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ABSTRACT (120 words)

The present research and dissertation focuses on: 1. Experimental synthesis of
electrodeposited Co nanowires at different current densities and external magnetic
fields, 2. Physical properties characterization of the synthesized nanowires to
understand their morphology, structural and crystallographic properties. Key research
insights from the present experimental research include: Electrodeposition method
consistently synthesizes high purity Co nanowires (98% and higher based on energy
dispersive spectroscopy (EDS)) with a significant improvement in surface morphology
when magnetic field is present during synthesis; X-ray diffraction (XRD) characterization
and analysis indicate that electric current density has significant influence on the crystal
orientation of Co nanowire, while a decrease in crystal size was noticed with increased
magnetic field intensity for same current densities.

1.  INTRODUCTION

Recent experimental observations have shown that the properties of nanowires are
strongly influenced by processing methods and synthesis parameters employed. Of the
various methods cited in literature (Xia et al., 2003); electrodeposition is shown to be a
viable and effective method for Ni nanowires (Samykano, Mohan, & Aravamudhan,
2015). In template-assisted electrodeposition method, process parameters such as
solution pH, temperature, agitation condition, template material, additive, and current
density are found to determine the properties of the nanowires synthesized. Additionally,
as Co is one of the four ferromagnetic elements which have ferromagnetic properties -
application of magnetic field is found to influence its properties. Literature cites extensive
work on the influence of magnetic field on the magnetic properties of electrodeposited
Co nanowires. However, limited work to date has focused on understanding physical
and mechanical property changes associated with application of external magnetic field,
and variation in current density during electrodeposition. Present research focuses on
such understanding; striving to develop a potential correlation between processing,
physical, and mechanical properties through careful experimental design,
experimentation, and analysis.

However, due to the complications and challenges associated with mechanical testing at
nanoscale, very little attention has been given to experimentally characterize
polycrystalline nanowires, and mechanical properties of the polycrystalline nanowires
are still not very well understood (Tian et al., 2010). From a nanotechnology applications
perspective, such understanding of structural-mechanical properties are very critical to
avoid mechanical failure due to incidental forces in nano-devices (Varghese et al.,
2008).

The specific research objectives
» Electrodeposition synthesis of Co nanowires
o Physical property characterization and analysis.
* Analyze experimental data obtained to study and understand the influence of
electric current density and external magnetic field on physical properties of
synthesized Co nanowires.



2. RESEARCH METHODOLOGY

Fabricated Holder
Ty Wil
4 . ;t
s A % =
L e =
¥ &

Electrodepositio|

J Fiate end B source Moter |
Source Heler

Electrodeposition set-up for Co nanowire synthesis

Figure 1

The nanowire synthesis is performed either with or without magnetic field. For nanowire
synthesis with magnetic field, known magnetic field intensity was placed close to the
template and electrode (with magnetic field aligned parallel to nanowire growth). As the
stoichiometry of the Co nanowires are significantly affected by solution pH, agitation
conditions, temperature, external magnetic field, solution additives and deposition time,
all these process parameters were maintained to be consistent during the
electrodeposition process except for the external magnetic field and current density.

Table 1 lists the deposition parameters used in the present work. All synthesis was done
for 1 hour of deposition at a temperature of about 35 °C. After the electrodeposition
process, the templates were cleaned with deionized water prior to dissolution in sodium
hydroxide (NaOH) solution to obtain freestanding Co nanowires. NaOH solution was
later replaced with methanol solution.

Table 1 Deposition process parameters used for synthesis
Parameters Values Units
Magnetic field 0, 3817 and 5758 Gauss
Current density 3,5and 7 mA.cm
Temperature 35 °C
Solution pH 42-48 n/a
Agitation 100 rpm
Time 60 minutes

Physical properties characterization of individual nanowires is a challenge to many
current testing and measuring techniques. These are due to their size which is tiny,
prohibiting the applications of the well-established characterization techniques. SEM
(Carl Zeiss, Auriga) is used to study the structure and morphology of the grown Co
nanowires. This study was performed by qualitative observation of the surface of the
electrodeposited Co nanowires from a series of images taken using SEM. The EDS
analysis is performed using Oxford Instruments EDS attached to Carl Zeiss EVO SEM at
a beam source of 15 kV. A quantitative EDS analysis is performed on all the samples to
determine the elemental composition of the Co nanowires deposited in the AAO
template at different synthesis conditions. X-ray diffraction experiments were performed
on Gemini XRD (Keysight Technologies) with a monochromatized Cu Ka (A = 0.154 nm)
radiation source operated at 40 kV and 40 mA in a powder diffraction arrangement.



3. LITERATURE REVIEW

One-dimensional (1-D) nanostructures are slivers of material that are constrained in
other 2 directions. Within this category of nanomaterials, researchers differentiate
between nanorods that are generally with aspect ratios less than 10, nanowires with
aspect ratios greater than 10 and nanotubes with hollow interior (Chen, Wiley, & Xia,
2007). In the past two decades, 1-D nanostructures have got serious attention, with
several researchers studying numerous methods to synthesize 1-D nanostructures with
different shapes, morphology, size and materials with exciting and fundamentally
different configurations (Barth, Hernandez-Ramirez, Holmes, & Romano-Rodriguez,
2010; Kuchibhatla, Karakoti, Bera, & Seal, 2007; C. Rao, Deepak, Gundiah, &
Govindaraj, 2003; N. Wang, Cai, & Zhang, 2008).

Among above mentioned strategies, growth dictated by the use of a template has been
widely employed. Various template-assisted methodologies had been shown to be
successful to synthesize 1-D nanostructures. Among them are: step edges present on
the surfaces of a solid substrate (Walter et al., 2002), channels in porous material
(Huczko, 2000), self-assembled molecular structures (Murphy & Jana, 2002) and
templating against existing nanostructures (Sun, 2010). Although these prior techniques
have shown to be successful, the technique that employs channels in porous material
seems to more preferred and extensively used.

Technique for synthesis of 1-D nanostructures using porous material was initiated by
Martin and several others (Hulieen & Martin, 1997; Martin, 1996). The porous material
technique has been used in conjunction with various processing methods such as
electrochemical deposition (Brumlik, Menon, & Martin, 1994), sol-gel (Z. Wang et al.,
2011), chemical vapor deposition, CVD (Li et al., 2011) and pressure injection (Phillips,
Fang, Zheng, & Lagoudas, 2011) to produce various types of 1-D nanostructures with
interesting properties.
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Figure 2 Flow diagram for template-assisted synthesis



4., FINDINGS
Scanning Electron Microscope Analysis

SEM analsys show that the surface texture and roughness is found to be drasticaily
reduced as the magnetic field strength is increased. The surface texture changed from
very rough when no magnetic field is applied to a smooth surface at the highest
magnetic field. This is due to magnetohydrodynamic (MHD) effect from the applied
magnetic field which increases the limiting internal potential and deposition rate. Thus
the deposits obtained with magnetic field appear to be smoother and uniform compared
to that without magnetic field.

Figure 3 SEM images of Co nanowires synthesized at different current densities
with the absence and presence of magnetic field

The growth length of Co nanowires is found to increase significantly as the current
density is increased. The resultant significant increase in the growth can be attributed to
higher overpotential due to increase in the applied current density which subsequently
increases the nucleation rate (Rashidi & Amadeh, 2008; Schmickler & Santos, 2010)
and ionic mass transfer rate within the nanosized diameter pore (Konishi et al., 2003;
Motoyama, Fukunaka, Sakka, & Ogata, 2006).
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Figure 4 Co nanowire grown length at different proses condition

Energy Dispersive Xray Spectroscopy

The EDS analysis demonstrates that the synthesized nanowires were consistently
composed of 96.73+0.66 % of Co and 3.27+0.66 % of oxygen. The small amount of

oxygen observed in the entire spectrum indicates potential absorption from air on the
surface of the nanowires.

Table 2 EDX elemental composition of synthesized Co nanowires
Elements Value (%) Standard deviation (%)
Cobalt (Co) 96.73 0.66
Oxygen (O) 3.27 0.66

X-ray powder diffraction Analysis

Present XRD resuits show there was not a significant influence of magnetic field on the
orientation of the crystals. The predominant orientation is still dictated by the electric
field. The preferred orientation of synthesized Co nanowires in all cases was found to be
(1 0 0) plane, followed by (0 0 2) and (1 0 1) planes.
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Figure 5 XRD spectrum of Co nanowires synthesized at different current density
with the absence and presence of magnetic field



Crystal size analysis indicate that the average crystal size reduces upon application of
magnetic field with all three different current densities. It is also noted that the crystal
size decreases and then increases as the current density is increased in the absence of
magnetic field. This needs further investigation to understand the rationale for the
formation of inconsistent crystal size as the current density increased. Even though there
is inconsistent crystals size formation as the current density is increased, upon
application of magnetic field, the crystal size is found to be decreased but with no
significant differences. The resuitant decrease of this crystal size can be attributed to the
coupled effect of current density and magnetic field known as magnetohydronamic effect
(MHD)
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Figure 6 Crystal size of Co nanowires synthesized at different current density with
the absence and presence of magnetic field

§. CONCLUSION

Co nanowire was successfully synthesized using template-assisted electrodeposition
technique consistently and with good repeatability. The diameter of the nanowire was
found to be between 200 to 36 nm in diameter based on the variations in the pore size of
the template used. EDS analysis showed the synthesized structure was composed of
96.73% of Co and 3.27% of oxygen. The observed oxygen is primarily due to absorption
from air on the surface of the nanowires after synthesis.Qualitative SEM image analysis
has shown that the surface roughness improved as the intensity of the magnetic field
increased, while morphology changes due to increased current density are found to be
not very significant. Overall growth length is also found to be significantly improved as
the current density increased since the deposition rate is primarily dictated by current
density. Application of magnetic field further improves the deposition rate as an
improved growth length obtained.The existence of multiple planes from XRD spectra
suggested that the synthesized Co nanowires were polycrystalline in nature. The crystal
orientation of synthesized Co nanowires at all investigated processing conditions were
found to be preferred at (1 0 0) plane followed by (0 0 2) and (1 0 1) plane. The
orientation of the crystal was found to be influenced by magnetic field. The predominant
orientation was found to be dictated primarily by current density. The measurement of
crystal size from XRD experiments shows that the average crystal size decreases as the
intensity of magnetic field increased. Inconsistent formation of crystal size was observed
when the current density increased.
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