayered structures or compositionally modu-
lated alloys (e.g., Cu-Pb and Ni-P, metal matrix composites e.g., Ni-Si C, and
ceramics e.g., ZrO, have been successfully produced by electrodeposition tech-
niques [14].

Theory of Electrodeposition

The mechanism of electrodeposition is similar to the crystal growth of conventional
metals and is developed in two steps:

(i) Formation of nuclei covering electrode with few atomic layers of metal
(i) Growth of deposits

Formation of nuclei requires high voltage although once formed, nuclei will
grow fast at low voltage. The atoms (adatoms), which are formed during the
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electroplating on the crystal plane quickly, occupy suitable sites, such as kink sites
where atoms interact with three neighbors or edge sites (two neighbors) and some-
times occupy terrace sites (one neighbor).

The growth takes place through the following steps:

(a) Mass transport in solution by diffusion of ions to the surface of cathode
(b) Electron transfer to form an adatom (a mobile or absorbed atom)
(c) Diffusion of adsorbed atoms across the surface to kink sites [15]

Nucleation

The nucleation and growth processes taking place during electrodeposition of
metal coatings are similar to that occurring during any conventional crystal-
lization process. They differ in that, in the case of electrocrystallization, the
metal atoms required for nucleation must first be present. The hydrated metal
ions transfer across the metal-solution interface and then neutralize at the
cathode surface, forming the local crystal nuclei. On the other hand, in the
case of crystallization from molten metal, the uncharged metal atoms collect
to form crystal nuclei, which then grow spontaneously, as soon as a critical
size is reached [16].

Homogeneous Nucleation

When the temperature falls below the melting point, the molten metal is cooled, and
the first crystal nuclei are formed. The process results in thermal energy change, as
the state changes from liquid to solid. The so-called Gibbs free energy (G) of all
elements is then equal to zero. However, this is true only for each element in a
defined state (liquid, solid, gaseous) and at a given temperature. As metal atoms
solidify, the kinetic energy, AGv, is designated with a minus sign due to contraction
in volume.

On the other hand, as a solid nucleus is formed, an interface must be formed
between this nucleus and the surrounding melt. For this, some surface work
(AG"®) is required, which therefore is positive. The surface energy y between
the crystal surface and the deposited layer depends on the type of metal as
well as the surface area of the nucleus. The total change in Gibbs free energy,
AG, for the formation of a spherical nucleus of radius r, volume Vg = (4/3) nr?,
and surface area=4 nr? is the sum of volume energy and surface energy, AGv
and AG°®

AG =AGV+AG" =—(4/3)nr’ - AGv +4nr’y (1)

The crystal nuclei with r>r* are thermodynamically stable and will probably con-
tinue growing. On the other hand, if r<r*, the nucleus is not thermodynamically
stable and is likely to contract in size, and it dissolves. Further growth of such small
nuclei is accompanied by an increase in Gibbs free energy [16].
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Heterogeneous Nucleation

In this case, nucleation and growth initiates at the mold wall or perhaps around solid
impurities in the melt. These are known as initiation sites and act as active centers,
reducing activation energy need for formation of nuclei of greater than the critical
size. The change in free energy AG** is not only a function of the radius of the
nucleus but also of the wetting angle 0.

If =0, a complete wetting of the wall surface by the nascent crystal nucleus
occurs and AG™ =0, which corresponds to spontaneous crystallization from the
melt, without any activation energy barrier.

If =180, there is no wetting of the container wall by the growing nuclei, and the
relationship AG**=AG* is obtained. This condition represents a homogeneous
nucleation and requires the highest energy of formation of a nucleus. The formation
of nuclei of at least the critical size can result when the metal ions pass directly to
the cathode surface at nucleation sites, where this is energetically favored. Another
option is that they pass through sites which are energetically less favorable. In the
latter case, lateral movement of adsorbed atoms across the surface is necessary to
form nuclei of the critical size [15].

As adatoms reach the cathode, the hydrated metal ions lose a part of their hydra-
tion sheath and thus retain a partial charge. In this especially low-energy state, they
diffuse across the cathode surface to the nearest growth site. Depending on the loca-
tion and state of the resulting crystal nucleus, four different types of site are recog-
nized. These are zero-dimensional sites and one-, two-, and three-dimensional sites
(edge, plane, or corner sites, respectively).

1. Zero-dimensional nuclei:
This represents the deposition of individual adatoms onto an active site at the
cathode surface. Formation of such nuclei requires the smallest of all energies of
nucleation.

2. One-dimensional nuclei:
When a series of adatoms accumulate along the edge of a monoatomic step at the
cathode surface, the nucleation energy required for this is somewhat higher than
in case 1.

3. Two-dimensional nuclei:
This situation illustrates a planar agglomeration of adatoms, the orientation of
which will often depend on that of the underlying substrate. This effect is known
as “epitaxy,” where the lattice structure of the deposit is either identical to that of
the cathode or very similar.

4. Three-dimensional nuclei:
The lattice structure of the deposit differs from that of the cathode. In practice,
the conditions for forming such nuclei are extremely complex. The interaction
between a crystal nucleus and the substrate depends on their lattice structures.
This is in the case of a totally smooth and featureless substrate.

The nucleation may exhibit epitaxial behavior if the lattice structures of substrate
and deposited metal are identical or similar. In case of three-dimensional
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nucleation, lattice defects such as edges, corners, and steps are presented at the
cathode surface. The nucleation energy for three-dimensional nuclei is always
larger than that for two-, one-, or zero-dimensional types [15].

The rate of nucleation dN,/dt is presented as follows:

dn, AG*
=a, -exp| — 2
ar K P{ RTJ (2)

where ay is a constant of the system.
According to the following equation, the critical nucleus size decreases as the
crystallization overvoltage #,, increases:

= 2V R g )
zZFr* zF ¢

K
ad

where

V is the molar volume of a crystal nucleus of critical size.

z is the number of electrons transferred.

C.q 18 the concentration of adatoms at a growth site.

¢°,q 18 the concentration of adatoms in the equilibrium state.

Increasing the concentration of adatoms will lead to increase in both the crystal-
lization overvoltage and the rate of nucleation [17, 18].

Growth of Nuclei
The electrodeposit formation takes place by the following steps:

— Jons of the solvent move through the cathode by diffusion, migration, and
convection.

— There is an electron transfer between the cathode and the ions.

— There is partial or total loss of the solvation spheres and adatom formation.

— The adatoms are absorbed by the surface and spread till they find suitable sites.

— There is cluster formation.

— There is crystallographic development of the crystal grain [15].

According to the model of Kossel and Stansky, the crystal growth occurs through
competition between vertical growth, depending on two-dimensional nucleation
rate, and horizontal growth, depending on the rate of the repeatable step [19]. The
Kossel-Stansky model assumed that the strength of binding of an atom to the sur-
face depends on its number of nearest neighbors. They applied this to a simple cubic
crystal, which is also known as a Kossel crystal. According to this theory, metal
atoms are preferentially deposited at sites on the cathode surface where their incor-
poration in the lattice releases the most energy. On this basis, preferential growth of
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Fig.1 Different growth
sites at a substrate.
E=corner; H=recess;
K=edge; S=step [17]

K]

nuclei is expected at the locations such as edges, corners, steps, and kinks. Metal
atoms at the surface of the lattice have unbound valence bonds that exert an effect
on their immediate environment which is most pronounced at the topographic fea-
tures listed above, where it is said that individual atoms are more exposed. That’s
why preferential metal deposition occurs at these locations, where the free energy
required is at a minimum. These locations are also known as semicrystalline. At
these topographic features, the highest current density is observed, which motivates
the crystal growth rate [16]. According to the Terrace-Ledge-Kink (TLK) model,
metal atoms are preferentially deposited at edges, corners, steps, and kinks (Fig. 1)
where overall the free energy needed is minimum [17].

Incoming adatoms build up, either directly or after lateral diffusion, at the defect
sites presented on the cathode surface. The stability of growing nuclei formed at
these locations is determined by the local lattice energy required to incorporate
more atoms into the metal matrix at the cathode. Later on, it was realized that crystal
growth can occur by means of the rotational movement of a growing spiral at a
screw dislocation [15].

Modes of Thin-Film Growth

These are monolayer overgrowth, nuclear growth, and the growth mode that has
both features of the former two. The monolayer overgrowth mode is described
in Fig. 2b and is also called Frank-van der Merwe mode (FvdM mode).
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Volmer-Weber type Frank-van der Merwe type Stranski-Krastanov type

Fig. 2 Different modes of thin-film growth; (a) Volmer-Weber (V-W) type, (b) Frank-van der
Merwe (F-M) type, and (c) Stranski-Krastanov (S-K) type [19]

The deposited atoms (or molecules) cover the substrate uniformly by one atom
thickness, and the deposit grows layer by layer. This growth mode occurs when
the substrate material and the growth material have good amicability and low
surface tension [19].

Another mode is called island growth or Volmer-Weber mode (VM mode). When
the desorption process is not strong, the atoms, which reach the substrate, form two-
dimensional gases on it, and they condense forming a nucleus with high density.
High density of nucleus leads to touch and combine each other, and they grow to an
island. When it further grows, it becomes a channel state, a whole state, and finally
makes a uniform thin layer as shown in Fig. 2a. The VM mode differs from FvdM
mode in that VM mode does not grow layer by layer. This mode is chosen in case of
high surface tension of the growth material and low amicability between the sub-
strate materials and the growth deposit.

Stranski-Krastanov growth mode is an intermediate process consisting of both
2D layer and 3D island growth. Transition from the layer-by-layer to island-based
growth occurs at a definite critical coating thickness which depends mainly on the
chemical and physical properties, such as surface energies and lattice parameters, of
the substrate and the coating layer [20-22].

The growth of epitaxial (homogenous or heterogeneous) layers on a single
crystal surface depends critically on the interaction strength between adatoms and
the substrate. In Volmer-Weber (VW) growth mode, adatom-adatom interactions
are stronger than those of the adatom with the substrate material, resulting in the
formation of three-dimensional adatom clusters or islands [21]. Growth of these
clusters, accompanied with coarsening, will lead to rough multilayer film forma-
tion on the substrate. On the other hand, during Frank-van der Merwe (FM)
growth mode, adatoms are attached preferentially to surface sites resulting in the
formation of atomically fully smooth layers. This layer-by-layer growth is two
dimensional leading to complete film formation before the growth of subsequent
layers [22].
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Markov [23] proposed an equation for the layer chemical potential per atom as

u(n)z,uw+[(pu—gp; (n)+e, (n)+se(n)J 4)

where u is the bulk chemical potential of the adsorbate material, ¢, the desorption
energy of an adsorbate atom from a wetting layer of a material similar to the sub-
strate material, ¢, (n) the desorption energy of an adsorbate atom from the substrate,
g4n) the misfit dislocation energy per atom, and e,.(n) the homogeneous strain
energy per atom. In general, the value of ¢,, ¢, (n), e4n), and €,(n) is dependent in
a complex way on the thickness of the growing layers and lattice misfit between the
substrate and adsorbate layer.

In case of small strains, ¢,,(n)<< u,, the criterion that determings the film

growth mode depends on the chemical potential change per unit atom du .

dn
e For VW growth mode, du <0 (adatom cohesive force is higher than surface
adhesive force) dn
e For FM growth mode, du >0 (surface adhesive force is higher than adatom
cohesive force) dn

SK growth can be characterized by both of these inequalities. While initial deposit
growth follows a FM mechanism, i.e., positive differential y, nontrivial amounts of
strain energy accumulate in the deposited layers. At a critical thickness, this strain
induces a sign reversal in the chemical potential, i.e., negative differential y, leading
to a change in the growth mode. At this point, it is energetically preferred to nucleate
islands, and additional growth is favored by a VW mode [23].

Attachment of the thinner deposit to the thicker substrate causes a misfit strain
“€” at the interface given by

€ =(a;—ay)/a 5)

where a;and a, are the deposit and substrate lattice constants, respectively.

As the wetting layer thickness is higher, the resulting strain energy increases
rapidly. In order to lower the strain, island formation can take place in either a dis-
located or coherent mode. In dislocated islands, strain relief results from interfacial
misfit dislocations. The reduction in strain energy accommodated by forming a dis-
location is generally greater than the effect of increasing surface energy associated
with creation of the new clusters. The thickness of the wetting layer at which island
nucleation is formed, called the critical thickness hc, is strongly dependent on the
lattice mismatch between the layer and substrate. Higher mismatch leads to smaller
critical thicknesses for deposit formation [24].

Microstructures of Electrodeposits

Fischer [25] recognized five main growth morphology types for polycrystalline
electrodeposits: field-oriented isolation, basis-oriented reproduction, twinning
intermediate, field-oriented texture, unoriented dispersion type. This model was
based on previous work of Winand [18], which is summarized in Fig. 3.
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Fig.3 Winand diagram of Relative current density /], —
surface morphology

depending on current
density and inhibition
activity [18]

®

(ii)

(iii)

(iv)

)

Inhibiition intensity

Field-oriented isolated crystal type (FI)

At low overvoltage (0—10 mV), a one-dimensional nucleation is observed. The
nuclei grow to form individual crystallites, usually oriented in the axis of the
current field. Growth occurs slowly at the side faces of these crystallites, and
dendritic layers are deposited. These deposits have no useful technical
properties.

Base-oriented reproduction type (BR)

At higher overvoltage of 10-100 mV, a two-dimensional nucleation occurs,
and flat-faced crystallites grow. The technical properties of these deposits are
interesting because they are similar to those of the underlying substrate.
Field-oriented texture type (FT)

In the range of 100-150 mV of overvoltage, single crystallites initially form.
If the overvoltage increases, the crystallites become three-dimensional, which
grow parallel to the electric field lines and whose bounds are crystallites.
Unoriented dispersion type (UD)

At overvoltage higher than 200 mV, small crystals are formed as a result of
high rates of electrocrystallization. The result is a microstructure of very fine
randomly oriented crystallites with two visible grain structures. Deposits of
this type are ideal for technical applications, due to their excellent
properties.

Twinning transition type (Z)

This type of growth represents the transition between FT and BR type. This
structure is formed when the crystallization overvoltage is large enough to
allow formation of two-dimensional nuclei. Twinning may cause a reduction
of the ductility of the deposited metal.
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Nanoelectrodeposited Metals and Alloys and Their Properties

As indicated in Table 2, the electrodeposition technology has been used to produce
a wide range of nanostructured materials, e.g., metal nanoparticles, nanowires,
nanofilms, bulk NC metals, laminated composites, multilayered coatings, and
nanoparticle-reinforced composite coatings. The electrodeposited nanostructured
layers could be pure metals, alloys, composites, or sandwich layers.

Gold-Based Deposits

Au
A lot of intensive research was directed toward gold nanostructures, which is
applied for many applications as substrates for surface-enhanced Raman scattering
(SERS), super-hydrophobicity catalysis or sensors, selective solar absorbers, antire-
flection coatings, or diffraction gratings. The surface morphology of gold, espe-
cially the roughness, influences their functional properties. The catalytic activity of
metal nanostructures is dependent on surface morphology [26].

Bossini et al. [29] studied the galvanostatic electrodepsoition of nanogold using
cyanocomplex Au(I) baths with citrate additives. The structural effects of organic

Table 2 Different electrodeposited nanometerials, properties and applications [3, 26-28]

Materials Properties and applications
Au based alloys
Au, Au—Cu Substrates for surface-enhanced Raman scattering (SERS) technique,

super-hydrophobicity catalysis or sensors, selective solar absorbers,
antireflection coatings or diffraction gratings

Pd-based alloys

Pd, Ni-Pd Hydrogen storage and purification, electrodes for hydrogen evolution
and fuel cells

Co-based alloys

Co, Co-W, Co-P Good candidates for the replacement of the highly toxic hexavalent
chromium in plating baths, due to their excellent mechanical and wear
resistant properties. These materials have high saturation
magnetization, good thermal stability and extraordinary hardness

Co-Ni—Cu Good catalyst for hydrogen evolution

Ni-based alloys

Ni, Ni-W, Ni-P, Ni- | Good magnetic properties, corrosion protection, stress corrosion and

Mo, Ni-Co, Ni-Cu, | Electrocatalytic activity for hydrogen evolution

Ni—Zn, Ni-Mg, and

Ni-B

Ni-Al,03, Ni-SiC Corrosion protection, wear resistance

Ni-Fe-Cr Cracking resistance, soft magnets, catalysts
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additives have been explained on the basis of competitive adsorption and cathodic
reaction of the organics. In situ SERS measurements have explained the molecular
aspects of grain growth inhibition and related stabilization of adatom clusters and
nanocrystalline structures. The adsorption behavior of cyanide during the electrode-
position of gold has been investigated by in situ Raman spectroscopy.

The codeposition of nanocrystalline Au/B,C composites has been investigated
by Bicelli [30]. Considerable stabilization of nanosize under prolonged heat treat-
ment can be obtained by dispersion of ceramic particles within the nanocrystalline
matrix. Hardness values typical of nanometric systems can be preserved even after
prolonged heat treatment in composite systems. Instrumented indentation measure-
ments have been used for evaluation of hardness, Young’s modulus, and plasticity
of freestanding nanocrystalline metal and composite foils. The wear behavior of
nanodeposited Au and composites has been evaluated by the pin-on-disk
technique.

Au-Cu

Bossini et al. [31] developed baths based on Au(CN)2~, Cu(I)-CN~, Cu(Il)-EDTA,
and Cu(II) for the electrodeposition of equiatomic alloys. The effects of the disper-
sion of ceramic particles on structure evolution kinetics have been investigated.
In another work, Bossinin et al. [32] investigated the hydrogen-related nanometric
voids and their annealing behavior using thermal desorption spectroscopy and
SAXS. The effects of the nature of chelating agents on geminate density were stud-
ied by XRD peak analysis. Tensile test results showed the mechanical effects con-
nected to the use of different Cu(Il) chelating agents, which can be explained with
different densities of hydrogen-related nanovoids present in the electroformed
alloys.

Co-Based Alloys

According to Bartlett et al. [27] and Herrasti et al. [28], nanocrystalline cobalt and
cobalt-based are good candidates for the replacement of the highly toxic hexavalent
chromium in electroplating baths, due to their excellent mechanical and wear-
resistant properties. These materials have high saturation magnetization and good
thermal stability. Improving hardness levels for nanocrystalline cobalt and its alloys
over the polycrystalline counterparts has been reported. Electrochemically prepared
Co nanodeposits have three to five times higher coercivity (Hc) than conventional
polycrystalline Co.

Co-Fe

Koay et al. [33] have studied the magnetic properties, such as M, and H,, of Co-Fe
alloys based on their different alloy compositions in electrolytes. It was found that
the values of M, and H, increased linearly with additional contents of Fe. The
increase in the M, value was correlated to the crystal structure or phases of the
films. The coexistence of both Co-Fe face-centered cubic (FCC) was confirmed.
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Agglomerate

Dendrite shape

Irregular shape

Fig. 4 FESEM micrographs of Co-Fe nanocoatings as a function of deposition time: (a) 30,
(b) 60, and (c) 90 min [33]

Additionally, initial research works reported that, for nanocrystalline materials,
there was a large reduction in M, with finer grain size formation. It was stated that
40 % decrease in M| for nanocrystalline Fe compared to its bulk polycrystalline was
confirmed. Figure 4 illustrates the dendritic microstructure of Fe-Co nanodeposits,
as a function of deposition time [33].

Co-Ni-Cu

Wang et al. [34] studied the electrodeposition of Co-Ni-Cu ternary nanodeposit
using a mixture of CoCl,, NiCl, and CuCl,. Three-dimensional CoNiCu nanonet-
work structure exhibited good performance as a catalyst for hydrogen evolution
reaction (HER). Figure 5 shows the dendritic microstructure of such deposits.

Co-Ni-P

Ternary Co-Ni-P nanodeposits were successfully prepared by electrodeposition
using a chloride bath containing boric acid and NaH,PO,. The morphology of the
obtained layer was dependent on the concentration of Hypophosphite. As the con-
centration of Hypophosphite was increased, smooth deposits successively changed
to dendritic, nodular, and again smooth. The crystalline structure can be either fcc
or hep, according to the dominating Fe-group metal content. The preferred orienta-
tion varies in a complex way with the bath and alloy composition. The deposition
conditions have limited effects on the grain size of the alloys (ca. 50 nm). The mag-
netic properties are mainly dependent on the amount of codeposited P [35].
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Fig. 5 SEM of the as-deposited dendritic-like morphology of CoNiCu alloy deposited in a
mixed solution with 0.02 mol/L CoCl,, 0.02 mol/L NiCl, and 0.01 mol/L CuCl, for 15 min
[34]
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Copper-Based Deposits

Coarse-grain copper is widely used in electrical and electronic devices despite the
fact that it readily corrodes in a variety of environments [28]. Delplancke et al. [36]
studied the electrodeposition of bimodal nanograined structures, with simultaneous
presence of coarse (500 nm) and n-metric (100 nm) copper grains [36]. Natter et al.
[37] reported significant tensile strength of copper nanodeposits due to small grain
size and high defect density. The nature and concentration of organics added to the
electrodeposition bath affecting the nanograin dimensions. Bicelli et al. [30] stated
that room-temperature recrystallization behavior has a significant bearing on the
stability of the electrical quantities of electronic devices implementing electrode-
posited Cu, which tends to exhibit time-dependent properties. Annealing at moder-
ate temperature is therefore common practice to avoid uncontrolled aging of these
materials. The development of a <100> texture under low-temperature annealing
has been reported. Ebrahimi et al. [38] stated that the annealing of 100 nm grain
copper deposits up to 423 K displayed a limited (ca. 20 %) grain growth and no
measurable variation of yield strength; concomitantly, a notable improvement of
ductility and ultimate tensile strength was observed. Hall-Petch behavior of hard-
ness was reported.

Cu-Fe

“Nanocrsytalline two-phase” Cu-Fe alloys (0-60 w% Cu) consisting of a mixture of
fcc Cu {111} preferred orientation and bcc Fe {211} preferred orientation have
been electrodeposited using sulfate-citrate bath. For the lowest content of Fe,
the details of the evolution of the magnetic moment of the alloys were obtained
by SQUID magnetometry. Increase of CuSO, concentration led to grain
refinement [39].

Cu-Ni

Cu-Ni nanodeposits were obtained by pulse plating, and single-phase fcc alloys
(26-36 w% Cu) with grain size in the range 2.5-28.5 nm and <111> texture have
been obtained. Adjusting the pulse plating parameters can lead to formation of
smooth, bright, and nodular surface morphology. Tensile stress layers galvanostati-
cally deposited are higher in comparison with pulse-plated ones. The residual ten-
sile macrostress of a range of Ni-Cu alloys was studied by spiral contractometry and
the microstresses measured by the peak-broadening of XRD peaks [30]. Wolf et al.
[40] stated that hyperfine interactions were detected due to a disordered grain
boundary structure. The presence of Ni precipitates below the detectability limit of
XRD was inferred from PAC measurements. Low current densities, higher tempera-
tures, and addition of saccharin can improve the homogeneity of the NiCu alloy.
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Nickel-Based Deposits

The electrochemical behavior of nickel and its oxides is important for applications
such as rechargeable batteries, fuel cells, catalysis, and decorative coatings. Among
various electrodeposited nanocrystalline metals, Ni-based alloys have been exten-
sively researched due to their distinct properties such as being five times harder,
reduction in coefficient of friction by 50 %, improved corrosion resistance,
increased wear resistance by a factor of 170, improved electrocatalytic activities
for hydrogen evolution and hydrogen oxidation reactions, and higher hydrogen
diffusion [2]. Pure Ni film and eight Ni-based alloy films (Ni-W, Ni-P, Ni-Mo,
Ni-Co, Ni-Cu, Ni-Zn, Ni-Mg, and Ni-B) were deposited and characterized. More
systematic studies were conducted for Ni-W and Ni-P films, along with pure Ni
film as a baseline [6].

NC nickel of about 17 nm size produced by ED significantly enhances the elec-
trocatalytic activity for hydrogen evolution due to the increased density of active
surface sites [41].

According to Rashidi et al. [6], at the current densities higher than 75 mA/cm?,
in the absence of saccharin the nickel layer exhibits a pyramidal-like morphology
(Fig. 6a) while it changes to a colony-like morphology in presence of saccharin. An
increase in current density results in larger colonies and brighter appearance
(Fig. 6b, c).

Ni-W Alloys

Weston et al. [42] studied the properties of Ni-W nanodeposits. Ni-W alloy was
introduced to replace chromium coatings because they are environmentally friendly.
Ni-W alloys have various industrial applications because of their excellent material
and physical properties. First, the deposited Ni films exhibit hardness of a range
from 2 to 7 GPa, depending on the actual grain size. Second, these nanocrystalline
Ni-W films exhibit excellent corrosion rates as low as ~2.5 % of that of a typical
conventional stainless steel. Third, these Ni-W alloys would be used as diffusion
barriers between copper and silicon in ultralarge-scale integration (ULSI) circuits
and microelectromechanical systems (MEMS). Nickel-tungsten alloys with grain
size of around 20 nm lead to low friction and wear, and the hardness of nickel—
tungsten electrodeposits increases significantly as the crystallite size is reduced
from around 50 to 10 nm.

The W dopants were introduced by adding a tungsten salt into nickel sulfate
(NiSO,) to form Ni-W alloys; interestingly, it is rather difficult to deposit pure
W films without depositing Ni simultaneously. Usually, ammonium chloride
(NH4C1) and/or citric acid (Cit) are also added into the deposition bath to
improve Faradaic efficiency (FE), to control the pH value, and to increase solu-
bility of metal ions.

A characteristic relationship between composition and grain size has been illus-
trated, which is explained from the W segregation that reduces the grain boundary
energy as the driving force for grain growth. Some studies stated that when tungsten
atomic percentage is increased from 2.5 % to 23 %, the corresponding grain size is
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Fig.6 SEM micrographs
of nickel coatings
deposited as a function of
working parameters: (a)
saccharin-free bath at
i=100 mA/cm?,
(Pyramidal-like) (b) bath
containing 5 g/L saccharin
ati=100 mA/cm?,
(colony-like) (c) bath
containing 5 g/L saccharin
at i=300 mA/cm? (large
colony-like) [6]

decreased from >100 to <10 nm. In addition to XRD peak broadening that is associ-
ated with reducing grain size, shifts in XRD peak position were also observed. This
is because the solution of larger tungsten atoms increases the lattice parameter of
the FCC alloys [43].
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Ni-Co Alloys

Alloys of iron group metals, Fe, Co, and Ni, have been considered as very good
magnetic materials. These alloys are known to possess much better permanent mag-
netic properties than pure metals. Ni—Co alloys have been investigated as important
engineering materials for several decades because of their unique properties, such
as high strength, good wear resistance, heat conductivity, and electrocatalytic activ-
ity. Electrodeposited Ni—Co thin films have been intensively studied due to their
application in MEMS. Thin and thick Ni—Co films form important parts of magnetic-
MEMS devices including sensors, microactuators, or micromotors because of their
excellent physical properties. Fine Ni, Co, and Ni—Co alloy powders are required
for developing magnetoresistive sensors in thick-film form [44].

Liping et al. [45] showed that Co content affects the morphology and grain size
of alloys. The phase structure of Ni—Co alloys gradually changed from fcc to hep
structure with the increase of Co content. The hardness of Ni—Co alloys with a
maximum around 49 wt% Co followed the Hall-Petch effect. It was found that the
improvement of wear resistance of Ni-rich alloys with hardness increase followed
Archard’s law. In addition, the Co-rich alloys exhibited much lower friction coeffi-
cient and higher wear resistance than Ni-rich alloys. It has been concluded that hcp
crystal structure in Co-rich alloys contributed to the remarkable friction—reduction
effect and better antiwear performance under the dry sliding wear conditions.
According to Rafailovie [46], the structure morphology was converted from platelet
to cauliflower structure by increasing Ni**/Co?* ratio.

Ni-P Alloys

Ni—P deposits obtained from electrodepsoition are good catalysts for hydrogen evo-
lution, special paramagnetic properties, excellent microhardness, and corrosion
resistance [47]. Ni-P alloys have been studied to a less extent than Ni-W alloys.
Nevertheless, a similar relationship between the P content and resultant grain size
has been reported. Like W, although it is feasible to add P dopants into the iron-
group metals during electrodeposition, deposition of P alone is difficult [48]. Two
possible deposition mechanisms were suggested for electrodeposition by Erb et al.
[49]. The “direct” deposition mechanism assumes that the phosphorus element
forms from the reduction of phosphorus oxyacid in the aqueous solutions;

Ni** +2¢” — Ni ;H (6)

2PHO, +3H" +3¢” > P, +3H, NiO,_, +P, > N, ™

However, this mechanism is not convincing, because direct deposition of pure ele-
mental phosphorus is not possible. Alternatively, the “indirect” deposition mecha-

nism assumes that the reduced phosphine from phosphorus oxyacid reacts with
Ni?*H in the bath and produces Ni-P alloys, i.e.,

2PHO, +6H" +6¢” — PH, +3H, 8)
PHO, +3Ni** — 2P +3Ni+6H" ©)
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Nanocrystalline Ni-P alloys and coatings have excellent corrosion resistance, elec-
trochemical catalytic properties [50], and nonmagnetic character [51]. Amorphous
Ni-P coatings that contain more than 10 at.% P were found to be highly effective for
corrosion resistance [52]. In addition, Ni-P alloys are used in MEMS devices and
electronics.

Ni-Mo Alloys

According to Schulz et al. [53], the enhanced HER kinetics of Ni-nanodeposits are
due to the high area fraction of grain boundaries (and to some extent, triple junc-
tions) intersecting the free surface of the electrode. The HER kinetics can be further
enhanced by alloying nanocrystalline Ni with molybdenum. Ni-Mo deposits are
good catalysts for hydrogen production from water by electrolysis as well as by
steam reforming of hydrocarbons. Halim et al. [54] prepared nodular Ni-Mo nano-
crystalline deposits (Fig. 7) by galvanostatic electrodeposition from citrate-ammonia
solutions. According to XRD analysis, a single Ni-Mo solid solution phase was
detected. The size of the nodules increased as electroplating current density
increased. From EDX analysis, as the current density increased from 5 to 80
mA - cm2, the molybdenum content in the deposits decreased from ~31 to 11 wt%.
Nanolayers with 23 % Mo exhibited the highest microhardness value (285 Hv).
Mo content values between 11 % and 15 % are recommended for obtaining high
corrosion resistance and better electrocatalytic activity for HER.

Nickel-based composite coatings are characterized by their high catalytic activity
for hydrogen evolution (HER) and electrocatalytic oxygen evolution (OER) as well as
good corrosion resistance in aggressive environments. Ni-Mo nanocomposite layers
(18-32 nm) were prepared by galvanostatic electrodeposition from a nickel salt bath
containing suspended Mo nanoparticles. According to XRD analysis, the nanodepos-
its consisted of crystalline Mo incorporated into Ni matrix. The molybdenum content
decreased by increasing the deposition current density and ranged between ~6 % and
~17 % Mo. The crystallite size and the surface roughness increased by increasing the
current density (Fig. 8). The corrosion rate of Ni-Mo composites increased with
increasing Mo content due to crystallite size-refining and surface roughness effect.
Electrocatalytic effect for hydrogen production was improved mainly due to higher
surface roughness and thus providing more accessible surface area [55].

Template-Assisted Electrodepostion

Nanowires and nanorods of defined dimension were successfully prepared using
templated synthesis. Several techniques of forming nanomaterials using templates
have been developed such as chemical vapor deposition (CVD), sol-gel deposition,
polymerization, and electrochemical deposition. The template-assisted electrodepo-
sition has been successfully used to prepare 1D nanostructures of various metals,
semiconductors, and conductive polymers. Template synthesis in nanoporous mem-
branes have been carried out in anodic aluminum oxide, polycarbonate, and diblock
copolymer membranes [56, 57].
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Fig.7 SEM micrographs of Ni-Mo nanodeposits showing nodular shaped microstructure [54]

Conclusions

Electrodeposition has been identified to be a technologically feasible and economi-
cally superior technique for the production of nanocrystalline pure metals and alloys
as well as nanocomposites. Electrodeposition of polycrystalline metals and alloys
exhibits several types of growth forms including layers, blocks, ridges, dendrites,
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Fig. 8 SEM micrographs for electrodeposited Ni-Mo Nanocomposites showing clusters forma-
tion [55]

pyramids, spiral growth forms, powders, and whiskers. Research on the structure—
property-performance relationships of these materials has indicated many promis-
ing properties which can be exploited for commercial purposes. Of all the
nanoprocessing techniques, electrodeposition appears to be a promising technique
due to its relatively low cost, ability to produce compositions unattainable by other
techniques, and the possibility of forming of simple low-cost multilayers in many
different systems. Consequently, new markets and business opportunities are
expected to emerge for the electroplating industry.
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