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Abstract: The hcp-Co and fcc-Ni nanowires with the diameter of ~ 50nm were successfully prepared at different
overpotentials by using potentiostatic electrochemical deposition in the pores of AAO templates. The prepared nanowires were
characterized by X-ray diffraction, and the morphology of the nanowires was investigated by scanning electron microscope. In
this study a new way is established to understand the growth rate of nanowires. The effect of work function on the growth rate
of Co and Ni nanowires having same electrolyte’s concentration, same pH value, and same overpotentials, has been discussed.
The growth rate of metal nanowires in ECD is determined by the tunneling current between a metal and hydrated metal ions.
The higher the tunneling current, the higher will be the growth rate. The tunneling current probably relates to the work function
of metal. The larger is the value of work function the lower is the probability of electron tunneling. Lowering the work
function causes increase in the current density. The hydrated Co and Ni ions are of octahedral structure with M-O distance of
2.08 A and 2.05 A, respectively. The work function of Co is smaller, this lead to higher tunneling current density. Therefore,
the measured current density is higher for Co than for Ni and the Co nanowires grow faster than that of the Ni nanowires.
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Electrochemical Deposition (ECD) [21-23] in the pores of
template. Template based technology is very useful in
synthesizing one dimensional nano materials such as
nanowires and nanotubes made of metals, semiconductors,
polymers and carbon. Especially metal nanowires (Co, Ni,
Fe, Ag, and Cu) show great optical, electronic and magnetic
properties. The template-assisted synthesis of nanowires is a
conceptually simple and intuitive way to fabricate
nanostructures [24, 25]. These templates contain very small
cylindrical pores or voids within the host material, and the
empty spaces are filled with the chosen material, which
adopts the pore morphology, to form nanowires. In template-
assisted synthesis of nanostructures, the chemical stability
and mechanical properties of the template, as well as the
diameter, uniformity and density of the pores are important
characteristics to consider. Template commonly used for
nanowire synthesis is Anodic Aluminum Oxide (AAO)
owing to its salient features such as decorative properties,
nanopore symmetry and corrosion resistance [18, 20].

Highly ordered nanowires with uniform diameter,

1. Introduction

During the past decade, the potential utilization of
nanostructured materials have promising research interest in
the field of nanoelectric devices [1], high-density magnetic
memories [2], high performance catalysts [3], and
biomaterial separation membranes [4] and so on.
Electrochemical methods are usually used for attaining thin
films of numerous metals and semiconductors of conducting
materials. Currently, the synthesis of nanowires by the
electrochemical deposition is of great interest. To fabricate
and investigate the growth mechanisms of metal nanowires
in the cylindrical pores of a template is of essential and
technological interests [5-10].

Bibliographical data present many synthesis methods of
simple and multilayered nanowires such as: photochemical
synthesis [11], catalytical synthesis [12], vapour-liquid-solid
growing [13], lithographic patterning [14, 15] (are
comparatively cumbrous, expensive and not appropriate for
large scale fabrication), and template synthesis [16-20] via
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deposited on the AAO template, are essential to study their
properties. Cobalt (Co) and Nickel (Ni) nanowires have been
electrochemically deposited into the pores of AAO template
[26-29]. The earlier studies show that the growth surface of
the fcc (Ni) [30, 31] and hcp (Co) [32] metals is usually not
only on the closely packed surface (atomically smooth
surface) but also on the atomically rough surface. Our
previous results show that deposition parameters have effect
on structure of cobalt nanowires. Low electrolyte
concentration (0.35M), deposition potential (-1.6V) and high
temperature (60°C) favors the formation of hcp Co
nanowires and high electrolyte concentration (1.07M),
deposition potential (-3.0V) and room temperature (25°C)
favors the formation of fcc Co nanowires [33-35]. Recently
T. Mehmood et al. discuss in his research article that the
deposition rate of Fe nanowires are faster than Co and Ni
nanowires because the current density of Fe is larger than Co
and Ni nanowires at same pH of solution, Concentration and
deposition voltage [36]. Little is known on the tunneling
process occurring in the dehydration and also there is no
other study for the effect of work function on the growth
mechanism of Co and Ni nanowires. An effort has been made
to explain the growth of these nanowires by considering the
work function, using the electrochemical deposition method
at different overpotentials.

2. Experimental Detail

Preparation of the AAO template: The porous anodic
alumina oxide (AAO) templates were prepared via a two-step
anodization procedure [30, 37, 38]. Prior to anodizing, high-
purity aluminum foils (99.999%) were first degreased in
acetone and then were annealed in a vacuum of 10> Torr at
500¢C for 5 h to remove the mechanical stress, thus obtaining
the aluminum foils with a homogeneous structure over a
large area. The aluminum foils were first anodized in a 0.3 M
H,C,0,4 (oxalic acid) solution at 2°C for 6 h. After removing
the alumina layer formed in the anodization in a mixture of
phosphoric acid (6wt%) and chromic acid (1.8wt%), the
aluminum foils were anodized again at the same conditions
as the first step for 12 h. The templates that experienced the
above two-step anodization were etched in a saturated CuCl,
solution to remove the remaining aluminum on the back side.
The alumina barrier layer was then dissolved in a 5 wt%
phosphoric acid solution at 40°C. In order to deposit metal
into the pores of AAO templates, a gold film was sputtered
onto the back side of the AAO templates to serve as the
working electrode.

Electrodeposition of the metal nanowires: The
potentiostatic ECD of the Co and Ni nanowires was
performed in a conventional three electrode bath containing a
mixture of CoSO4.7H,0 (0.356 M) and H;BO; 0.68 M)
solutions, and for the Ni nanowires mixture of NiSO4.6H,0O
(0.356 M) and H3BO; (0.68 M) aqueous solutions. The pH
value of the solution was adjusted to 2.5 with 1 M H,SO,4. A
copper plate and a Saturated Calomel Electrode (SCE) were
used as counter electrode and reference electrode,

respectively. The Co and Ni ECD was carried out at different
deposition overpotentials (1) (-0.9 V, and -0.6 V, SCE) at a
room temperature (about 25°C).

Characterization: The metal nanowires were characterized
by X-ray Diffraction (XRD, Y-2000) with CuKa radiations
(A 0.154178 nm). The images of deposited metal nanowires
were obtained by Scanning Electron Microscope (SEM,
JEOL JSM-6700F). For XRD measurements the film of Au
was mechanically polished away. For SEM observations, the
AAO templates were partly dissolved in 5 wt% NaOH
solution, and then carefully rinsed with deionized water for
several times.

3. Results and Discussion

boTo)

Intensity (a.u.)

26 (degree)

Figure 1. XRD pattern for electrochemically deposited nanowires in the
pores of AAO template, a) Co at §=-0.9V, b) Co at n=-0.6V, ¢) Ni at n=-
0.9V, and d) Ni at n=-0.6V.

Figure 1 shows the XRD patterns of Co and Ni nanowires,
which were collected from the top side of nanowires. The Co
and Ni nanowires were prepared at a room temperature
(25°C) under the deposition overpotentials of -0.9 V, and -
0.6 V, SCE. The positions of the peaks are in good
agreement with the indexed of Hexagonal closed pack (hcp)
structure that is universal for electrodeposited Co and face-
centered cubic (fcc) structure for Ni. All peaks match well
with the (hcp) Co (JPCDS, 89-7094) and (fcc) Ni (JPCDS,
65-2865). Figure 1 (a, and b) illustrate the XRD patterns
under 1=-0.9 V and n=-0.6 V for Co nanowires, respectively.
It can be seen from the figure there is only a single peak
along (1010) plane, which indicates well-preferred growth
of Co nanowires along [1010] direction for both the
potentials. Figure lc represent the Ni nanowires at the
potential of -0.9 V, it is clear from the figure that there are
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two peaks one along (220) plane and other along (111) plane,
which means that some nanowires grow along [110] direction
and others along [111] direction. However, the intensity for
(220) planes is much higher than that of (111) planes,
indicating that most nanowires still grow along the [110]
direction. The XRD pattern for the Ni sample fabricated
under the overpotential of -0.6 V is shown in Figure 1d. With
lowering the overpotential the peak intensity of (111) planes
is much higher than that of (200) planes, presenting that most
nanowires grow along [111] direction.

SEM usually produces images down to length scales of
~10nm and provides valuable information regarding the
structural arrangement, spatial distribution, wire density, and
geometrical features of the nanowires. Figure 2 gives a top-
view SEM image of AAO template, indicating that the pores
on AAO template are hexagonally arranged and highly
ordered. The average diameter and spacing of pores are
estimated to be 50 and 100 nm.

Figure 2. SEM images of the top view of highly ordered AAO template.

+

After the deposition of nanowires in pores, AAO templates
were partly dissolved in 5 wt% NaOH solution, and then
carefully rinsed with deionized water for several times. The
remains consisted of nanowires and a gold layer was served
as a sample for SEM observation. Figure 3 shows SEM
images of Co and Ni nanowires separated from the AAO
templates. Figure 3 (a, and b) contain the SEM pictures for
the Co nanowires at n=-0.9 V and n=-0.6 V, respectively. The
morphology of Ni nanowires obtained by SEM at n=-0.9 V
and n=-0.6 V is illustrated in Figure 3 (c, and d). Diameter
and length of the nanowires corresponds well to that of
nanopores and the cylindrical shape was precisely transferred
from the nanopores to the nanowires.

In order to follow the deposition process, the current
density was recorded as a function of time. Figure 4 shows
the current versus time curves for different overpotentials
applied at T= 25°C. When an electric field is applied, the
reduction of diffused cations is directly located towards
cathode that result in the growth of nanowires inside the
pores of template [35, 36].

Whitney et al., for the first time explained the mechanism
of completely filling the nanopores of template during the
film growth [6]. The abrupt fall of current take place when
the potential is applied which shows that the nucleation starts
at the pores bottom. S. Valizadeh et al., described that the
distinctly decrease in current take place owing to the mass
transport limitation [37, 38]. After that the current remains
nearly unchanged till the complete filling of pores. At the end
a sharp increase in current is observed due to over deposition
on the template.

Figure 3. SEM pictures for Co (a, b) and Ni (c, d) at n=-0.9 V and n=-0.6V.
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4. Discussion

The electro-deposition is a complex process which
includes charge transfer, diffusion, reaction, adsorption and
substrate. Hence, the structure of metallic nanowires is
closely linked to deposition conditions and growth modes
during the process. Electrochemical processes are examined
discussing to the ionic interactions at the electrode-
electrolyte interface. The metal receiving or gaining the elec-
trons is the cathode since its cations in solution reduce or
deposit on the cathode surface as atoms. Therefore, an
electric field must exist in the electrolyte due to the presence
of charge particles represented by ions [39]. At the metal-
electrolyte interface a strong electric field exists and a double
layer of charged particles interrupts the charge on the
interface [40].

In electro-deposition of metal, a metal ion M" is
transferred from solution into the ionic metal Ilattice,
meanwhile electrons are provided from the external electron
source (power supply) to the electron gas of the metal M
[41]. This electro-deposition process can be pictured as the
following four steps in the atomic-level scale. First, hydrated
metal ions in an aqueous solution diffuse to a metal surface
and are adsorbed on this surface. (In a hydrated metal ion, the
water molecules of hydration are electrostatically attached to
the metal ion.) Second, when an adsorbed hydrated metal ion
captures electrons from the surface by quantum-mechanical
tunneling, the metal ion is neutralized. The electrostatic
attractive interaction between the neutral metal atom and
water molecules is zero and then the water molecules of
hydration are displaced. Third, the neutral metal atom is
adsorbed on the surface. Fourth, the adsorbed metal atom
diffuses to a surface site (such as kink site) where it
incorporates into the ionic metal lattice, thus leading to the
growth on the surface on which the dehydration occurs. In
the four steps described above, the second step plays a
crucial role in the growth of metal nanowires. This is because
the metal nanowires can grow only when the water molecules
that are attached to the metal ions are displaced on a metal
surface. The dehydration involves electron transfer from a
metal surface to hydrated metal ions by tunneling [42].

The hydration reaction is defined as the transfer of an ion
or a neutral chemical species from the gaseous phase into
water; for metal ions Mn" (g) —Mn" (aq). At this process,
water molecules bind to metal ions through ion-dipole bonds
of mainly electrostatic character and to anions through
mainly hydrogen bonds. Tunneling processes take place in
dehydration and few is known about these processes. In order
to understand the tunneling processes in the dehydration, we
first describe briefly the tunneling processes in field ion
microscopy (FIM),[43] (See page 11 of this reference) which
is well understood. In the presence of a high electrical field
of a few V/A, an electron in an atom near a metal surface can
transfer to the metal surface by tunneling. In FIM, an electric
field is generated at the surface when metallic needle is
subjected to high voltage due to positive charges present at

the surface. Due to strong electric field near the needle (tip)
the occurring probability of field ionization is more. The
width of the barrier is proportional to electric field, stronger
the electric field higher will be the tunneling (this is because
the width of tunneling barrier is reduced by the electrical
field) [44]. When subjected to strong electric field, an
electron from outer shell of gas atom tunnel through barrier
towards the empty energy level at the metal surface. The ions
are affected by the strong electric field near the tip. In FIM,
the metal is applied a positive bias voltage, the electron of
the image gas atom tunnels into the metal surface. In the case
of electro-deposition, a metal surface is biased a negative
voltage. The value of overpotential should be on the order of
a few V with respect to adsorbed hydrated metal ions, which
have a zero potential [45]. If the surface metal atom and
adsorbed hydrated metal ion are regarded as the hard balls,
the distance between the centers of them is several A.
Therefore there is a high electrical field between the surface
metal atom and adsorbed hydrated metal ion [46] (see page 5
of this reference). It is the high electrical field that leads to
adsorption of hydrated metal ion on a metal surface and then
electron tunneling from the metal surface to the adsorbed
hydrated metal ion.

In a Scanning Tunneling Microscope (STM) the tunneling
current decays exponentially (between tip and electrode).
This tunneling current be influenced by the work function
(¢) of metal and the distance (d) between the metal surface
and hydrated metal ions, and can be expressed by the
relations as,

I= A.exp (-2Kd) )]

The tunneling decay constant K can be defined
operationally. One can further define an effective barrier
height simply as

Kk =Y"%

Where m is the mass of electron, ¢ is the work function
of metal, h is the plank constant, and d is the distance
between the metal surface and hydrated metal ions. Where K
is an experimentally measured quantity and is given by,

K=-0.51/¢

The same expression of tunneling current in STM can be
used in our work. The ratio of the tunneling current for two
materials Co and Ni can be found by the following relation,

Ico/ Ini =e2x0.51(—/¢pco/oni) 2)

In this work, we tried to explain the growth mechanism of
Co and Ni depending on the tunneling current. The distance
between metal surface and hydrated metal ions is considered
to be same for both the materials, but different at different
overpotentials. The only factor we taken into account is the
dependence of tunneling current on work functions of Co and
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Ni. It is seen that the tunneling current depends very
sensitively on the work function of metal; the smaller is the
@, the higher the tunneling current is.

Figure 4. The octahedral structures of hydrated Co and Ni ions.

The M-O bonds are mainly of electrostatic character, the
coordination number of the hydrated metal ions is expected
to be determined by the ratio of the ionic radius of the metal
ion and the radius of the water oxygen atom [47]; the size of
the water oxygen atom at coordination to metal ions has been
determined to be 1.34 A [48]. The hydrated cobalt ion and
the hydrated nickel ion are of octahedral configuration. The
M-O distance is 2.08A for hydrated Co ion and 2.055 A for
hydrated Ni ion with ionic radiuses of 0.74 A and 0.715 A,
respectively [48-51]. The value of work function of Co (5.0
eV) is smaller than that of Ni (5.15 eV) [52]. When the three
oxygen ion-formed ABC plane of hydrated Co and Ni ions
contacts the metal surface, the distance between hydrated
metal ion and the surface is shortest. Tunneling occurs with
barriers of thickness around 10-30 A and smaller [53]. That
shortest distance between the metal surface and the hydrated
metal ion at n=-0.9 V is calculated to be 15 A, and at n=-0.6
V is considered to be 18 A. By using these values of d in the
equation 2 we can get the ratio for current density at both the
overpotentials. The ratio of current density for Co and Ni is
1.66 at 1=-0.9 V, and 1.84 at n=-0.6 V. The aim is to find the
effect of value of work function on the growth rate, for this,
we considered the distance between metal surface and
hydrated metal ions same for both Cobalt and Nickel.

The measured current density mainly consists of two parts.
The first part I; is due to electron tunneling to H' ions. Since
the pH value of the solutions for deposition of Co and Ni
nanowires is the same, therefore, Iy is the same during
deposition of both Co and Ni nanowires. The second part Iy,
is due to electron tunneling to hydrated metal ions. The Iy, for
deposition of Co nanowires is different from that for
deposition of Ni nanowires. As argued before tunneling
current relies on the work function, lower the value of work
function of metal higher will be the Iy, and so current density
will be high. The work function of Co is smaller than that of
the Ni metal leading to the higher tunneling current density.

Therefore, the measured current density is higher for Co than
for Ni and the Co nanowires grow faster than that of the Ni
nanowires.

5. Conclusion

In this study, Cobalt and Nickel nanowires were
successfully electrochemically deposited into the nanopores
of alumina templates. It is found that for the deposition of Co
current density was higher than that of the Ni under the same
conditions (mole concentration, overpotential, temperature,
and pH). This indicates fast growth rate of Co nanowires than
that of Ni nanowires. The growth rate difference between Co
and Ni can be explained by the tunneling current depending
on the work functions of the materials. The equation used to
explain the growth mechanism depends on work function and
the distance between metal surfaces and hydrated metal ions.
We tried to explain the tunneling current only depending on
work function and considered the distance same for both Co
and Ni for same overpotential. The lower is the work
function higher is the tunneling current. The higher tunneling
current density results faster growth rate, same phenomena is
seen in our case. The work function for Co is 5.0 eV and for
Ni is 5.15 eV. The distances between the metal surface and
hydrated metal ions are 15 A and 18 A at n=-0.9 V and n=-
0.6 V, respectively for both the materials. The structure of Co
and Ni ions is octahedral. As the value of work function for
Ni is greater so the growth rate for the Ni is lower as
compared to the Co.
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