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Abstract: To elucidate the effect of voltage and concentration on the elctrodeposition of ZnCo nanowires, we have studied
the deposition of ZnCo nanowires by XRD and SEM. The structure of ZnCo alloy nanowires changes by changing the
concentration of electrolyte as 100-x g/l Cojgo.xZn, (0<x<15), at constant voltage -1.6, and fixed pH 3. XRD results show that
change in concentration can transform the crystal structure of electrodeposited CogoxZn, from crystalline to amorphous.
Furthermore, similar behavior from crystalline to amorphous was also observed for ZnCo electrodeposited nanowires at
various potentials (-1.6V, - 2.5V, and - 3.0V) from the bath containing Cogse and Znsg,, pH 3 and at room temperature. We
argued that this change in structure of ZnCo nanowires can be attributed to the faster growth rate of Zn than Co. These results
can be explained by the electron tunneling theory. The workfunction of Zn (4.33eV) is smaller than Co (5.0eV) and the
wavefunction of Zn metal has a larger overlap with orbital wavefunction of Zn ions, which leads the faster growth rate of Zn
and hence influenced the structure of ZnCo alloy nanowires.
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circuits applying the “bottom-up" pattern [4]. Metallic ZnCo
alloy nanowires linked to electron field emission [5], such as
the less diameter ratio and great curvature at the tip of
nanowire, due to least threshold voltage for the electron
emission [6], which demonstrate extreme
field emission currents at narrow tip (almost 10nm radius)
of a Si cone. The spectacular lattice of ZnCo alloy can be
applicable in light reflecting diodes [7]. The large surface
morphology and unique electrical nature of one dimension
ZnCo alloy nanowires have appropriate inorganic—organic
solar cell [8]. Solar cell manufactured using ZnCo alloy show
unusual effectiveness [9]. Metallic Zn alloy prepared by
using various metal parts like Co, Ni, Pd, Ag, Cu, Au etc.
applicable such as sensors [10] for different optical examine
outs. The improved thermo power and multifunctional act in
the ZnCo alloy nanowires made them most striking for
thermoelectric energy alteration devices and cooling system
[11]. Various types of single domain magnetic ZnCo alloy

1. Introduction

Cobalt is naturally occurring magnetic metals at a higher
temperature 1100°c than any other metals. while Zinc is used
as basic element of electronic appliances due to its controlled
conductivity at high temperature. Unique characteristics of
ZnCo alloy made it valuable for various technologies. The 1-
D metallic alloy nanowires have gain much attention due to
exceptional features which are different from other
geometrical forms [46] having countless potential uses at
industries, such as electronic appliances, ultra-high density
memory devices [47] and sensors [48] etc. Conventional
technologies based device, such as the p-n junction diodes
[1], FETs [2], logic gates [1], and LEDs [3, 4] have been
fabricate in small size using various nanomaterials such as
ZnCo nanowires, illustrating their function as the building
blocks headed for the production of complex integrated
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nanowires can manufactured with controlled (length and
diameter) morphology related with common dimensions and
well-sequenced in a close-packed array can be measured to
gain countless magnetic uses [12, 13].

A lot of studies show the fabrication of ZnCo alloy
nanowires. Zhu et al, fabricate the ZnCo alloy nanowires
using Dc electrodeposition technique and studied the
influence of applied voltage on the morphology and crystal
structure of deposited ZnCo alloy nanowires. Their results
reveal that the increasing applied voltage change the
amorphous ZnCo alloy nanowires into hcp crystalline phase
[14]. Koohbor et al examined the co-electrodeposition of
highly arranged Co;(Zn, nanowires into porous layer of
anodized aluminum oxide templates. They studied
consequence of Zn content on the crystal structure and
magnetic properties. Their results illustrate that rise in the
concentration of Zn content of electrolyte forces the hcp
crystal structure of Co nanowires into the amorphous phase
of ZnCo electrolyte, displaying significant reduction in
magnetic properties just like low Hc value (high coercivity)
[15]. Heydari et al studied the effect of pulse current
parameters on ZnCo alloy coating (current-off time,
current-on time, and peak current density on the structural
morphology and phase conversion [16]. Xua [2010]
fabricate the amorphous Co-Zn alloy nanowires in AAO
templates Their results indicate when the applied magnetic
field is along the wire axis, the squareness and coercivity of
the nanowire arrays reduced with increasing Zn ion
concentration [17]. Karahan et al investigated the change in
magnetic properties, microstructure and phase contents of
Zn-Co electrodeposition. Various concentration of cobalt
content in the electrolytic solution can improve the
corrosion resistance due to its uni-axial crystal phase and its
better structural analysis [18]. Almasi and his co-worker
explained magnetic function of co-deposited and annealed
Co,Zn,_, alloy nanowires using first-order reversal curve
(FORC) technique. It was observed that, by increasing Zn
content the magnetostatics link and coercivity distribution,
squareness average coercivity, shifted to low values. [19].
Kashi et al fabricated CoZn alloy nanowires embedded in
anodic aluminum oxide template using AC pulse
electrodeposition and studied effect of pulse off time in
electrolyte with fixed concentration of Co™* and Zn'* at
same pH 4 and show that higher deposition of Co content is
gained by increasing off time pulses [20]. Xu et al fabricate
the Co,Zn, nanowire in AAO template Dby
electrodeposition and indicated that the structural
morphology of nanowires is amorphous.

The structure of ZnCo electrodeposited nanowires changes
from crystalline to amorphous, however, the reason for this
structural change is not well understood. We have proposed
in the previous paper that the growth of metal nanowires can
be related to the dehydration of hydrated metal ions which
involves valence electrons tunneling to hydrated metal ions
[21, 22], leading to neutralization of the hydrated metal ions.
The neutral metal atoms are adsorbed on the surface and then
diffuse to surface sites (such as kink site) where they

incorporate into the metal lattice, thus leading to the growth
[22]. Since the probability of electron tunneling is related to
the workfunction of metals, the workfunction can have a
significant effect on the growth of metal alloy nanowires.
Moreover, the elemental processes of electrodeposition are
still not well understood. Therefore, the present paper
attempts to study the workfunction effect of metal alloy
nanowire growth and to understand the electrode reaction
mechanism.

2. Experimental Details

The detailed experimental procedure for preparation of
anodic alumina oxide (AAO) templates has been given in our
previous papers [23-25]. The templates obtained by the
above method have cylindrical and hexagonally arranged
pores of about 50 nm in diameter and the length of the pore is
about 65 {/m . In order to deposit metal into the pores of
AAO templates, Au film was sputtered onto the back side of
the AAO templates to serve as a working electrode.

To study the growth of ZnCo nanowires, the effect of
concentration and potential was varied. The electrolyte for
deposition of ZnCo nanowires with various concentration
(100-x g/l: CojgoxZny) was prepared by using 100g/1
CoS04.7H,0 + x-ZnSO4.7H,O and 45g/1 H;BOs;. The
potentiostatic deposition was conducted in a two-electrode
cell at -1.6V. To study the potential effect ZnCo alloy
nanowires were deposited at various voltages (-1.6V, -2.0V
and -3.0V). The electrolyte for deposition 95g/1 CoSO,4.7H,O
+ 5g/1ZnS0,.7H,0 and 45g/l H3BO;. The pH of electrolytes
was adjusted to 3 by adding IM H,SO, and 1M NaOH
solution. The area of the working electrode for growth of
nanowires was 0.608cm’ (= 0.2577(0.88cm)?) and the area
of the graphite counter electrode was 14.7cm’
(=4.2cmx*3.5cm).

The ZnCo alloy nanowires were characterized by X-ray
diffraction (XRD, Y-2000) with CuKoa radiations. The
morphology of deposited nanowires was obtained by
Scanning Electron Microscope (SEM, JEOL JSM-6700F)
and transmission electron microscope (TEM, JEOL JEM-
2010). The AAO templates were partly dissolved in 5 wt%
NaOH solution for SEM observations, and for TEM fully
dissolved in the same solution, and then carefully rinsed with
deionized water for several times.

3. Results

Figure 1 shows a typical SEM image of ZnCo alloy
nanowires. The top view Figure 1 (a) of ZnCO alloy
nanowires illustrates the flat heads of the electrodeposited
nanowires and confirms that the diameter of the ZnCo alloy
nanowires (~50nm) is the same as that of the nanopores of
AAO template. Figure 1 (b) shows the cross-sectional view
of electrodeposited nanowires indicating that the nanopores
of the AAO template were fully filled with Zn-Co atoms
during electrodeposition.
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Figure 1. SEM images of ZnCo nanowires deposited at —1.6 V and Coysg
Znsg; (a) top view and (b) cross-sectional view of ZnCo alloy nanowires.

The structural analysis of ZnCo alloy nanowires at various
concentrations was studied by XRD and is shown in Figure
2. XRD results of ZnCo alloy nanowires electrodeposited at -
1.6V, pH 3 from electrolyte containing various
concentrations (CogsgnZnsgy), (CogognZniggn), and
(CogsgnZnsyy) elaborate the role of Zn™? ions in ZnCo alloy
nanowires during electrodeposition process.
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Figure 2. XRD pattern of ZnCo alloy nanowires at pH 3 and voltage -1.6V.
(a) CogsgnZnsen), (b) CoggenZn jogn) and (c) Cossgn Zn,se.

The XRD data were collected from the top side of
nanowires. In Figure 2 (a), three peaks at 260 = 41.6°% d=2.16,
20= 44.6% d=2.02, and 260= 75.8°; d=1.25 were seen and
can be attributed to (100), (002) and (110) planes of hep Co
nanowires (Standard card # 89-7094) for the ZnCo nanowires
deposited in Cogsg1Znsg, solution at -1.6V with pH 3 at room
temperature. By increasing the concentration to CoggeiZn;og
the structure of the ZnCo nanowires remains same, however
the intensity of the peaks decreases by increasing the Zn'?

ions concentration in the electrolyte as can be seen in Figure
2 (b). Further increase in concentration to CogsgiZn;sg; the
structure of ZnCo alloy nanowires there is no characteristic
peak revealing the amorphous phase of ZnCo nanowires (see
Figure 2 (c)). These results are in good agreement with the
previous results [15], however the reason for this change
phase is not well understood.
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Figure 3. XRD pattern of ZnCo alloy nanowires at pH 3, concentration
Coysg1 Znsy, and at room temperature, (a)-1.6V (b) -2.0V and (c)-3.0V.

Figure 3 shows the XRD pattern of ZnCo alloy nanowires
at various potentials (-1.6V, - 2.0V and - 3.0V) with pH 3 at
room temperature from the bath of concentration Cogsg Znsg.
The effect of potential on the structure of ZnCo alloy
nanowires is similar to that of concentration effect. Figure 3
(a) shows three peaks at 28 = 41.6° d=2.16, 28 = 44.6%
d=2.02, and 26 = 75.8% d=1.25 and can be attributed to
(100), (002) and (110) planes of hcp Co nanowires (Standard
card # 89-7094) for the ZnCo nanowires deposited at -1.6V
form CoosgiZnsg; solution with pH 3. By increasing the
potential to -2.0V (Figure 3 (b), the intensity of the peaks
decreases and only two peaks (100) and (110) planes were
seen. Further increase in potential to -3.0V as can be seen in
Figure 3 (c) the structure changes to amorphous.

4. Discussion

Experimental results of ZnCo alloy nanowires clarify that
change in concentration and potential can transform the
crystal structure of electrodeposited ZnCo from crystalline to
amorphous. Higher concentration of Zn™ ions can lead to
amorphous structure of ZnCo alloy nanowires, also the
higher potential has similar effect to that of concentration
effect. Electrodeposition technique is based on reaction,
diffusion, adsorption and collaboration with the Al-substrate,
concentration ratio of deposited alloy, applied voltage and
electrolyte concentration. Thus the structure of the deposited
alloy nanowires is associated to the deposition parameters
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and growth modes [26, 27]. The deposited phase of ZnCo
alloy and its growth rate have a main role in defining the
complete deposition cause, properties and morphology of
deposited nanowires [28]. This can be explained as follows.

Effect of wvariable concentration and voltage on
electrodeposited ZnCo alloy nanowires is explained
according to electron tunneling. Electron tunneling elaborates
the electronic mechanism occurring adjacent to the metal
surface [29].

Electrodeposited metals include the reduction of metal
ions from aqueous electrolytes. A simplified atomistic
representation of reduction reaction is [30].

7+
Msolution +Ze_)Mlattice

In this reaction, zelectrons (e) are supplied from an
external power supply. The metal ions in an electrolytic
solution (aqueous MZf, ;ion) are not bare metal ions but
hydrated metal ions. The growth of electrodeposited metal
nanowires accomplished in four main steps at atomic level.

In the electrodeposition of metal, a metal ion is transferred
from solution into the ionic metal lattice, meanwhile
electrons are provided from the external electron source
(power supply) to the electron gas of the metal [31]. This
electrodeposition 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 hydrated metal ions, the water
molecules of hydration are electrostatically attached to the
metal ions.) Second, when an adsorbed hydrated metal ion
captures electrons from the surface by quantum-mechanical
tunneling, the metal ion becomes a neutral metal atom. The
electrostatic attractive interaction between the neutral metal
atom and water molecules is zero and the water molecules of
hydration are displaced. Third, the neutral metal atom
adsorbed on the surface. Fourth, an adsorbed metal atom
diffuses to a surface site (such as kink site) where it
incorporates into the ionic metal lattice, leading to the growth
of nanowires. The growth arises from wvalence electron
tunneling from the metal surface to hydrated metal and
hydrogen ions, leading metal nanowire growth and hydrogen
evolution, respectively.

Previously, it was shown that the increase of Zn'? ions in
electrolyte can increase the deposition rate of Zn resulting of
the amorphous phase of ZnCo alloy nanowires [15]. This
study shows the similar effect as well as voltage effect. This
can be explained based on workfunctions of materials; Zn
(@, = 4.3) and @, = 5.0). According to tunneling effect,
wave function of valence electrons never drops to zero
abruptly at surface of metals. The value of wave function
increase above the surface with an exponentially increase of
decaying tail [32]. Valence electron tunnel to unoccupied
orbit of hydrated metal ion. The primary step to calculate
tunneling probability , is measured using wave functions.
Tunneling  probability increases by increasing the
overlapping number among the orbital wavefunction and
the valence electron wavefunction. The overlapping based on
extra time required to decaying tail and the gap of hydrated

metal ions from surface. According to wavefunction
equation, electrons above the surface loose energy
exponentially [33]. The workfunction of metal can have a
significant effect on the barrier width that electrons tunnel
through. Figure 4 (a) shows that under the same applied
potential the barrier width (d) for the metal with smaller
workfunction becomes thinner and electron tunneling occurs
more ecasily. The greater the value of workfunction smaller
will be the tunneling distance and faster will be the growth of
that material. Since Zn has smaller workfunction and can
grow faster which changes the crystallinity of ZnCo alloy
nanowires. Therefore, by increasing the concentration of Zn*?
in electrolyte from 5g/l to 15g/l results in the amorphous
phase of ZnCo alloy nanowires. The probability of electron
tunneling is associated to the work function of
electrodeposited material. Experimental results illustrates that
the work function of metal (Zn, 4.33 and Co, 5.0) alloy have
an important effect in electrodepositing metal growth on
crystal surface [25, 34] as can be seen schematically in
Figure 4 (a).

Vacuum Level

Vacuum Level

Fermi Level

0,< 0, Vi Voo

Figure 4. Schematic representation of electron tunneling: (a) electron
tunneling occurs at fermi level and barrier thickness (d) decreases with
difference of workfunction value, (b) the increase in potential makes the
tunneling barrier thinner.

Therefore, under the same applied potential, there is a
probability that Zn deposited faster than the Co leading the
increase content in ZnCo alloy nanowires, [15] which further
leads the amorphous phase.

The free electron gas model revealed, the metal can be
taken as a potential box, filled with electrons to the Fermi
level, which are below the vacuum level having path
difference covered by several electronvolts. Work function is
defined as the path from Fermi to vacuum level. High electric
field is induced in between vacuum and fermi level named as
double layer.

E=-V/d

In this equation V is applied voltage supply to metal
electrodes, considered as voltage of electrolytic solution is
zero and d is the total path in double layer. The variable field
strength alternates the potential energy E of the electrons
outside of the metal basically calculated as E =e-€-x
(where x is the distance from metal distance). So, electron
tunneling is based on the strength of applied electric field
[25]. From above equation, we can see that increasing the
applied potential will make the electric field strength
stronger. This leads to the more rapid change of the potential
of electrons outside the metal, as shown in Figure 4 (b). In
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this case, the slope of electron potential with a higher electric
field is steeper than that of with a small electric field. The
barrier width that electrons tunnel through becomes thinner
and electron tunneling occurs more easily. Therefore, at
higher potential - 3.0V, Zn may be deposited more rapidly
because of thinner barrier as the growth rate of Zn is higher
than Co at same concentration. Consequently, changes the
crystalline structure of ZnCo alloy nanowires to amorphous
phase.

5. Conclusion

We have studied the structure of ZnCo alloy nanowires by
varying concentration and potential. It was found that
increase concentration Zn'? results in the amorphous phase of
ZnCo alloy nanowires. This can be explained by electron
tunneling theory and workfunction effect. The smaller
workfunction (Zn=4.3) increases the growth rate of Zn
content, which leads to the amorphous phase. Furthermore, at
same concentration the tunneling distance becomes steeper
which increases the growth rate of Zn, ultimately changes the
structure of ZnCo alloy nanowires. The electron tunneling
theory is illustrated (not drawn on scale) in very simple and
easy way to understand.
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