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Highly ordered Co nanowire and nanotube arrays were fabricated using anodic aluminum oxide (AAO)

templates by DC electrodeposition technique.The Fe microstructures and growth mechanism were
investigated using conventional transmission electron microscopy(TEM),Scanning electron
microscopy (SEM),X ray diffraction(XRD) method. Two templates with pore size ~50 nm and ~100
nm was prepared, for deposition of nanowires and nanotubes. The material of working electrode and
its effect on growth of nanowires and nanotubes was discussed. Our proposed factors i.e. the material
of working electrode, pH value, pore diameter and the concentration of metal ions in electrolyte can be
useful in future to compose and synthesize other metal nanostructures via template-based
electrodeposition.
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1. INTRODUCTION

Metal nanostructures with nanoscale diameter and high aspect ratio gain attention of research
communities from last two decades. They are the bases of fascinating structure-property relationships
derived from their 1D confined transport of electrons or photons, quantum confinement, large surface
area and excellent mechanical properties, these properties are unique and superior as compared to their
bulk counterparts [1-8] .Metal nanowires and nanotubes prepared while using templates assisted
method, contains the electrochemical reduction of one or more ions of desirable metals inside the
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nano-pore channels of an insulating membrane. The low-cost formation of nanotubes and nanowires in
hexagonally ordered pores of AAO templates now has a part of many research works. The shape size
structural and magnetic properties are controlled by the changing template and electrodeposition
parameters [9-11].

Many researchers [12-15] have studied the growth mechanism of metal nanostructures.
Currently lot of theoretical and experimental research work done on metal nanowires, based on
nucleation, growth and crystal structure and their impact on surface morphology[11, 12, 16,
17].Researchers reported that growth of Au, carbon nanotubes and Bi nanowires are helical[18, 19].
Many researchers use Ag or Cu as the working electrode[20, 21] for nanotubes formation and Au is
used for nanowires formation[22], but they don’t explain the reason why material of working electrode
is important for nanowires and nanotubes formation. Chienwen Huang and Yaowu Hao [23]show that
Cu form columnar structure on AAO template. They explained that during sputtering some copper
atoms migrate in to pores so cup shaped working electrode is formed. Metal starts to grow on this cup
shape working electrode and tabular structure is formed[23].There are very few research reported on
growth mechanism of nanotubes[24] compared with nanowires[25-27].Up till now the growth
mechanism of Fe nanowires and nanotubes are unclear, however a full understanding of growth
mechanism needs further investigation.

In this study we successfully fabricate the metal nanowires and nanotubes using AAO template
and study the growth mechanism of nanowires and nanotubes inside the tubes of AAO template. We
believe that there are four factors i.e. the material of working electrode, pH value, pore diameter and
the concentration of metal ions in electrolyte, which affect the growth mechanism and help to form
nanotubes inside the pores of AAO template.

2. MATERIAL AND METHODS
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Figure 1. Hexagonally arranged pores of AAO template with pore size of (a) ~50 nm (b) ~100 nm
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The detailed experimental procedure for preparation of AAO templates is given in our previous
paper. Here different anodization conditions is discussed to obtain desired pore size.

1) Aluminium foils were anodized in a 0.4 M H,C,0, solution for 6 hours which forms
pores with diameter of ~100nm. A DC voltage of 45 V was used between the electrodes. The
temperature was 2°C to 5°C sustained by using a refrigeration system. To remove the alumina layer
formed in the first anodization, these foils were dissolved in a solution of chromic acid (1.8 wt %) and
phosphoric acid (6 wt %) at 60°C. To achieve an ordered nanoporous layer, a second anodization
process was done on the substrate. The same arrangement with the same parameters and electrolyte
were used just anodization time was kept 12 hours for this step. The hexagonally arranged and ordered
honeycomb pores was formed as shown in fig.1a

2) For nanowires formation, the same two anodization procedure was repeated. Here 0.4 M
H,SO,4 was used which create pores in a diameter range of 30-50. A DC voltage of 25 V was used
between the electrodes. The hexagonally arranged and ordered honeycomb pores was formed as shown
in fig.1b. Table.1 shows the required parameters of AAO template used for obtaining desired pore
diameter of nanotubes and nanowires.

Table 1. shows the required parameters of AAO template for nanowires and nanotubes formation.

Composition | Concentration Applied Temperature | Pore Diameter
Of Electrolyte | Of Electrolyte Voltage (V) (OC) (nm)
(COOH), 0.4 M 45 0+2 80-100 nanotubes
H,SO, 0.4 M 25 012 30-50 nanowires
conductive layer electrochemical deposition of , ‘ :

nanowires

growth of nanowire or nanotube with time
(d)

Figure 2. Schematic illustration of (a) AAO template (b) Sputtered conductive layer(c)
electrodeposition of alloy nanowires and nanotubes (d) growth of alloy nanowires and
nanotubes with time
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The electrolyte used was 0.3MFeSO, - 7H,0 + 0.65MH ,BO, for nanowires deposition. The pH of

electrolyte was adjusted to 2.5 by adding 1M H,SO, solution .For nanotubes deposition electrolyte
used was 0.284MFeSO,, - 7H,0 + 0.2MH,BO,, H,SO,4 was not added so electrolyte has high solution pH
5. Both experiments were conducted using -1.6V dc voltage at room temperature as shown in Fig.2.
Au and Ag film was sputtered onto the back side of the templates to serve as the working electrode
The reference electrode was the saturated calomel electrode (SCE). The Fe nanowires and nanotubes
were analyzed using X-ray diffraction (XRD, X’Pert PRO MRD, PANalytical, Netherlands) with
CuK, radiation, scanning electron microscopy (SEM, JEOL JSM-6700F) and transmission electron
microscope (TEM, FEI Tecnai G2 20 UTwin).

3. RESULTS AND DISCUSSION

The experimental conditions for preparation of nanotubes are different from preparation of
nanowires (in AAO tubes) by following aspects. First, the concentration of metallic ions in the
electrolyte was low. Second, H,SO4 were not added into the electrolyte to adjust pH value and thus the
electrolyte has a high pH value. Third, template with large pores of ~100 nm in diameter favors the
formation of nanotubes. Fourth, for nanotubes formation Ag is used as working electrode and gold was
sputtered for nanowire formation. Fig.3 shows the X-ray diffraction (XRD) patterns of 0.356 M Fe
nanowires deposited at -1.2V with low solution pH 2.5. The XRD data were collected from the top
side of nanowires. The Fe nanowires deposited at -1.2V have cubic structure and the preferential
growth is on the (110) and (200) plane.
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Figure 3. XRD patterns of Fe nanowires deposited at -1.2V in 0.356M solution with pH 2.5.
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Fig. 4 shows SEM images of Fe nanowires deposited at -1.2V with pH 2.5 in 0.356M solution.
The diameter (~50nm) of the Fe nanowires is the same as that of the pores of AAO template,
indicating that the cylindrical pores of the template were fully filled with Fe atoms.

SEI  10.0kV X50,000 100nm WD 85mm

Figure 5. Schematic illustration of growth mechanism of nanowires.

The growth mechanism of nanowires inside pores of AAO tube with using Au electrode is
shown in Fig 5. When Au is used as the working electrode with pore diameter ~50 nm, and by using
high concentration of metal ions the nanowires grow from the bottom of AAO tube. Metal ions M"" are
reduced on Au surface. Then metal atoms nucleate and grow on Au surface; nanowires grow from the
bottom. This can be understood by following reason. First, Polycrystalline Au surface have many
favorable nucleation sites such as grain boundaries. Second, numerous studies show that when using
Au as the working electrode, the head of nanowires (growing surface) are a tip[28, 29]. This indicates
that nanowires grow from bottom. This growth behavior also shows that the growth in the central
section is faster than outer layer of nanowires. The TEM results show that the protruding tip of
nanowires are not completely packed, it means that there are two section of nanowires, one is body
which have dense structure and other is tip of nanowire with unpacked structure. Figure 6 shows the
TEM image of Fe nanowires, it is clear that the growing surface of metal nanowires is not flat but has
protruding tip. Third, the shape of current vs time curves measured during deposition of Co nanowires
in our study[11] in agreement with that during deposition of metals on flat substrate[30], the value of



Int. J. Electrochem. Sci., Vol. 12, 2017 4579

current increases rapidly to the maximum value and then decreases slowly. The time (tmax) requires for
achieving Ns (saturation nucleus density) is shorter than one second for depositing [11]. This can
indicate that nucleation and growth occurs on Au surface. The Fig.7 (a, b) shows current density vs
time curve at the initial time of deposition (0-15sec). In order to check the nucleation and growth
occurs on Au surface Fe nanowires are also deposited in high concentration, electrolyte used
was 0.71MFeSO, - 7H,0 + 0.65MH ,BO, with -1.2V and pH 2.5 was used .Curve shows that the, value of
maximum current (imax) increases with increasing Fe ion concentration in the electrolyte and time
where current has maximum value(tm) deceases. At low concentration of 0.356M solution tm and
imax are 1.99 sec -52.07 mA/cm? and as we increase the concentration to 0.71M the value of tm
decreases to 0.36 sec and value of imax increases to -109.01 mA/cm?, this shows that nucleation and
growth occurs on Au surface and Fe nanowires are formed.

Figure 6. TEM image of nanowires showing the protruding tip of the nanowire

The fig.8shows schematic illustration of a typical current versus time curve. It is clear from the
fig.8 that the current decreases abruptly which is clear in Region I, than nanowires starts to grow from
bottom into the pores of the AAO membrane in Region Il .The current density remains almost
unchanged and metal nanowires grow into the nanopores.
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Figure 7. Initial time current density curve at 0.356M and 0.71M Fe at -1.2 V with pH2.5
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Figure 8. Schematic illustration of current density vs time curve during electrodeposition of metal
nanowires
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At Region 11 the electrodeposited material arises to form hemispherical heads above the ends
of nanowires and at this time the current density starts to increase rapidly. Region IV is the region of
overdeposition where heads reach together cover the surface area of template [31-33].

X-ray diffraction (XRD) patterns of Fe nanowires deposited at -1.2V is shown in Fig. 9. The
XRD data were collected from the top side of nanowires. The Fe nanowires deposited at -1.2V have
cubic structure and the preferential growth is on the (110), (200) and (220) plane.
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Figure 9. XRD patterns of Fe nanotubes deposited at -1.2V in 0.2 M solution.

Fig. 10(a,b,c) shows SEM and TEM images of Fe nanowires deposited at -1.2V with pH 5 in
0.2M solution. The diameter (~100nm) of the Fe nanowires is the same as that of the pores of AAO
template, indicating that the cylindrical pores of the template were fully filled with Fe atoms.

Fig.11 shows the growth mechanism of nanotubes, it is clear that the metallic ions grow along
the wall of AAO tube. As the inner walls of AAO tubes has surface absorption energy [13, 34], so the
surface area of Ag electrode and the bottom edge of AAO tube is used as the preferential site for the
deposition of Fe ions. At the initial time of deposition ionized metal moves towards the Ag electrode
surface get electron and become atom. Metal atoms combine together to form nanoclusters which
absorbed inner walls of nanotubes and tubular structure is formed.
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Figure 10. (a) SEM image with 10,000 magnification and (b) SEM image with 100,000 magnification
(c) TEM images of Fe nanotubes deposited at -1.2V in 0.2M solution with pH5.
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Figure 11. Schematic illustration of growth mechanism of nanotubes.

All metals (except Au and Pt) are oxidized when exposed to air and oxide film with a thickness
of several nanometers is formed on the surface of the metals, immediately [35, 36]. Because Au and Pt
are not oxidized, Au or Pt is usually used as the working electrode in electrodeposition of metal
nanowires. When using Ag or Cu as the working electrode, the oxide film of Ag or Cu can have an
effect on the nucleation and growth mode and can lead to the growth along the wall of the AAO tube.
For the templates with larger pore of ~100 nm when preparing the working electrode, metal film can
form along the internal wall of the AAO template. This favors growth along the wall. Hui-min Zhan et
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al[21] believes that potential is the key factor for depositing metal nanowires and nanotubes. They
explain that -1.25V is the critical potential at which nanotubes are formed and lower that this value
nanowires are formed. We think that they ignore the other deposition parameters which have effect on
growth of metal nanowires and nanotubes. Cao et al. [37] have suggested a current directed tubular
growth (CDTG) mechanism for nanowires and nanotubes. They showed that metal nanotubes can be
formed when growth rate parallel to current direction is greater than growth rate perpendicular to
current direction, while nanowires can be formed when growth rate parallel to current direction is
approximately equal to growth rate perpendicular to current direction. We believe that this model is
difficult to explain the competitive growth rates of nanowires and nanotubes.

Based on the above analysis, the factors which control the growth pattern of nanowires and
nanotubes would be: (1) the material of working electrode, (2) The pH value, (3) pore diameter and (4)
the concentration of metal ions in electrolyte.

4. CONCLUSION

Highly ordered Fe nanowire and nanotube arrays were fabricated using anodic aluminum oxide
(AAO) templates. A growth mechanism of Fe nanowires and nanotubes is discussed. Believe that four
factors i.e. the material of working electrode, pH value, pore diameter and the concentration of metal
ions in electrolyte contributes the formation nanowires and nanotubes inside the holes of AAO
template.
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