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Chapter 1 Introduction

This introductory chapter consists of the detailed literature
review of various works that motivated me to work in this
specific field and also a brief outline of the entire work
done by me.



Chapter 1: Introduction

1.1. Transition Metals

The transition metals have great importance in our lives. They are building
blocks for life and are found directly in the center (d-block) of the periodic table. The
d-block simply means that the element’s d-orbitals are the last to get occupied,
according to the building-up principle. The transition metals give off electrons from
their outer s-orbital, but most can lose a multiple number of d-orbital electrons.
Because of this many of the d-block metals have multiple oxidation numbers. The
transition elements are both ductile and malleable, and conduct electricity and heat.
Anything that needs electricity has metal components because of their electrical
conductivity. Metals have another great characteristic, they easily mix. This is
because all the d-block metals have about the same atomic size. This allows them to
replace one another easily in a crystal lattice. When two or more metals mix, or
replace one another, we call the new metal an alloy. These elements and alloys are
fundamental for the existence of life, and also for its progression through time. The
transition metals, and some of its key alloys, shaped the Bronze Age, Iron Age, and
most importantly the steel age. Transition metals are in top demand because of their
tremendous technological application. There are three noteworthy elements in the
transition metals family. These elements are iron, cobalt, and nickel, and they are the
only elements known to produce a magnetic effect called ferromagnetism and are
used for permanent magnets and magnetic storage devices. With ferromagnetism,
the unpaired electrons have aligned spins forming domains that survive even after
the applied field is turned off. For this reason, ferromagnetic materials are used in
coating cassette tapes, computer disks, and other devices that use magnetic codes
and signals [1, 2]. In addition, transition metal based oxides such as NiO, Co3Os,
FexO3, etc. have gained tremendous application towards the development of clean
and sustainable energy. Transforming natural energy, such as wind, tide, and solar
energies can generate large amounts of clean and sustainable energy. The
development of efficient energy storage devices is extremely important to store the

harvested energy for wide applications [3, 4].
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Chapter 1: Introduction

1.2. Nanostructures

Interest in nanotechnology is growing rapidly. Nanostructured materials may
be defined as those materials whose structural element clusters, crystallites or
molecules —have dimensions in the 1 to 100 nm range. Now it is possible to arrange
atoms into structures that are only a few nanometers in size. The explosion in both
academic and industrial interests in these materials over the past decade arises from
the remarkable variations in fundamental electrical, optical, electrochemical and
magnetic properties that occur as one progresses from an “infinitely extended” solid
to a particle of material consisting of a countable number of atoms. Reduction of the
size introduces physical and chemical constraints along one or more dimensions of
the nanostructured materials leading to some novel, even completely new properties
in these materials in comparison to their bulk counterpart. These novel properties
arise in these functional nanomaterials when their size becomes comparable to or
less than a certain characteristic length scales such as carrier mean free path,
superconducting coherence length, magnetic domain wall width, spin diffusion
length etc. [5]. Due to the complex design of the nanostructures and also the
interplay between the constituent materials, they exhibit various properties
depending on their size, shape and morphology. It has been found that materials
having building blocks with the same composition but different morphology can
have different properties [6, 7]. Magnetic behaviour, chemical reactivity, colour,
electronic excitation, charge transport, etc. of metal have been found to be influenced
significantly by their size. With the reduction of the size it has been observed that
metals show non-metallic band gaps and thus showing electronic absorption spectra,
clusters of non-magnetic materials show magnetic ordering, hence leading to giant
magnetoresistance, enhanced coercivity and remanance and other properties of
magnetic materials. These novel properties of the functional materials can also be
tailored by manipulating self-assembly and self-organizing techniques of their
nanoscale building blocks to produce a self-sustaining well-defined nanostructure

[5]. Not only the fabrication of nanostructures of different functional materials is
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Chapter 1: Introduction

important, their characterization is much more challenging. It is very important to
fabricate the arrays of ultrafine nanostructures over macroscopic areas; i.e. ordered
arrays of nanostructures is much more needed because one can then probe the
individual and collective behaviour of the nanomaterials in a well-defined and

reproducible fashion.

1.3. One-dimensional (1-D) Nanostructures

Recently, one-dimensional (1-D) nanostructures such as nanowires, nanorods,
nanobelts, and nanotubes have become the focus of intensive research owing to their
unique application in the mesoscopic physics and fabrication of nanoscale devices
[8], it is generally accepted that 1D nanostructures provide a good system to
investigate the dependence of electrical, magnetic and mechanical etc. properties on
dimensionality and size reduction (or quantum confinement). They are also expected
to play an important role as both interconnects and functional units in fabricating
electronics, magnetic, optoelectronics and electrochemical devices with nanoscale
dimensions. In comparison with quantum well and dots, the advancement of 1D
nanostructures have been slow until very recently, as hindered by the difficulties
associated with the synthesis and fabrication of these nanostructures with well-
controlled dimension, morphology, phase purity and chemical composition.
Although 1D nanostructures can now be fabricated using a number of advanced
nanolithography techniques [9], such as electron-beam or focused ion beam writing,
X-ray or UV lithography, further development of these techniques into practical
routes to large quantities of 1D nanostructures from a diversified range of materials,
rapidly, and at reasonably low costs, still requires great ingenuity. In contrast,
unconventional methods based on chemical synthesis might provide an alternative
and intriguing strategies for generating 1D nanostructures in terms of material
diversity, cost, and the potential for high volume production [10]. In 1995, Masuda
and Fukuda in Japan developed highly ordered nanoporous alumina membranes via
electrochemical anodization of aluminum. Since the time, highly ordered porous
alumina membranes have attracted many international groups as a template
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Chapter 1: Introduction

material for the synthesis of magnetic nanowires [11]. Among the various methods
for preparing 1D nanostructures, template assisted electrodeposition is widely used

because of its simplicity and low cost.

1.3.1. One dimensional (1-D) nanostructures for magnetic storage

application

High aspect-ratio magnetic nanomaterials, especially magnetic nanowires
(NWs) arrays have generated growing interest in the scientific community due to
their potential applications in magnetic sensors, high-density magnetic recording
[12-16]. The magnetic nanowires possess unique properties which are quite different
from those of their thin film, nanoparticle, and nanotube counterparts. The magnetic
nanowires possess quasi-one dimensional (1D) anisotropic structures along the wire
axis, resulting in their anisotropic magnetic properties. The magnetic properties of
the nanowires are governed by several material parameters, such as diameter,
length, and composition. It has been reported that the coercivity (Hc), remanent
magnetization (Mr), and saturation magnetization (Ms) are dependent on the
direction of an externally applied field. There have been numerous reports on
electrodeposited Co, Ni, and Fe nanowires and their alloys with large crystalline
anisotropies [17-21]. Wire shaped ferromagnetic materials that have been researched
since the last century and are also at the center of attraction of today’s research in
material science such as: nanowires (NWs). The NWs have diameters typically order
of 100 nm and their length could be several micrometers. The main interest in the
research on ferromagnetic NWs is due to their potential applications in recording
medial®12 and spintronics systems [22-25]. In case of magnetic storage media, the
magnetization of a single NW treated as a single bit of data which is either ‘0" or ‘1’
depending upon the direction of magnetization which may be ‘up’ or ‘down’
respectively. Propagation of domain walls along the NWs by sending spin polarized
current pulse current pulse or applying a magnetic field is the basic concept of
spintronics. Permalloy NWs show large anisotropic magnetoresistance and hence

easy to probe in the investigation of domain wall dynamics in the NWs make them
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Chapter 1: Introduction

important for spintronics applications. The arrays of NWs show unique magnetic
behavior depending upon NWs diameter, length, and material of the NWs and on
inter NW separation. Highly ordered arrays of NWs as can be used as data storage
media in perpendicular magnetic recording systems. The NWs are polycrystalline or
single crystalline and made of ferromagnetic metals and their alloys. Magnetic
nanowires can be prepared by various methods, such as E-beam lithography,
chemical routes, electrochemical deposition etc. [26]. Among which, the
electrochemical deposition is proved to be the modest, simplest and cost effective
synthesis procedure. In this process, a porous diamagnetic membrane (few microns
thick) is used to deposit metal NWs within the pores (diameter ~ few nanometers) of
the membrane electrochemically. The membranes that are generally used for the
purpose can be made of alumina or polycarbonate. The NWs have the same

diameter as nano pores and are uniform in length throughout the membranes.

1.3.2. One dimensional (1-D) nano-heterostructures for electrochemical

energy storage applications.

One-dimensional (1D) heterostructured nanomaterials have been of great
scientific and technological interests due to their high versatility and applicability as
essential components in energy conversion, storage devices [27-29]. Currently,
tremendous efforts have been devoted to the rational synthesis of advanced
core/shell nanowire heterostructures with fascinating synergistic properties or
multifunctionalities offered by the composite nanostructures. Various core/ shell
nanowire heterostructures such as metal/metal oxide, metal/metal and metal
oxide/metal oxide have been explored, and enhanced properties have been
demonstrated [30-34]. The heterostructured nanowire architecture can make use of
the advantages of both components and offer special properties through a
reinforcement or modification of each other. Transition metal oxides such as Co3QOy,
NiO, FexO; and ZnO are technologically important materials for applications in
electrochemical energy storage devices such as supercapacitors and lithium-ion

batteries. To meet these applications, it is desirable to integrate these oxides into
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Chapter 1: Introduction

core/ shell nanowire arrays to achieve enhanced electrical, electrochemical, and
mechanical properties. The fabrication of core/shell nanowire arrays with well-
defined morphologies and tunable functions still remains a challenge. Progress has
been achieved in developing cost-effective and simple methods for controlling
nanowire growth as well as creating more complex heterostructures. Core/ shell
nanowire arrays are generally grown by the catalyst-assisted vapor, liquid, solid
mechanism and template-based approaches. However, there is still no simple and
high-efficiency method to synthesize transition metal oxide or hydroxide core/ shell
nanostructure arrays with precise structure control, even though a few successful
strategies (electrodeposition, oxidation, wet-chemical methods based on sacrificial
templates, and physical technique such as sputtering and pulsed laser deposition)

have been reported [33, 34].
1.4. Magnetic Properties

1.4.1. Magnetic Anisotropy Energy

Magnetic anisotropy is the dependence of magnetic energy on the relative
orientation of the magnetization direction to the crystal axis. The associated energy
is called the anisotropy energy. In a material, the magnetic anisotropy may arise due
to the symmetry of the crystalline lattice or due to the specific shape of that
particular piece of material. In the absence of any external magnetic field, there is an
energetically favorable direction of spontaneous magnetization, called the easy axis
of that particular material that can be determined by sources of various magnetic

anisotropy energies as given below.
1.4.1.1. Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy is the most prominent contribution to the
magnetic anisotropy which arises due to the symmetry axis of the local atomic
structure. It arises because of spin-orbit coupling which is the exchange interaction

via spin-spin coupling between neighboring spins. This strong spin-orbit coupling
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Chapter 1: Introduction

keeps the neighboring spins to be parallel or anti-parallel to each other. However,
the associated energy is isotropic and therefore the coupling cannot contribute to the
crystal anisotropy. The magnitude of this magnetocrystalline anisotropy depends on
the ratio of the crystal field energy and spin orbit coupling [35]. There are two
models to describe the magnetic anisotropy; (a) Néel model which says that the
magnetic anisotropy arises due to pair interactions between two essentially magnetic
ions [36] and (b) Single-ion or crystal field model which describes crystal field
interactions with atoms that are not essentially magnetic [37]. As the
magnetocrystalline energy is associated with the relative orientation of the total
magnetization with respect to the magnetic easy axis of the crystal, i.e. 0, the

magnetocrystalline anisotropy energy can be expressed as,
E, =V (K, +K,sin’ +K,sin* 0) (1.1)

Where, K, (n= 0, 1, 2...) are the magnetocrystalline anisotropy constants. Ko is ¢

independent, arbitrary and thus an irrelevant parameter.

The dependence of the magnetic properties in the direction of the applied
field with respect to the crystal lattice represents the magnetocrystalline anisotropy.
It turns out that depending on the orientation of the field with respect to the crystal
lattice one would need a lower or a higher magnetic field to reach the saturation
magnetization. Easy axis is the direction inside a crystal, along which small applied
magnetic field is sufficient to reach the saturation magnetization. Hard axis is the
direction inside a crystal, along which large applied magnetic field is needed to

reach the saturation magnetization.
1.4.1.2. Shape Anisotropy

In case of polycrystalline material with no preferred direction of its grains, has
no overall crystalline anisotropy. If the material is perfectly spherical in shape, then
the external applied field will magnetize it in every possible direction in the same

extent. However, if the material is not spherical but having a preferred growth

7|Page



Chapter 1: Introduction

direction, then it is easy to magnetize it along the long axis than along the short one.

This type of crystalline anisotropy is known as shape anisotropy.
1.4.1.3. Magneto-elastic Anisotropy

Strain in a ferromagnet changes the magnetocrystalline anisotropy and may
thereby alter the direction of the magnetization. This effect is the ‘inverse’ of
magnetostriction, the phenomenon that the sample dimensions change if the
direction of the magnetization is Altered. The energy per unit volume associated
with this effect can, for an elastically isotropic medium with isotropic

magnetostriction, be written as : E,, =—k_, cos’ @, where k ,=—(3/2)1c, Here o is

the stress which is related to the strain, &, via the elastic modulus EE by oc=Ec¢.
The magnetostriction constant 4 depends on the orientation and can be positive or
negative. The angle # measures the direction of the magnetization relative to the
direction of uniform stress. If the strain in the film is non-zero, the magneto-elastic

coupling contributes in principle to the effective anisotropy.

1.4.2. Magnetic Domain

Magnetic domains are the regions within a magnetic material that have
distinct magnetization directions where all the magnetic spins are parallel to each
other. The domains are separated by boundaries where the spins slowly rotate from
one particular direction to other (i.e. The transition from one domain to another) and
are called domain wall. The dimension of a typical domain is of the order of 10 nm
and the domain walls have the typical dimension of few atomic layers to several
nanometers. In a ferromagnetic material, the domains are formed due to the
ferromagnetic exchange interaction and the anisotropy energy of the materials. The
positive exchange interaction, which is an inherent characteristic of all the
ferromagnetic materials, tries to orient the neighboring spins parallel to each other
within a domain. Whereas, the anisotropy energy, that may originate due to the
peculiar shape, stress or crystalline structure of the material, try to orient the

neighboring spins along the anisotropic direction within the domain. Shape
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Chapter 1: Introduction

anisotropy originates from the asymmetry in shape of a magnetic material. The
demagnetizing field due to the free magnetic charges on the surface of the material is
found to be different in different directions of the material. Whereas, different
interaction of orbital and spin magnetic moment along different direction of a
particular crystal lattice generates the magnetocrystalline anisotropy within a
material. Thus, within a ferromagnetic material, the exchange interaction and the
anisotropy field compete with each other and form a peculiar domain and domain
wall distribution within a particular magnetic material. Ideally NWs have uniaxial
anisotropy with a preferential magnetization direction along the axis of the NW. The
anisotropy originates from the self-demagnetizing field due to their cylindrical
shaped structure and depends on the aspect ratio (length/diameter) of the NWs.
Other anisotropies also present in the NWs. The magnetic spins near the surfaces of
NWs realize less coordination numbers than the spins in the inner portions of the
NWs. Thus, due to the large surface to volume ratio in NWs compared to bulk
systems, the anisotropy corresponds to surface energy has a significant contribution
to the magnetic free energy of the NWs. The controlled synthesis of the NWs
promotes crystallinity in the NWs and single crystal NWs can easily be obtained.
Hence the magnetocrystalline anisotropy can have significant role depending on the
crystal structure of the NWs. The domain size is comparable to the sizes of the NWs
and the interplay among the exchange interaction and various anisotropies within
the NWs gives unique spin distributions to them. Their remanent states have been

calculated using micromagnetic framework by various researchers [38-45].
1.4.3. Magnetostatic Interaction Field

Electrodeposition technique of synthesizing NWs in porous membranes
produces arrays of NWs. That means, millions of NWs are arranged in a hexagonal
or squared mesh or random. Here it is obvious, if the NWs are closely spaced, they
should interact with each other magnetostatically. If the NW is assumed as a single
magnetic dipole then the simplest form of the magnetostatic interaction is the

dipolar interaction. But, the dipole assumption of individual NWs and dipolar
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approximation does not hold when the length of the NWs are many orders of
magnitude longer than their diameters and inter-wire spacing [46-48]. In the ideal
case the dipoles should have low aspect ratios and should be infinitely far away
from each other [46]. Using the assumption, it was shown earlier in 1998 that the
dipolar magnetostatic interaction between nanodots in array changes the
magnetization process compared to the one of a single neighbor [49]. Later in 2000s,
the dipolar approximation extensively used for explaining the magnetic properties
of arrays of NWs even when their lengths are comparable to the NW diameter and
interwire spacings [50, 51]. The studies established that, the dipolar interaction
among the NWs play the dominating role in determining the magnetic properties of
arrays of NWs which are significantly different from the individual NWs. But, it may
not true if the NWs are closely spaced and very long compared to their diameters.
However, at the same time, other approaches also made by other researchers. M.
Vazquez at. Al. (2000) works on a model, which divides a NW into thousands of
cubic cells, each of which contains a point dipole parallel to each other and then
consider the dipolar interaction between the nearest neighbor inter-wire point
dipoles [47]. This approach was more realistic approach compared to the dipolar
interaction considering the NWs as dipoles as described earlier. The nature of
magnetostatic interaction is difficult to simulate when the pores are randomly
distributed in the membranes, but possible considering the average inter-wire
distance [47]. The other way to calculate the magnetostatic interaction field was
introduced by Clime et al (2006) where the field produced by a single NW was
calculated and then for the whole array on a particular test NW was calculated [48].
In this regard, the whole array can be divided into two regions. One is the nearest
neighbor discrete distribution of the NWs. For longer NWs, it was seen that the field
produced by it and hence the interaction with other NWs is more concentrated at the
ends of the NWs, breaking its dipolar approximation. Beyond the discrete region, the
NWs can be considered as continuously distributed and their effect, the same as that
of a thin film. This mean field approach is more realistic to calculate the interaction

at saturation taking both dipolar and non-dipolar interaction among the NWs
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depending on its length. It shows an increase in the axial saturation field of the NWs
with the length dominated by the axial interaction between the NWs whereas, the
transverse saturation field decreases upon increasing the length of NWs. The field
acted on a particular NW by the others, opposes (antiferromagnetic-“AFM”
coupling) and supports (ferromagnetic-“FM” coupling) the magnetization along the
axial and transverse direction respectively. The interaction field strength along the

transverse direction is half of the axial direction.
1.4.4. Saturation Magnetization

Saturation magnetization (M) is the maximum possible magnetization of a
magnetic material under a large external field. Assuming each atom has the same
magnetic moment; M;s is dependent on the magnitude of the atomic moment () and
also the density of atoms (7). Ms of nanomaterials is found to be affected significantly
by their size and their synthesis procedure as there is a large fraction of superficial
ions in nanomaterials. As we move from bulk to nanoscale, M; decreases, which may
be due to different reasons. According to Gangopadhay et al. [52] this reduction in
M; is due to the formation of a disordered nonmagnetic shell layer over the
magnetically aligned core in nanomaterials. According to other models this
reduction in magnetization was due to surface spin canting. A similar argument was
given by Parker et al. [53] where it has been suggested that the spin canting occurs in

the whole sample due to quantum size effects.
1.4.5. Magnetic Hysteresis

Magnetic hysteresis loop which is a plot of the variation of magnetization
under applied magnetic field is the most common way to represent the bulk
properties of a magnetic material. This hysteresis behavior, i.e. the inability to trace
back the same magnetization curve is related to the presence of domains within the
material. When these domains are magnetized in one direction, it needs some energy
to turn them back again. This property of magnetic materials is very useful for

magnetic storage application. Magnetic anisotropy yields easy magnetization
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directions corresponding to local energy minima and energy barriers that separate
the easy directions in a single domain particle. On an atomic scale, the barriers are
easily overcome by thermal fluctuations, but on the nanoscale or macroscopic length
scales excitations are usually too weak to overcome the barriers. This is observed as
magnetic hysteresis. The most useful information that one can get from the
hysteresis loop is the maximum energy product which is the product of the
maximum field (Hmax) and the maximum magnetization (Miuax). This is a measure of
the maximum amount of work that can be performed by the magnetic material.
Coercive field (Hc) is the field that is required to reduce the remanance
magnetization (MRg) to zero. It is a measure of how strongly a magnetic material can
oppose an external magnetic field. Mr is the magnetization of a magnetic material

when the field is reduced to zero after its complete magnetization.

1.5. Electrochemical Properties

1.5.1. Electrochemical Capacitors (Supercapacitors)

Diminishing reserves of fossil fuels and severe impacts of burning fossil fuels
on both human beings and environment have been increasingly driving the world
towards the development of clean and sustainable energy. Transforming natural
energy, such as wind, tide, and solar energies can generate large amounts of clean
and sustainable energy. The development of energy storage devices is extremely
important to store the harvested energy for wide applications. Supercapacitors,
batteries, and conventional capacitors are commonly used energy storage devices.
Among these energy storage devices, supercapacitors (also known as
electrochemical capacitors or ultracapacitors) have attracted rapidly growing
attention due to their unique features, such as high power density, long cycle life,
and small size. Nowadays, supercapacitors are exhibiting wide applications in
electric vehicles, pacemakers, consumer electronic devices and so on. The specific
energy and power capabilities of several energy storage and conversion systems

(conventional capacitors, supercapacitors, batteries, and fuel cells) are shown in
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Figure 1.1. It should be noted that no single energy source can match all power and
energy region. Supercapacitors and Dbatteries, filling up the gap between
conventional capacitors and fuel cells, are ideal electrochemical energy-storage

systems [54, 55].
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Figure 1.1 Schematic Ragone plot of specific energy and power capabilities for various energy
storage and conversion devices

The common features of both systems are that energy release takes place at the
interface of electrode and electrolyte, and that electron and ion transports are
separated [56]. Owing to the inherent differences between batteries and
supercapacitors with respect to the energy storage mechanism and electrode
materials, the characteristic performance of supercapacitors sets them apart from
batteries. Table 1.1 summarizes the inherent differences between batteries and
supercapacitors as well as the conventional capacitors (electrolytic capacitors) [57].
In a battery, energy is stored in chemical form, whereas energy is released in an
electrical form by connecting a load across the terminals of a battery. The
electrochemical reactions of electrode materials with ions in an electrolyte occur,
leading to the conversion of chemical energy to electrical energy [58]. Lithium-ion
batteries (LIBs) are the most popular rechargeable batteries. A battery mainly
consists of an anode, a cathode, an electrolyte, and a separator. When a LIB is cycled,
Li ions exchange between anode and cathode. The discharge rate and power
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performance of batteries are determined by the reaction kinetics of active materials

as well as mass transport.

Table 1.1 The basic characteristics of supercapacitors, batteries, and electrolytic capacitors

Parameters Supercapacitor Battery
Storage mechanism Physical Chemical
Charge time 1~30 Sec 1~5 hrs
Discharge time 1~30 Sec 0.3~3 hrs
Energy density (Wh/kQg) 1~10 20~100
Power density (kW/kg) 5~10 0.5~1
Charge/Discharge
Efficiency (%) 75~95 50~90
Cycle life > 500 000 500~2000
Electrode and
Max. voltage electrolyte Thermodynamics
determinants stability window of phase reactions
Electrode
Charge stored microstructure Active mass and
determinants and electrolyte thermodynamics

Therefore, batteries generally yield high energy densities (150 Wh/kg is possible for
LIBs), rather low power rates, and limited cycle life. The even-increasing demand for
power requirements is a great challenge to the capability of battery design [3].
Conventional capacitors store energy physically as positive and negative charges on
two parallel conductive plates, offering a high power density but a low energy
density.

Supercapacitors offer a higher specific power density than most batteries and
a higher energy density than conventional capacitors. The configuration of a typical
supercapacitor consists of a pair of polarizable electrodes with current collectors, a
separator, and an electrolyte, similar to that of a battery. The fundamental difference
between supercapacitors and batteries lies in the fact that energy is physically stored
in a supercapacitor by means of ion adsorption at the electrode/electrolyte interface
(namely, electrical double-layer capacitors, EDLCs). As a result, the supercapacitor
offers the ability to store/release energy in timescales of a few seconds with

extended cycle life (Table 1.1) [59]. Generally, carbon materials (e.g. activated carbon,
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porous carbon, carbon nanotubes) are used as electrode materials of EDLCs [3, 60].
Metal oxides and conducting polymers are also used as the active materials for
supercapacitors, of which energy storage is based on the reversible redox reactions.
This class of supercapacitors is represented as pseudocapacitor. The electrolytes of
supercapacitors can be aqueous or organic. The aqueous electrolyte offers a low
internal resistance, but limits the operating potential window to be about 1.0 V
determined by the thermodynamic electrochemical window of water (1.23 V).
Organic electrolytes with a broader electrochemical window can significantly
enhance the electrical charge (or energy) accumulated in supercapacitors than
aqueous electrolytes.

The rapid growth of clean and sustainable energy industry requires energy
storage devices of high energy density, high power density, and long cycle life. This
has greatly promoted the development of next-generation supercapacitors. In
addition, the availability of advanced electrode materials, such as graphene has
provided unprecedented opportunities for researchers to design and fabricate

innovative electrode materials for high-performance supercapacitors.
1.5.2. Classification of Supercapacitors

Depending on the charge storage mechanism supercapacitors have been
classified into two categories, electrical double layer capacitors (EDLCs) and
pseudocapacitors (or redox supercapacitors) [4]. EDLCs, using carbon-based active
materials with high surface area, build up an electrical charge at the
electrode/electrolyte interface. Charge separation occurs on polarization at the
electrode-electrolyte interface, producing what Helmholtz described in 1853 as the

double layer capacitance C:

C =20 (1.1)

Where, ¢ is the electrolyte dielectric constant, & is the dielectric constant of the

vacuum, d is the effective thickness of the double layer (charge separation distance)
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and A is the electrode surface area. On the other hand, pseudo-capacitors utilize fast
and reversible surface or near surface reactions for charge storage. Metal oxides such
as RuOy, Fe30s4, MnOy, NiO or Co3O4 [61-63], as well as electronically conducting
polymers, have been studied extensively during the past few decades because of
their high theoretical specific capacitance [4]. The specific pseudo-capacitance
exceeds that of the carbon based EDLCs. They can complement or replace batteries
in electrical energy storage and harvesting applications, when high power delivery
or uptake is required. A notable improvement in performance has been achieved
through recent advances in understanding charge storage mechanisms and the
development of advanced nanostructured materials. As the pseudocapacitors store
charges in the first few nanometers from surface, decrease of the particle size will
increase the usage of active material. Recent reports suggest that supercapacitors
based on thin films (thickness about several tens of nanometers) exhibit high specific

capacitance due to their high specific surface area.
1.6. Transition Metal based materials for storage devices

Transition metal based ferromagnetic nanowires due to the unique
combination of magnetic, transport and structural properties are in a focus of many
scientific groups as potential candidates for applications in patterned magnetic
recording media with density beyond 2Tb/in? [1, 2], and high energy and power

density energy storage devices [3, 4].
1.6.1. Materials for Magnetic storage devices

There are three noteworthy elements in the transition metals family. These
elements are iron, cobalt, nickel, and their alloys and they are the only elements
known to produce a magnetic effect called ferromagnetism and are used for
permanent magnets and magnetic storage devices. With ferromagnetism, the
unpaired electrons have aligned spins forming domains that survive even after the

applied field is turned off. For this reason ferromagnetic materials are used in
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coating cassette tapes, computer disks, and other devices that use magnetic codes
and signals.

Piraux et al. [64] realized a comparative study of ferromagnetic Co, Ni, Fe
nanowires grown by electrodeposition in polycarbonate membranes of various pore
diameters, ranging from 30 to 500 nm. Using low porosity membranes for low
dipolar interactions, the researchers observed that all Co, Ni and Fe nanowires
exhibited an increase in coercivity as the pore diameter decreases. However, for Co
and Ni nanowires, the remanent magnetization decreased with pore diameter, which
suggests that wires split into domains when the pores were large. In the case of Co
only nanowires, the shape anisotropy competed with the crystal anisotropy, which
led to a specific magnetic behavior. Piraux et al. concluded that Ni and Fe nanowire
magnetic properties were governed by the shape anisotropy.

In a recent review, Sellmyer et al [65] analyzed transition metal arrays of
nanowires electrodeposited in self-assembled aluminum oxide membranes. They
concluded that porous aluminum oxide templates, obtained by electrochemical
anodization of aluminium in acidic electrolytes, were excellent mediums for
nanowires electrodeposition due to high pore density, uniform pore distribution and
high aspect ratios. Sellmyer et al. showed that large aspect ratio Co, Ni and Fe
nanowires showed magnetization anisotropy, having an easy magnetization axis
along the wires axis and 0.9 remanence ratios. The maximum coercivity was shown
by Fe nanowires (3000 Oe), followed by Co nanowires (2600 Oe) and lastly by Ni
nanowires (950 Oe). In their review, Sellmyer et al. highlighted the crucial effect of
wire imperfections which led to the curling behavior, controlling the nanowires
coercivity and magnetic viscosity. Using a magnetic model simulation, Sellmyer et
al. also showed wire interactions could be approximated by a demagnetizing field.

Zhu et al. [66] studied the effect of applied magnetic field during CoNi alloy
nanowire electrodeposition in AAO templates (200 nm pore diameter). Their
examination showed that the perpendicular applied magnetic field during
electrodeposition not only reduced the (Bn) saturation fields, but also enhanced

squareness.
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In a different study, Zhu et al. [67] looked at magnetic properties of FeNi
nanowires of very high aspect ratios (>1000). The FeNi nanowires were electroplated
in self-prepared AAO of highly ordered pores (43 nm pore diameters and 60 nm
distance between pores). Enhanced coercivity of 769 Oe and 70 % remanent
magnetization was observed when the magnetic field was applied parallel to the
wires. Wang et al. [68] analyzed the structure and magnetic anisotropy of
compositionally modulated FeNi alloy nanowires electrodeposited in AAO. Using
XRD and Mossbauer spectroscopy, the obtained wires (16 nm diameter and 4 pm
length) showed a polycrystalline structure along the (110) direction. The Fe
component proved to have magnetic moments parallel to the wires in contrast to
bulk Fe that showed (100) as the easy magnetization axis. The authors stated that the
change in the preferred magnetization axis was due to the large shape anisotropy.
Moreover, Wang et al. confirmed that the Ni component showed a disordered

placement along the wires.
1.6.2. Electrode Materials for Supercapacitors

Common transition metal oxides that are currently researched for
pseudocapacitive electrodes are RuO: [69], CosO4 [70], MnO2 [71], NiO [72], and
V205 [73]. These metal oxides undergo multiple oxidation states at specific
potentials, leading to increased capacitance. RuO; is one of the most popular
pseudocapacitive materials because of its good reversibility, three oxidation states
within a potential range of 1.2 V, and an acceptable life cycle [4].

For example, Hu, Chen, and Chang [74] maximized the performance of
hydrous RuO; by annealing it at high temperature and achieved a capacitance of
1340 F/g. Unfortunately, ruthenium metal is toxic and expensive due to scarce
availability. This shifted the attention of researchers toward nonprecious metals that
are more commercially available, including cobalt, manganese and nickel oxides.
Nanoporous nickel hydroxide films were electrodeposited on a titanium substrate by
using Brij 56 (polyoxyethylene cetyl ether) as a template [75,76]. Such a nanoporous

tilm displayed a specific capacitance as high as 578 F/g. Porous NiO microspheres
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with a specific capacitance of 710 F/g at a current density of 1 A/g and a capacitance
retention of 98% after 2000 continuous charge/discharge cycles were reported [77].
Loosely packed NiO nanoflakes were prepared using a chemical precipitation
method, achieving a specific capacitance as high as 942 F/ g [78].

Although these nickel oxide/hydroxides exhibit high specific capacitances,
they suffer from the limited potential window (< 0.6 V), much lower than 1.0 V,
which would limit their energy densities when used as electrode materials in
supercapacitors because the energy density is proportional to the squared potential
window. Mesoporous Co30Os nanocrystals with well-controlled shapes were
prepared by using a solvothermal method [70]. The specific capacitance was
measured to be about 92 F/g at a current density of 5 mA/cm?. Cobalt oxide aerogel
was synthesized with propylene oxide as an additive and used as a supercapacitor
electrode. A high specific capacitance of 623 F/g and good cycle stability were
observed [79]. The specific capacitance of cobalt oxide aerogel is much higher than
that of loosely packed cobalt oxide nanocrystals and xerogels. Cobalt hydroxide thin
films were also prepared using a nonionic surfactant (Brij 56) as a template [80]. The
maximum specific capacitance of 1084 F/g was realized in a 2 M KOH electrolyte
solution at a current density of 4 A/g.

Nonetheless, metal oxides generally suffer performance loss for possessing
poor electrical conductivity. Overall, a variety of electrode materials, such as carbon-
based materials, conducting polymers, transition-metal-oxides, and their composite
materials have been tested as electrode materials for supercapacitors. The diversity
of electrode materials in chemical and physical properties, preparation methods, as
well as the evaluation methods render the reported electrochemical performances
highly variable. With respect to transition-metal-oxide-based materials, it is expected

to fully exploit as promising materials for supercapacitors.
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1.7. Motivation and Objectives of Thesis

Nanostructured materials have become an arena of vast research interest as
they supply the underlying building block for Nanoscience and nanotechnology.
Due to their extremely small dimension as comparable to some characteristic length
scales of materials such as Bohr exciton radius, spin diffusion length, carrier mean
free path, magnetic domain wall width, etc. they often exhibit some novel and
enhanced properties over their bulk counterpart [26, 81-83]. Specially, transition
metal based nanostructured materials have attracted significant research attention
due to their tremendous technological applications in sensors, magnetic and energy
storage devices [1-4].

Ordered assembly of nanostructures is particularly interesting because one
can probe the individual as well as collective behavior of the samples in a well-
defined and reproducible fashion. There are several chemical and physical methods
commonly used for the fabrication of ordered nanostructures. Among them
anodized alumina oxide (AAQO) assisted electrodeposition method is very popular
[84]. Self-organized nanoporous anodized alumina oxide template synthesized by
controlled electrochemical anodization of pure aluminium in acidic medium [11]
have been employed extensively as the host for nanostructures like nanowires,
nanotubes and nanorods of different metal, semiconductor and polymers [85, 86]
because of its uniform structure and stability

Magnetic cylindrical nanostructures have recently attracted tremendous
attention because of their potential applications in various fields, particularly in high
density perpendicular magnetic storage. Highly ordered arrays of such cylindrical
nanostructures show novel and interesting magnetic properties different from those
of bulk and thin films and sensitively depend on their sizes, shapes, and the
interactions among them. Magnetic properties of such nanostructures are governed
by various anisotropy energies such as shape, magnetocrystalline and surface
anisotropies [49]. However the magnetic behaviour of the ordered arrays of

nanostructures is determined by the magnetic nature of individual nanostructure as
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well as by the interactions among them. The direction of the magnetic easy axis of a
nanostructure is determined by the direction of the effective anisotropy field in it.
Due to the strong shape anisotropy in a nanostructure, magnetic easy axis have been
usually parallel to its length. But in an array of closely arranged nanostructures,
strong magnetostatic interaction is developed because of the close proximity of
neighbouring nanostructure, resulting the direction of easy axis perpendicular to its
length which is undesirable in most of the magnetic storage applications [87].
Therefore, nanostructures of transition metals have attracted a great deal of interest
in modern research for their manifold applications in everyday life. Specially,
nanostructures of nickel (Ni), iron (Fe), cobalt (Co) and their mixed alloys (FeNi,
CoNi, etc.) have found special attention due to their unique, fascinating size and
structure dependent properties and also for their nontoxic nature and easy synthesis
techniques. In addition, the magnetic properties of these ordered nanostructures can
also be tuned by some irradiation process.

On the other hand, transition metal based oxides such as NiO, Co0304, FexOs3,
etc. have gained tremendous application towards the development of clean and
sustainable energy. Transforming natural energy, such as wind, tide, and solar
energies can generate large amounts of clean and sustainable energy. The
development of energy storage devices is extremely important to store the harvested
energy for wide applications. Supercapacitors, batteries, and conventional capacitors
are commonly used energy storage devices. Among these energy storage devices,
supercapacitors have attracted rapidly growing attention due to their unique
features, such as high power density, long cycle life, and small size. Specially
transition metal oxide based supercapacitors are attractive because of their variable
oxidation states, with finely controlled and tunable redox potentials [3, 4]. To
develop high-performance supercapacitors, a couple of fundamental issues, such as
low energy density, must be addressed. The energy density of commercial
supercapacitors based on carbon electrodes is generally less than 10 Wh/kg, much
lower than that of batteries. While metal oxides are available for high-energy-density

supercapacitors, they suffer from poor rate capability and poor cycling stability.
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There is an urgent demand to improve the electrochemical performance of metal
oxides. In addition, organic electrolytes and ionic liquids with broad operating
potential windows offer relatively higher energy density. However, organic
electrolytes with poor electrical conductivity are not environmentally friendly while
ionic liquids are cost-ineffective, leading to both types of electrolytes being
undesirable in practical applications. In view of environmental concerns and cost,
aqueous electrolytes are desirable by configuring smart supercapacitors with
appropriate electrode materials. Thus, to exploit advanced electrode materials is the

key to develop high-performance supercapacitors.

In this backdrop the main objectives of this work are summarized as follows:

e We have developed the anodized alumina oxide (AAO) templates by two
steps anodization technique. We have standardized the anodization process
with pores of different sizes of AAO templates by varying the anodization
voltage and the concentration of the electrolyte solution.

e Further, these AAO templates have used as a host for the fabrication of
transition metals (Ni, FeNi and CoNi) based various nanostructures
(nanowires, nanotubes, nanoblocks).

e We have studied the effect of alpha particle irradiation on the magnetic
properties of Ni nanowires. We observed that alpha particle irradiation is a
useful tool to change the magnetic properties of the nanowires as per need.

e We have studied the aspect ratio dependent magnetic properties of FeNi
nanowires and CoNi nanotubes.

e We have also prepared some transition metal oxide based core/shell hybrid
nanostructures (Ni/NiO core/shell nano-heterostructures and NiO-
nanoblocks) by controlled oxidation of as-prepared transition metal based
nanostructures (Ni nanowires and nanoblocks) for supercapacitor electrodes,

which shows very high quality electrochemical performance.
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e Further, electrical conductivity of supercapacitor electrode material (NiO)
improved by hydrogenation process and introducing impurities via doping of
one metal oxide material with other metal oxide material. The resultant
products (H-Ni/NiO, Fe-Ni/Fe2O3-NiO and Co-Ni/Co0304-NiO core/shell
nano-heterostructures) exhibit enhanced electrochemical performance as a

supercapacitor electrode material.

1.8. Organization of the Thesis

The entire thesis has been divided into six different chapters. A brief sketch of

the chapters is given below.

Chapter 1 gives an introduction about transition metal based different
nanostructures and their potential applications in magnetic and energy storage
devices. Followed by their detail literature review. The motivation of the thesis has

been justified with the outline of the work described in this thesis.

Chapter 2 describes the synthesis techniques for fabrication of different

nanostructures and also various characterization techniques of these nanostructures.

Chapter 3 is about the synthesis of highly ordered porous anodized alumina oxide
(AAO) membranes by two step anodization technique. We have standardized the
anodization process with pores of different sizes of AAO templates by varying the
anodization voltage and the concentration of the electrolyte solution. Further, we
have studied their structural, morphological, optical and magnetic properties in

detail.

Chapter 4 describes the fabrication of transition metal based ordered nanostructures
(Ni nanowires, FeNi nanowires & CoNi nanotubes) prepared by AAO template
assisted electrodeposition technique. We have studied their structural,
morphological, and magnetic properties in detail. We have also studied the effect of

alpha particle irradiation on the magnetic properties of Ni nanowires. We observed
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that alpha particle irradiation is a useful tool to change the magnetic properties of
the nanowires as per need. In addition, we have studied the aspect ratio and
temperature dependent magnetic properties of FeNi nanowires and CoNi

nanotubes.

Chapter 5 describes the fabrication of transition metal oxide based core/shell hybrid
nanostructures (Ni/NiO core/shell nano-heterostructures and NiO-nanoblocks) by
controlled oxidation of as-prepared transition metal based nanostructures (Ni
nanowires and nanoblocks). Their structural, morphological and electrochemical
properties have studied in details for their energy storage applications. In addition,
the electrical conductivity of supercapacitor electrode material (NiO) improved by
hydrogenation process and introducing impurities via doping of one metal oxide
material with other metal oxide material. The resultant products (H-Ni/NiO, Fe-
Ni/FexO3-NiO and Co-Ni/Co304-NiO core/shell nano-heterostructures) have
shown enhanced electrochemical performance as a supercapacitor electrode

materials.

Chapter 6 concludes the thesis with an idea about the scope for future work in this

direction.
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This chapter describes different synthesis methods of
nanostructures and also various techniques to characterize

them.



Chapter 2: Experimental Details

2.1. Preamble

In this chapter we will present an overview about various experimental
techniques that have been applied to synthesize unique nanostructures of various
materials along with their characterization processes employed to investigate
different properties of these nanostructured materials. We develop homemade
setups to synthesize the porous alumina membranes. While the nanowires (NWs),
nanotubes (NTs), core/shell nano-heterostructures are synthesized using a
commercial electrochemical cell (potentiostat AutoLab-30). Thermal evaporation and
RF (radio frequency) sputtering techniques to prepare gold thin films on alumina
membranes is described in detail. For high temperature annealing of the samples
commercial furnace systems have been used.

The structure, morphology and phase of the synthesized nanostructures are
studied using X-Ray Diffraction (XRD), Scanning Electron Microscope (SEM), Field
Emission Scanning Electron Microscope (FESEM), Transmission Electron Microscope
(TEM), High Resolution Transmission Electron Microscope (HRTEM), Energy
Dispersive X-Ray Analysis (EDAX), and Selected Area Electron Diffraction (SAED).
The chemical analysis on the electronic structure of the nanostructures is conducted
by employing X-ray photoelectron spectroscopy (XPS). Photoluminescence analyses
is carried out using spectrofluorometer. The magnetic characterizations are carried
out employing Vibrating Sample Magnetometer (VSM). The electrochemical
properties of the samples were investigated by cyclic voltammetry (CV),
galvanostatic (GV) charge/discharge and electrochemical impedance spectroscopy
(EIS) tests by wusing a software controlled conventional three-electrode

electrochemical cell (potentiostat AutoLab-30).
2.2. Approach for designing of nanomaterials

There are two approaches for synthesis of nanomaterials and the fabrication
of nanostructures. Top down approach refers to slicing or successive cutting of a
bulk material to get nanosized structures. Bottom up approach refers to the buildup

of a material from the bottom: atom by atom, molecule by molecule or cluster by
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cluster. Both approaches play very important role in modern industry and most
likely in nanotechnology as well. There are advantages and disadvantages in both
approaches. Attrition or Milling is a typical top down method in making
nanoparticles, whereas the electrodeposition is a good example of bottom up
approach in the synthesis of nanowires.

The biggest problem with top down approach is the imperfection of surface
structure and significant crystallographic damage to the processed patterns. These
imperfections which in turn leads to extra challenges in the device design and
fabrication. But this approach leads to the bulk production of nanomaterial.
Regardless of the defects produced by top down approach, they will continue to
play an important role in the synthesis of nanostructures. Though the bottom up
approach often referred in nanotechnology, it is not a newer concept. All the living
beings in nature, observe growth by this approach only and also it has been in
industrial use for over a century. Examples include the production of salt and nitrate
in the chemical industry. Although the bottom up approach is nothing new, it plays
an important role in the fabrication and processing of nanostructures. There are
several reasons for this and explained as below. When structures fall into a
nanometer scale, there is a little chance for a top down approach. All the tools we
have possessed are too big to deal with such tiny subjects. Bottom up approach also
promises a better chance to obtain nanostructures with less defects, more
homogeneous chemical composition. On the contrary, top down approach most

likely introduces internal stress, in addition to surface defects and contaminations.
2.3. Synthesis Techniques

2.3.1. Electrochemical Anodization Technique

Electrochemical anodization is a simple and elegant way to synthesize porous
oxide films on a conducting metal surface such as aluminum (Al) [1-3]. We engineer
porous alumina membranes in our laboratory by two step anodization of pure

aluminum using a homemade electrochemical cell set-up. The schematic diagram of
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the set-up is shown in Fig. 2.1 (a). The experimental set-up that is developed in our

laboratory is shown in Fig. 2.1 (b).

(@)

Adiabatic Chamber

Aluminum Sheet
(Anode)

Copper Sheet
(Cathode)

Electrolyte

Cooling Bath Solution

Figure 2.1 (a) Schematic diagram of the experimental set-up for anodization of thin aluminum sheet,

(b) Experimental set-up of the anodization of thin aluminum sheet

The electrochemical cell consisted of two electrodes: Cathode - a thin (~ 1 mm
thick) copper (Cu) sheet connected to the negative terminal of a DC power supply,
Anode - a thin (~ 130 pum thick) aluminum (Al) sheet connected to the positive
terminal of the DC power supply and electrolyte solution. The back side of the Al
sheet is covered by conventional transparent tape to restrict the growth of oxide film
only on the front side of Al sheet as shown in Fig. 2.1 (b). The whole electrochemical
cell kept in an adiabatic chamber (cooling bath) and the temperature of the chamber
kept constant around 11°C with the use of a chiller as shown in Fig. 2.1 (b).

Under a suitable constant potential difference across the electrodes, thin porous
oxide film starts to grow over the aluminum surface [4]. In our case we maintained a
potential difference within the range of 60 V to 64 V to maintain a constant current
density of ~ 2 mA / cm? across the electrodes. The voltage drops across the
electrodes changes with the anodization time due to the growth of non-conducting
oxide layer on the aluminum surface.

The growth mechanism and details of synthesized alumina membranes are
described in chapter 3. The conversion of aluminum into an alumina film on the Al
surface is an exothermic reaction. Depending upon suitable choice of electrolyte

solution and under a typical potential difference, the porous type oxide film
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develops during the anodization process. The porous oxide film growth with
uniform pore distribution is attributed to the thermally assisted, field accelerated
dissolution of oxide at the base of pores. This dissolution of oxide layer at pore
bottom and formation of new oxide layer at metal/oxide interface to maintain a
dynamic equilibrium [5]. In order to attain the equilibrium we maintain a constant

temperature of 11 °C by immersing the cell in a temperature bath.
2.3.2. Sputtering deposition technique

We have used this technique to deposit thin gold films on one side of the
AAO template and also over the as grown nanowires (discussed in Chapter 4). The
setup diagram of the sputtering system is shown in Fig. 2.2. In our case target, i.e.
Au, and the substrate are placed inside a vacuum chamber where the pressure is

maintained at ~10-° mbar during the sputtering process.

Vacuum chamber

MFC

substrate I

Substrate holder A

Coating flux

plasma é\ars

Vacuum [P)gvlv':f
pump
supply

Figure 2.2 Schematic diagram of DC sputtering deposition setup.

Once the vacuum is reached, argon gas is introduced in the chamber. This Ar
gas is ionized and form plasma by a strong potential difference between anode

(substrate) and cathode (Au) and these positive ions are accelerated to the target
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(cathode). After impact with the target, a momentum transfer is happened and then
the target atoms are released from the target, travel to the positive substrate where
they form layers of atoms. For efficient momentum transfer to happen, atomic
weight of the sputtering gas should be close to that of the target material. Actually,
dc sputtering is used for conducting materials. However, for non-conducting
materials there is positive charge buildup on the material which stops the sputtering.
In such cases, RF sputtering is efficient where a magnet is used to increase the
electron path length, therefore, enhancing the probability of electron collision with

the Ar atoms and hence increases the ionization efficiency.

2.3.3. Thermal evaporation deposition technique

Thermal evaporation is a technique commonly used to deposit thin films of
metals. The metal source is heated up to evaporate in a vacuum chamber that
maintains a pressure of ~ 10 mbar. At an elevated temperature, the thermal energy
of surface atoms of the metal becomes greater than the binding energy of the same
and they become free from the metal surface. Under such high vacuum atmosphere
the typical mean free paths of the evaporated particles are in the range of few
meters. That large mean free path allows the particles (atoms/molecules) to travel to
the target object (substrate) where they deposited. On the substrate, the deposited
particles lower their energy through the dissipation of heat and make a thin film of
the source material. Generally a diffusion pump is employed to achieve such high
vacuum within the chamber to extract all unwanted gaseous particles within the
chamber. However, hot objects within the chamber (e.g. heating filament,
molybdenum boat in our case) produces unwanted vapors that limit the quality of
the vacuum. A cooling system is employed to keep the chamber and the substrate
holder temperature at normal. In case of metal oxide thin film deposition, the
deposition is carried out in the presence of oxygen, so that the metal can react to
produce theoxide film. Perhaps, the oxygen atoms can collide with the metallic
particles within the chamber and reduce the amount of vapor that reaches the

substrate.
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— Residual
Substrate — gas
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Figure 2.3. Schematic diagram of thermal evaporation.

The quality of the film (i.e. uniformity in thickness, contamination free) is
mostly depending on the quality of vacuum within the chamber and the quality of
the substrate on which the film is deposited. As the evaporated materials approach
the substrate from a particular direction, the rough surface of the substrate thus
leads a non-uniform deposition of thin film. A schematic diagram of the set-up is

shown below in Fig. 2.3.
2.34. Electrodeposition Technique

Electrodeposition technique for fabrication of specially nanowires (NWs),
nanotubes (NTs) etc. is a very cost effective and relatively simpler process as
compared to the lithography processes, e.g. optical, electron beam, ion beam
lithography etc. We have employed a commercial electrodeposition set-up (Autolab
PGSTAT 302n) in order to prepare magnetic NWs within the nano pores of alumina
(AAO) having average pore diameter of ~55 -200 nm with a thickness of ~50 mm
and an average pore density of ~10° cm=.

The set-up consists of a software controlled conventional electrochemical cell
and a power supply (Potentiostat AutoLab-30), as shown in Fig. 2.4 (a). The

electrochemical cell, as shown in Fig. 2.4 (b), consists of three electrodes: working
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electrode (WE), counter electrode (CE) and reference electrodes (RE). The working

electrode is generally the template on which the desired electrochemical depositions

are carried out.

Reference Electrode

(Ag/Agcl

Counter Electrode

e 4 / \ electrode) (Pt Wire)
Electrolyte
Solution
One side Au Coated
Porous AAO membrane (b)

Figure 2.4 (a) Electrodeposition setup for fabrication of metallic NWs; (b) Schematic diagram of the

electrochemical cell with various operating electrodes.

To deposit the metal ions in the pores of AAO template in order to synthesize
NWs, we use AAO membrane as working electrode. However first of all, one side of
the AAO membranes is coated with a conductive gold (Au) layer of ~ 100 nm
thicknesses either by thermal evaporation or by RF sputtering technique. For
polycarbonate membranes, sputtering is necessary as the evaporation technique
melts and burns the membranes at elevated temperature. For alumina membranes,
both the techniques are applicable. In case of metal deposition from the aqueous
solutions of their salts, the working electrode is connected to the negative terminal of
the power supply, i.e. it is used as cathode. We have used a platinum wire as the
counter electrode having the purity of ~ 99.99% commercially purchased from
Sigma-Aldrich. The reference electrode is Ag/AgCl in saturated KCl solution, this
electrode is used to measure the other electrode potentials with respect to it. The cell
has the volume capacity of ~ 100 cc for the electrolyte solutions.

Nanowires and Nanotubes are deposited in the pores of alumina template by
choosing a particular potential of corresponding depositions from linear sweep
voltammetry (LSV) scan. The LSV scan gives a current vs. voltage profile for a
particular electrolyte solution and for a particular choice of electrodes. LSV scanned

between 0 V to - 1.5 V is presented in Fig. 2.5.
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Figure 2.5 LSV profile for a typical Ni (top), Co (bottom) nanowires deposition in porous template.
LSV scans (curves in red solid lines) for scan of deposition voltage of nanowire in porous alumina
template. Blue solid lines in the terminals represent corresponding pH changes of the electrolytes

during the potential sweeps.

It shows, up to a certain value of the applied voltage, the current remain near
zero value and with the increase in voltage, no deposition of cations at cathode is
observed. After that, the current suddenly increases with further increase in voltage
and attain a maximum value. The sudden increase in current indicates deposition of
metal ion at cathode. Simultaneously, the pH value of the solution during the LSV
scan is also recorded. The pH graph shows a spike near the potential where the
sudden jump in current has started. We choose the potential of deposition just before
the pH spike and very near to the start of the jump in current value. The working
electrode i.e., the one sided Au coated (~100 nm thick) porous alumina membranes,
is placed vertically within the electrolyte solution with the open end of the nano-
pores facing towards counter electrode (Pt wire). Under a negative potential of the
working electrode with respect to the counter, the positively charged metal ions
move towards the working electrode membrane and enter to the nano channels
through the open end. Inside the nano channels, formation of nanowires is the
consequence of reduction of metal ions by capturing electron from gold thin film at

the other end of the pores. Usually higher rate of ion deposition leads to formation of
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nanowire whereas the lower rate leads to nanotube formation within the nano
channels. We have prepared various transition metal based nanowires and

nanotubes, which will be described elaborately in Chapter 4 of this thesis.
2.4. Phase and Morphology Characterization Techniques

2.4.1. X-ray diffractometer

X-ray crystallography is a method of determining atomic and molecular
structure of a crystalline material in which the atomic planes of the material diffract
x-rays in different specific directions depending on their orientation. By measuring
the angle and intensity of the diffracted beams, a three dimensional idea of the
density of electrons within the specified crystal can be obtained. From this density of
electrons, mean position of the atoms in the crystal can be determined.

In a practical setup as shown in Fig. 2.6 (a), a monochromatic beam of x-rays
(Cu Ko, A~1.54 A) is made to fall on a crystalline sample. These x-rays are scattered
elastically by the electrons within the crystal planes and form outgoing spherical
waves. Now, these scattered waves will interfere constructively in few specific

directions that can be determined by Bragg’s law given as:

2d sinf = n\ (2.1)

where, d is the crystal plane spacing, 0 is the diffraction angle and # is an
integer. These diffracted X-rays are then detected, processed and counted. By
scanning the sample through a range of 20 angles, all possible diffraction directions
of the lattice should be attained due to the random orientation of the powdered
material. Conversion of the diffraction peaks to d-spacings allows identification of
the elements/compound present in the sample because each element/compound
has a set of unique d-spacings. Typically, this is achieved by comparison of d-
spacings with standard reference patterns (ICSD). Powder diffractometers come in
two basic varieties: 6-0 in which the X-ray tube and detector move simultaneously or
a 0-20 in which the X-ray tube is fixed, and the specimen moves at 2 the rate of the

detector to maintain the 6-20 geometry. Our X-ray Panalytical system is a 0-20
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system. In both systems the geometry shown in the diagram in Fig.2.6 (a) is
maintained during data collection. The angles and intensities of the diffracted beams
are processed and recorded electronically using a detector, electronics and
specialized software resulting in Intensity vs. 20 plot for the specific sample, as

shown in Fig. 2.6 (b) for Ni nanowires sample.
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Figure 2.6 (a) Schematic diagram of X-ray diffractometer in 0-20 mode, © chemwiki.ucdavis.edu. (b)

XRD pattern of Ni nanowire of 100 nm diameter.

The grain size (d) of the sample can be calculated by observing the width of

the diffraction peaks and using the relation as given by Debye-Scherrer:

d =0.94/(pcos0O) (2.2)

where, f is the full width at the half maximum of the diffraction peak at a diffraction

angle of 20 [6].
2.4.2. Electron Microscopes

Electron Microscopes are microscopic instruments that use a beam of highly
energetic electrons to examine objects on a very fine scale of submicron length [7].
This examination can yield information about the topography (surface features of an
object), morphology (shape and size of the particles making up the object),
composition (the elements and compounds that the object is composed of and the
relative amounts of them) and crystallographic information (how the atoms are

arranged in the object). Electron microscopes function exactly as their optical
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counterparts except that they use a focused beam of electrons instead of light to
"image" the specimen and gain information as to its structure and composition. The
Transmission Electron Microscope (TEM) was the first type of EM to be developed
first in 1931 and is used to "see through" the specimen [8]. However, the Scanning
Electron Microscope (SEM) debuted in 1935 with the first commercial instruments
around 1965 [9, 10]. Its late development was due to the electronics involved in

"scanning" the beam of electrons across the sample.

2.4.2.1. Scanning Electron Microscope (SEM)

The basic steps involved in all electron microscopes are the following: A
stream of electrons is formed in high vacuum (by electron guns). This stream is
accelerated towards the specimen (with a positive electrical potential) while is
confined and focused using metal apertures and magnetic lenses into a thin, focused,
monochromatic beam. The sample is irradiated by the beam and interactions occur
inside the irradiated sample, affecting the electron beam. These interactions and
effects are detected and transformed into an image. The above steps are carried out

in all electron microscopes regardless of type.

In SEM (Fig. 2.7), the electron beam is thermionically emitted from an electron
gun fitted with a tungsten filament cathode and focused in vacuum into a fine probe
that is rastered over the surface of the specimen. The electron beam passes through
scan coils and objective lens that deflect horizontally and vertically so that the beam
scans the surface of the sample. SEM works on a voltage between 2 to 50 kV. Other
types of electron emitters include lanthanum hexaboride (LaBg) cathodes and field
emission guns (FEG) [11], which may be of the cold-cathode type using tungsten
single crystal emitters or the thermally-assisted Schottky type, using emitters
of zirconium oxide. When the primary electron beam interacts with the sample, the
energy exchange between the electron beam and the sample results deceleration of
incident electrons through the energy dissipation and produces a variety of signals.
These signals include secondary electrons, backscattered electrons, diffracted
backscattered electrons, characteristic X-rays, visible light (cathodo-luminescence)

and heat. Secondary and backscattered electrons are conventionally separated
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according to their energies [12]. Detectors of each type of electrons are placed in the

microscope in proper positions to collect them.

Electron Electron Gun

/A

77 /1A ) Anod
nodge

‘ | N Magnetic
G ]{[{{[T9 | — Lens

ToTV
Scanner

Scanning

Secondary
Electron
Detector

Specimen

Figure 2.7 Schematic diagram of Scanning electron microscope.

Emission of secondary electrons by inelastic scattering of incident electrons
produces the SEM micrograph of the sample. Due to the very narrow electron beam,
SEM micrographs have a large depth of field yielding a characteristic three-
dimensional appearance useful for understanding the surface structure of a sample.
Whereas, characteristic X-rays produced by inelastic collisions of the incident
electrons with electrons in discrete orbitals (shells) of atoms in the sample are used
for elemental analysis. The process is known as energy dispersive analysis of X-ray
(EDAX). A field-emission cathode in the electron gun of a SEM (FESEM) provides
narrower probing beams at low as well as high electron energy, resulting in both
improved spatial resolution and minimized sample charging and damage. The
sample preparation includes a thin gold coating on the sample (mainly for

electrically non conducting samples) to avoid static charge accumulation during
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SEM imaging. The FESEM and EDAX image of NiO nanowires is shown in Fig. 2.8
(a) & (b), respectively.
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Figure 2.8 (a) SEM image of NiO nanowires, (b) EDAX spectra obtained from NiO nanowires.
2.4.2.2. Transmission Electron Microscope (TEM)

In TEM, mainly two different types of interactions between the electron beam
and specimen have been used to construct an image; these are unscattered electrons
(transmitted beam) and elastically scattered electrons (diffracted beam). Schematic
diagram of a TEM is shown in Fig. 2.9 (a) & (b). In this process, incident electrons are
transmitted through the thin specimen without any interaction occurring inside the
specimen. The transmission of unscattered electrons is inversely proportional to the
specimen thickness. Areas of the specimen that are thicker will have fewer
transmitted unscattered electrons and so will appear darker, conversely the thinner
areas will have more transmitted and thus will appear lighter. This mode of
operation to create contrast in image is known as bright field imaging mode. TEM
image of Ni/NiO core/shell nano-heterostructures is shown in Fig. 2.9 (c). Another
important mode of TEM imaging is electron diffraction. In case of crystalline sample
the electron beam undergoes Bragg scattering in accordance with the Bragg’'s law as
given by Eq. (2.1). All incident electrons have the same energy (thus wavelength)
and enter the specimen normal to its surface. Now, the electrons that are scattered by

the same set of parallel planes can be collated using magnetic lenses to form a
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pattern of spots; each spot corresponding to a specific atomic spacing (or crystalline
plane). This pattern can then yield information about the orientation, atomic
arrangements and phases present in the area being examined. Diffraction pattern

image of Ni/NiO core/shell nano-heterostructures is shown in Fig. 2.9 (d).
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Figure 2.9 (a) & (b) Schematic diagram of TEM image forming by electron beam; (c), (d) and (e) are
the TEM image, selected area electron diffraction (SAED) pattern and EFTEM image, respectively, of

Ni/NiO core/shell nano-heterostructures.

In case of high resolution TEM (HRTEM) mode, we can achieve a resolution
as much as 0.2 nm which is very efficient in observing the lattice fringes of the
specimen under observation. Energy filtered transmission electron microscopy
(EFTEM) is a technique used in TEM, where electrons of particular energies are used
to form an image or diffraction pattern. This technique provides information about
the elemental composition of the material under observation. EFTEM image of
Ni/NiO core/shell nano-heterostructures is shown in Fig. 2.9 (e).

Another technique that is performed in TEM is electron energy loss
spectroscopy (EELS) where a material is illuminated with electrons having known

narrow range of kinetic energy. These electrons undergo inelastic scattering with
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some energy loss. The amount of energy loss is measured with an electron

spectrometer and represented in terms of what caused the energy loss.
2.4.3. X-ray Photoelectron Spectroscopy (XPS)

XPS is a quantitative spectroscopic technique to measure the elemental
composition, chemical formula, chemical state and electronic state of elements that
exist within the material under observation. XPS spectra is obtained by illuminating
the sample by x-rays and simultaneously measuring the kinetic energies and the
number of electrons that escape from the top 1-10 nm of the substance being
analyzed. As the energy of the irradiating x-ray photon (Epun) is known, the
binding energy (Espinding) of each electron emitted from the surface of the material can

be calculated using the Ernest Rutherford equation as given below.

EBinding = EPhoton - (EKinetic + CD)

(2.3)

where, Exinetic is the kinetic energy of the emitted electron and ® is the work function

m Electron energy
: I analyser
| | -

of the spectrometer.

e

A-ray
source

UHV
chamber

Figure 2.10 Schematic diagram of an XPS spectrometer.

XPS spectrum is a plot of the number of electrons detected (Y-axis) with the
binding energy of that electrons (X-axis). Each material produces its characteristics

XPS peaks that correspond to the electronic configuration of the electrons in different
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orbitals such as 1s, 2s, 2p etc. and the number of electrons detected is directly
proportional to the amount of that element present in the irradiated portion of the
sample. As the electron counting detector in XPS instruments is typically 1 m away
from the x-ray irradiated sample, so, XPS must be performed in ultra-high vacuum

(UHV) condition. The schematic diagram of the XPS system is shown in Fig. 2.10.

2.5. Magnetic Characterization Techniques

2.5.1. Vibrating Sample Magnetometer (VSM)

Vibrating sample magnetometer (VSM) is based on Faraday’s law that states,
an emf (electromotive force) will be generated in a coil if there is a change in flux
linking the coil. The induced emf in a coil with ‘n” turns with a cross-sectional area of

‘a’ can be written as,

V =-na— 24
i (2.4)

When the coil is positioned in a constant magnetic field,
B = noH (2.5)

Now if we place a magnetic sample having magnetization ‘M’ near the coil,

then
B = o (H + M) (2.6)
The corresponding flux change can be written as
AB = noM (2.7)

The induced emf in pick-up coils expressed at the beginning thus can be

rewritten as
Vdt = -napeM (2.8)

The above equation implies that the output signal of the coil is proportional to
the magnetization M but independent of the magnetic field in which the magnitude

of M is to be determined.
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Schematic diagram of a VSM is shown in Fig. 2.11. In a VSM, the sample is
subjected to a sinusoidal motion (of frequency v) and the corresponding voltage is

induced in suitably located stationary pickup coils.
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Figure 2.11 Schematic diagram of Vibrating sample Magnetometer.

The electrical output signals of these latter coil has the same frequency (v). Its
intensity of proportional to the magnetic moment of the sample, the vibration
amplitude and the frequency (v). The schematic diagram of the set-up is shown in fig
f below. The sample to be measured is centered in the region between the poles of a
electromagnet which can generate a uniform magnetic field Ho. A thin vertical non-
magnetic sample rod (made of plastic/quartz) connects the sample holder with a
transducer assembly located above the magnet. The transducer converts a sinusoidal
as drive signal (generated by an oscillator/amplifier circuit) into a sinusoidal vertical
vibration of the sample rod. The sample is thus subjected to a sinusoidal motion in
the magnetic field Ho.

Pickup coils made of copper and mounted on the poles of the magnet pick up
the signal resulting from the motion of the sample. However, though the pick-up coil
signal at the vibration frequency (v) is proportional to the magnitude of the moment
of the sample, it is also proportional to the vibration amplitude and frequency. Thus
the moment readings taken simply by measuring the amplitude of the signal are

subject to errors due to variation in amplitude and frequency of vibration. In order to
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avoid this difficulty, a nulling technique is introduced employing a vibrating
capacitor for generating a reference signal that varies with moment, vibration
amplitude and frequency in the same manner as the signal from the pickup coils.
When these two signals are processed in an appropriate manner, it is possible to
eliminate the effects of vibration amplitude and frequency shifts. In that case, one
obtains readings that vary only with the moment of the sample.

In case of NWs, we measured the corresponding hysteresis loops at two
different orientations of the samples as shown in Fig. 2.12. The NWs are placed
either parallel to the external uniform magnetic field Ho named as out-of-plane (OP)
configuration or perpendicular to Ho named as in-plane (IP) configuration. The
words out-of-plane (OP) and in-plane (IP) are coined from the orientation of the flat
planes of alumina or polycarbonate membranes within which the NWs are

deposited.

In-plane (IP) orientation of Out of Plane (OP) orientation of
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AAO template after
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Magnetic Field (H) dil'ection VSM magnets
Figure 2.12. Placement of NW samples between the pole pieces of VSM magnet.

The VSM in our laboratory (Lakeshore made) has a maximum magnetic field
generating capability of 2.1 T without cryogenic system and 1.76 T can be achieved
with LN2/LHe dewar between the coils. The moment versus temperature or
temperature dependent hysteresis loops can be measured using a cryogenic system
(Lig. N2) that can operate within a temperature range of 80 to 400 K with
temperature stability of £0.2 K and temperature resolution of 0.001 K. Noise level of
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1.25 pemu (RMS value) in moment measurement can be achieved using the system

[13].
2.5.2. Magnetic Barkhausen Noise (MBN) measurement technique

Barkhausen technique has his importance because of his capability to
characterize material properties accurately, easily, quickly and without damaging
tested materials. Magnetic Barkhausen Noise (MBN) is considered as an important
technique for micro structural and mechanical characterization of ferromagnetic
materials like steels. The main advantages of this method are that this technique has
non-destructive character and it offers the possibility to evaluate samples of various
shapes and sizes. MBN is sensitive to various parameters which affect the magnetic
domains configuration and domain-wall, pinning sites, which are strongly
influenced by grain size, composition, different phases, surface conditions, hardness,
residual stress, fatigue and damage, magnetic field strength and applied stress.

The Magnetic Barkhausen Noise technique is based on the concept that the
ferromagnetic materials consist of domains which are magnetized along a certain
crystallographic easy direction of magnetization. Domains are separated from one
another by boundaries (domain walls). Application of a magnetic field causes the
domain wall movement: the domain on one side of the wall has to increase in size
while the domain on the opposite side of the wall shrinks. The result is a change in
the overall magnetization of the sample. If a coil of conducting wire is placed near
the sample during the domain wall movement, the resulting change in
magnetization will induce an electrical pulse in the coil. In 1919 professor
Barkhausen proved that the magnetization process (hysteresis loop) is not
continuous but is built from small steps caused when the magnetic domains move
under an applied magnetic field as shown in Fig. 2.13. When the electrical pulses
produced by all domain movements are added together, a noise-like signal called
Barkhausen noise is generated. Barkhausen noise spectrum starts at the magnetizing
frequency and extends beyond 2 MHz in most ferromagnetic materials. The signal is

exponentially damped as a function of the travelled distance inside the material.
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Figure 2.13: Magnetic Barkhausen Noise (MBN) in the hysteresis loop.

Magnetic Barkhausen Noise is characterized by several different parameters.
The parameter is not limited to a particular aspect of the Barkhausen signal, but
simply a generic parameter that is calculated from a complete cycle of the
Barkhausen emission. Some of the parameters that are frequently used for MBN
analysis will be discussed in this. Usually, only voltage above and below a certain
threshold are considered in order to maintain the integrity of the analysis. MBN
energy (Emen): Empn is calculated by integrating the square of these voltages with
respect to time i.e.

Eyey = Zn: [yt (2.9)
i=1

where the time integral is over each event and the summation is taken over all n
measured events.

Schematic diagram of Magnetic Barkahusen Noise set-up is shown in Fig. 2.14
(a). Generation detection and analysis of Barkhausen noise were accomplished using
a home fabricated Barkhausen Noise experimental setup as shown in Fig. 2.14 (b).
The instrument consists of a Helmholtz coil for applying a time varying magnetic
field to the sample to generate Barkhausen Noise. The signal to the Helmholtz coil
produced by a 15 MHz Function/ Arbitrary waveform Generator (Agilent -33120A)
and amplified by a bipolar power supply /Amplifier (Kepco, BOP 72-3M). The
sweep field frequency was set at various frequencies from the waveform generator

(4 Hz and 12 Hz).
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Figure 2.14 (a) Schematic and (b) Experimental setup of Magnetic Barkhausen Noise (MBN
measurement.

Barkhausen Noise was detected using a pick -up coil wound around the
sample located at the center of the Helmholtz coil, with the sample aligned parallel
to the direction of the magnetic field. The signal from the pick-up coil was amplified
by the low noise Preamplifier (Stanford research systems, Model SR560), passed
through the band pass filter and then collected to a personal computer using Pico
scope Software, as shown the photograph of the experimental setup for measuring

MBN.
2.6. Optical Characterization Techniques

2.6.1. Photoluminescence (PL) Spectroscopy

PL is a process in which a specimen absorbs photons (electromagnetic
radiation) of particular energy and then re-radiates photons with different energies.
Quantum mechanically, this can be described as excitation of an electron to a higher
energy state by absorbing photons and then a return to a lower energy state with the
emission of photons. The period between absorption and emission is very short, in
the order of 10 nanoseconds. Steady state PL measurements of our samples were
done in Horiba Jobin Yvon Fluorolog 3 spectrofluorimeter. Schematic diagram of the

PL spectrometer is shown in Fig. 2.15.
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Figure 2.15 Schematic diagram of photoluminescence spectrometer.

2.7. Electrochemical Characterization Techniques

The electrochemical properties of the samples were investigated by cyclic
voltammetry (CV), galvanostatic (GV) charge/discharge and electrochemical
impedance spectroscopy (EIS) tests by using a software controlled conventional
three-electrode electrochemical cell (potentiostat AutoLab-30) consisted of the as-
prepared samples as the working electrode, saturated Ag/AgCl as the reference
electrode, the Pt wire as the counter electrode and 1M KOH solution as electrolyte, at

room temperature.

2.7.1. Cyclic Voltammetry

A cyclic voltammogram is obtained by measuring the current at the working
electrode during the potential scans. Fig. 2.17 shows a cyclic voltammogram
resulting from a single electron reduction and oxidation. Consider the following

reversible reaction:

M™"+e ——M (2.10)
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Figure 2.16 Voltammogram of a Single electron oxidation-reduction.

In Fig. 2.16, the reduction process occurs from (a) the initial potential to (d)
the switching potential. In this region the potential is scanned negatively to cause a
reduction. The resulting current is called cathodic current (ipc). The corresponding
peak potential occurs at (c), and is called the cathodic peak potential (Epc). The Epc is
reached when all of the substrate at the surface of the electrode has been reduced.
After the switching potential has been reached (d), the potential scans positively
from (d) to (g). This results in anodic current (Ipa) and oxidation to occur. The peak
potential at (f) is called the anodic peak potential (Epa), and is reached when all of the
substrate at the surface of the electrode has been oxidized.

A CV curve generally has a rectangular shape when the capacitance merely
originates from the EDL and there are no Faradaic reactions between the active
materials and the eletrolyte. The specific capacitance is estimated from the current at
the middle point of potential range (I) and scan rate(f) according to the equation Csy
=I/mf [14], where m is the mass of active material. With respect to pseudocapacitors,
the pesucocapacitive behaviors usually lead to the presence of redox peaks with a

derivation from the rectangle shape. Thus, the average specific capacitance is
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calculated using the voltammetric charge integrated from the CV curve according to

the following equation [15, 16]:

— <

C,(F/g)= 1(V)dV (2.11)

2V 2Vf

VC

where Q is the total charge obtained by the integration of positive and
negative scans in a CV curve, m is the mass of the active material in two electrodes, f,

the scan rate, (V=Va - Vc) represents the potential window.
2.7.2. Galvanostatic Charge-discharge

The typical galvanostatic charge/discharge (GCD) curves are shown in Fig.
2.17. For the GCD technique, the potential of a supercapacitor is linear, or almost
linear with respect to the charge/discharge time (dV/dt = constant) during a constant
current operation, so that the state-of-charge (SOC) can be exactly pinpointed. In
contrast, most batteries exhibit a relatively constant operating voltage because of the
thermodynamics of battery reactants. As a result, their SOC could not be measured
precisely [17, 18]. From a GCD curve, the specific capacitance of a supercapacitor cell

(Csp) can be calculated according to (Equation (2.12)):

C =— 212
® " m(dV / dt) (212)

in which I (in A) is the discharge current, m (in g) is the total mass of active
materials in two electrodes, t (in s) is the discharge time, V (in V) is the potential
during the discharge process after IR drop. Hence, dV/dt is the slope of discharge
curve. It is recommended that the specific capacitance should be calculated by using
two datum points from the discharge curve with dV/dt = (Vi -Y2Vimar)/(t2-11),
especially in the case of the nonlinear response between potential and time resulting
from pseudocapacitive reactions [19]. Here, {2 and t1 (in s) are the discharge times at

the points of maximum potential (Vimax) and half of the voltage (¥2Vinax).
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Figure 2.17 Typical galvanostatic charge/discharge cycles of standard sample.

Energy density and power density are two important parameters to evaluate
the capacitive performance of a supercapacitor cell. The energy density is the
capacity to perform work, whereas the power density exhibits how fast the energy is
delivered. The standard approach to obtaining the energy and power densities is
based on the specific capacitance (Csy) of a two-electrode system. The maximum
energy stored (Emuax, Wh/kg) and power delivered (Pua, W/kg) for a supercapacitor
cell is respectively given in equations (2.13) and (2.14) [19, 20].

E e =0.5CV? (2.13)
2
P. = Z—R (2.14)

in which V is the cell voltage (in V). The cell voltage is determined by the
thermodynamic stability of the electrolyte solution. The specific capacitance of the
cell depends extensively on the electrode materials. Hence, a broad operating cell
voltage, a large capacitance, and minimum ESR are essential for a supercapacitor
with good performance. In the fundamental research, the transformed equations

below are usually used to calculate the maximum energy density and power density

[21].
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0.5C,V?
e = e (2.15)
P = —EmaXffsoo (2.16)

2.7.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful tool to evaluate
the supercapacitor frequency behavior and electrochemical series resistance (ESR).
Normally, EIS is conducted at the open circuit voltage (OCV) by applying a small
amplitude of alternative potential (5 ~ 10 mV) in a range of frequency (generally 0.01
to 100Hz). The resistance (Z) is defined as, Z = Z' + jZ'', where Z' and Z'' are the
real part and the imaginary part of impedance, respectively. The specific capacitance

is calculated from the imaginary part (Z'') of the collected EIS data according to

-1

- _ (2.17)
27vZ m

where, v (in Hz) is the frequency, and m is the mass of electrode materials.
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Figure 2.18 Typical Nyquist plot of standard sample.

The other important form for EIS is to plot Z” against Z”’ to obtain a so-called

Nyquist plot. A typical Nyquist plot impedance curve exhibits a semicircle over the
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high frequency range, followed by a linear part in the low frequency region, as
shown in Fig. 2.18. It is noteworthy that a large semicircle observed from a Nyquist
plot is an indicative of high charge-transfer resistance, contributing to the poor
electrical conductivity of materials, whereas a more vertical the line is more closing
to an ideal capacitor [22]. The ESR values are determined from a linear fit to the IR
drop values (IR drop) obtained from GCD curves at different current densities

according to [23, 24]:

IR

4rop = @ + b (2.18)

where a represents the difference between the applied potential and the charged
potential of the capacitor, b is two times of the value of ESR (Rs), and I is the

discharge current. Therefore, the maximum power density follows:

b _V'_(4-a)y
"™ 4R 2b

S

(2.19)
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Porous Anodic Aluminum

Chapter 3 Oxide: Synthesis and

Characterization

This chapter describes the synthesis of highly ordered
porous anodized alumina oxide (AAO) membranes,
standardization of anodization process with pores of
different sizes of AAO templates and study of their
structural, morphological optical and magnetic properties in
detail.



Chapter 3: Porous Anodic Aluminum Oxide: Synthesis and characterization

3.1. Preamble

Recently, one-dimensional (1-D) nanostructures such as nanowires, nanorods,
nanobelts, and nanotubes have also become the focus of intensive research owing to
their unique application in the mesoscopic physics and fabrication of nanoscale
devices [1], it is generally accepted that 1D nanostructures provide a good system to
investigate dependence of electrical, magnetic and mechanical etc. properties on
dimensionality and size reduction (or quantum confinement). They are also expected
to play an important role as both interconnects and functional units in fabricating
electronics, magnetic, optoelectronics and electrochemical devices with nanoscale
dimensions. In comparison with quantum well and dots, the advancement of 1D
nanostructures have been slow until very recently, as hindered by the difficulties
associated with the synthesis and fabrication of these nanostructures with well-
controlled dimension, morphology, phase purity and chemical composition.
Although 1D nanostructures can now be fabricated using a number of advanced
nanolithography techniques [2], such as electron-beam or focused ion beam writing,
X-ray or UV lithography, further development of these techniques into practical
routes to large quantities of 1D nanostructures from a diversified range of materials,
rapidly, and at reasonably low costs, still requires great ingenuity. In contrast,
unconventional methods based on chemical synthesis might provide an alternative
and the intriguing strategy for generating 1D nanostructures in terms of material
diversity, cost, throughout, and the potential for high volume production [3].

In 1857, Buff first found that aluminum can be electrochemically oxidized in
an aqueous solution to form an oxide layer that is thicker than the native one [4].
This phenomenon has been called “anodization” because the aluminum part to be
processed constitutes the anode in an electrolytic cell. In the early 1920s, the
phenomenon observed by Buff was exploited for industrial scale applications, for
example, protection of seaplane parts from corrosive seawater [5]. Many desirable
engineering properties such as excellent hardness, corrosion, and abrasion resistance
can be obtained by anodizing aluminum metals in acid electrolytes [6].

Recently, this nearly century-old industrial process has been drawing

increasing attention from scientists in the field of nanotechnology. Template
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synthesis in nanometer scale, however, proved now another elegant, inexpensive
and technologically simple approach for the fabrication of various nanoscale
sophisticated materials (e.g. arrays of nanowires, nanotubes) [7, 8]. The templates can
be synthesize by electrochemical anodization of thin metal sheet (thickness of
micrometer length scale) of aluminum, tin or zinc. Porous AAO film grown on
aluminum is composed of a thin barrier oxide layer in conformal contact with
aluminum, and an overlying, relatively thick, porous oxide film containing mutually
parallel nanopores extending from the barrier oxide layer to the film surface [9].
Each cylindrical nanopore and its surrounding oxide region constitute a hexagonal
cell aligned normal to the metal surface. Under specific electrochemical conditions,
the oxide cells self-organize into the hexagonal close packed arrangement, forming a
honeycomb-like structure [9-11]. Pore diameter and density of self-ordered porous
AAO:s are tunable in wide ranges by properly choosing anodization conditions: pore
diameter = 10-400 nm and pore density = 108-10% pores cm™2. We synthesize highly
ordered porous alumina templates by electrochemical process. In this chapter, we
discuss the synthesis procedure of the templates and their structural magnetic and
optical properties. Further, this novel and tunable structural features of porous
AAOs will be used for synthesizing a diverse range of nanostructured materials in
the forms of nanowires, and nanotubes, and also for developing functional

nanodevices.

3.2. Experimental Details

In order to prepare alumina membrane in a more simple way, we took an
aluminum sheet with the purity of ~ 99.998% and purchased from Sigma Aldrich
with the thickness of ~ 150 nm and area of ~ (5 x 10) mm. One side of the sheets is
covered by a transparent tape, so that only the other side of aluminum comes to the
contact of electrolyte solution. Then a two-step anodizing method was employed to
obtain the AAO template. The detail of the experimental set-up is discussed earlier
in chapter 2. By varying the experimental parameters like concentration of electrolyte
and applied anodization voltage, we prepared various AAO templates. The two-step

electrochemical anodization of the aluminium foils was carried out in various acid
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electrolyte solution (3-20 wt% of oxalic, sulfuric and phosphoric) by varying the D.C.
anodization voltage, and current density. The voltage was maintained at a constant
value of ~ 40 to 80 V to achieve a current density of 200-500 Am-2. The anodization
was carried out at 11° C to dissipate the heat generated during the exothermic
reaction of conversion of aluminum in to alumina. The first anodization was carried
out for 15 minutes. The thin porous alumina layer grown on the aluminium foil
surface after the first-stage of anodization was removed by chemical etching using a
mixture of 60 wt% phosphoric (HsPOs), 28 wt% sulphuric (H2S504) and 12 wt% nitric
(HNO:s) acid solution. The etched Al foil was re-anodized for 3 hours for the second
time keeping all the anodization parameters the same as that in the first-stage to
obtain more uniform porous structure. Finally the hexagonally arranged nanoporous
structure was detached from the base aluminum using mercury chloride (HgClo)
solution. The as prepared AAO template was dipped inside the 10 wt% phosphoric
acid (H3POs) solution for 15 min for pore widening and pore rounding of the self-
organized nanoporous template. Consequently, AAO templates with regular pore
arrangement were obtained.

The crystallographic nature of the as-prepared AAO template has been
analyzed by X-ray diffraction (XRD, Panalytical X'Pert Pro diffractometer), and the
composition of the AAO template has been determined by energy dispersive X-ray
(EDAX) analysis. The morphology and the structure of the arrays of AAO template
studied by scanning electron microscope (SEM, FEI Quanta-200 Mark-2) and
transmission electron microscope (TEM, FEI TECNAI G2 TF20ST). The crystalline
structure of the AAO template has been further investigated by the high-resolution
TEM (HRTEM). The PL measurements of the AAO template has been conducted
using a spectrofluorometer (Horiba JobinYvon, Fluorolog-3) under a Xe lamp source.
RT magnetic measurements of the AAO template has been performed using a
vibrating sample magnetometer (VSM, Lakeshore, model 7144) by placing the axis of
the sample along the direction of the applied magnetic field to get the maximum

coupling of the flux.
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3.3. Results and Discussions

3.3.1. Ionic Conduction in Anodic Aluminum Oxide

The current density passing across the oxide film can be written as:
J=lat et e (3.1)
Where, j,, jo and j. are the anion-contributing, cation-contributing and
electron-contributing current density, respectively. Since the electronic conductivity
in the aluminum oxide is very low, the ionic current density (ji = ja + jc) is the
predominant mode to transport the charges. The relationship between the ionic
current, ji, and the electric field, E, can be expressed in terms of the Guntherschultze-

Betz equation:

Ji = JoeXp(SE) (32)

where both jo and f are temperature- and metal-dependent parameters. For

the aluminum oxide, he electric field E, jo and f are in the range of 10¢ to 10 V/cm,
1076 to 3 x 102 mA/cm? and 1 x 1077 to 5.1 x 107 cm/V, respectively . Based on the
Guntherschultze-Betz equation, the rate-limiting steps of the film formation are
determined by the ionic transport either at the metal/oxide interface, within the bulk
oxide or at the oxide/electrolyte interface. Nowadays, it is generally accepted that
the oxides simultaneously grow at both interfaces, e.g., at the metal/oxide interface

by AI3* transport and at the oxide/electrolyte interface by oxygen ion transport.

3.3.2. Type of Anodic Aluminum Oxide

Anodization of aluminum in aqueous electrolytes forms anodic oxide films
with two different morphologies, that is, the nonporous barrier-type oxide films and
the porous-type oxide films. The chemical nature of the electrolytes mainly
determines the morphology of AAOs [6, 9, 12]. A compact nonporous barrier-type
AAO films can be formed in neutral electrolytes (pH 5-7), such as borate, oxalate,
citrate, phosphate, adipate, tungstate solution, etc., in which the anodic oxide is
practically insoluble. Meanwhile, porous-type AAOs are formed in acidic

electrolytes, such as sulfuric, oxalic, phosphoric, chromic acid, etc., in which anodic
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oxide is slightly soluble.

The two types of anodic oxides (i.e., barrier- vs porous-type AAO) differ in their
oxide growth kinetics. In the case of barrier-type oxide formation under potentiostatic
conditions (i.e., U = constant), current density (j) decreases exponentially with time (t).
Correspondingly, the film growth rate decreases almost exponentially with time (t), which
places a limit on the maximum film thickness obtainable for barrier-type AAO films (Figure
3.1). It has been experimentally verified that the thickness of barrier-type film is directly
proportional to the applied potential (U). On the other hand, current density (j) in porous-
type anodization under potentiostatic conditions remains almost constant within a certain
range of values during the anodization process, due to the constant thickness of the barrier
layer at the pore bottom. The thickness of the resulting porous oxide film is linearly

proportional to the total amount of charge (i.e., anodization time, t) involved in the

electrochemical reaction.

Al

anodization

(a) barrier-type AAO (b) porous-type AAO
Al,O SE =
b \1 |

I
ll ‘ II ,!

Al

Al

time (f) time (f)

Figure 3.1. Two different types of anodic aluminum oxide (AAO) formed by (a) barrier-type and (b)
porous-type anodizations, along with the respective current (j) - time (t) transients under
potentiostatic conditions
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Films of controlled morphology may be developed by appropriate selection of
electrolyte and film-forming conditions. Thus, films grown at high current efficiency
in largely near-neutral electrolytes at ambient temperatures are highly uniform in
thickness and relatively compact; such films are termed as barrier films. It has seen
that barrier films may develop at current efficiencies of film formation above
approximately 60% [13, 14]. However, irrespective of the current density, the
relatively high field developed across the alumina gives rise to Al** egress and O? or

OH- ingress through the anodic film.

In acidic electrolytes, or selected alkaline electrolytes, the relatively compact
barrier-type anodic films on aluminum no longer develop as a result of anodic
polarization. Examination of the resultant film at appropriate magnification and
resolution reveals a relatively regular porous oxide film [15]. The pores, of the
cylindrical section, pass normally to the macroscopic aluminum surface, but are

separated from it by a relatively compact barrier layer of scalloped appearance.

(b) Din

|

ydaa@y
Al

Figure 3.2. Schematic diagram of (a) idealized structure of te porous alumina template obtained from
anodization of thin aluminum sheet and (b) a cross sectional view of the anodized layer.

In an alumina membrane, each hollow pore is surrounded by alumina wall
and can be considered as a cell. Hence, the pore diameter is defined as the diameter
of the pores, wall thickness is the thickness of the alumina wall separating two
nearest neighbor pores and interpore distance is the centre to centre distance of two
consecutive pores. Ideally, an alumina template will consist of closed packed arrays

of hexagonally arranged cells and can be represented schematically as shown in Fig.
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3.2 below. The alumina templates or membranes consist of nanopores are often
characterized by given parameters such as pore diameter (Dp), wall thickness (tw),

barrier layer thickness (tb) and interpore distance (Dint).

The pore diameters of the membranes can range from few nanometers to
hundreds of nanometer by altering the anodization conditions. On the other hand,
the depth of the fine parallel channels can even exceed 100 um. The growth,
morphology and composition of porous anodic films on aluminium have received
widespread attention, with the various stages in their development observed and it
is known that the major anodic film parameters (barrier layer thickness and pore and

cell diameters) are directly dependent upon the steady-state voltage [16].

3.3.3. Growth Mechanism of Anodic Aluminum Oxide

The anodic growth of alumina both AI3* cations and oxygen-containing
anions (e.g., O?~ or OH") are mobile within the anodic oxide under high electric field
(E). Al3* ions migrate outwardly toward the oxide/electrolyte interface, while O?~ or
OH- anions move inwardly toward the metal/ oxide interface. Therefore, one can
consider both (i) the metal/ oxide and (ii) the oxide/electrolyte interfaces as the
growth front of anodic oxide during anodization of a valve-metal. For anodizing
aluminum, the following elementary reactions are considered to be possibly

occurring at the interfaces (Figure 3.3).

(a) (b)

ARy — Al Ha0 © Ofg +2HG)

Al,O,

| lon transfer

g b High-field
AL J = Jo®XP(PE) oz ionic conduction K-)(
! "
Al = AI% + 3e 4
K —_ o>
Metal oxidation

Al%y

Al Al

Figure 3.3. Schematic diagram showing elementary interfacial reactions for (a) barrier type, (b) porous
type anodic aluminum oxide.
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(i) At the metal/oxide interface:

Al — Al +3e (3.3)

2A1% +30%

(0x) (ox) AlLQO, (3:4)

(i) At the oxide/electrolyte interface:

2Al5s +300,, — AlLO, (3.5)
ALO, +6H ., —2Al ., +3H,0,, (3.6)
Al — Al (3.7)

2— —
207, —> Oy, +4e (3.8)
2H,0,, > O, +OH ,, +3H (3.9)

Reactions eq. (3.4) and (3.5) correspond to the formation of anodic oxide at the
metal/oxide and oxide/electrolyte interfaces, respectively. Reaction eq. (3.6)
describes dissolution of anodic alumina by Joule’s heat induced oxide dissolution
and/or field-induced oxide dissolution. On the other hand, reaction eq. (3.7) occurs
through field-assisted direct ejection of Al3* ions from the metal/oxide interface
through oxide into the electrolyte. Reactions eq. (3.6)-(3.8) decrease the net current
efficiency (1)j) associated with the anodic oxide formation. Reaction eq. (3.9) describes
the heterolytic dissociation of water molecules at the oxide/electrolyte interface,

which supplies oxygen anions to the metal/oxide interface to form anodic oxide.

3.3.4. Structural Characterization of Anodic Aluminum Oxide

The two-step electrochemical anodization of the aluminium foils was carried
out separately in 3 wt% oxalic, sulfuric and phosphoric acid electrolyte solution to
fabricate AAO membranes. AAO membranes were prepared in oxalic acid solution
by varying the D.C. anodization voltage in between 40 and 80 V is maintaining a
constant current density of 200 A/m?2. For the AAO membranes synthesized using
phosphoric and sulfuric acid electrolytes, D.C. anodization voltages were controlled
between 40-45 and 25-30 V, respectively to maintain a constant current density of

200 A/m?2. AAO membranes prepared in oxalic, phosphoric and sulfuric acid
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electrolytes for 2, 4 and 6 h of second stage anodization are denoted as AO2, AO4
and AO6; AP2, AP4 and AP6; AS2, AS4 and AS6, respectively. The details of the

anodization process parameters are summarized in Table 3.1.

Table 3.1. Summary of anodization parameters

2nd_.S tage Electrolyte | Anodization Curre.!nt
Sample anodization Solution Voltage (V) density
Time (h) (A/m?)
AO2 2 . .
AO4 4 O";hctf,)“d 50-65 250
AO6 6 (3 wt%)
AP2 2 Phosphoric
AP4 4 Acid 40-50 250
AP6 6 (3wt %)
AS2 2 . .
AS4 4 Sulg““tc ;/md 30-40 250
AS6 6 (B wt%)

Figure 3.4 shows the SEM images of the as prepared porous top surface of the
AAO template fabricated by using oxalic (AO2 and AO6), phosphoric (AP2 and
AP6) and sulfuric acid (AS2 and AS6) electrolyte solution. It is evident from Fig. 3.4
(a) and (b) that the average pore diameter of the AAO template prepared by using
oxalic acid solution is nearly 70 and 75 nm. The AAO template AP2 has an average
pore diameter of 60-65 nm (Fig. 3.4(c)), whereas, the template AP6 contains pores of
dimension of about 70-75 nm (Fig. 3.4(d)). On the other hand, AS2 and AS6 have
pore sizes of 50 and 60 nm, respectively (Fig. 3.4(e) and (f)). The pore diameter of the
templates prepared in oxalic acid electrolyte is smaller than that prepared in
phosphoric and sulfuric acid solution. In case of the AAO templates prepared by
using phosphoric and sulfuric acid the pore diameter increases with the increase of
the anodization time. It is evident from Fig. 3.4 that the pores of the as prepared
AAO templates are not all well open and round in shape. Here, it is to be noticed
that the variation in the pore diameter and pore morphology of the AAO templates
strongly depends upon the electrolyte solutions. The acid solutions used in this work
have different dissociation constants and hence, the concentrations of the O2 /OH-
ions in the electrolytes are also different. Generally, the growth of the AAO template
through electrochemical anodization of aluminium is controlled by the concentration
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of the available O2 /OH- ions in the acid solutions.
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Figure 3.4. SEM images (top view) of AAO templates (a) AO2, (b) AOG6, (c) AP2, (d) AP6, (e) AS2 and
(f) AS6.

Therefore, the variation of pore diameter and pore morphology of AAO with
the change of the electrolytes is quite obvious. The mechanism of pore growth and

reactions are detailed in section 3.3.3 of this thesis. Furthermore, the anodization of
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aluminium is an exothermic reaction. Therefore, the bath temperature was
maintained at 11°C so that the huge morphological change of AAO can not take

place due to the heat generated during the anodization reaction.

Figure 3.5. (a) The cross sectional SEM images of the thick porous AAO template (AO6) grown on
aluminium foil and (b) high magnification images showing the pore channels.

Figure 3.5 (a) and (b) shows the cross sectional SEM images of the as prepared
porous AAO template (AO6) grown on the aluminium foil substrate. It is evident
from Fig. 3.5 (a) that the thickness of the porous alumina template is nearly 35 pm.
Here, it is worth mentioning that the thickness of this porous template increases with
the increase of the anodization time. Figure 3.5 (b) shows the high magnification
cross sectional SEM image of the porous AAO template. The pore channels can be
seen clearly in Fig. 3.5(b). It is also evident from Fig. 3.5(b) that all the pores grow
vertically with respect to the aluminium foil surface and the pores have high aspect
ratios. The pore diameter is about 70 nm and the average inter pore distance is 100
nm.

The account of the elemental composition of the AAO templates synthesized
in different electrolyte solutions, has been investigated by EDS and Figure 3.6 shows
the representative EDS spectra of the AAO templates (AO6, AP6 and AS6) prepared
by using oxalic, phosphoric and sulfuric acid electrolyte solutions. It is evident from
the EDS spectra that the AAO templates contain Al and O only, whereas the
presence of the negligibly small amount of C, P and S appear because of the acidic

inclusions from the electrolyte solution. Here, it would be worthwhile to mention
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that the templates prepared by using different electrolyte solution for different time

durations show similar type of EDS spectra.

(a)

Counts

3 a 5 3
Energy (KeV)
Figure 3.6. EDS spectra of the AAO templates (a) AO6, (b) AP6 and (c) AS6.

Figure 3.7 shows the representative XRD patterns of the as prepared thick
porous AAO templates synthesized by using oxalic, phosphoric and sulfuric acid
electrolyte after 6 h of second stage anodization. Here, it is to be noted that all the
templates prepared in different electrolyte solution for different anodization times
exhibit a similar type of XRD patterns. However, in the XRD patterns (see Fig. 3.7)
no characteristics diffraction peaks are observed from any particular crystallographic
plane of the porous alumina template. Therefore, it can be inferred that the AAO

templates are noncrystalline in nature.
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Figure 3.7. XRD patterns of the AAO templates: (a) AO6, (b) AP6 and (c) AS6.

The detailed information about the structure and crystallographic nature of
the AAO membranes can be obtained by TEM and selected area electron diffraction
(SAED) pattern characterization. Fig. 3.8 (a) shows the representative TEM image of
the AAO membrane containing the nanopores fabricated using oxalic acid

electrolyte.
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Figure 3.8. TEM image of the as prepared AAO membrane: (a) and (b) HRTEM image of the marked
part (rectangular box in (a)) of the alumina layer. Inset of (b) shows the SAED pattern of the AAO.
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The dark spots in the TEM images represent the pores of the AAO membrane and
the bright region corresponds to the alumina layer in between the pores. It is evident
(Fig. 3.8 (a)) that the average pore size is in the range of 50 nm. Fig. 3.8 (b) shows the
HRTEM micrograph of the alumina layer (from the marked region of Fig. 3.8 (a)) of
the AAO membrane with the corresponding SEAD pattern in the inset. The
amorphous nature of the AAO membrane is evident from Fig. 3.8 (b), where the as
grown alumina layer has no specific lattice order and the atoms are oriented in a
random fashion. The HRTEM studies on the AAO membranes vividly indicate the
presence of large concentration of structural defects in the noncrystalline
membranes. Furthermore, the diffused SAED pattern of the AAO (inset of Fig. 3.8
(b)) clearly indicates the amorphous nature of the AAO membrane. It is found that
all the AAO membranes grown on aluminium substrates by using different
electrolyte solutions are amorphous in nature and they contain large concentrations

of structural defects.

3.3.5. Optical Characterization of Anodic Aluminum Oxide

Figure 3.9 shows the room temperature PL spectra of the AAO templates
prepared by using oxalic, phosphoric and sulfuric acid electrolyte solution after
three different second-stage anodization time. The PL investigation was carried out
under the excitation of the 315 nm line of Xe lamp. Fig. 3.9 (a) shows that the AAO
templates AO2, AO4 and AO6 exhibit a strong and broad PL emission band around
434 nm. Here, it is worth mentioning that the PL spectrum of AO2 can be de-
convoluted into another two different bands at 475 and 525 nm, respectively. In the
PL spectrum of AO4, another low intensity band at 525 nm is observed, which is not
present in AO6. However, in case of the AAO templates fabricated by using
phosphoric acid (AP2, AP4 and AP6) and sulfuric acid (AS2, AS4 and AS6)
electrolyte, nearly similar trends in PL emission spectra is observed. For AP2 the
prominent PL emission band appears at 380 nm. On the other hand, AP4 and AP6
exhibit PL band around 409 nm. The PL emission band of AS2 is situated around 430
nm and the same for AS4 and AS6 is centered on 440 nm. Figure 3.9(d) shows the PL

emission spectra of the AO6, AP6 and AS6 together for a comparative study.
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Figure 3.9. PL spectra of the as prepared AAO membranes: (a) AO2, AO4 and AO6; (b) AP2, AP4 and
AP6; (c) AS2, AS4 and AS6 and (d) AO6, AP6 and AS6 together.

It is evident from Figure 3.9(d) that the intensity of room temperature PL
spectra of AOG6 is higher than AP6 and AS6, whereas, the PL intensity of AS6 is
weakest. It is also seen that for all the cases the PL emission intensity increases
gradually with the increase in the anodization time.

The light emission characteristics of the AAO templates have been
demonstrated by different researchers based on their experiment, but their results
are not free from ambiguities. Therefore, the true luminescence mechanism of AAO
templates is still indistinct. In general, the proposed PL emission mechanism of the
AAO has been broadly discussed under two major headings (i) the luminescent
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centers created from the acidic impurities and (ii) the oxygen vacancy related defect
centers present in the templates. The PL centers created in the AAO template from
the oxalic and sulphuric acid impurities have been reported to be the main reason
behind the light emission behaviour of the AAOs, by some researchers [17, 18]. On
the other hand, major research communities have explained the luminescence
behaviour of AAO templates on the basis of oxygen vacancy related defect centers
(F+ and F centers) grown in the template during anodization [19, 20, 21, 22]. Thus,
the true PL mechanism of the AAOs appears to have become more complicated.
However, it would be worthwhile to mention that during the growth of the AAO
template on aluminium substrates through electrochemical anodization,
compressive stresses of large magnitude is generated at the aluminium/alumina
interface due to the volume expansion caused by the conversion of aluminium to
alumina [23]. Moreover, anodization of aluminium is an exothermic electrochemical
reaction, which generates a huge amount of heat during the growth of the AAO
template. Therefore, the compressive stress coupled with thermal energy lead to the
formation of a large proportion of structural defects in the AAO template during its
growth through anodization. Large numbers of oxygen vacancies are also generated
spontaneously in the AAO templates when the oxygen (O%) ions, which are
generated from OH ions of the electrolyte, migrate through the alumina layer
towards the aluminium/alumina interface because of the applied electric field.
Additionally, the C20427, PO2™* and SO;™ ions from the electrolyte can also get
directly incorporated in the templates as impurities or by replacing few O? ions from
AAO template [18]. However, the EDS study of the AAO templates has shown that
there are very little acidic inclusions in the templates to cause luminescence.

In general, there are three types of oxygen vacancies namely, oxygen
vacancies without electron (F++centers), singly ionized oxygen vacancies (F+
centers) and doubly ionized oxygen vacancies (F centers). Here, the presence of F++
centers in AAO can be ruled out because of its instability [24]. Therefore, F+ and F
centers are the main oxygen vacancies present in AAO template, where the F+
centers can transform to F centers by taking electrons from the migrating electron

rich ions during long term anodization [25]. In this regard, the singly ionized oxygen

73| Page



Chapter 3: Porous Anodic Aluminum Oxide: Synthesis and characterization

vacancies (F+) generated during anodization process introduce defect states in the
electronic structure of AAO template and they are expected to take the main
responsibility behind the luminescence characteristics of AAOs [19, 20]. The PL band
observed in this experiment in the blue wavelength region can be attributed to the
F+ centers present in the alumina templates. It is important to note that the previous
EDS studies have shown that the templates contain very less amount of acidic
impurities in them. The acidic impurities incorporated in the AAO templates can
also be transformed into the luminescent centers and can contribute in light
emission. Therefore, the transformed acidic impurities may also have a role in the
light emission characteristics of the templates. The PL emission bands appears at the
high wavelength region for the samples prepared in oxalic acid solution, can be
attributed to the luminescent centers transformed from carboxylic impurities. Figure
3.9 shows that the PL emission spectra of the AAO templates are quite broad.
Therefore, it can be inferred from the broad nature of the PL emission spectra of the
AAO templates that both the F+ centers and the acidic impurity related luminescent
centers contribute in the light emission. Although, the intensity of the light emissions
from the luminescent centers created by the acidic impurities should be low as the
numbers of such luminescent centers are less in the AAO template. Moreover, the
light emissions from the acidic impurity related PL centers can overlap with that of
the F+ centers and may remain eclipsed under the high intensity PL emission peak
of the F+ centers. Therefore, the experimental evidences indicate that the blue
emission from the AAO templates can be attributed to the F+ centers, where, the
contribution of the acidic impurity related luminescent centers in the PL emission
spectra is negligible. The increase of the intensity of PL band with the increase of the
anodization time is caused by the increase in the number of the F+ centers during
anodization. Figure 3.9(d) shows that the PL intensity of AO6 template is much
higher than the AP6 and AS6 templates. The explanation of this phenomenon is that
the concentration of the oxygen vacancy related defects in AO6 template is much

higher than that of the AS6 and AP6.
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3.3.6. Magnetic Characterization of Anodic Aluminum Oxide

It is well known that, pure aluminum is paramagnetic in nature at room
temperature. During the anodization of aluminum, the conversion of aluminum to
alumina oxide started to form on the surface of aluminum. The magnetic state of
alumina membrane after being taken out from the aluminum base has been studied
by VSM. Magnetization loop of the representative AAO sample (AO6) membrane

measured at room temperature indicates diamagnetic phase as shown in Fig. 3.10.
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Figure 3.10. Experimental MH loops of AAO membrane (AOG) taken by vibrational sample magnetometer

From the curve it is observed that the membrane has a week diamagnetic
property. The Al and O are both paramagnetic in nature but while they form the
amorphous ALlQO;, it becomes diamagnetic because of the covalent bond form

between them.

3.4. Conclusion

In summary, the AAO templates have been successfully fabricated through
the controlled electrochemical anodization of aluminium foil by using oxalic,
phosphoric and sulfuric acid electrolyte solution. The morphology of the templates
has been investigated by SEM. The crystallographic analysis shows that the AAO
templates are non-crystalline in nature. The in-depth structural information of the
templates has been obtained by the TEM study. It has been found that all the AAO
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templates exhibit PL emission in the visible blue wavelength region. Herein, the
luminescence mechanism of the template synthesized by using oxalic, phosphoric
and sulfuric acid electrolyte for different anodization time duration has been
explained based on their structural characteristics obtained by the XRD and TEM
studies. The studies show that the noncrystalline AAO templates contain large
proportion of structural defects. The in depth PL investigation has shown that the
singly ionized oxygen vacancy related defect centers (F+ centers) take the major
responsibility behind the light emission characteristics of the AAO templates,
whereas, the luminescent centers transformed from acidic impurities have little
contribution to the PL emission spectra. From magnetic measurements it is observed

that the AAO membrane has a week diamagnetic property.
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Transition metals based
Chapter 4 magnetic nanowires and

nanotubes

This chapter describes the fabrication of transition metal
based ordered nanostructures (Ni nanowires, FeNi
nanowires & CoNi nanotubes) prepared by AAO template
assisted electrodeposition technique and study of their
structural, morphological, and magnetic properties in detail.
It also includes the study of the effect of alpha particle
irradiation on the magnetic properties of Ni nanowires and
the aspect ratio and temperature dependent magnetic
properties of FeNi nanowires and CoNi nanotubes.
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4.1. Effect of a-particle irradiation on the magnetic properties

of Ni nanowires

4.1.1. Preamble

Irradiation induced damage in materials has been a long cited topic in
research. It is a well-established fact that a dose of irradiation has considerable
effects on both the living and non-living systems. The majority of irradiation effect
analysis is connected with irradiation-induced effects in crystal bulk. Detailed
studies on the nature of irradiation damage in a bulk Al [1], Cu [1-3], molybdenum
[3], Fe [3,4], Cr [5], Ni [1, 4, 6], amorphous & crystalline magnetic alloys [7-12],
permalloy [13], permanent magnets [14,15], Fe2Os [4,16] has been made in literature
and found to depend on the dose of irradiation. In the last two decades, science of
nano-materials dominates in the field of materials science due to the unique
desirable features of nanometric scale and availability of characterization tools. One-
dimensional nanostructures are of huge importance in the realization of future data
storage devices and till date Ni remains the best chosen material for nano magnetic
storage devices or switching devices as far as its availability, cost and magnetic
property are concerned. But to maintain or increase the magnetic properties of
nanowires as compared to their bulk counterparts is one of the most critical steps in
the magnetic properties of nanowires.

Magnetic properties of a nanowire (NW) are governed by various anisotropy
energies such as shape, magnetocrystalline and surface anisotropies [17, 18].
However the magnetic behavior of the arrays of nanowires is determined by the
magnetic nature of individual nanowires as well as by the interactions among them.
The direction of the magnetic easy axis of a NW is determined by the direction of the
effective anisotropy field in it. Due to the strong shape anisotropy in a NW, magnetic
easy axis is usually parallel to its length. But in an array of closely arranged NWs,
strong magnetostatic interaction is developed because of close proximity of
neighbouring NWs, resulting the direction of easy axis perpendicular to its length
which is undesirable in most of the applications [19, 20]. In this regard, efforts have

been made to study magnetic properties of magnetic nanowires. Either through
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simulation models or through experiments, but a small part of the effort is devoted
to analysis of the magnetic properties of nanostructures after irradiation. Lack of
understanding of the irradiation effect on the magnetic properties of nanowires may
lead to the evolution of magnetic storage devices and switching devices. To obtain
deeper physical insights into the irradiation effect here we report the influence of a-
particle irradiation on structural and magnetic properties of Ni NWs with the fast a-
particle fluences of 2x10'> and 2x10%® a/cm?. In the present work, we observed that
alpha particle irradiation could be a useful tool to change the magnetic properties of
the NWs as per need. By generating pinning centres within the NWs, their coercivity
could be increased. On the other hand, it could reduce the magnetocrystalline
anisotropy by damaging the crystal structure to various extents and hence could
change the resultant anisotropy and the direction of the magnetic easy axis within

the NWs.

4.1.2. Experimental

High-density arrays of Ni NWs were fabricated within alumina membranes
by the electrodeposition method. The thickness of an alumina membrane was
approximately 50 pm with nanosized pores of an average diameter of ~100 nm and a
pore density of 10° per square cm. Highly ordered self-organized nanoporous anodic
aluminum oxide (AAO) template fabricated by the controlled two-stage
electrochemical anodization of high-purity aluminum foil, as described in the
previous chapter and elsewhere [21-23] has been used as the host to prepare the Ni
NWs. The AAO template with one side coated with a conductive gold (Au) layer of
0.1 um thickness grown by thermal evaporation technique has been used as a
working electrode in the electrodeposition process to fabricate the highly ordered
arrays of Ni NWs, as describes elsewhere [24-27]. Arrays of Ni NWs have been
electrodeposited in the pores of AAO using the aqueous solution of 0.57 M of NiSO4
and 0.32 M of H3BOs as electrolyte at room temperature (RT). The boric acid has
been used as a buffer. The electrochemical deposition has been conducted by using
the dc voltage of —0.9 V, following linear sweep voltametry results, maintaining the

pH of the electrolyte at 3.5. The electrodeposition was carried out for 18 min to
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prepare the Ni NWs of ~12 pm long. Three samples of the arrays of Ni NWs
prepared in the same condition. For further measurements and characterization of
nanowires, the alumina membranes were dissolved in 2 M of NaOH solution at
room temperature. One sample, we call it un-irradiated sample and another two will
be irradiated with alpha particles.

Irradiation was done with a beam of 40 MeV a particles obtained from the
Variable Energy Cyclotron in Kolkata. The beam current was 100 nA. Electrical
insulation of the target holder from the beam tube was ensured by the perspax
flange and teflon bush in the screws connecting the target holder and the beam line.
The samples attached to the aluminium target holder were cooled by flowing
compressed air [28, 29]. Samples were subjected to dose of 2x1015 and 2x10%® a/cm?.
We had three samples for the characterization sample-1 (unirradiated sample),
sample-2 (irradiated with 2x10%%a/cm?) and sample-3 (irradiated with 2x10%a/cm?).
Scanning electron microscope (FEI Quanta-200 Mark-2) and Transmission electron
microscope (FEI TECNAI TF20ST) were used to observe the NWs, their surface
morphology and to determine their length and diameter. The crystalline structures
of Ni NWs were investigated by transmission electron microscopy. The phase of the
samples was confirmed by x-ray diffraction (X'Pert Pro, Panalytical) and the
composition of the NWs was determined using energy dispersive analysis by x-ray
(EDAX). Magnetic properties were studied using a vibrating sample magnetometer

(Lakeshore, model 7144).

4.1.3. Results and Discussions

Fig. 4.1 (a) & (b) shows the SEM micrograph of the sample-1 and sample-3
which indicates the uniformity in length and diameter of the NWs. The inset of Fig.
4.1 (a) shows smoothness on the surface of Ni NWs compared to sample-3 shown in
the inset of the Fig. 4.1 (b). To check the composition of the NWs, we performed
EDAX measurement shown in Fig. 4.1 (c) which confirms the presence of Ni in the
samples as well as the absence of sulphur and boron contamination.

Fig. 4.2 (a) is a TEM micrograph of the individual NW of sample-3 liberated
from the AAO template; the diameter of the NWs is about ~100 nm. Black spots are
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also visible on the surface of the NWs after irradiation. Each NW is polycrystalline;
Fig. 4.2 (b) shows the selected-area electron diffraction pattern of the NWs, revealing
reflections corresponding to the face-centered-cubic (fcc) structure of nickel. Fig. 4.2
(c) is a high-resolution TEM image of a sample-3. The lattice spacing in the image is
about 0.2 nm, indicating a (111) fcc plane of Ni. As [111] direction is the
magnetocrystalline easy axis in Ni, this anisotropy will try to align the magnetic easy
axis of a NW in a direction perpendicular to its length. From high resolution
micrographs we found that there is no change in the crystalline structures of the

NWs after the irradiation of the sample by a particle.

Cloem Wt % At % K-Ratlo z A

NIK 81.29 79.89 0.8028 1.0113 0.910% 1.0028
Aul 18.71 20.11 0.1870 0.8076 0.9351 1.0000
Total 100,00 100.00
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Figure 4.1. (a) & (b) SEM micrograph of sample-1& sample-2 respectively and (c¢) EDAX pattern of
sample-3.

Fig. 4.2 (d) indicates that no variation in the relative “2 theta” position has
been observed in XRD spectra when spectra of irradiated cases are compared with
the unirradiated case. As “2 theta” position in a XRD pattern is the outcome of the

shape and size of unit cell, this means that no changes are there in the shape and size
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of unit cell after irradiation. Atomic positions in the lattice after irradiation would
not be the same, and it is evident from relative intensity pattern in pre and post-
irradiation XRD spectra, which are different. All of them show prominent peaks of
Ni and one peak (220) of Au as gold was deposited on one side of the template for
Ni deposition. The XRD study confirms that the crystal geometry does not change on
irradiation. However, decrease in XRD peak intensities and increase in peak
broadness on increasing irradiation dose indicates the deterioration of crystal

structure to some extent after irradiation [30].

(d) —— Sample-1
~ Sample-2
— Sample-3

Ni(111)

Intensity (Arb. unit)

20 (degree)

Figure 4.2 (a) TEM micrograph of the single NW of sample-3, (b) selected area electron diffraction
(SAED) pattern of sample-3, (c) High resolution TEM micrograph sample-3 and (d) XRD spectrum of
sample-1, sample-2 and sample-3.

Intensity of the peaks is decreasing with the increase of irradiation doses. The
observed XRD spectra also provide information about polycrystalline nature of Ni

nanowires of fcc lattice geometry. The induced point defects can directly impair the

structure sensitive magnetic properties or indirectly affect the intrinsic magnetic
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properties by causing some changes in the arrangement of atoms. From above
structural analysis we concluded there were point defects induced in the NWs after
irradiation.

From Fig. 4.3 (a) & (b) we observed coercivity (H.) increases with the increase

alpha particle irradiation doses and considerable shape change towards squareness.

1.04 In-Plane
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—— Sample-2
0.5 Sample-3
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0.51—— Sample-3

P
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Figure 4.3 (a) M-H loop of sample-1,2&3 when applied magnetic field was perpendicular (IP) to NWs
axis and (b) M-H loop of sample-1,2&3 when applied magnetic field was parallel (OP) to NWs axis at
room temperature.

Fig.4.4 shows the In-plane (IP, along the surface of the template and
perpendicular to the wire axis) and out-of-plane (OP, perpendicular to the template
surface and parallel to the wire axis) magnetic hysteresis loops of (a) sample-1 (b)
sample-2 and (c) sample-3. In case of sample-1 (unirradiated), IP hysteresis loop
shows higher increase in magnetisation with magnetic field compared to its OP
counterpart which suggests that the magnetic easy axis in this sample is in the IP

direction. Similar trend is also observed in the sample-2 (irradiated with lower dose)
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is an indication of OP magnetic easy axis in this sample.

though the difference in IP and OP behaviour reduces. However the sample-3

(irradiated with higher dose) shows the opposite trend in magnetic behaviour which

14 Sample-1
——1IP
—o— OP

(b)

(c)
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0
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magnetic field for (a) sample-1, (b) sample-2 and (c) sample-3.

e
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Figure 4. Comparison of M-H loops between In-plane (IP) and out-plane (OP) direction of applied

In the case of an array of closely spaced nanowires, magnetostatic interactions

between the nanowires play an important role in governing their magnetic
properties as it opposes the shape anisotropy of the individual nanowires. [18, 27]
After the irradiation of the sample there are some pinning centre’s generated in the
NWs that generates obstacle in the motion of the domain walls. Because of this
obstacles there are some changes arising in the magnetic properties of the NWs.

Before irradiation of the samples magnetocrystalline anisotropy dominates over the
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shape anisotropy. In contrast, shape anisotropy dominating compare to other
anisotropy after the irradiation of the samples with high doses of the a-particle.
Magnetostatic interaction between the NWs decreases with high dose of irradiation
on the sample due to this the magnetic easy axis of the sample-3 changes along the

direction of the NWs axis.
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Figure 4.5. Comparisons of magnetic properties (a) coercivity (Hc) and (b) anisotropy field (Hx) for
both the cases IP and OP direction of applied magnetic field in sample-1, sample-2 and sample-3

Both IP and OP coercivity, HJ/P and HOF respectively, are found to increase
on increasing irradiation dose, as shown in Fig. 4.5 (a), due to the increase in pinning
centres within the NWs. These pinning centres hinder the domain wall motions
resulting higher H.. Remanence also enhances significantly in both directions on
irradiation. However, the estimated magnetic anisotropy field, Han does not follow
the same trend as shown in Fig. 4.5 (b). For the unirradiated sample-1, OP Han
(Han©P) is much higher than the IP Han (HanT). Sample-2 also shows the similar
behaviour but with much less difference between them. On the other hand, sample-3
with maximum irradiation dose shows the opposite trend. In this case, Han" is
higher than HanO".

For an array NWs, preferential direction of magnetization is determined by
the competition among dipole-dipole interaction, magnetocrytalline and shape
anisotropy. Assuming the array of NWs as a two dimensional infinite array of
magnetic dipoles, the total field acting on one NW along OP direction, Fop is the sum
of the dipole fields and the field due to shape anisotropy (Fsh) and can be written as
[19, 20]:
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M.V
Fop=—4.2 DS3 +F, (4.1)

When all the moments are aligned perpendicular to the wires the total field acting on
one wire is the sum of the dipole fields and the field due to magnetocystalline

anisotropy (Fx) and can be written as [19, 20]:

MV

Fr=21 D? + F (4.2

Where V is the volume of a NW and D is the inter-wire distance. The first
terms in Eq.(4.1) and (4.2) are the magnetostatic interaction field when the external
magnetic field is applied along OP and IP directions respectively and they are
estimated to be 2.83x10* and 1.41x10* Oe respectively [20]. The negative sign in
Eq.(4.1) is used to indicate the interaction field produced by surrounding NWs on
the test NW is opposite to its magnetization. In other word, interaction in OP
direction is anti-ferromagnetic (AFM) in nature while that in IP direction is
ferromagnetic (FM), i.e. supports the magnetization of the test NWs. Fsy and Fx are
found to be 8930 Oe and 7032 Oe respectively [20].

The above model explains the crossover of resultant anisotropy fields (Fig. 4.5
(b)) which leads to a directional change of easy axis from IP to OP with the change in
magnetocrystalline anisotropy field due to irradiation. From the HRTEM
micrograph, it is observed that the magnetic easy axis of Ni, [111] direction is
perpendicular to the wire axis, i.e., in the IP direction. Therefore in the unirradiated
sample, Fip (~2.12x10* Oe) is higher than Fop (~1.93x10%). As a result Han'" is lower
than the Han®F and the magnetic easy axis is along the IP direction. From the XRD
studies (Fig. 4.2(d)) we observe that the crystalline structure of the NWs deteriorated
due to irradiation thereby reducing Fi. In sample-3, because of much reduction in Fj,
Fipis less than Fop resulting the crossover of Han (Fig. 4.5 (b)) as well as change in the
direction of magnetic easy axis from IP to OP.

We perform magnetic Barkhausen noise (MBN) measurements to justify the
increase in pinning centre on o-particle irradiation. MBN increases with the increase
of the irradiation doses as more pinning centers develop within the sample and

domain wall motion is hindered. Fig. 4.6 shows that the MBN [31, 32] of sample-3 is

86 |Page



Chapter 4: Transition metals based magnetic nanowires and nanotubes

higher in OP direction compare to sample-1 and sample-2, which suggests the

increment of pinning centre in Ni NWs on a-particle irradiation.
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Figure 4.6. Magnetic Barkhausen Noise for sample 1, 2 and 3.

4.1.4 Conclusion

In conclusions, arrays of Ni NWs, each NW with diameter~100nm and
prepared by electrodeposition technique, were irradiated with different doses of a-
particles. Irradiation produces pinning centres within the NWs and results in
increase in coercivity. Irradiation also reduces crystallinity of the NWs and hence
magnetocrystalline anisotropy. As a result magnetic easy axis changes from IP to OP

direction.
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4.2. Effect of aspect ratio and temperature on magnetic

properties of Permalloy nanowires

4.2.1. Preamble

Magnetic nanowires (NWs) have recently attracted tremendous attention
because of their potential applications in various fields, particularly in high density
perpendicular magnetic storage [33-36]. Highly ordered arrays of such nanowires
show novel and interesting magnetic properties different from those of bulk and thin
films and sensitively depend on their sizes, shapes, and the interactions among them
[17,27,37]. Among the various methods for preparing nanowires, electrodeposition is
widely used because of its simplicity and low cost. In this method, various magnetic
materials such as Fe, Co, Ni, and their alloys were embedded into the nanopores of
silica, alumina, or polycarbonate membranes by the electrodeposition technique [25,
38,39]. Magnetic properties of a NW are governed by various anisotropy energies
such as shape, magnetocrystalline and surface anisotropies [17, 18]. However the
magnetic behavior of the arrays of nanowires is determined by the magnetic nature
of individual nanowires as well as by the interactions among them. The direction of
magnetic easy axis of a NW is determined by the direction of effective anisotropy
field in it. Due to the strong shape anisotropy in a NW, magnetic easy axis is usually
parallel to its length. But in an array of closely arranged NWs, strong magnetostatic
interaction is developed because of close proximity of neighbouring NWs, resulting
the direction of easy axis perpendicular to its length which is undesirable in most of
the applications [19, 20]. Since last decade many magnetic properties studies have
been done on the permalloy nanostructures (nanowire, nanotube, nanoparticle etc.)
[40-47]. Still aspect ratio and temperature dependent magnetic properties of
permalloy NWs has not done yet. It is still not studied that how magnetic easy axis
of permalloy nanowires depends upon the temperature and the aspect ratio.

In this back drop, here we study the structural and magnetic properties of the
arrays of permalloy NWs with average NW diameter of ~200 nm were prepared in
AAO membrane by the electrodeposition method. The aspect ratio of the nanowires

was varied from 7.5 to 37.5 by varying the deposition timing and keeping the
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diameter constant ~200nm. Magnetic properties of the samples such as hysteresis
loop, coercivity (Hc), and squareness (M:/Ms) ratio were studied at various
temperatures between 80 and 300 K with above mentioned different aspect ratio. The
experimental result confirms the direction of magnetic easy axis of the NWs along
the axis of the NWs.

4.2.2. Experimental

High-density arrays of permalloy NWs have been fabricated by the
synthesized template assisted electrochemical route (see Fig.4.7). A self-organized
nanoporous anodic aluminium oxide (AAO) template fabricated by the controlled
two-stage electrochemical anodization of high purity Al foil, as described in
previous chapter and elsewhere [21-23], was used as the host to prepare the
permalloy NWs. A through the pore AAO template with an average pore diameter
of ~200 mm with a thickness of ~ 50 pm and an average pore density of ~ 10° cm2
was prepared for this work. A layer of Au sputtered onto one side of the through
pore AAO template was used as the working electrode in the electrodeposition
process. The software controlled typical conventional three electrode electrochemical
cell and a power supply (potentiostat AutoLab-30) was employed for the
electrochemical deposition of permalloy NWs by using the gold-coated AAO
template as the working electrode (cathode). A high purity Pt wire and an Ag/AgCl
calomel electrode were used as the counter and reference electrode, respectively.
Permalloy NWs have been electrodeposited in the pores of AAO using an aqueous
solution of 100 gL NiSO4.7H-0, 20 g L1 FeSO4+.7H2O and 45 g L1 H3BO; as the
electrolyte at room temperature (RT). Here, the boric acid plays the role of the buffer.
The pH of the electrolyte was maintained at 3.5 and the electrodeposition was
conducted by using a dc voltage of -1.03 V following linear sweep voltammetry
results. The electrodeposition was carried out for 5, 15, 30 and 45 minutes in order to
prepare permalloy NWs of ~1.5, 3.2, 5.4 and 7.5 um length respectively. Afterwards,
the template containing the permalloy NWs was dipped in a 2 M NaOH solution at
RT for a day to release the permalloy NWs by dissolving the template.

The crystal structure study of the permalloy NWs were analyzed by x-ray
diffraction (XRD,Panalytical X'Pert Pro diffractometer). The account of the chemical
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composition and elemental composition of the NW was investigated by energy
dispersive x-ray (EDAX). The morphology and the structure of the NWs were
studied by scanning electronmicroscope (SEM, FEIQuanta-200 Mark-2), transmission
electron microscope (TEM, FEITECNAI G2 TF20ST) and scanning transmission
electron microscopy (STEM). The crystalline structure of the NW was further
investigated by the high-resolution TEM (HRTEM). Magnetic measurements of the
permalloy NWs have been performed using a vibrating sample magnetometer
(VSM, Lakeshore, model 7144) by placing the axis of the arrays of NWs sample along
the direction of the applied magnetic field (OP - out of plane, H Il wire axis) and
perpendicular to the direction of the applied magnetic field (IP - in plane, H + wire

axis) within the temperature range of 80-300 K.

£ AAO template after AAO template after
09899 Anodization Au (Gold) sputtering
“';o o [
o
o oooog OO C:D ° o,
Permalloy NWs on Au substrate AAO template after
after AAO dissolution in NaOH Permalloy NWs deposition

I = T

Figure 4.7. Illustration of the mechanism for the formation of permalloy nanowires.

4.2.3 Results and Discussions

4.2.3.1. Morphology, Crystallography and Chemical composition

From SEM micrograph (Fig. 4.8(a)) we observed that the pores of Anodized
alumina oxide (AAQO) template obtained after two step anodization technique have

uniform pore diameters with an average pore diameter of ~200 mm with a thickness
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of ~ 50 um and an average pore density of ~ 10° cm2. The crystallographic nature of
the arrays of permalloy NWs investigated by XRD (Fig. 4.8 (b)) indicates that the as
grown permalloy NWs are crystalline in nature. The diffraction peaks in the XRD
pattern appear from the pure FeNis face centered cubic (fcc) and the metallic Au

layer underneath the NWs.
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Figure 4.8. (a) SEM micrograph of the top view of the AAO template. (b) XRD Pattern of the as-
prepared permalloy NWs with different aspect ratio. (c) SEM micrograph of the permalloy nanowires
for aspect ratio 37.5. (d) EDAX micrograph of the permalloy nanowires.

The characteristic peaks of FeNis at 44.3 (111) and 51.4 (200) were observed in
the XRD patterns after electrodeposition. No iron and nickel oxides, hydroxides or
other impurity phases are detected. Fig. 4.8(c) shows the scanning electron
microscopy (SEM) image of as-prepared permalloy NWs grown perpendicular to the
supporting Au substrate. It is evident from Fig. 4.8(c) that the length and the
diameter of the NWs are uniform in nature as well as the surface of the nanowires is

smooth. The local elemental composition of the as-prepared permalloy NWs was
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studied by EDAX microanalysis at the single NW level, shown in Fig. 4.8(d). It
confirms that the permalloy NW are composed of Fe and Ni elements. The elemental

composition of Fe:Ni is 1:3 respectively, in atomic and weight percentage.

| A/— .21 om0
LA ’T FeNiy (1Y)

2 nm

Intensity (a.u.)

50 nm

Figure 4.9. (a) TEM micrograph of permalloy nanowire for AR 37.5. (b) Typical HRTEM image and
(inset of (b)) SAED pattern indicating the polycrystalline nature of the NW. (c) Corresponding
intensity profile for the line across the lattice fringes. (d) STEM micrograph (colour mapping) of the
as-prepared permalloy nanowires.

The transmission electron microscope (TEM) and the high resolution
transmission electron microscope (HRTEM) micrographs of as-prepared permalloy
NWs shown in Fig. 4.9(a)&(b), respectively, clearly shows the formation of
permalloy NW ~ 200 nm diameter. It is also evident from Fig. 4.9 (a) &(b) that the
formation of NW is uniform in nature. The inset image of the Fig. 4.9 (b) shows the
selected area electron diffraction (SAED) pattern of the permalloy NW which
indicates the polycrystalline nature of the NW. Figure 4.9 (b) shows a HRTEM image
at the selected edge of an individual permalloy NW from Fig. 4.9 (a). As shown in
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Fig. 4.9 (c), a typical intensity profile covers the line scan (labelled by a line in figure
4.9(b) across the lattice fringes. The periodic fringe spacing of 0.21 nm agrees well
with interplanar spacing between the (111) planes of the permalloy NW. Figure 4.9
(d) show the typical STEM-EDX elemental colour mapping images of an individual
permalloy NW. The results confirm the existence of Fe and Ni elements, which are

distributed homogeneously over the entire permalloy NW.

4.2.3.2 Magnetic properties

Figure 4.10 shows the OP (H Il wire-axis) and IP (H L wire axis) hysteresis
loops of the four samples at room temperature. For all samples, the change in
magnetization with the magnetic field in the IP hysteresis loops is much less than
that in the corresponding OP hysteresis loops. Remanence in the IP direction is also
much smaller compared to the OP counterpart. Along the OP direction,
magnetization saturates at a lower field compared to the IP direction. In the absence
of an external magnetic field, the exchange interaction and different anisotropy fields
e.g., shape, magneto crystalline, surface anisotropy fields [48], determine the

equilibrium magnetization of a ferromagnetic nanostructure.
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Figure 4.10. In-plane and out-of-plane magnetic hysteresis loops of arrays of nickel nanowires having
an aspect ratio of (a) 7.5, (b) 16.0, (c) 27.0 and (d) 37.5.
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At remanence, the arrangement of spins in a ferromagnetic cylinder can give
rise to a flower or vortex state depending on the diameter of it [49-55]. In flower
state, the spins are parallel to each other and are oriented along the NW axis. It
follows a coherent magnetization reversal and produces square shaped hysteresis
loop. Whereas in the vortex state, the magnetic spins are tilted in the circumferential
direction and make a certain angle to each other. In this state, curling type of reversal
takes place giving rise to a tilted hysteresis loop with much low remanence and high
coercivity as observed in the Fig. 4.10 Here, the experimental data pointing towards
the remanent state of our NWs is to be the flower state. All these characteristics
indicate the direction of the domain magnetization parallel to the wire axis or the

magnetic field. Which means the magnetic easy axis on the NWs are along the axis of

the NWs.
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Figure 4.11. (a) Temperature dependence of in-plane and out-of-plane coercivity of arrays of
permalloy nanowires having an aspect ratio of 7.5, 16.0, 27.0, and 37.5. (b) Variation of in-plane and
out-of-plane coercivity of arrays of permalloy nanowires with the aspect ratio at temperatures 80 and
300 K. Error bars for the measurements are shown in the graph.
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Temperature dependence (80-300 K) of OP coercivity (HZ") and IP coercivity
(HF) of the four samples is shown in Fig. 4.11(a). HY” and HY of the four samples

decrease with the increase in temperature. One of the possible reasons for this effect
may be due to the reduction in magnetocrytalline anisotropy energy with the
increase in temperature as observed in most of the ferromagnetic materials. Figure

4.11 (b) shows the variation of H” and HY with the aspect ratio at 80 and 300 K. At
300 K, HZ changes from 137 to 99 Oe and HY changes from 167 to 90 Oe due the
change in the aspect ratio from 7.5 to 37.5. At 80 K, HY" changes from 466 to 245 Oe
and HY changes from 610 to 519 Oe due to the same change in the aspect ratio. HY

is higher than HZ” for all aspect ratios used in the present study .
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Figure 4.12. (a) Temperature dependence of in-plane and out-of-plane squareness ratio (M:/Ms) of
arrays of permalloy nanowires having an aspect ratio of 7.5, 16.0, 27.0, and 37.5. (b) Variation of in-
plane and out-of-plane squareness ratio (M:/Ms) of arrays of permalloy nanowires with an aspect
ratio at 80 and 300 K. Error bars for the measurements are shown in the graph.
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In-plane squareness ratios, (Mr/Ms)'F, of all the samples are very small (Fig. 4.12 (a))
and remain almost constant with temperature. On the other hand, out-of-plane
squareness ratios, (M:/M;)OF, are remain almost constant below room temperature
and shows significant sudden decrease with the increase in temperature from 80 to
300 K. The variation of squareness on the aspect ratio is shown in Fig. 4.12 (b) at 80
and 300 K. (Mr/Ms)©P increases with increase of aspect ratio for 80 K and vice versa
observed for 300K. (M:/M;)'P have an initial increase at lower values of the aspect

ratio then started decreasing for 80K and vice versa observed for 300K.
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Figure 4.13. (a) Temperature dependence of in-plane and out-of-plane anisotropy field (Hx) of arrays
of permalloy nanowires having an aspect ratio of 7.5, 16.0, 27.0, and 37.5. (b) Variation of in-plane and

out-of-plane anisotropy field (Hx) of arrays of permalloy nanowires with an aspect ratio at 80 and 300
K. Error bars for the measurements are shown in the graph.

Temperature dependence (80-300 K) of OP anisotropy field (H') and IP
coercivity (H)) of the four samples is shown in Fig. 4.13 (a), we calculated from

their hysteresis loops. HYY of the four samples shows variation increase and
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decrease with the increase in temperature from 80 to 300 K. H of the four samples
follow the reverse trend of HY® with the increase in temperature from 80 to 300 K.
Figure 4.13 (b) shows the variation of HYY and H)> with the aspect ratio at 80 and
300 K. At 300 K, HY changes from 4761 to 6694 Oe and H)® changes from 8239 to
7298 Oe due the change in the aspect ratio from 7.5 to 37.5. Which indicates that HZ"
increases with the increase of aspect ratio and HY shows the reverse trend. At 80 K,
HF changes from 4802 to 6216 Oe and H! changes from 8770 to 7220 Oe due to the

same change in the aspect ratio. H)" is higher than HY" for all aspect ratios used in

the present study. Above studies clearly indicate that the magnetic easy axis

direction of the permalloy NWs are in the axial direction of the NWs.

HF and HY includes all the anisotropies that are present in the NWs in that

direction. Anisotropies arise from geometrical shape, crystallinity of the NWs and
magnetostatic interaction among the NWs are believed to be the most prominent
contributions of Han. Shape anisotropy of a NW originates from the self-
demagnetization field of the NW. Numerical calculations of demagnetization fields
[56], of the NWs used in our study show that, the shape anisotropy (Hsn) always tries
to make the OP as easy direction. We calculated the shape anisotropy (Hsh) (~ 2tMs
= 5407 Oe, considering Ms = 861 emu/ cc) [57], for aspect ratio 37.5.

On the other hand, the magnetocrystalline anisotropy (Hk) remains constant
for a particular wire diameter irrespective of its aspect ratio and depends only on the
crystallinity of the NW. Here the NWs have fcc crystalline phase for NW with ~200
nm diameter. In case of single crystalline ~50 nm NWs, Hx ~ % = 1324 Oe

S
(assuming anisotropy as uniaxial and neglecting higher order terms), where Kj is the
tirst order anisotropy constant and is equal to 5.7x10° erg/cc for fcc phase [45]. Hk is
much lesser in 200 nm NWs as they consist of textured fcc as well as polycrystalline
phase. From the above discussions it is clear that, Hsh is always greater than Hx for

all the NWs we studied and the resultant of these two tries to make the OP as the

easy direction of magnetization.
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4.2.4 Conclusion

In summary, permalloy nanowires with an average diameter of ~ 200 nm
have been successfully fabricated in the pores of the self-engineered anodized
aluminium oxide (AAO) templates by electrodeposition technique. By varying the
length from 1.5 to 7.5 um, got corresponding changes in aspect ratio from 7.5 to 37.5.
Structural and magnetic studies of these nanowires have been done in details.
Temperature and aspect ratio dependent in-plane and out-of-plane magnetic
measurements of the permalloy nanowires indicate the magnetic easy axis of the
nanowires along their axial direction, which is very desirable in magnetic recording

device applications.
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4.3. Angular dependent magnetic properties of 1D Permalloy

nanowires using self-developed AAO templates

4.3.1. Preamble

In the past few years, one dimensional (1D) Permalloy nanostructured
materials such as nanowires (NWs), nanochains and nanotubes have attracted
significant attention due to their novel properties and potential applications in
microelectronics and magnetic nanodevices [58-60]. Permalloy refers to an alloy of
Ni and Fe with 80 and 20 at% composition respectively [61]. There are various
techniques to fabricate magnetic NWs. Among those methods, electro deposition
technique (EDT) is a low cost competitive technique for the controlled preparation of
high-quality 1D nanostructures [59-61].

Porous anodic aluminum oxide template (AAO) is one of the most widely
used templates utilized to fabricate various 1D nanomaterials [62, 63]. AAO has been
used in the fields of electronics, magnetic [60, 64], energy storage [65], and
biosensors [66]. Anodic aluminium oxide (AAO) templates show remarkable
properties such as uniform pore diameter and length paralleling each other.

1D Permalloy NWs are particularly attractive due to their high permeability,
low coercivity, near zero magnetostriction and high anisotropic magnetoresistance.
Because of low magnetostriction of Permalloy, shape anisotropy plays a very
important role in governing their magnetic properties. As a result, the NWs show
unidirectional anisotropy along their length. Because of this property, they can be
used in many applications such as recording head sensors, magnetic storage devices
etc.

In this work, we report a simple and low-cost approach to fabricate large area
highly ordered nanoporous anodized alumina oxide (AAQO) templates by two-step
anodization process. 1D Permalloy nanowire arrays were fabricated into the
nanometer scaled pores of AAO template using electro deposition technique (EDT).
We studied the growth, structural and angular dependence of magnetic properties of

NWs.
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4.3.2. Experimental

Highly ordered and self-organized nanoporous anodic aluminium oxide
(AAO) templates were fabricated by the controlled two-stage electrochemical
anodization of high purity Al foil, as described in previous chapter and elsewhere
[21-23], was used as the host to prepare the permalloy NWs. Table 4.1 shows the
anodizing conditions for preparing AAO templates. AAO templates with different
pore size distribution were obtained by changing the anodizing voltage.

To use it as an electrode, one side of it was coated with a conductive gold layer of
0.1 pm thickness by the thermal evaporation technique. All electrochemical
deposition of NWs was carried out using an AUTOLAB-30 potentiostat and a
conventional three-electrode cell (20 cm? capacity). Electrolyte solution used for the
Permalloy NW deposition consists of 100 g/L NiSOs, 20 g/L FeSOs, 20 g/L ascorbic
acid and 30 g/L H3BOs. The pH of the solution is maintained at 3.5. Permalloy NWs
were electrodeposited at room temperature. The electrodeposition time was 30
minutes. The length of the NWs obtained was ~14um. For structural characterization
of NWs, the electrodeposited AAO templates were dissolved in 2M of NaOH

solution at room temperature.

Table. 4.1: Anodizing conditions and morphologic properties of AAO templates.

.. First Second Average
Anodizing Do —
Samples Voltage Anodization = Anodization pore
(V) Time Time diameter
AAO#1 50 15 3 10
AAO#2 55 15 3 58
AAO#3 60 15 3 -
AAO#4 65 15 3 o5

Scanning electron microscope (FEI Quanta-200 Mark-2) and Transmission
electron microscope (FEI TECNAI TF20ST) were used to observe the NWs, their
surface morphology and to determine their length and diameter. The crystalline
structures of FeNi NWs were investigated by transmission electron microscopy. The

phase of the samples was confirmed by x-ray diffraction (X'Pert Pro, Panalytical) and

100 |Page



Chapter 4: Transition metals based magnetic nanowires and nanotubes

the composition of the NWs was determined using energy dispersive analysis by x-
ray (EDAX). Magnetic properties were studied using a vibrating sample
magnetometer (Lakeshore, model 7144) while the angle 6 between the NWs and
applied field changed from 0 to 90°.

4.3.3. Results and Discussions

We grew Permalloy NWs with average diameter of about 40 & 70 nm
respectively and the average length of about 14 um. Fig. 4.14(a) shows the SEM
image of the Permalloy NWs with 40 nm diameter prepared within AAO templates
by electrodeposition technique. This figure also indicates the uniformity in length
and diameter of the NWs. To check the composition of the NWs, we performed
EDAX measurement shown in Fig. 4.14(b) and found that Fe and Ni was 20:80 in
at%.

Elem Wt% At% K-Ratio Z A F

FeK 23.59 24.64 0.3432 0.9857 0.9881 1.1909 NiK
NiK 76.41 7536 0.6515 1.0060 0.9198 1.0000
Total 100.00 100.00

NiL
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Figure 4.14. (a) SEM micrographs of NiFe NWs with 40 nm diameter, (b) EDAX spectra with
elemental quantification of the sample shows the Ni:Fe = 80:20 in at%, () TEM image of the
Permalloy nanowire with the diameter of 70 nm, (d) XRD pattern of NiFe NWs.
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Figure 4.14 (c) shows the XRD pattern of the 70 nm sample. From the XRD
pattern, it is observed that the permalloy NWs consists of face centered cubic (fcc)
crystal structure. Gold (Au) peaks are also present in the pattern as one side of AAO
template was coated with it to make the template conducting. TEM micrograph of
NW with diameter 70 nm, shown in Fig. 4.14(d), indicates its uniform diameter
throughout its length.

The magnetic hysteresis loops as a function of 0, the angle between the
applied magnetic field and the NWs axis, are shown in Fig. 4.15(a) &(b) for 40 and 70
nm NWs respectively. The magnetic properties, such as coercivities (Hc) and
remnant magnetization (M:/Ms) are shown in Fig. 4.15 (a) (40nm) and 4.15 (b)
(70nm). In case of 40nm NWs, coercivity Hc decreases from 1307 Oe to 258 Oe on
changing 0 from 0° to 90°. Similar trend was also observed in the case of 70 nm NWs
as well. We also observed that in case of 40nm NWs, remnant magnetization
(M:/Ms) decreases from 0.75 to 0.05 on changing 6 from 0° to 90°. 70 nm NWs also

shows similar change in remnant magnetization (M:/Ms) with 6.

(a) FeNi #1, d=40nm (b) FeNi #2, d=70nm
1.0 1.0 y
e ——15°
o—30"
0.5 054 ——45'
—a— 60"
——175"
Em 0.0 Em 0.0 20
S \L
= =
0.5 -0.5
-1.0 - . -1.0 S — .
-5000 -2500 0 2500 5000 -5000 -2500 0 2500 5000
H, (Oe) H (Oe)

Figure 4.15. Angular dependence of Hysteresis loops of the Permalloy NWs arrays with diameter (a)
40 nm and (b) 70 nm.

H. for Permalloy NWs of 40 nm are higher than those for the NWs of 70 nm
because the larger aspect ratio. In the case of an array of closely spaced nanowires
magnetostatic interactions between the nanowires play an important role in
governing their magnetic properties as it opposes the shape anisotropy of the

individual nanowires [18]. Magnetostatic interaction due to dipolar coupling can be
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taken into account by including additional anisotropy fields and the net

magnetostatic field can be written as following equation:

Hye =27Mg = 27Myy —4zM,y, (4.3)

where the filling factor y=3.67(d/D)? (d/D) being the ratio of the nanowire
diameter to the interwire distance. In Eq. (4.3), besides the self-demagnetizing field
2nMs, two additional contributions come into play. The first one is 2rMsy due to
charges on the cylindrical wire surfaces producing a dipolar field and the second one
is 4nMsy developed by the charges at the top and bottom ends. Combining all

contributions, Eq. (4.3) can be written as:

H,. =27M(1-3y) (4.4)

Eq. (4.4) determines how the Hc and M:/Ms for NWs depend upon the aspect
ratio. We also calculated the magnetic anisotropy field (Hk) as a function of 6 for
40nm and 70nm NWs and they are shown in the inset of Fig. 4.16 (a) and (b). In case
of 40nm NWs, Hk increases from 11650e to 4995 Oe on changing 6 from 0° to 90°.

Similar change was also observed in 70 nm NWs.
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Figure 4.16. Angular dependence of H. and M;/M; of the Permalloy NWs with diameters (a) 40 nm
and (b) 70nm. Inset: angular dependence of magnetic anisotropy field (Hx) of the respective NWs.

The change of the magnetic properties with the direction of applied magnetic
field demonstrated that the permalloy NWs prepared in this work showed strong

shape anisotropy and the easy axis was parallel to the NWs. As magnetocrystalline
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as well as magnetostrictive anisotropy were much less in permalloy, shape

anisotropy played the most important role in governing their magnetic properties.

4.3.4. Conclusion

In summary, The AAO templates prepared by two-step anodizing method have highly
ordered and high density pore arrangement, which is proper for the fabrication of 1D
nanowire arrays. Permalloy NWs arrays were fabricated into the AAO templates and their
morphologic and magnetic properties were characterized. Permalloy NWs arrays showed

strong shape anisotropy with the easy axis parallel to the NWs.
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4.4. Study of aspect ratio and temperature dependent

magnetic properties of CoNi nanotube arrays

4.4.1. Preamble

Since last few years, the arrays of ordered nanotubes have attracted
researchers' interest due to its broad application in various fields such as medicine,
electronics, etc. Especially, magnetic nanotubes are more attractive due to their
potential applications in the field of high density magnetic recording devices and
magnetic sensor [67-70], where they have an edge over non-magnetic nanotubes
because they can be manipulated according to the requirement by applying an
external magnetic field [71]. So far, there are various techniques known for the
fabrication of the arrays of ordered nanotubes, among them template assisted
electrodeposition technique is very famous because of its simplicity, low cost and
controllability over the parameters [72-74]. By using this electrodeposition method,
various metallic and alloy nanotubes have been embedded into the pores of
anodized aluminum oxide (AAO) template and studied their magnetic properties
extensively [75-78]. Although, very few reports on the magnetic properties of CoNi
nanotubes have been reported.

It is very well known fact that the magnetic properties of a single nanotube
depend upon various anisotropy energies, such as orientation of crystal axis, texture,
and geometrical characteristics, shape, magnetocrystalline and surface anisotropies.
The direction of the effect anisotropy field inside the nanotube denotes the direction
of the magnetic easy axis inside the nanotube. However, In case of the closely
packed arrays of nanotubes, the magnetostatic interaction among the nanotubes
plays an important role to define the magnetic properties of the nanotubes, compare
to other anisotropies. [79, 80]. The magnetostatic interaction term depends upon the
aspect ratio of the nanotubes. [18, 79]. Temperature is also an important parameter
which affects the magnetic properties of the nanostructures.

So far there is no report found which explains the aspect ratio and
temperature dependence magnetic properties of the arrays of CoNi nanotubes. In

this paper, we focused on the impact of electrodeposition parameter on the aspect
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ratio of the CoNi nanotubes. At the same time, we also studied the effect of aspect

ratio and temperature on the magnetic properties of the produced CoNi nanotubes.

4.4.2. Experimental

The template assisted electrodeposition technique was performed for the
fabrication of high-density arrays of CoNi nanotubes. We fabricated anodic
aluminium oxide (AAO) template by the controlled two-stage electrochemical
anodization procedure of high purity (99.999%) Al foil, as described in previous
chapter. As a result, we got AAO templates with an average pore diameter about 100
nm, with a thickness of about 50 pm. Such fabricated AAO templates were used as
the host to prepare the CoNi NTs.

A very uniform thin layer (~500 nm) of conductive Au sputtered onto one
side of the AAO template. Such Au sputtered AAO template was used as the
working electrode in the electrodeposition process. The software controlled
conventional three electrode electrochemical cell and a power supply (potentiostat
AutoLab-30) was used for the electrochemical deposition of CoNi NTs. A high
purity Pt wire and an Ag/AgCl electrode were used as the counter and reference
electrode, respectively. The arrays of CoNi NTs have been electrodeposited in the
pores of AAO using an aqueous solution of 55 g L1 NiSO4.7H2O, 45 g L1
CoSO4.7H20, 40 g L1 HsBOs; and 10 g L' NH4OH as the electrolyte at room
temperature. Here, H3BOs; and NH4OH play the role of the buffer. The
electrodeposition of CoNi was conducted by using a dc voltage of -1.55 V vs.
Ag/AgCl following linear sweep voltammetry results and the pH of the electrolyte
was maintained at 3.5 during electrodeposition process. The electrodeposition was
carried out for 5, 30 and 60 minutes in order to prepare three samples of CoNi NTs
(sample-1, sample-2 and sample-3) of ~1.5, 6.5 and 12 pm lengths respectively.
Afterwards, the template containing the CoNi NTs was dissolved in a 2 M NaOH
solution at room temperature for a day to get the arrays of CoNi NTs on Au
substrate.

The crystallographic structure of the CoNi NTs were examined by x-ray

diffraction (XRD,Panalytical X'Pert Pro diffractometer). Field emission scanning
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electron microscope (FESEM, FEI Quanta-200 Mark-2) and Transmission electron
microscope (TEM, FEI TECNAI G2 TF20ST) were used to study the morphology and
the structure of the arrays of CoNi NTs. X-ray (EDAX) and X-ray photoelectron
spectroscopy (XPS) were used to analyze the crystal structures, chemical
composition and elemental composition, respectively, of the as prepared CoNi NTs.
Magnetic measurements of the CoNi NTs have been performed using a vibrating
sample magnetometer (VSM, Lakeshore, model 7144) by placing the axis of the
arrays of CoNi nanotubes sample along the direction of the applied magnetic field
(OP - out of plane, H parallel to the wire axis) and perpendicular to the direction of
the applied magnetic field (IP - in plane, H perpendicular to the wire axis) within
the temperature range of 80-350 K.

4.4.3. Results and Discussions

From FESEM micrograph (Fig. 4.17(a)) we observed that the pores of
Anodized alumina oxide (AAO) template obtained after two step anodization
technique have uniform pore diameters with an average pore diameter of ~100 nm
and an average distance among pores ~ 55 nm. Fig. 4.17 (b) shows the Field emission
scanning electron microscopy (FESEM) image of as-prepared arrays of CoNi
nanotubes grown perpendicular to the supporting Au substrate. It is evident from
Fig. 4.17 (b) that the length and the diameter of the nanotubes are uniform in nature
as well as the surface of the nanotubes is smooth. The local elemental composition of
the as-prepared CoNi NTs was studied by EDAX microanalysis at the single NW
level, shown in Fig. 4.17 (c). It confirms that the CoNi NTs are composed of Fe and
Ni elements. The elemental composition of Co:Ni is 1:1 respectively, in atomic
percentage, whereas, whereas the peak for Au due to the presence of Au substrate.
The crystallographic nature of the arrays of CoNi NTs investigated by XRD (Fig. 4.17
(d)) indicates that the as grown CoNi NTs are crystalline in nature. The diffraction
peaks in the XRD pattern appear from the hcp phase of CoNi and the metallic Au
layer underneath the nanotubes. The characteristic peaks of CoNi at 44.4, 51.7 and
76.2 were observed in the XRD patterns for the corresponding planes of (111), (200)
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and (220), respectively, after electrodeposition. No other oxides, hydroxides or other

impurity phases of cobalt and nickel are detected.
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Figure 4.17. (a) SEM micrograph of the top view of the AAO template. (b) SEM micrograph (c) EDAX
micrograph and (d) XRD Pattern of the as- prepared CoNi nanotubes.

The transmission electron microscope (TEM) and the high resolution
transmission electron microscope (HRTEM) micrographs of as-prepared CoNi NTs
shown in Fig. 4.18(a) and 4.18 (b), respectively, clearly shows the formation of CoNi
NTs ~ 200 nm diameter. It is also evident from Fig. 4.18 (a) and 4.18 (b) that the
formation of NW is uniform in nature. The inset image of the Fig. 4.18 (b) shows the
selected area electron diffraction (SAED) pattern of the CoNi NTs which indicates
the polycrystalline nature of the NW. Figure 4.18 (b) shows a HRTEM image at the
selected edge of an individual CoNi NTs from Fig. 4.18 (a). As shown in Fig. 4.18 (c),
a typical intensity profile covers the line scan (labelled by a line in figure 4.18(b))
across the lattice fringes. The periodic fringe spacing of 0.21 nm agrees well with
interplanar spacing between the (111) planes of the CoNi NTs. Figure 4.18 (d) show
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the typical STEM-EDX elemental colour mapping images of an individual CoNi NTs.
The results confirm the existence of Fe and Ni elements, which are distributed

homogeneously over the entire CoNi NTs.

0.22 nm
(111)

(111)
(200)

Figure 4.18. (a) TEM micrograph, (b) Typical HRTEM image, (c) Corresponding intensity profile for
the line across the lattice fringes. (d) SAED pattern of the as-prepared CoNi nanotubes.

Figure 4.19 shows the in-plane (IP, along the surface of the template and
perpendicular to the wires axis) and out-of-plane (OP, perpendicular to the template
surface and parallel to the wire axis) magnetic hysteresis loops of the three sample
(with aspect ratio: 15, 65 and 120) at room temperature. In case of sample 1 (with
aspect ratio 15), IP magnetic hysteresis loop shows a higher increase in the
magnetization with magnetic field compared to its OP counterpart, which suggests
that the magnetic easy axis in the nanotubes in the IP direction (perpendicular to the
nanotubes long axis). However, in case of sample 2 (with aspect ratio 65) both IP &
OP hysteresis loops are showing the same kind of change with the increase of

magnetic field. On contrary of the two previous results, OP hysteresis loop changes
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much compare to IP hysteresis loop for sample 3 (with aspect ratio 120). These
results clearly suggest that the magnetic easy axis of the arrays of nanotubes are

changing from IP to OP direction with the increase in the aspect ratio from 15 to 120.
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Figure 4.19. In-plane and out-of-plane magnetic hysteresis loops of arrays of CoNi nanotubes having
an aspect ratio of 15, 65 and 120.

The coercivity change with temperature mainly depends on the saturation
magnetization and magnetocrystalline anisotropy at low temperature. Because of the
high aspect ratio of the nanotube, when the external field is applied, the
demagnetization energy in the direction along the tube axis is much smaller than

perpendicular to the tube axis, and the sample could be magnetized more easily
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along the tube axis. The magnetic moments in the nanotubes are aligned mainly in
the plane of tube walls, and the distributions of the magnetic moment in the plane

are isotropic.
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Figure 4.20. Temperature dependence of in-plane and out-of-plane (a) coercivity (H.), (c) squareness
ratio (M:/Ms), (e) anisotropy field (Hy) of arrays of CoNi nanotubes having an aspect ratio of 15, 65,
120; Variation of in-plane and out-of-plane (b) coercivity (H.), (d) squareness ratio (M:/Ms), (f)
anisotropy field (Hx) of arrays of CoNi nanotubes with the aspect ratio at temperatures 80 and 300 K.

Temperature dependence (80-350 K) of OP coercivity (HZ) and IP coercivity
(HY) of the three samples is shown in Fig. 4.20(a). HY” and HY of the three samples
decrease with the increase in temperature. One of the possible reasons for this effect
may be due to the reduction in magnetocrytalline anisotropy energy with the
increase in temperature as observed in most of the ferromagnetic materials. Figure
4.20 (b) shows the variation of H and HY with the aspect ratio at 80 and 300 K.
HY is higher than H® for all aspect ratios used in the present study.

In-plane squareness ratios, (M:/Ms)?, of all the samples are small compare to
their out-of-plane counterpart (Fig. 4.20 (c)). On the other hand, In-plane squareness
ratios, (Mr/Ms)'P and out-of-plane squareness ratios, (Mr/Ms)CF, are decreasing with
the increase in temperature from 80 to 350 K. The variation of squareness on the
aspect ratio is shown in Fig. 4.20 (d) at 80 and 350 K. (M:/Ms)* and (M:/M:s)OF

increases with increase of aspect ratio for 80 K and 300K.
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Temperature dependence (80-350 K) of OP anisotropy field (HY') and IP
anisotropy field (H)') of the three samples is shown in Fig. 4.20 (e), we calculated
from their hysteresis loops. HY and HY of the three samples shows variation
increase with the increase in temperature from 80 to 350 K. But HY" is higher than

HYF for aspect ratio 15 and 65 but reverse trend observed for aspect ratio 120 for

temperature range from 80 to 350 K, which is suggesting that the magnetic easy axis

is changing from IP direction to OP direction with the increase in aspect ratio. Figure

4.20 (f) shows the variation of HY" and H) with the aspect ratio at 80 and 300 K. At

300 K, bothH)" and HY" decreases with the increase in aspect ratio. But there is a

OP
an /

cross over in bothH} andHY", which indicates that magnetic easy axis changing

from IP direction to OP direction with the increase in aspect ratio.
4.4.4. Conclusion

In summary, The AAO templates prepared by two-step anodizing method
have highly ordered and high density pore arrangement, which is proper for the
fabrication of 1D CoNi nanotube arrays. CoNi nanotube arrays were fabricated into
the AAO templates and their morphologic and magnetic properties were
characterized. The CoNi nanotube arrays showed that their magnetic easy axis
direction changes from perpendicular direction to axial direction of nanotubes with

the increase in aspect ratio from 15 to 120.
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Transition metals based
Chapter 5 hybrid nanostructures for

energy storage application

This chapter describes the fabrication of transition metal
based core/shell hybrid nanostructures (Ni/NiO core/shell
nano-heterostructures and NiO-nanoblocks) by controlled
oxidation of as-prepared transition metal based
nanostructures (Ni nanowires and nanoblocks). Their
structural, morphological and electrochemical properties
have studied in details for their energy storage applications.
In addition, the electrical conductivity of supercapacitor
electrode material (NiO) improved by hydrogenation
process and introducing impurities via doping of one metal
oxide material with other metal oxide material. The
resultant products (H-Ni/NiO, Fe-Ni/Fe2O3-NiO and Co-
Ni/Co0304-NiO core/shell nano-heterostructures) have
shown enhanced electrochemical performance as
supercapacitor electrode materials.
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5.1. Preamble

Since last decade, energy crisis is one of the vital problems in the society due
to the excessive use of fossil-fuel resources and environmental pollution. Therefore,
the development of very light weight and environment friendly proficient energy
storage devices has become the priority of the researchers and scientists for
satistying the demand of modern consumer’s hybrid electric and portable electronics
devices [1-4]. In this progression, researchers have developed new type of energy
storage devices offer to satisfy the demand of energy crises called supercapacitors,
also known as electrochemical capacitors which consist high power density, high
rate capability, superb cycle stability and high energy density compare to
conventional battery and capacitors [5-8]. The supercapacitors are classified in two
groups, based on their charge storage method. First group called pseudocapacitors
which involve the redox reactions of the electrode materials at the surface of
electrode and electrolyte interface, second group known as electric double layer
capacitors which hold charge separation at the surfaces of electrode and electrolyte
interface [9,10]. By changing the morphology of the electrode materials, one can
manipulate the performance of a supercapacitor. The performance and quality of the
supercapacitors are very much dependent on the materials and morphology used in
the preparation of their electrodes. Recently, many metal oxide based materials (like
RuOz, NiO, FexOs;, MnOz, Co30s, TiOs, etc.) have been used for the fabrication of
pseudocapacitor electodes, among them NiO, Co3Os and FexOs have been widely
used as redox active materials for the fabrication of supercapacitor electrodes of
different morphologies. The reasons behind the extensive use of NiO, Co3O4 and Fe;03 as
supercapacitor electrode materials are: they are very stable in nature, they are non-toxic as
well as environment friendly and they are very cheap and easily available. After having so
much of supportive properties for being used as electrode materials in supercapacitors, still
their reported specific capacitance values are very low compared to their own theoretical
specific capacitance value and other metal oxide based electrodes. The only problem restricts
them to be used as an electrode material for high performance supercapaitor is their bad
electrical conductivity and we all are aware of the fact that electrode material must have high

electrical conductivity for high performance supercapacitor.
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In the recent development process of supercapacitor performance, it has been
found that the electrical conductivity could be improved by introducing impurities
via doping of one metal oxide material with other metal oxide material. This doping
process enhances the charge movement which affect the reactions at the interface of
electrode and electrolyte [11, 12]. Since then many mixed component transition metal
oxides (binary and ternary) hybrid nanostructures have been demonstrated as the
promising supercapacitor electrodes. Among various hybrid nanostructures based
on transition metal oxides; the hybrid core/shell nanostructure on conductive
substrate have attracted significant interest since they offer innovative prospects for
the growth of nobel compound materials with enhanced properties and can be very
useful for energy storage devices [13-19]. It has been demonstrated that these hybrid
core/shell nanostructure are exceptionally useful during electron-charge transfer
reactions and the diffusion of ions due to their unique structures. One more
significant advantage of this core/shell structure on conductive substrate is that
during fabrication of electrode it doesn’t require any binder, which redeem it from
extra binder weight.

Keeping all the above research facts in the mind, still there are plenty chance
to enhance the electrochemical properties of NiO, Co304 and Fe>Os based electrodes
remarkably. In this backdrop, we report a simple fabrication technique and
electrochemical properties of the electrode based on transition metal based
core/shell hybrid nanostructures (core/shell nano-heterostructures and nanoblocks),
for the first time, for its following technical and scientific advantages as
supercapacitor electrode: (1) the 1D nano-heterostructures have high aspect ratio and
thus have large surface area which serves as huge platform for ion
intercalation/deintercalation in the electrolyte solution; (2) the as grown porous thin
nanolayer of transition metal oxide on transition metal would serves as a short
diffusion path for the ions and also the charge carriers. Moreover, the porous
structure again increases their specific area which in turn enhances their
electrochemical performance; (3) the thin surface layer of transition metal oxide has
high redox activity, whereas the core consists of pure transition metal would serve as

the fast path for electron transport channel to the current collector; (4) furthermore,
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the hydrogenation will introduce the hydroxyl groups on the surface and subsurface
regions of NiO that would enhance the electrochemical activity of the electrode; (5)
introducing impurities via doping of one metal oxide material with other metal
oxide material. The unique feature of this electrode fabrication technique is that it
doesn’t contain any extra binder material. As a result, there would be enhancement
in the charge transfer kinetics. According to our anticipations, transition metal based
hybrid nanostructure shows high quality supercapacitive performance in terms of
specific capacitance, energy density, power density, cycling stability and rate
capability; these profound results made it alternative for the next generation

supercapacitor electrodes.
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5.2. Hydrogenated Ni/NiO Core/Shell nano-heterostructures

for high performance supercapacitor electrode.

5.2.1. Experimental
5.2.1.1. Reagents

Aluminum foil (99.99+% pure, 0.2 mm thick), Oxalic acid (99.99+% pure),
Nickel sulphate hexahydrate (NiSOs.6H2O, 99.99+% pure), Boric acid (H3BOs,
99.9+% pure) and Sodium hydroxide (NaOH, 99.9+% pure) were purchased from
SIGMA-ALDRICH. All chemicals were of analytical grade and were used without

further purification.

5.2.1.2. Synthesis of the Ni/NiO and hydrogenated Ni/NiO (H-Ni/NiO) core/shell

nano-heterostructure

The scheme of the preparation of the arrays of H-Ni/NiO core/shell NHs is
shown in Fig. 5.1. The high-density arrays of Ni/NiO core/shell NHs were
synthesized by the high-temperature oxidation of the metallic Ni NWs prepared by
the template assisted electrochemical deposition route. Highly ordered self-
organized nanoporous anodic aluminium oxide (AAO) templates were fabricated by
the controlled two-stage electrochemical anodization of high-purity aluminum foil in
oxalic acid solution as described elsewhere [20]. The 100 nm diameter porous AAO
template with one side coated with a conductive gold (Au) layer grown by thermal
evaporation technique was used as the working electrode to synthesize the highly
ordered arrays of Ni NWs through electrodeposition. Software controlled three-
electrode electrochemical cell and a power supply (potentiostat AutoLab-30) was
used for the electrochemical deposition of Ni NWs. A high-purity Pt wire and an
(Ag/ AgCl) electrode were used as the counter and reference electrodes, respectively.
The arrays of Ni NWs were grown in the pores of AAO using the aqueous solution
of 0.57 M NiSO4.6H2O, 0.32 M H3BO; and 0.15 M NH4OH as electrolyte at room
temperature. Here, boric acid and ammonium hydroxide were used as a buffer to
maintain the pH of the electrolyte around 3.5 and also to control the
electrodeposition process. The deposition of the arrays of Ni NWs was conducted for
15 minutes by using a dc voltage of -1.03 V, following linear sweep voltammetry
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results. After the growth of the Ni NWs the template was removed by dissolving it
in 2 M of NaOH solution.

L = LALLLT =~ |
E.m% EU:S.%

Ni NWs Ni/NiO Core/shell NHs  H-Ni/NiO Core/shell NHs
Annealed in Annealed in
air atmosphere hydrogen atmosphere

Figure 5.1: Scheme for the preparation of Ni/NiO and H-Ni/NiO core/shell NHs electrodes.

The open arrays of Ni NWs grown on the Au layer were finally oxidized to
form Ni/NiO core/shell NHs by heating them at 450°C for 30 min. in oxygen
atmosphere. The H-Ni/NiO core/shell NHs was obtained by annealing the Ni/NiO
core/shell NHs in hydrogen atmosphere at temperature of 400°C for 20 minutes. The
mass of the active electrode material was measured by using a microbalance having
an accuracy of 0.1 pg. The mass of the active electrode materials was calculated by
subtracting the mass of the equal area Au foil layer, on which the NHs were grown,
from the total mass of the cathode (electrode material and the Au layer). The loading
density of the Ni/NiO and H-Ni/NiO core-shell 1D nano-heterostructures electrode
was found to be 0.30 and 0.346 mg/cm?, respectively.

5.2.2. Results and Discussions
5.2.2.1. Morphology, Crystallography and Chemical composition

Figure 5.2(a) shows the FESEM micrograph of the as-prepared H-Ni/NiO
core/shell NHs grown perpendicular to the supporting Au substrate. It is evident
from Fig. 5.2(a) that the length (~12 pm) and the diameter of the 1D NHs are uniform
in nature as well as the surface of the NHs is rough and porous (inset of Fig. 5.2(a))
as compared with the as grown Ni NWs (Fig. 5.3 (a)). The roughness and porosity in
the H-Ni/NiO core/shell NHs arise during to the oxidation of the as grown Ni NWs
surface to convert it into NiO. TEM micrograph of the H-Ni/NiO core/shell NHs,

121 |Page



Chapter 5: Transition metals based hybrid nanostructures for energy storage application

depicted in Fig. 5.2(b), clearly shows the formation of a thin nanolayer of NiO over
Ni NW core, thus forming the 1D core-shell type H-Ni/NiO NHs of about 150 nm
diameter. It is also evident from figure that the thickness of the NiO shell nanolayer

grown on Ni NW core is almost uniform (~ 20-25 nm).

0.241nm & o,
NiO (111) . 25

50 nm

Figure 5.2. (a) FESEM, (b) TEM and (c) HRTEM micrographs of the as prepared H-Ni/NiO core/shell
NHs; inset of figure (a) shows the magnified version of the core/shell NHs; (d), (e) and (f) represent
the energy filtered TEM (EFTEM) images (color mapping) of Ni, O and the whole H-Ni/NiO
core/shell NHs, respectively.

The formation of NiO shell can be further clarified from the HRTEM image of
H-Ni/NiO core/shell NHs, as shown in Fig. 5.2(c). Two different sets of lattice
fringes have been found having lattice spacing of about 0.241 and 0.21 nm that
correspond to the (111) and (200) crystalline planes of cubic NiO, respectively, which
indicates that the as grown NiO nano-layer is polycrystalline in nature. However,
the uniformity in the chemical composition of H-Ni/NiO core/shell NHs can only
be confirmed from the EFTEM images (Fig. 5.2(d), (e) & (f)). Fig. 5.2(d) and (e) show

the color mapping of Ni (in green color) and O (in red color), respectively, whereas
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their composite structure is shown in Fig. 5.2(f). From these images it is clear that
the Ni concentration is very high at the center of the NHs as compared to the outer
surface where oxygen concentration is dominant because of the formation of the NiO
at the surface. This study again confirms the formation of a very good quality H-

Ni/NiO core/shell nano-heterostructure with uniform chemical composition.
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Figure 5.3. (a) FESEM micrograph of the as prepared Ni NWs, (b) The XRD pattern of the as-prepared
H-Ni/NiO core/shell NHs, (c) The EDAX spectrum of the H-Ni/NiO core/shell NHs.

The crystallographic nature of the arrays of H-Ni/NiO core/shell NHs
investigated by XRD (Fig. 5.3(b)) also indicates the polycrystalline in the nature of
the NiO nanolayer grown on Ni NWs core. The diffraction pattern consists of peaks
that correspond to the pure fcc Ni core, cubic NiO shell nanolayer and also the
metallic Au layer underneath the NHs. The characteristic peaks at 20 = 37.5, 43.3 and
63.9 degrees in the XRD pattern represent the (111), (200) and (220) crystalline faces
of NiO with cubic texture, respectively [21, 22]. The EDAX spectrum of the H-
Ni/NiO core/shell NHs, shown in (Fig. 5.3(c)) clearly shows the presence of Ni and
O in the NHs whereas the peak for Au appears because of the substrate.

The chemical composition and the valence state of the elements in the as-
prepared Ni/NiO and the H-Ni/NiO core/shell NHs have been further investigated
by the x-ray photoelectron spectroscopy. In Fig. 5.4(a), the peaks of Ni 2ps/2 and Ni
2p1/2 located at 855 and 873.9 eV, respectively, with an energy separation of 18.9 eV,
are in good agreement with reported data of Ni 2ps/2 and Ni 2p1/2 in NiO, which
confirms that Ni is in +2 oxidation state [21, 23]. Fig. 5.4(b) shows the O 1s core level
spectra of Ni/NiO and H-Ni/NiO core/shell NHs. In the H-Ni/NiO core/shell NHs
the O 1s peak becomes broader compared with that of the Ni/NiO core/shell NHs.
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The core level O 1s band in the H-Ni/NiO core/shell NHs could be deconvoluted
into two peaks located at 529.1 and 533.1eV (see Fig. 5.4(b)), whereas the Ni/NiO
core/shell NHs exhibits a single peak located at 530.7 eV. The low energy peak (at
530.7 eV) can be ascribed to the formation of O-Ni bond [21, 24], whereas the
additional shoulder peak at higher binding energy (at 533.1 eV) is attributed to the
Ni-OH bond. 31 Thus the XPS studies confirm the formation of hydroxyl group on
NiO surface after the hydrogen treatment of the Ni/NiO core/shell NHs.

( a) Ni 2p3/y —Ni/NiO (b) o —Ni/NiO
——H- Ni/NiO —— H-Ni/ NiO

Intensity (a.u.)
Intensity (a.u.)

850 860 870 880 520 525 530 535 540
Binding energy (eV) Binding energy (eV)

Figure 5.4. The XPS spectra for the (a) Ni 2p and (b) normalized O 1s core level of the as-prepared
Ni/NiO and H-Ni/NiO core/shell NHs.

5.2.2.2. Electrochemical Analysis

Cyclic voltammetry (CV) is the method used for the determination of the
electrochemical properties of Ni/NiO and H-Ni/NiO core/shell 1D NHs electrodes.
Fig. 5.5 (a) and (b) show the CV curves of the Ni/NiO and H-Ni/NiO core/shell
NHs, respectively, recorded at different scan rates of 2, 5, 10, 20, 30, 50, and 100 mVs-
I within a voltage window of 0 - 0.6 V in 1 M KOH aqueous solution at room
temperature. The shapes of the CV curves in the as grown NHs were different to
those of the electric double layer capacitors, manifested by the two strong peaks that
correspond to the superficial faradic oxidation/reduction reactions.! The oxidation
peak is due to the conversion of NiO (or Ni(OH)2) to NiOOH, whereas the reduction

peak is simply because of the reverse reaction. Clearly, the redox peaks reveal its
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Faradaic pseudocapacitive property based on the surface redox mechanism of Ni?* to

Ni3*. The faradic reaction can be described as [25]:

NiO + OH- & NiOOH + e~ and Ni(OH), + OH- > NiOOH + HO +e-  (5.1)

Hence, the capacitance of the Ni/NiO and H- Ni/NiO core/shell NHs electrode is
derived from a pseudocapacitive capacitance based on the apparent redox peaks. In
case of Ni/NiO core/shell NHs, all the CV curves exhibit an obvious electrochemical
oxidation process which is characterized by a current leap especially at the upper

potential.
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Figure 5.5. Cyclic voltammetry curves of the as prepared (a) Ni/NiO and (b) H-Ni/NiO core/shell
NHs electrode at different scan rates in a 1 M KOH solution. (c¢) Comparison between the CV curves
of Ni/NiO and H-Ni/NiO core/shell NHs electrode at scan rate of 100 mVsl. (d) Variation of
specific capacitance (Cs) and areal capacitance (Ca) as a function of scan rate of Ni/NiO and
H-Ni/NiO core/shell NHs electrode.

However, there is no obvious current leap at the upper potential limit of H-
Ni/NiO core/shell NHs electrode sample has been observed which indicates that

the electrochemical oxidation process was completed. The potential and the current
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at the two peaks shifted more towards the positive and negative axes as the scan rate
increases, which is because of the large rough surface area of the Ni/NiO and H-
Ni/NiO core/shell NHs electrodes and the fast ionic/electronic diffusion rate
during the faradic redox reaction [26]. In addition, the similar shape of oxidation and
reduction peaks throughout the whole range of scan rates signifies good kinetic
reversibility of both the electrodes [27, 28]. In comparison to the Ni/NiO core/shell
NHs electrode, H-Ni/NiO core/shell NHs electrode delivers an obvious
pseudocapacitive characteristic, which can be attributed to the oxidation/reduction
of surface hydroxyl groups, as observed in other electrode materials for
pseudocapacitors [29-32]. In electrochemical electrodes the interface/surface
structure and the ionic/electronic diffusion play a vital role in improving the rate
capability and specific capacitance of the supercapacitor [33]. Nearly six times
enhancement in current density and the area under the CV curves in case of H-
Ni/NiO core/shell NHs compare to Ni/NiO core/shell NHs observed at a scan rate
of 100 mVs (Fig. 5.5(c)) indicates significant enhancement in capacitive performance
of Ni/NiO core/shell NHs after hydrogenation.

Furthermore, quantitative study of the capacitive performance of the
electrode materials has been done by calculating, the areal capacitance (C,, mFcm2)
and specific capacitance (Csp, Fg1) of the Ni/NiO and H-Ni/NiO core/shell NHs

electrodes according to the following equations [34, 35]:

Ca=—— (5.2)

I
Cop=—- 53
= 53)
where, ‘I(A)" is the average cathodic current of the CV loop, ‘f (Vs1)’ is the scan rate,
‘A(cm?)” is the area of the working electrode and ‘m (g)” is the mass of the redox
active material. Calculated areal and specific capacitance of the Ni/NiO and H-
Ni/NiO core/shell NHs electrodes as a function of scan rate are shown in Fig. 5.5(d).

At scan rate of 2 mVs, the Cs and C, values of the as prepared Ni/NiO core/shell

NHs electrode were found to be nearly 717 Fg' and 216 mF cm?, respectively.
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However, significant enhancement has been found in the values Csy and C, (1635 Fg!
and 566 mF cm?, respectively) after the hydrogenation process of Ni/NiO core/shell
NHs at a scan rate of 2 mVs-1l. This enhancement in the capacitive performance arises
because the surface area, porosity of the outer surface and obviously the
incorporation of the hydroxyl groups at the surface of the Ni/NiO core/shell NHs
through hydrogenation. The value of Cs, for this 1D H-Ni/NiO core/shell NHs is
found to be remarkably higher than that of the other reported NiO based
supercapacitors such as, thin films of NiO (~ 309 Fg1) [21], Mesoporous NiO
Nanotubes (~409 Fg1) [22], nanoball-like NiOx (~951 Fg1) [27], NiO-TiO2 Nanotube
Arrays (~300 Fg1) [28], NiO Nanotubes (~266 Fg1) [36], NiO Nanocolumns (~ 390
Fg1) [37], hierarchical spherical porous NiO (~710 Fg1) [38], Ni-NiO core-shell
(~128 & 149 Fg1) [39, 40], NiO/C0205 core/shell NWs (~835 Fg1) [41], Monolithic
NiO/Ni Nanocomposites (~905 Fg1) [42]. However, we observed the specific and
areal capacitance of the NHs electrodes are found to decrease with the increase of
scan rates. The accessibility of ions inside every pores of electrode limits at higher
scan rates because only the outermost portion of electrode has been utilized for the
ion diffusion process. This is evident from the Fig. 5.5(d) that at higher scan rate of
100 mV/s the specific capacitance remains almost 627 Fg-1 for H-Ni/NiO core/shell
NHs electrode whereas it becomes 130 Fglfor the Ni/NiO core/shell NHs. The
value of the specific capacitance rapidly decreases as the scan rate increases, due to
the remarkable kinetic limitation in the reaction of NiOOH in the composite
electrode [43].

The superior electrochemical performance of H-Ni/NiO core/shell 1D NHs
can be attributed to two major improvements upon hydrogenation. Firstly, H-
Ni/NiO core/shell NHs electrode exhibits improved electrical conductivity and
enhanced electrochemical activity because of the incorporation of the hydroxyl
groups on the NiO surface that facilitates the fast transport of charge carriers and
improved pseudocapacitive performance, respectively [29-31]. Secondly, the Ni
metallic core serves as the channel for the fast electron transport to the current
collector (here Au) and thereby enhances the pseudocapacitance [35]. Moreover, the

H-Ni/NiO core/shell NHs electrode shows good rate capacitance. The Cs, and C; of
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the H-Ni/NiO core/shell NHs electrode drop from 1635 to 627 F g1 and 566 to 217
mF cm™2, respectively with a good retention of 38.4 and 34.6 % of the initial
capacitance respectively, when the scan rate increases from 2 to 100 mV/s. In
comparison, the Ni/NiO core/shell NHs electrode retains only 18.1 and 17.9% of the
initial capacitance, respectively. The rate capability of the pseudocapacitors is related
to the rate of ion diffusion (mass transport) in the electrode and the electrode
conductivity. Here, it is expected that the Ni/NiO and H-Ni/NiO core/shell NHs
electrodes should have similar ion diffusion rate because of their similar
morphology. Therefore, the improved rate capacitance in H-Ni/NiO core/shell
NHs is believed to be due to the enhanced electrical conductivity of the electrode
(which is further confirmed by the electrochemical impedance spectroscopy studies).
It is evident from Fig. 5.5 (a) and (b) that the shape of the CV curves for both of the
Ni/NiO and H-Ni/NiO core/shell NHs electrodes remains almost unchanged with

the change in the scan rate from 2 to 100 mVs-1.
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Figure 5.6. Peak current (I ) vs. square root of scan rate ( f) plot for both types of capacitors.

Furthermore, we observed a linear relation between the peak current (I ) of
CV loops at different scan rates with the square root of scan rate voltage (f 1/2) has
been observed for both type of NHs electrodes (Fig. 5.6). This type of liner relation

between current (I) and scan rate voltage (f1/?) indicates a fast electron transfer rate
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during the redox reactions and thus it is evident, these redox reactions are diffusion-
controlled process rather than a kinetic process [44, 45].

In order to further understand the electrochemical performance of these
supercapacitors, they have been investigated by galvanostatic (GV)
charge/discharge method to confirm the improved supercapacitive performance.
The charge/discharge curves of the Ni/NiO and H-Ni/NiO core/shell NHs
electrodes in 1M KOH solution have been recorded at different current densities and

stable potential window 0-0.6 V are shown in Fig. 5.7(a) and (b), respectively.
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Figure 5.7. Constant current charge/discharge curves of the as-prepared (a) Ni/NiO and (b) H-
Ni/NiO core/shell NHs electrodes at different current density. (c) Comparison between the
charge/discharge curves of the Ni/NiO and H-Ni/NiO core/shell NHs electrodes at the current
density of 8.6 Agl. (d) Variation of specific capacitance and energy density of both types of NHs
electrode as a function of current density.

Moreover, the potential-time profiles of Ni/NiO and H-Ni/NiO core/shell
NHs exhibited symmetric charge/discharge features, even at a low current density
of 8.6 Ag-l, indicating good pseudocapacitive behavior and excellent reversible redox

reaction [46]. Fig. 5.7(c) exhibits the potential-time curves of H-Ni/NiO core/shell
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NHs electrodes indicating substantially prolonged over the Ni/NiO core/shell NHs
electrode and the enhanced capacitive performance of the Ni/NiO core/shell NHs
after hydrogenation. The discharging part of the potential-time profile of both the
electrodes are divided into two stages at different current densities; a fast voltage
drop followed by a slow discharge. Charging/discharging curves also exhibits that
the fast voltage drop increases with the increase of current density for both the
electrodes. The fast voltage drop is related to the internal resistance of the electrodes
whereas the slow discharge with nonlinear slope represents that the faradic reactions
occur on the surface of the H-Ni/NiO core/shell NHs electrode.

From the discharging curves, the specific capacitance of these supercapacitors
electrodes was derived using following equation:

| At
mAV

Csp = (5.4)
where ‘I(A)’ is the discharge current, ‘At (s)” is the discharge time consumed in the
potential range of ‘AV(V)’, “m(g)’ is the mass of the active material (or mass of the
electrode materials), AV is the potential window and (I/m) is the discharge current
density. Fig. 5.7(d) shows the plot of specific capacitance (Csy) as a function of
current density for the Ni/NiO and H-Ni/NiO core/shell NHs electrodes. At
current density of 8.6 Ag-, the Cs, value of the as prepared Ni/NiO core/shell NHs
electrode was found to be nearly 730.9 Fgl. However, significant enhancement has
been found in the value Csy (1722 Fg1) after the hydrogenation process of Ni/NiO
core/shell NHs at current density of 8.6 Ag-l. A possible reason for this is that the
ion and the electron have more time to diffuse through the interface/surface of the
porous electrode during the faradic redox reaction. The values of Cs, for Ni/NiO and
H-Ni/NiO core/shell NHs electrode are consistent with the values calculated from
the CV analysis. The specific capacitance decreases with the increase in current
density for both the electrodes and tends to stabilize after current density of 10.3 Ag-
(Fig. 5.7(d)). Similar trend was observed in the case of increasing scan rate voltage
(Fig. 5.5(d)) from CV curves calculation as well. At lower current density, ions can
easily penetrate into the innermost portion of the electrode material through almost

every available pores and channels resulting higher capacitive performance.
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However, reverse trend occurs at higher current density. Surprisingly, in case of
charging/discharging process the capacitance retention of the electrodes is found
much higher than that observed from the CV analysis. Nearly 57% and 32% capacity
retention have been observed for H-Ni/NiO and Ni/NiO core/shell NHs electrodes,
respectively at a current density of 15.1 Ag-1, demonstrating the relatively good high-
rate capability of these electrodes. Energy density and power density are two
important factors that influence the electrochemical performance of the
supercapacitor electrode. A good electrochemical supercapacitor should possess a
high energy density or high specific capacitance at higher current densities. Using
the galvanostatic charge/discharge curves, the energy and power densities can be

calculated using eq. (5.5) and (5.6) as follows,

1 2
E
P= n (5.6)

where, ‘'E (Whkg1)’, ‘Csy (F g?), ‘AV (V)’, ‘At (s)’ and ‘P (kWkg1)" are the energy
density, specific capacitance, potential window of discharge, time of discharge and
power density, respectively.

Figure 5.7(d) shows the plot of Energy density (E) as a function of current
density for the Ni/NiO and H-Ni/NiO core/shell NHs electrodes. Nearly 2.4 times
enhancement of energy density has been observed for the H-Ni/NiO core/shell NHs
electrode (86.1 Whkg') compare to the Ni/NiO core/shell NHs electrode (36.5
Whkg1) at a current density of 8.6 Ag-l. The energy density of H-Ni/NiO core/shell
NHs electrode remains 49.35 Whkg-! at the current density 15.1 Ag-1, which indicates
good energy storage capability of these pseudocapacitors.

Furthermore, considering the real device application of these NHs, the
Ragone plot (the energy density as a function of power density) of the fabricated all
solid state SCs is shown in Fig. 5.8. The energy and power density are calculated
based on the total mass of active materials of two electrodes. It is evident that the

energy and power densities of the NHs SCs are much higher than those of a similar
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system reported [22, 27, 28, 37, 39-41].
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Figure 5.8: Ragone plot of the asymmetric supercapacitors consisting of Ni/NiO (m black one) and H-
Ni/NiO (e red one) core/shell NHs as cathode and Pt as anode in comparison with various electrical
energy storage devices. Times shown are the time constants of the devices as obtained by dividing
energy density by power.

In addition, for H-Ni/NiO and Ni/NiO core/shell NHs electrodes compared
to the energy density that decreased from 30.66 Whkg' to 8.49 Whkg- and 11.73
Whkg1 to 2.19 Whkg! respectively, the power density increased from 1126.42 Wkg-1
to 1358.11 Wkg! and 1069.42 Wkg! to 1421.27 Wkg respectively, as the discharge
current density increased from 4.6 Ag to 7.9 Ag-l. Moreover, the energy density of
H-Ni/NiO core/shell NHs electrodes reached was as high as 30.66 Whkg! at a low
power density of 1126.42 Wkg!, which shows its potential for application in
electrochemical supercapacitors. More studies may be performed on porous NiO
based electrochemical electrodes to optimize their energy and power densities and
make them potential electrode materials for actual supercapacitors. More
importantly, the power density and energy density of H-Ni/NiO and Ni/NiO
core/shell NHs electrodes met the requirements of Li-ion, Ni-Cd and Pb-acid based
batteries also.

Electrochemical impedance spectroscopy (EIS) has been used to investigate
electrical conductivity and ion transfer of the supercapacitor electrodes. Fig. 5.9(a)
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shows the experimental Nyquist impedance plot for the pseudocapacitor cells made
of Ni/NiO and H-Ni/NiO core/shell NHs electrodes. The EIS spectra are composed
of three distinct regions based on the order of decreasing frequencies. The intercept
on the real axis in the high frequency range provides the equivalent series resistance
(ESR), (Rs), which includes the inherent resistances of the electro active material,
bulk resistance of electrolyte, and contact resistance at the interface between

electrolyte and electrode [47].
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Figure 5.9. (a) Electrochemical impedance spectroscopy (Nyquist) plots for supercapacitors based on
Ni/NiO and H-Ni/NiO core/shell NHs electrodes. (b) Capacitance retention of the H-Ni/NiO
core/shell NHs electrodes at different current densities.

The magnitude of ESR obtained for Ni/NiO and H-Ni/NiO core/shell NHs
electrodes are found to be 0.32 Q and 0.235 Q, respectively, which indicates higher
electrical conductivity of H-Ni/NiO core/shell NHs compared with Ni/NiO
core/shell NHs. The charge transfer resistance (Rct) of the electrode material,
resulting from the diffusion of electrons can be calculated from the diameter of
semicircle in the high frequency range. The large diameter semicircle means larger
charge-transfer resistance. Here, the R value for H-Ni/NiO core/shell NHs
electrode (0.444 Q) is smaller than that of the Ni/NiO core/shell NHs electrode
(1.004 Q), which indicates that H-Ni/NiO core/shell NHs are providing an ideal
pathway for fast ion and electron transport. The Warburg resistance, which describes
the diffusion of redox material in the electrolyte, can be reflected from the slope of
the EIS curve in the low frequency range. The phase angle for the impedance plot of

the Ni/NiO and H-Ni/NiO core/shell NHs electrode is found to be higher than 45°
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in the low frequencies suggesting that the electrochemical capacitive behavior of the
Ni/NiO and H-Ni/NiO core/shell NHs electrodes is controlled by diffusion
process. The higher slope indicating the higher diffusion rate, describes the high
diffusion of H-Ni/NiO core/shell NHs over the Ni/NiO core/shell NHs into the
electrolyte [48]. These findings imply that the unique structure of the Ni/NiO and

H-Ni/NiO core/shell NHs electrode can facilitate ionic motion in solid electrode.
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Figure 5.10. Cyclic performance of H-Ni/NiO core/shell NHs at a current density of 8.6 Ag™l. The
inset shows the charging/discharging curves for last 10 cycles of H-Ni/NiO core/shell NHs at a
current density of 8.6 Ag

Cyclic performance of the capacitors, which includes cycling life and
capacitance retention, is another important characteristic of an electrochemical
capacitor. Cycling life tests over 1200 cycles for the H-Ni/NiO core/shell NHs
electrodes were carried out at 8.6 Ag-l, and the results are shown in (Fig. 5.10). The
sample exhibits good long term electrochemical stability. The capacitance loss after
1200 cycles is about 5.2%, which is better than that of the previously reported NiO
based supercapacitors. The inset curves shown in (Fig. 5.10) are the last 10 cycles
obtained from the cycling tests. The shapes were almost unchanged during the
cycles. In continuation, we further performed cycling test of H-Ni/NiO core/shell
NHs electrode over 1200 cycles as shown in Fig. 5.9(b), where the variation of the
specific capacitance of H-Ni/NiO core/shell NHs electrode as a function of cycle
number is plotted at different current densities from 8.6 to 15.1 Ag-l. The H-Ni/NiO

core/shell NHs electrode based supercapacitor exhibits good capacitance retention
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after 1200 cycles and also high specific capacitance (over 1166 Fg1) was retained
even at the large current density of 15.1 Ag-l. Therefore, this study suggests that the
H-Ni/NiO core/shell NHs electrode based supercapacitor is very stable during the

long term cycle test.

5.2.3. Conclusion

In conclusion, the unique 1D Ni/NiO and H-Ni/NiO core/shell nano-
heterostructures have been demonstrated with remarkable pseudocapacitive
performance. The Ni/NiO core/shell NHs fabricated by controlled oxidation of Ni
nanowires grown on the Au substrate via template assisted electrochemical route
has been investigated as supercapacitor electrode. The electrochemical performance
of the Ni/NiO core/shell NHs as pseudocapacitor has been found to improve
significantly after the hydrogenation. The enhanced pseudocapacitance in H-
Ni/NiO core/shell NHs is because of the improved conductivity and modified
electrochemical activity of the NiO caused by the incorporation of hydroxyl groups
at the surface through hydrogenation. Furthermore, in this unique 1D NHs, the
highly porous nanolayer of H-NiO serves as the large platform for ion diffusion
whereas the conductive Ni core provides the highway for fast transport of electrons
to the current collector Au. The energy density and power density, measured at 15.1
A g1, are 49.35 Whkg' and 7.9 kWkg, respectively, demonstrating the superior
performance of the electrode as pseudocapacitor. Nearly 57% capacitive retention
after 1200 cycles at a current density of 15.1 Agindicates the good rate capability of
the NHs electrode. This study demonstrates an easy strategy to improve the
electrochemical performance of the NiO based supercapacitors by making a unique

1D structure with improved ion/electron conductivity.
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5.3. Co-Ni/C0304-NiO core/shell nano-heterostructure based
electrodes for high-performance supercapacitors

5.3.1. Experimental

5.3.1.1. Reagents

Aluminium foil (99.99+% pure, 0.2 mm thick), Oxalic acid (99.9+% pure),
Cobalt sulphate heptahydrate (CoSOs.7H20, 99.95+% pure), Nickel sulphate
hexahydrate (NiSO4.6H20, 99.9+% pure), Boric acid (H3BOs, 99.9+% pure), Sodium
hydroxide (NaOH, 99.9+% pure) and Potassium hydroxide (KOH, 99.9+% pure)
were purchased from SIGMA-ALDRICH. All chemicals were of analytical grade and

were used without further purification.
5.3.1.2. Synthesis of Co-Ni/C0304-NiO core/shell nano-heterostructures

Highly ordered nano-porous anodic aluminium oxide (AAQO) templates were
fabricated by the controlled two-stage electrochemical anodization of high-purity
aluminium foil in oxalic acid solution as described elsewhere [1, 49, 50]. Fig. 5.11
schematically shows the two-step fabrication of the 1D Co-Ni/Co0304-NiO core/shell
nano-heterostructures: (1) electrodeposition of the arrays of Co-Ni NWs in AAO and

(2) controlled high temperature oxidation of Co-Ni NWs in air atmosphere.

Co-Ni—™ ™\
Co30,-NiO :

= =
75
Au
) ) Co-Ni NWs after Co-Ni/ C0304-NiO
Electrodeposited Co-Ni NWs AAO template dissolution Core / shell nano-heterostructures
ithin AAO template . after annealing in air atmosphere
b in 2M NaOH S e T
a .

Figure 5.11. (Color online) Schematic overview of the preparation of Co-Ni/Co304-NiO core/shell
nano-heterostructures.

The unique feature of this technique is that individual nano-heterostructure in
the electrode has its own contact with the current collector (Au), which results the
enhanced charge transfer kinetics. The software controlled three electrode

electrodeposition unit (potentiostat AutoLab-30) equipped with power supply was
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used to synthesise high density arrays of Co-Ni alloy NWs with the help of AAO
template with one side coated with a conductive gold (Au) layer grown by the
thermal evaporation technique. A high-purity Pt wire and an Ag/AgCl electrode
were used as the counter and reference electrodes, respectively.

The arrays of Co-Ni alloy NWs were grown in the pores of AAO using the
aqueous solution of 40 g L1 CoSO4.7H20, 50 g LT NiSO4.6H2O and 30 g L1 H3BO; as
the electrolyte at room temperature. Here, boric acid and NH4OH were used as a
buffer to maintain the pH of the electrolyte around 3.5 and also to control the
electrodeposition process. The deposition of the arrays of Co-Ni alloy NWs was
conducted for 30 minutes by using a dc voltage of -0.95 V, following the linear sweep
voltammetry (LSV) results. After the growth of the Co-Ni alloy NWs the template
was removed by dissolving it in 2 M NaOH aqueous solution. The open arrays of
Co-Ni alloy NWs grown on Au layer were finally oxidized to form Co-Ni/Co30s-
NiO core/shell nano-heterostructure by annealing at 600°C for 10 min in air
atmosphere. The mass of the active electrode material was measured by using a
microbalance having an accuracy of 0.1 pg. The mass of the active electrode
materials was calculated by subtracting the mass of the equal area Au foil layer, on
which the nano-heterostructures were grown, from the total mass of the cathode
(nano-heterostructures material and the Au layer). The loading density of the Co-

Ni/Co304-NiO core/shell nano-heterostructures was found to be 0.376 mg cm-2.
5.3.2. Results and Discussions

5.3.2.1. Morphology, Crystallography and Chemical composition

Figure 5.12(a) shows the field emission scanning electron microscopy
(FESEM) image of the as-prepared Co-Ni/Co030s-NiO core/shell nano-
heterostructures having uniform diameter (~150 nm). Inset of Fig. 5.12(a) indicates
that the surface of nano-heterostructures is very rough and porous compare to that
of the Co-Ni NWs (Fig. 5.13(a)), which will further increase the active surface area of
the electrode. The transmission electron microscopy (TEM) [Fig. 5.12(b)] and energy
tiltered TEM (EFTEM) [Fig. 5.12(d)] micrographs of the Co-Ni/Co304-NiO

core/shell nano-heterostructures clearly show the formation the uniform nano-layer
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(~ 25-30 nm) of Co304-NiO on Co-Ni metal alloy core. Formation of a good quality
nano-heterostructures with uniform chemical composition is also evident from Fig.

5.12(d).

100 nm

Figure 5.12 (Color online) (a) and inset of (a): FESEM micrographs, (b) TEM and SAED pattern (inset
of (b)), (c) HRTEM image and (d) EFTEM micrographs of the Co-Ni/C0304-NiO core/shell nano-
heterostructures.

Single area electron diffraction (SAED) pattern [inset of Fig. 5.12(b)] and high
resolution TEM (HRTEM) image [Fig. 5.12(c)] confirm the polycrystalline nature of
the nano-heterostructures. The HRTEM micrograph with d-spacing of 0.28, 0.14 and
0.24 nm, correspond to the (111) NiO, (220) NiO and (220) Co30s, respectively. The x-
ray diffraction pattern of nano-heterostructures also shows its polycrystalline nature
(Fig. 5.13(b)). The XRD pattern consists of peaks that correspond to the core
containing Co and Ni and shell nanolayer which contains NiO and Co3O4 and also
the metallic Au layer underneath the nano-heterostructures. The energy-dispersive

x-ray spectroscopy (EDAX) spectrum confirms the presence of Co, Ni and O in the
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nano-heterostructures, where the Co:Ni ratio is found to be 1.3:1 in Co0304-NiO

mixed oxides (Fig. 5.13(c)).

Elem Wt % At%  K-Ratio z A F

A~ Co304, ©-NiO, a~Ni, p-Co, y-Au

OK 2471 44.16 0.0670 1.1402 0.2376 1.0009
CoK 30.51 2451 0.2885  0.9823 0.9367 1.0278
NiK  22.84 2196 0.0996  1.0217 0.9532 1.0394
AuL. 2194 937 0.2869  0.8221 0.9991 1.0000
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Figure 5.13 (a) FESEM micrograph of the as prepared arrays of Co-Ni nanowires, (b) XRD pattern of
the Co-Ni/Co0304-NiO core/ shell nano-heterostructures, (c) EDAX spectrum of the Co-Ni/Co030s-
NiO core/ shell nano-heterostructures.

5.3.2.2. Electrochemical Analysis

Electrochemical properties of the Co-Ni/Co0304-NiO core/shell nano-
heterostructures electrode was studied by cyclic voltammetry (CV) and galvanostatic
(GV) charge/discharge method by using a three-electrode system, where the nano-
heterostructures as working electrode was dipped in 1 M KOH aqueous solution at
room temperature. The Ag/AgCl and Pt were used as reference and counter
electrodes, respectively. Fig. 5.14(a) shows the CV curves of the as-prepared nano-
heterostructures, recorded at different scan rates (2-100 mV s1) within the voltage
window of 0.1-0.5 V. Each CV loop characterized by oxidation and reduction peaks,
demonstrate the pseudocapacitive behaviour of the nano-heterostructures, which is
quite different from the rectangular CV loops owing to the formation of Helmholtz
layer in electrical double layer capacitors (EDLCs). The redox peaks observed for all
scan rates are associated with the surface or near surface based Faradic reactions as
governed by the equations [34, 49]: Co3Os+ H20O + OH™ <> 3CoOOH + e~ and NiO +
OH < NiOOH + e". The charging process involves the oxidization of Co?* and Ni?*
into Co®* and Ni?*, respectively, with the movement of the corresponding electrons
towards the current collector (Au) through the electrode; while discharging involves
subsequent reduction of metal ions from +3 state to +2 state followed by the electron

transport in reverse direction.
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Figure 5.14 (a) Cyclic voltammograms of the nano-heterostructures electrode recorded at different
scan rates. (b) Galvanostatic charge/discharge curves of the nano-heterostructures electrode recorded
at different constant current densities. (c) Areal capacitance and specific capacitance calculated from
the charge/discharge curves as a function of current density. (d) Variation of power density and
energy density of the nano-heterostructures as a function of current density.

Good kinetic reversibility characteristics of the electrode are confirmed from
the highly symmetric nature of the redox peaks of the CV curves taken at different
scan rates [27,28]. This observation also reveals the high cyclability of the electrode.
The increase of current with increasing scan rate is quite obvious because during fast
scanning diffusion layer cannot extend far from the electrode surface, thus
facilitating higher electrolyte flux towards the electrode leading to higher value of
current which is in contrary to the case at lower scan rates where the large width of
the diffusion layer significantly reduces the electrolyte flux and hence the current.
However, the linear relation between the peak current (I) of CV loops and the square
root of scan rate (f1/2) observed for nano-heterostructures at different scan rates (Fig.
5.15) demonstrates the fast electron transfer during redox reactions, indicating the
superior performance of the nano-heterostructures as SC electrode [44]. This high

rate performance can be attributed to the rough and porous structure of the
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electrode materials which can store the electrolytic ions effectively to facilitate ion
movement and also shortens the ion diffusion path to the interiors of the electrode

even at higher scan rates.
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Figure 5.15 Plotting of the peak current (I) of CV loops vs. the square root of scan rate (f 1/2) for the
nano-heterostructures obtained at different scan rates.

Fig. 5.14(b) shows the typical constant current GV charge/discharge curves of
the nano-heterostructures electrode at different current densities within the voltage
window of 0.1-0.5 V. The symmetric nature of the curves suggests excellent
electrochemical characteristics of the nano-heterostructures manifested by reversible
redox reactions. All the charge/discharge curves of the nano-heterostructures exhibit
low IR drop which can be attributed to the special core/shell designing of the
electrode material and also due to the binder-free direct contact of nano-
heterostructures with the current collector that significantly reduces the interfacial
resistance. The symmetric nature of the cycling curves remains unaltered even when
the current density reaches as high as 21 A g1, indicates very high rate stability of
the electrode. From the discharging curves, the specific and areal capacitances are
calculated by the formulas, Csy = [At/mAV and C, = IAt/aAV, respectively (where, I is
the discharge current, At is the discharging time, AV is the potential window, m is the
mass of the active material (i.e., the total mass of the nano-heterostructures, here
loading density of nano-heterostructures is 0.376 mg cm-2) and a is the surface area of

working electrode) are shown in Fig. 5.14(c). The Cs of nano-heterostructures
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electrode are found to be nearly 2013 F g at the current density of 2.5 A g1 and the
Ca of the nano-heterostructures electrode is 738 mF cm at an equivalent current
density of 0.94 mA cm?2. The capacitance of the Co-Ni mixed oxide is found
comparable (NiCo204 nanosheet@carbon fabric [51], Ni-Co oxide NWs@TiO> [52])
and even much better than the values reported for other such Co/Ni based oxide
composites, such as nanoporous NiO film [21], mesoporous Co20s; NWs [34],
spherical porous NiO [38], NiC0204 nanorods and nanosheets@carbon fibber [49],
Ni-Co oxides [53], mesoporous NiO [54], CosOs NWs@carbon paper [55], NiC0204
nano-needle [56], NiCo204 NWs [57,58]. The Cs, of the nano-heterostructures is 1040
F g1 even when the current density increases as high as 20.8 A g1, implying that it
can retain ~ 51.67 % of its initial capacitance when the current density is increased by
almost 8.5 times. This high specific capacitance with impressive rate capability, i.e.
excellent capacitive performance of the nano-heterostructures is mainly due to the
large surface area novel nano-architectural design of the electrode having good
electrochemical utilization of two highly redox active materials together with high
electrical conductivity provided by the metal alloy core. Here, the high surface area
of the nano-heterostructure electrode (due to the presence of nano-porous oxide
shell layer) provides significantly large platform for the fast charge
intercalation/deintercalation within the electrode material during the faradic
reactions whereas, the highly conductive core helps for faster electron transport that
have been generated through redox reactions, to the current collector, thus promoted
relatively high rate capability. Moreover, this thin porous oxide layer facilitates
electrolytic ion and electron transport to the interiors of the electrode material,
resulting higher electrochemical performance.

The energy and power densities calculated by the formulas, E= ¥2Cs(4V)? and
P = E/At, respectively (where, where, ‘'E (Wh Kg1)’, “Csy (F g)’, ‘AV (V)’, “At (s)” and
‘P (kW kg)" are the energy density, specific capacitance, potential window of
discharge, discharging time and power density, respectively.) from the
charge—discharge curves at different current densities are plotted in Fig. 5.14(d). The
energy density of the nano-heterostructures electrode decreases from 44.7 to 23 Wh

kg1, when the power density for the same increases from 0.5 to 5.6 kW kg-1, as the
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discharge current density increased from 2.5 to 20.8 A g-1. The nano-heterostructures
SC maintains high power density without much reduction in energy density, which
is found better than reported previously for: NiO, [59], Ni(OH)2 [60], CoOx [61],
Co(OH)2 [62], based SC electrodes.
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Figure 5.15 (a) Cycling performance of nano-heterostructures elecrode (3000 charge/discharge cycles
at a constant current density of 2.5 Ag?). Inset of (a): last 10 cycles of the charging/discharging
curves. (b) Nyquist plot of the EIS data of the nano-heterostructures electrode over the frequency
range from 10 mHz to 100 kHz.

The nano-heterostructures also exhibit excellent electrochemical cycling
stability beyond 3000 cycles carried out at a current density of 2.5 Ag, with a
negligible decay (5.5 %) of its initial value of Cs, [Fig. 5.15(a)]. From the last 10
charge/discharge cycles shown in Fig. 5.15(a) it can be seen that the symmetric
triangular shape of the charging/discharging profiles remain almost unchanged
during the long cycle test which again signifies stable electrochemical performance
and efficient charge transport during the reactions. Such high stability of the
electrode can be accounted for the higher mechanical integrity which can sustain
significant structural distortion during repetitive charging/discharging process and
also non-dissolution of active material within the electrolyte. However, small
decrease in specific capacitance after 3000 cycles may be due to the swelling of the
electrode material owing to the continuous ion insertion/deinsertion process during
long cycle test.

The electrochemical impedance spectroscopy (EIS) measurements data of the
nano-heterostructures analysed by using Nyquist plot is shown in Fig. 5.15(b). The

finite slope of the impedance spectra (0>45%) at lower frequencies indicates diffusive
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resistivity of the electrolyte within the pores of the nano-heterostructures. The
intercept on the real axis in the high frequency region represents the equivalent
series resistance (Rs), which includes bulk resistance of electrolyte, intrinsic
resistance of active material, and contact resistance of electrode/electrolyte interface.
The value of Rs of the nano-heterostructure electrode is calculated as 0.452 Q,
indicates higher electrical conductivity of the electrode which can be attributed to
the presence of Co-Ni alloy core within the nano-heterostructure. The diameter of
the semicircle in the high frequency region provides the charge transfer resistance
(Re) resulting from the diffusion of electrons. The R value of nano-heterostructures
(1.033 Q) represents its low faradic resistance due to high redox activity of the
composite materials indicates easy charge transport across the electrode-electrolyte
interface. Therefore, from the EIS analysis it can be understood that this unique
core/shell combination of two redox active materials significantly reduces the
inherent resistances of the whole electrochemical system leading to enhanced

capacitive performance.
5.3.3. Conclusion

In conclusion, novel 1D Co-Ni/Co0304-NiO core/shell nano-heterostructures
with remarkable pseudocapacitance has been demonstrated. The nano-
heterostructures are fabricated by combining simple electrochemical deposition of
Co-Ni alloy Nanowires followed by controlled oxidation. The unique nano-
architectural design of the nano-heterostructures electrode having large rough
surface area coupled with the presence of two highly redox active materials with
short ion diffusion path grown on the highly conducting metal alloy channel
facilitating the faster charge transport helps to achieve enhanced electrochemical

properties suitable for the supercapacitor applications.
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5.4. High performance Supercapacitor Electrode based on Fe-

Ni/Fe203-NiO Core/Shell Hybrid Nanostructures

5.4.1. Experimental

5.4.1.1. Reagents

Aluminium foil (99.99+% pure, 0.2 mm thick), Oxalic acid (99.9+% pure), iron
sulphate heptahydrate (FeSO4.7H20, 99.95+% pure), Nickel sulphate hexahydrate
(NiSO4.6H20, 99.9+% pure), Boric acid (H3BOs3, 99.9+% pure), Sodium hydroxide
(NaOH, 99.9+% pure) and Potassium hydroxide (KOH, 99.9+% pure) were
purchased from SIGMA-ALDRICH. All chemicals were of analytical grade and were

used without further purification.
5.4.1.2 Preparation of Fe-Ni/Fe2O3-NiO core/shell hybrid nanostructures

The common fabrication technique of Fe-Ni/Fe;O3-NiO core/shell hybrid
nanostructure is schematically shown in Fig. 5.16. First of all highly porous anodic
alumina oxide (AAO) templates which contains pore (diameter ~100 nm) were

grown by two step anodization techniques as described in our previous report [63].
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Figure 5.16. (a), (b) & (c) Schematic show the synthesis process of Fe-Ni/Fe>O3-NiO core/shell HNs
on Au substrate. (d) Schematic diagram of the sectional view of single HNs.
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After that thin gold layer was grown on one surface of the AAO template by DC
sputtering technique. The arrays of FeNi nanowires (NWs) were grown inside the
pores of self-developed AAO templates with the help of three electrode
electrochemical cell and power supply (Autolab-30) by the electrodeposition
technique as described in our previous report [64]. The aqueous solution of 80 g L1
NiSO4 6H20, 30 g L FeSO47H20, 15 g L1 H3BOs and 10 g L1 NH4OH as
electrolyte at room temperature. The deposition procedure was performed for 15
minutes at a voltage of 1.05 V vs. Ag/AgCl for growing FeNi NWs inside AAO
templates. Then, the arrays of bare FeNi NWs were obtained from the
electrodeposited AAO template by dissolving it in 2M NaOH solution. After that,
the Fe-Ni/FexO3-NiO core/shell HNs were obtained by annealing the as prepared
FeNi NWs at high temperature (450 °C) for a short period of time (15 minutes) in an
oxygen atmosphere.

As-prepared Fe-Ni/Fe;O3-NiO core/shell HNs grown on the conductive
current collector (Au) by above mentioned technique have been used for the
fabrication of electrode. During fabrication of the electrode, the calculation of the
loading mass density of the active electrode materials was done by micro balance
with the precision of 0.1 microgram. The area of the electrode was estimated and
found to be 0.15 cm?. The resultant loading mass densities of the Fe-Ni/FexO3-NiO
core/shell HNs electrode after subtracting the mass of the gold substrate layer from
the entire mass of the electrode (redox active electrode stuff and the gold substrate
layer) were calculated 0.387 mg cm2. Then, a conductive wire was connected at the
back side of the electrode (Au exposed side). Further, the rest of the portion of Au
exposed side of the electrode was covered with a non-conductive and non-reactive

tape layer before inserting this electrode inside the cell.
5.4.2. Results and Discussions

5.4.2.1. Morphology, Crystallography and Chemical composition

A simple controlled oxidation technique was used to fabricate the Fe-
Ni/Fe;O3-NiO core/shell hybrid nanostructures (HNs) and their structural and

morphological studies were done by Field emission scanning electron microscope
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(FESEM). The FESEM micrograph of the Fe-Ni/Fe2O3-NiO core/shell HNs on gold
substrate is shown in Fig. 5.17(a). It is evident from Fig. 5.17(a) & (b), that the as-
prepared 1D core/shell HNs are vertically aligned throughout the surface with
uniform diameter and vertical length about 150 nm and 2 um, respectively, for single

core/shell HNs.

Elem Wt % At % K-Ratio Z A F ( )

OK 23.05 52.09 0.1046 1.1067 0.4092 1.0020
FeK 16.68 10.80 0.1866 0.9457 1.0001 1.1824
NiK 6027 37.11 0.5696 0.9617 0.9828 1.0000
Total 100.00 100.00

Figure 5.17 (a) & (b) FESEM micrograph (c) EDAX spectrum, (d) TEM mcicroghaph, (¢€) HRTEM
micrograph, (f) SAED pattern of the Fe-Ni/Fe>O3-NiO core/shell HNs.

Moreover, the outer surface of Fe-Ni/FeO3-NiO core/shell HNs has become
very rough and porous in comparison of FeNi nanowires. The rough and porous
outer surface of Fe-Ni/Fe>O3-NiO core/shell HNs attributes in the enhancement of
the surface area which will provide more surface area for redox reactions. Energy
dispersive x-ray (EDAX) study was performed for finding out the elemental
composition of the Fe-Ni/FexO3-NiO core/shell HNs. Fig. 5.17(c) shows the EDAX
spectrum, which verifies the existence of Fe, Ni and O elemental composition in the
core/shell HNs, where, the Au peak confirms the presence of gold layer as a current
collector. In particular, the peak for oxygen in the EDAX spectrum confirms that, the
growth of the oxide shell layer. Further, the detailed morphological and

microstructural studies were carried out by Transmission electron microscope (TEM)
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for a deeper understanding about the Fe-Ni/FexO3-NiO core/shell HNs. Fig. 5.17(d)
shows the TEM micrograph of an individual Fe-Ni/Fe;Os3-NiO core/shell HNs,
which illustrate the formation of nearly 25 nm porous thin nanolayer of Fe>O3-NiO
(shell) over FeNi nanowire with nearly 100 nm in diameter (core). Above TEM
micrograph results confirm the formation of Fe-Ni/FexOs-NiO core/shell HNs
(diameter ~ 150 nm). The enlarge High resolution TEM micrograph and selected
area energy diffraction (SAED) of core-shell HNs traced from the area marked by the
white square at the core and shell interface of Fe-Ni/FexOs-NiO core/shell HNs in
Fig. 5.17(d). Fig. 5.17(e) & (f) show the HRTEM and SAED micrographs, which
confirm the crystalline nature of the Fe-Ni/Fe;O3-NiO core/shell HNs. This
crystalline nature is favourable for the improvement of the conductivity of the
supercapacitor electrodes. The calculated lattice was found to be 0.28 nm and 0.25
nm corresponds to the inter-planer spacing of NiO (111) and FexOs; (110),
respectively.

For a deeper understanding of microstructural and elemental composition of
single Fe-Ni/Fe2O3-NiO core/shell HNs, scanning transmission electron microscope
(STEM) study was performed. STEM micrograph of single Fe-Ni/FexO3-NiO
core/shell HNs shows a thin shell layer of around 25 nm homogeneously envelops
the surface of the core FeNi nanowire, which has a diameter of around 100 nm. To
know about the elemental distribution (Ni, Fe and O) across core-shell HNs, energy-
dispersive X-ray spectrometry (EDS) line scanning was performed across the HNs
diameter (specified by an orange line in Fig. 5.18(a)). Fig. 5.18 (b)-(d) show, the EDS
line scanning profile of Ni, Fe and O, respectively, where the Ni and Fe profile
shows the higher intensity at the center of the profile, whereas, O shows the higher
intensity at the outer edge of the spectrum profile due to the formation of NiO and
FexOs. Investigation of these EDS line spectra reveals that the core-shell HNs have Ni
and Fe at the core and O is concentrated on the outer surface as a thin shell layer. In
addition, to confirm the previous elemental distribution (Ni, Fe and O) results across
core-shell HNs, we performed an energy filtered transmission electron spectroscopy
(EFTEM) study of same core-shell HNs sample, which is shown in the form of

coloured elemental mapping of Ni (blue), Fe (red) and O (green), respectively
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(shown in Fig. 5.18 (e)-(g), respectively). EFTEM micrographs of individual elements
(Ni, Fe and O) clearly supports the results of the EDS scanning spectrum. These
structural and morphological study evidences prove the formation of Fe-Ni/FexOs-

NiO core/shell HNs.
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Figure 5.18. (a) STEM image of individual Fe-Ni/Fe;O3-NiO core/shell HNs. (b) - (d) EDS line
scanning of Ni, Fe, and O, respectively, across the Fe-Ni/Fe:O3-NiO core/shell HNS indicated in (a).
(e) - (g) EFTEM elemental mapping images of Ni (in blue color), Fe (in red color) and O (in green
color), respectively, for the Fe-Ni/FexO3-NiO core/shell HNS indicated in (a). (h) - (j) The high
resolution XPS spectrum of the Ni 2p, Fe 2p and O 1s core level, respectively, of Fe-Ni/FeO3-NiO
core/shell HNs.

Furthermore, we have performed the X-ray photoelectron spectroscopy (XPS)
studies of the Fe-Ni/FexO3-NiO core/shell HNs to the closer insight about the
chemical compositions, metal oxidation states and about the outer surface of the
electrode. The XPS spectrum of core-shell HNs confirms the presence of elemental
components Ni, Fe and O. Fig. 5.18(h) shows the core level spectra of Ni 2p which
consists two peaks of Ni 2ps/2 and Ni 2p1/2 obtained at the binding energy of 856 and
873.5 eV, respectively, which confirm the +2 oxidation (Ni?*) state of Ni in the core-
shell HNs sample. The core level XPS spectra of Fe 2p is shown in Fig. 5.18(i), which
confirm the presence of two characteristic peaks Fe 2p3/2 and Fe 2p1,2 observed at the
binding energy of 711.4 and 725 eV, respectively, corresponds to the trivalent (+3)
state of Fe in Core-shell HNs [65]. The reason behind the splitting of 2p core levels of
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Ni and Fe is spin—orbit coupling. The core level XPS spectra of O 1s is shown in Fig.
5.18(j), where the peak of core level O 1s obtained at 531.2 eV binding energy, which
is deconvoluted into two peaks, centered on 529.8 eV (O1) and 531.6 eV (Ou). The
lower energy peak (O1) confirm s the presence of oxygen in (-2) oxidation state due
to the presence of NiO and Fe2Os in core-shell HNs [66], whereas the higher energy
peak (On) signify the presence of hydroxyl group in the core-shell HNs [66, 67].

5.4.2.2. Electrochemical Analysis

Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) methods
have been used to study the electrochemical properties of the Fe-Ni/Fe;O3-NiO
core/shell HNs electrode in three electrode system electrochemical cell. Further, the
CV measurements of the Fe-Ni/Fe>O3-NiO core/shell HNs were done in details. The
CV measurements were done within a fixed voltage range (0 V to 0.55 V) by varying
the scan rate (2, 10, 30, 50 and 100 mV s1), shown in Fig. 519 (a). The expected
pseudocapacitive nature of the Fe-Ni/FexOs-NiO core/shell HNs electrode confirms
from the behaviour of CV curves, which contains the oxidation and reduction peaks
due to the faradic reactions occurred at the surface of as grown core-shell HNs.

These faradic reactions implicate redox transitions of nickel oxide and iron oxide in

the electrolyte, based on the equations: Fe,0,+M"+e «<>Fe,O,M, where,

M*=K" or H,0" and NiO+OH™ <> NiOOH +e". It is evident from Fig. 5.19 (a) that

for Fe-Ni/Fe2O3-NiO core/shell HNs electrode there two oxidation peaks are
detected at +0.3V and +0.35 V, which signifies to the oxidation of iron [Fe?* to Fe3*]
and nickel [Ni?* to Ni3*] from the above redox equations, respectively, in the anodic
process, whereas, only one reduction peak noticed at +0.1 V, which specify the
reduction of iron [Fe3* to Fe?*] and nickel [Ni3* to Ni?*]. We observed from Fig. 5.19
(a) that the reduction peak is bigger than the oxidation peaks, which is reasonable
because the reduction peak incorporates two reduction peaks of iron [Fe3* to Fe?*]
and nickel [Ni3* to Ni?*] in the cathodic process. To reveal more information about
redox reaction process during CV curve measurements, the average peak current
density as a function of (scan rates)!/? plotted and found the linear relation curve

(Fig. 5.20 (a)), which indicates a diffusion controlled mechanism of redox
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reactions.*142 Moreover, the stability and kinetic reversibility of the core-shell HNs
electrode confirmed from the analogous shape of the CV curves for all the scan rates
(2, 10, 30, 50 and 100 mV s~ 1) [68,69]. Interestingly, all the redox peaks are clearly
visible even at a higher scan rate (100 mV s~ 1) verifies that the core-shell HNs
electrode possess rapid oxidation-reduction reactions at the interface of electrode

and electrolyte [26, 28].

- 0.6
16{—2mVs’ —2sAg!
— ll)mmVs s! (a) 0 (b) z i:‘f

.51
_—30mVs'l 0ag!

—50mVs" 15ag!

—100mVs'

0.4+

—s0ag"

Current density ( mAcm™2 )
id
Potential (V) vs. Ag/AgCl

0.34 ——100 A g’l
0.2

-8
0.1

164

T T T 0-0 T T T T T T Ll
0.0 0.2 0.4 0.6 0 100 200 300 400 500 600
Potential (V) vs. Ag/AgCl Time (sec)

o
o

—
<
1

15000 (C)

\ 98

(d)

=]
N

1350

‘/3.
g | \\ L7
1050+ \DX-%

y

N

Coulombic efficiency (%)

Power density (kW kg'l)
(=

Specific capacitance (Fg'l)
g
—

g .\
—_ o
900 +— r T r —+95 0 r r T
0 20 40 60 80 100 10 15 20 25 30
Current density (Ag'l) Energy density (Wh kg‘l)

Figure 5.19. (a) Cyclic voltammetry curves, (b) Galvanostatic charge/discharge curves, (c) Specific
capacitance and coulombic efficiency as a function of current densities, (d) power density vs. energy
density plots, for Fe-Ni/Fe>O3-NiO core/shell HNs electrode.

The calculation of the areal capacitance of the Fe-Ni/Fe>Os3-NiO core/shell
HNs electrode has been done according to the reported formula, C.=I /(f A) [34, 70],
where, | denotes the peak current recorded from CV curves, f represents the scan
rate, A is the nominal working electrode area. The behaviour of areal capacitance of
the Fe-Ni/Fe203-NiO core/shell HNs has been observed with respect to the scan rate
by varying the value of scan rate which is shown in Fig. 5.20 (b). The value of areal
capacitance for core-shell HNs is found to be 291.5 mF cm-2 for low scan rate value (2

mV s1) and areal capacitance value decreased upto 139.6 mF cm2 at very high scan
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rate value (100 mV s), which reveals high rate capability property of the Fe-
Ni/Fe2O3-NiO core/shell HNs due to its unique architecture. The supercapacitive
performance of as-prepared Fe-Ni/Fe>Os-NiO core/shell HNs has been revealed
comparable performance to other transition metal based previously reported

supercapacitors [28, 39, 71-73].
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Figure 5.20. (a) Peak current (I ) vs. square root of scan rate ( f ) plot for as prepared Fe-Ni/Fe2O3-
NiO core/shell HNs electrode, (b) Variation of areal capacitance as a function of scan rate of as
prepared Fe-Ni/Fe20O3-NiO core/shell HNs electrode.

Further, electrochemical performance of Fe-Ni/Fe2O3-NiO core/shell HNs
electrodes has been done using gavanostatic charge/discharge (GCD) method by
varying the current density (2.5, 5, 10, 25 and 100 A g1). All GCD curves
demonstrate nearly symmetric shapes in Fig. 5.19(b), indicating a good
supercapacitive behaviour and excellent electrochemical reversibility of as-prepared
Fe-Ni/Fe>O3-NiO core/shell HNs electrode [46]. According to the GCD curves, the
calculation of the specific capacitance (Cs) of as-prepared Fe-Ni/FexO3-NiO
core/shell HNs electrode has been done by using the formula Cs, = (I At)/(m AV) [17,
34], where I denotes the magnitude of discharge current, At represents the
discharging time, AV stands for the discharging potential window and m indicates
the redox active material mass. Fig. 5.19(c) shows the response of the specific
capacitance (Csp) while varying the value of current density for Fe-Ni/Fe,O3-NiO
core/shell HNs. It is observed from Fig. 519 (c) that the maximum specific
capacitance of the Fe-Ni/Fe2O3-NiO core/shell HNs acquired nearly 1415.09 F g1 at
low current density (2.5 A g') and gradually decreases to 966.18 F g1 with the

152 |Page



Chapter 5: Transition metals based hybrid nanostructures for energy storage application

increase in current density upto 100 A g1 ,these results suggest that the Fe-
Ni/Fe2O3-NiO core/shell HNs have very high rate capability and capacitive
retention, which are very desirable properties for the high quality supercapacitors. In
addition, Fig. 5.19 (c) also shows the variation of Coulombic efficiency (1) =discharge
time/charge time) as a function of current densities for Fe-Ni/Fe2O3-NiO core/shell
HNs. It is clear from the Fig. 5.19 (c) that the Coulombic efficiency, decreasing with
the increase of current density, which suggest that the ion/charge transfer rate

decreases with the current density.

Further, the energy density and power density of the fabricated Fe-Ni/Fe;Os-
NiO core/shell HNs electrode have been calculated according to the following
known formulas, Energy density: E =Cs(AV)%/2 and Power density: P=E/(At), where,
Csp, AV and At are denoting the specific capacitance, discharging potential window
and total time of discharging, respectively, from their corresponding GDC curves.
Fig. 5.19 (d) represents the variation of power density with respect to energy density,
which shows the maximum power density (10.3 kW kg1) at lowest energy density
(11.5 Wh kg1) of the device. Moreover, the device can have the maximum energy
density limit is upto 27.6 Wh kg-1 while retaining the lower power density limit (0.6
kW kg1) of the supercapacitor device. The electrochemical performance of as-
prepared Fe-Ni/FexO3-NiO core/shell HNs is comparable with some previous

reports of transition metal based nanostructure systems [27, 59, 74-79].

It is very important for good quality supercapacitors to posses long cycle life.
Fig. 5.21 (a) depicts the long cycle performance test of as-prepared Fe-Ni/FeO3-NiO
core/shell HNs electrode by the GCD method for successive 3000 cycles at different
current densities (2.5 A g1 and 50 A g1). Nearly 95 % retention is observed after 3000
cycles, which suggest the high stability in long term application of Fe-Ni/Fe,O3-NiO
core/shell HNs electrode. This small = decrease in the capacitance after long
continuous cycle due to increased internal resistance, which might be the result of
the mechanical swelling/shrinking of the electrode during redox reactions. The inset
of Fig. 5.21 (a) shows the shape of the last 10 charge/discharge cycle of the long cycle

test (3000 cycles) remains almost unchanged (linear and symmetric) for both the
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current densities (2.5 A g1 and 50 A g1). Such a good long cycle electrochemical
stability of Fe-Ni/FexO3-NiO core/shell HNs electrode, made it a very strong

candidate for long cycle supercapacitive applications.
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Figure 5.21 (a) The long cycle test of Fe-Ni/Fe>Os-NiO core/shell HNs for 3000 cycles by GCD
method, whereas the last 10 GCD plot cycles for current densities 2.5 A g (in black ink) and 50 A g
(in red ink) are shown in the inset (Fig. (a)). (b) the electrochemical impedance spectrum plots at the
open circuit potential within (102 Hz to 10° Hz) frequency range, whereas the inset of (b) shows the
magnified EIS spectra at high frequency range for Fe-Ni/Fe;O3-NiO core/shell HNs elctrodes.

Fig. 5.21 (b) shows the electrochemical impedance spectra of Fe-Ni/Fe>Os-
NiO core/shell HNs electrode. The intercept of the curve in the high frequency
region on the real axis and represent the equivalent series resistance (Rs) which
include (ionic-electronic resistance, intrinsic resistance and contact resistance of the
electrode), whereas the semicircle at high frequency range signify the charge transfer
resistance (Rct) of the electrode. The recoded value of Rs (1.28 Q cm?) and Rt (1.07 Q
cm?) are very low, which indicate the high electrical conductivity of electrode and
rapid ion-charge transport during redox reactions at the contact of electrode-
electrolyte. The straight line in the low frequency range denotes the Warburg
resistance (Rw) which shows the high slope due to the high diffusion rate of ions

within the porous surface of the electrode during redox reactions [48, 80, 81].
5.4.3. Conclusion

In conclusion, we have illustrated a simple fabrication technique of the Fe-
Ni/Fe;O3-NiO core/shell hybrid nanostructures, which further realized as a high

performance supercapacitor electode because of its advantageous structure. This
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core-shell hybrid nanostructure consists highly porous shell nanolayer (NiO and
Fe2O3) which provides huge redox active surface for faradaic reactions as well as
reduces the distance for ion diffusion process, while the conductive FeNi core
provide the highway to accelerate the transport of electrons to the current collector.
Due to the advanced structure of this Fe-Ni/FexO3-NiO core/shell hybrid
nanostructure electrode, it has provided high value of specific capacitance nearly
1415 F gl. Moreover, it exhibited a very long term cycling stability (which retain
nearly 95% of its initial capacitance after successive 3000 charge/discharge cycles)
and the low value of equivalent series resistance (Rs = 1.28 Q cm?). These remarkable
electrochemical performances suggest that the Fe-Ni/FeO3-NiO core/shell hybrid
nanostructure could be the reliable and promising candidate for the fabrication of

next generation supercapacitor electrodes for real life applications.
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5.5. Hydrogenated NiO Nano-block Architecture for High
Performance Supercapacitors

5.5.1. Experimental

5.5.1.1. Reagents

Copper foil (99.98 % pure, 0.1 mm thick), Nickel sulphate hexahydrate
(NiSO4.6H20, 99.99 % pure), Boric acid (HsBO3, 99.9 % pure), Potassium hydroxide
(KOH, 99.9 % pure) and Sodium hydroxide (NaOH, 99.9 % pure) were purchased
from Sigma-Aldrich. All chemicals were of analytical grade and were used without

further purification.

5.5.1.2. Synthesis of NiO NBs and hydrogenated NiO (H-NiO) NBs

The high-density 3D architecture of NiO NBs were synthesized by the high-
temperature oxidation of the highly rough metallic Ni thin film prepared by the
metal substrate assisted electrochemical deposition technique. Software controlled
three-electrode electrochemical cell and a power supply (potentiostat AutoLab-30)
was used for the electrochemical deposition of Ni thin film. A high-purity Platinum
wire and an Ag/AgCl electrode were used as the counter and reference electrodes,
respectively. Ni thin film with rough surface was grown on the pure Cu substrate
using the aqueous solution of 0.57 M NiSO4.6H20, 0.32 M H3BOs and 0.15 M NH+«OH
as electrolyte at room temperature. Here, boric acid and ammonium hydroxide were
used as a buffer to maintain the pH of the electrolyte around 3.5 and also to control
the electrodeposition process. The deposition of the Ni thin film was conducted for
30 minutes by using a DC voltage of -0.95 V, following linear sweep voltammetry
(LSV) results. The Ni thin film grown on the Cu substrate was finally oxidized to
form NiO NBs by heating them at 450°C for 30 minutes in oxygen atmosphere. The
H-NiO NBs were obtained by annealing the NiO NBs in hydrogen atmosphere at
temperature of 400°C for 20 minutes.

During this process, some portion of the other side of Cu substrate was also
oxidized to form a thin layer (~ 12 pm) of CuO. After that, for making the electrical

contact, the oxidized portion of Cu substrate was removed carefully by keeping the
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other side of the Cu substrate (the side containing NiO NBs) untouched. The NiO
and H-NiO film thickness was found to be ~3 pm. The mass of the active electrode

material was measured by using a microbalance having an accuracy of 0.1 pg. The
loading density of the NiO and H-NiO NBs electrodes were 0.327 and 0.314

mg/cm?, respectively.
5.5.2. Results and Discussions

5.5.2.1. Morphology, Crystallography and Chemical composition

The scheme of the preparation of the arrays of H- NiO NBs is shown in Fig.
5.22. Deatils of the synthesis and fabrication of H-NiO NBs are given in the

experimental section.

R .

Ni thin film NiO Nano-blocks H-NiO Nano-blocks
on Cu Substrate Annealed in air atmosphere  Annealed in Hydrogen atmosphere

Figure 5.22. Schematic of the preparation of NiO and H-NiO NBs electrodes on Cu substrates.

Fig. 5.23 (a) shows the FESEM micrograph of the as-prepared 3D arrays of H-
NiO NBs grown on Cu substrate. It is evident from this image that the surface of the
as prepared nanostructure is very rough, which can also be seen from the magnified
FESEM image (Fig. 5.23 (b)). It is found that the morphology of the as grown NiO
NBs remains unchanged after hydrogenation. The 3D structure of the NiO NBs
arises during the conversion of the as grown rough Ni thin film into NiO via high
temperature oxidation. Fig. 5.23 (a) & (b) clearly demonstrates that the surface area
of the as grown 3D NiO NBs is significantly higher. Though the shape and size of the
grown NiO nanoblocks are irregular in nature, however, the average dimension of
the single NiO nanoblock is found to be around 250 x 200 x 125 nm. The XRD pattern
of the as-prepared H-NiO NBs, shown in Fig. 5.23 (c), indicates the polycrystalline
nature of the as-grown NBs. The diffraction pattern consists of peaks that
correspond to the pure fcc Ni, cubic NiO and also the metallic Cu substrate

underneath. The characteristic peaks at 20 = 37.5, 43.3 and 63.9 degrees in the XRD
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pattern represent the (111), (200) and (220) crystalline faces of NiO with cubic
texture, respectively [21, 22]. The presence of Ni (200) peak in the XRD pattern is due
to the presence of some unoxidized Ni at the deepest portion of the Ni thin film. Fig.
5.23 (d) depicts the EDAX spectrum of the H- NiO NBs, which clearly shows the
presence of Ni and O in the NiO, whereas the peak for Cu appears from the

substrate.
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Figure 5.23. (a) and (b) FESEM micrographs of the as prepared H- NiO NBs. (c) XRD pattern of the
as-prepared H-NiO NBs. (d) EDAX spectrum of the as-prepared H- NiO NBs. The XPS spectra for
the (e) Ni 2p and (f) normalized O 1s core level of the as-prepared NiO and H- NiO NBs.

In Fig. 5.23 (e), the XPS core level peaks of H-NiO NBs shows the Ni 2ps/2 and
Ni 2p1/2 located at 855 and 873.9 eV, respectively, with an energy separation of 18.9
eV, are in good agreement with reported data of Ni 2ps/2 and Ni 2p1/2 in NiO, which
also confirms that Ni is in +2 oxidation state [21, 23]. Fig. 5.23 (f) shows the O 1s core
level spectra of NiO and H- NiO NBs. The O 1s band for H-NiO NBs becomes
broader compared with that of the pure NiO NBs. The O 1s band in the H-NiO NBs
could be deconvoluted into two peaks located at 529.1 and 533.1eV (see Fig. 5.23 (f)),
whereas the pure NiO NBs exhibits a single peak located at 530.7 eV. The low
energy peak (at 530.7 eV) can be ascribed to the formation of O-Ni bond in NiO [21,
23], whereas the peak at higher binding energy (at 533.1 eV) is attributed to the Ni-
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OH bond [21, 27]. XPS studies confirm the incorporation of hydroxyl groups on the
surface and the subsurface region of the NiO NBs through hydrogenation.

5.5.2.2. Electrochemical Analysis

Fig. 5.24 (a) and (b) show the CV measurement curves of the two electrodes at
different scan rates ranging between 5 to 100 mVs- within the voltage window of 0
to 0.6 V at room temperature. The shape of the CV curves of both the electrodes
clearly reveals the pseudocapacitive behaviour of the electrodes which is totally
different from the double layer capacitors. CV curves shows one strong redox peak
(one oxidation and one reduction peaks) at every scan rates which are corresponding
to the surface oxidation/reduction reactions as shown in the redox reaction given
below [25]. The redox peaks show the Faradaic pseudocapacitive property based on
the surface redox mechanism of Ni?* to Ni%*, via following redox reaction: NiO +
OH- < NiOOH + e~ and Ni(OH)2 + OH- +» NiOOH + H2O + e-. In addition, because
of the very high surface area and the fast ionic/electronic diffusion rate during the
Faradic redox reaction at the surface, both the NiO and H- NiO NBs electrodes show
very prominent electrochemical properties as supercapacitor [26, 33]. With the
increase of scan rate, the potential and the current at the oxidation/reduction peaks
shifted more towards the positive and negative axes, respectively due to an increase
of the internal diffusion resistance within the pseudoactive material with an increase
in scan rate [82, 83].

Furthermore, the oxidation and reduction peaks of the NiO NBs electrode are
nearly symmetrical throughout the scan range 5-100 mV s, indicating reversibility
of redox reaction at the electrode surface [28]. But the redox peaks of H-NiO NBs
electrode are asymmetric in nature; though it exhibits higher capacitive behaviour as
evident from the higher area (Fig. 5.24 (c)) under their corresponding CV curves as
compare to CV curves of NiO NBs electrodes. Fig. 5.24 (c) shows a 2.5 times
enhancement in the current density in the CV curve of the H-NiO NBs electrode in
comparison with the pure NiO NBs electrode at the scan rate of 100 mV s-1. The
calculated areal (C,, mF cm?) and specific (Cy, F g') capacitance of both the
electrodes as a function of scan rate are shown in Fig. 5.24 (d). The C; and Csp of the
NiO NBs based electrodes are calculated using the equations (5.2) and (5.3). The
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value of the C, and Cs for NiO NBs electrode are found to be 208.2 mF cm~ and
864.65 F g1, respectively at a scan rate of 5 mVs-l. Whereas, the C; and Cs, of H-NiO
NBs electrode have been found to increase significantly to the values 371.8 mF cm-

and 1271.93 F g1, respectively at the scan rate of 5 mV s, after the hydrogenation

treatment.
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Figure 5.24. Cyclic voltammetry curves of the as-prepared (a) pure NiO and (b) H- NiO NBs
electrode at different scan rates in a 1 M KOH solution at room temperature. (c) Comparison between
the CV curves of pure NiO and H- NiO NBs at scan rate of 100 mVs1. (d) Variation of specific and
areal capacitance as a function of scan rate of pure NiO and H-NiO NBs electrodes.

The noteworthy enhancement of the supercapacitive property of the H-NiO
NBs electrode is due to the absorption of hydroxyl group on the surface of the NiO
NBs having large surface area with high stability. Here, the value of specific
capacitance for H-NiO NBs is found to be remarkably higher than that of the other
reported NiO based supercapacitors like, thin films of NiO (~ 309 Fg1) [21],
Mesoporous NiO Nanotubes (~409 Fg1) [22], nanoball-like NiOx (~951 Fg1) [27],
NiO-TiO2 Nanotube Arrays (~300 Fg1) [28], NiO Nanotubes (~266 Fg1) [36], NiO
Nanocolumns (~ 390 Fg1) [37], hierarchical spherical porous NiO (~710 Fg-1) [38],
Ni-NiO core-shell (~128 & 149 Fg-1) [39, 40], NiO/Co0203 core/shell NWs (~835 Fg1)
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[41], Monolithic NiO/Ni Nanocomposites (~905 Fg1) [42]. As shown in Fig. 5.24 (d),
the values of C; and Cs, decrease for both the electrodes with the increase of scan
rate, this is because of the limitation of reaction kinetics at the electrodes [43]. The
value of Cs of the H-NiO and NiO NBs drops from 1271.93 to 543.63 F g1 and 864.65
to 363.83 F g1, respectively with the increase of the scan rate. In addition, the value
of C, also drops from 371.8 to 159 mF cm~2 and 208.2 to 88 mF cm2 for H-NiO and

NiO NBs, respectively when the scan rate increases from 5 to 100 mV s
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Figure 5.25. Constant current charge/discharge curves of the as-prepared (a) pure NiO and (b) H-
NiO NBs electrodes at different current density. (c) Comparison between the charge/discharge curves
of the pure NiO and H-NiO NBs electrodes at a current density of 1.11 A g-1. (d) Variation of the
specific capacitance of the electrodes as a function of current density.

The galvanostatic charge/discharge tests of the electrodes performed within a
stable potential window of 0 - 0.6 V under different charge/discharge current
densities ranging between 1.11 to 111.11 A g are shown in Fig. 5.25 (a) and (b), to
demonstrate the improved supercapacitive performance of the electrodes. The
potential-time plots exhibiting asymmetric charge/discharge profiles for both NiO

and H-NiO NBs electrodes, characterized by slow discharging process as compare to
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the charging, even at the high current density of 111.11 A g-l. This slow rate of
discharging exhibits higher coulombic efficiency (>100 %) for both type of
electrodes, which can be explained by the redox reaction equation. In discharging
process only a part of NiOOH gains electron and is reduced into NiO, while in
charging process NiO loses electron and is completely oxidized into NiOOH. Since,
NiOOH is partially converted into NiO during reduction, the unconverted NiOOH
holds the electrons during discharging and thus the discharging takes longer time
[84]. Fig. 5.25 (c) showing the enhancement in the discharging time of H-NiO NBs
electrode over NiO NBs electrode at the current density of 1.11 A g1, indicates the
enhanced pseudocapacitance behaviour of NiO NBs electrode after hydrogenation.
The variation of Cs, of both the electrodes is shown in Fig. 5.25 (d) as a function of
current density. The values of Cs, are calculated from the charging/discharging
curves using the equation (5.4) [85].

The values of Cy are 1336.18 and 895.05 F g1 for H-NiO and NiO NBs
electrodes, respectively at the low current density of 1.11 Ag-l. There is decrement
observed with the increase of current density in the specific capacitance although
after certain current densities this decrement gets saturated at higher current
densities. Nearly 61% and 49% specific capacity retention have been observed in H-
NiO and NiO NBs electrode, respectively at a higher current density of 111.11 A g1
At lower current densities, ions can penetrate into the inner-structure of electrode
materials, having access to almost all available pores of the electrode, but at higher
current densities, an effective utilization of the material is limited only to the outer
surface of the electrodes. This results in the reduction of the values of specific
capacitance at higher current densities. At current densities above 2.22 A g-1, specific
capacitance tends to stabilize. This higher value of retention in the specific
capacitance of the electrodes indicates the relatively good high-rate capability of
these electrodes. Impressively, in case of charging/discharging process the
capacitance retention of the electrodes is found much higher than that observed from
the CV analysis. This is because of the fact that the ion and electron have more time

to diffuse through the rough surface of the electrode during the redox reaction [86].

162 |Page



Chapter 5: Transition metals based hybrid nanostructures for energy storage application

The energy (E) and the specific power (P) density of both the electrodes are
calculated by using the equations (5.6) and (5.7). Fig. 5.26 (a) shows that the energy
density of H-NiO and NiO NBs electrode decreases from 52.13 to 13.51 Wh kg and
37.56 to 1249 Wh kg7, respectively, whereas the power density for the same
increases from 0.28 to 19.44 kW kg and 0.31 to 24.4 kW kg1, respectively as the
discharge current density increased from 1.11 A g1 to 111.11 A g-1. This indicates the
potential of the electrodes for application in electrochemical supercapacitors. The
above mentioned values of energy and power density of both the electrodes are

better than many other NiO based electrodes reported previously [22, 27, 28, 37, 39].
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Figure 5.26 (a) Variation of energy and power densities with charge/discharge current densities for
NiO and H- NiO NBs electrodes. (b) The cycling performance of both NiO and H- NiO NBs
electrodes showing the capacitance retention after 3000 cycles using a charge/discharge current
density of 1.11 A g. (c) The last 10 cycles of the galvanostatic charge/discharge curves of NiO and
H- NiO NBs electrodes. (d) Electrochemical impedance spectroscopy (Nyquist) plots for the
supercapacitors based on NiO and H-NiO NBs electrodes. The inset of (c) shows the Nyquist plot of
both the electrodes at high frequency range.
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The cyclic performance of both the NBs electrodes, which includes cycling life and
specific capacitance retention of the supercapacitors are shown in Fig. 5.26 (b) tested
over 3000 cycles, carried out at a current density of 1.11 A g-1. The capacitance loss of
H-NiO and NiO NBs electrodes after 3000 cycles is about 5.3 and 12.1 %, which are
found to be better than that of the previously reported NiO based supercapacitors.
Here, NiO NBs electrodes exhibit better cyclability compared with the H-NiO NBs.
However, both the electrodes exhibit good long term electrochemical stability and
high stable specific capacitance retention after a long cycle test in KOH solution,
which are very important requirements for supercapacitors. Fig. 5.26 (c) shows the
shapes of the last 10 cycles obtained from the cycling tests for both the electrodes

remains almost unchanged during the cycles.

The electrical conductivity and ion transfer of the supercapacitor electrodes
has been investigated by electrochemical impedance spectroscopy (EIS). Fig. 5.26 (d)
shows the Nyquist impedance plots for the H-NiO and NiO NBs pseudocapacitors.
EIS has been carried out in 1 M KOH solution within a frequency range of 0.1-10°> Hz
at amplitude of 10 mV versus the open circuit potential. The EIS spectra are divided
into three distinct regions based on the order of decreasing frequencies. The slope of
the EIS curve in the low frequency range reflects the Warburg resistance, which
describes the diffusion rate of redox material in the electrolyte. The higher value of
slope indicating the higher diffusion rate, describes the high diffusion of H-NiO
over NiO NBs into the electrolyte [48]. The phase angle of the impedance plot of the
H-NiO and NiO NBs electrodes found to be higher than 45° in the low frequencies
suggests that the electrochemical capacitive behavior of both the electrodes is
controlled by diffusion process. The shorter line at lower frequency correlates to the
shorter variations in ion diffusion path and easier movement of the ions in the pores.
The diameter of semicircle in the high frequency range represents the charge transfer
resistance (Rct) of the electrode material resulting from the diffusion of electrons.
Here, the value of Ret for H-NiO electrode (1.02 Q) is smaller than that of the NiO
electrode (1.51 Q), which indicates that H-NiO NBs are ideal for fast ion and electron
transport, because the large diameter semicircle reflects larger charge-transfer

resistance value. The intercept on the real axis in the high frequency range provides
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the equivalent series resistance (ESR), which includes the bulk resistance of the
electrolyte the inherent resistances of the electrode active material and the contact
resistance at the interface between electrolyte and electrode [47]. The value of ESR
calculated for H-NiO and NiO NBs electrodes are 0.263 and 0.389 Q, respectively,
which suggests higher electrical conductivity of H-NiO over NiO NBs electrode.
These studies indicate that the H-NiO NBs electrode has low ion diffusion
resistance, which can be attributed to the incorporation of hydroxyl groups on the

surface of NiO NBs after hydroganetion.

5.5.3. Conclusion

In summary, large surface area electrodes made of 3D architecture of NiO and
H-NiO nano-blocks have been successfully fabricated by the controlled
electrodeposition followed by high temperature thermal treatment of the Ni thin
film grown on the Cu substrate. Both the electrodes have been demonstrated based
on their electrochemical performance as supercapacitor, where the H-NiO NBs
exhibit remarkably superior pseudocapacitive performance. It has been found that
the incorporation of hydroxyl groups on the surface/subsurface of NiO NBs through
hydrogenation improving the electrochemical activity of the H-NiO NBs electrode
as pseudocapacitor. In addition, H-NiO NBs serve as the ideal pathway for fast
ion/electron diffusion, whereas the conductive Ni and Cu layer at the underneath
work as the efficient current collector. The H-NiO NBs electrode exhibits high
specific capacitance (1272 F g1), energy density (52.13 Wh kg1), power density (19.44
kW kg') and excellent cycling stability (only 5.3% loss of its initial specific
capacitance after 3000 cycles at current density of 1.1 A g1). H-NiO NBs electrode
also exhibits excellent rate capability, where nearly 61% specific capacity retention
has been found when the current density increases from 1.11 to 111.11 Ag-l. Here, an
easy and low cost fabrication technique of the surface modified unique nano-
architecture has been demonstrated, which could remarkably improve the
electrochemical performance of this type of transition metal oxide based electrodes

for a new class of high-performance materials for pseudocapacitors.
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Chapter 6 Conclusion and Scope of
Future Work

In this chapter, the conclusion of whole thesis work and the
scope of future work has pointed out.



Chapter 6: Conclusion and Scope of Future Work

6.1. Conclusion

This thesis contains the details about the fabrication of anodic aluminum
oxide (AAO) templates by two-step anodization technique and transition metal
based ordered nanostructures (nanowires, nanotubes, core-shell heterostructures) by
the electrodeposition technique with the help of self-engineered anodic aluminum
oxide (AAO) template. Further, their structural, morphological, magnetic and
electrochemical properties have been studied in details.

We have been successfully fabricated the AAO templates through the
controlled electrochemical anodization of aluminium foil by using oxalic, phosphoric
and sulfuric acid electrolyte solution. We have standardized the pore size
distribution and inter-pore distance of AAO templates with anodizing voltage. The
morphology of the templates has been investigated by SEM. The crystallographic
analysis shows that the AAO templates are non-crystalline in nature. The in-depth
structural information of the templates has been obtained by the TEM study. It has
been found that all the AAO templates exhibit PL emission in the visible blue
wavelength region. Herein, the luminescence mechanism of the template
synthesized by using oxalic, phosphoric and sulfuric acid electrolyte for different
anodization time duration has been explained based on their structural
characteristics obtained by the XRD and TEM studies. The studies show that the
noncrystalline AAO templates contain a large proportion of structural defects. The in
depth PL investigation has shown that the singly ionized oxygen vacancy related
defect centers (F+ centers) take the major responsibility behind the light emission
characteristics of the AAO templates, whereas, the luminescent centers transformed
from acidic impurities have little contribution to the PL emission spectra. From
magnetic measurements it is observed that the AAO membrane has a week
diamagnetic property. Further, these AAO templates have been used as a host for
the fabrication of transition metal based ordered nanostructures (nanowires,
nanotubes, and core-shell heterostructures) by electrodeposition technique.

We have prepared the arrays of Ni nanowires by electrodeposition technique,
each nanowire with diameter~100nm, were irradiated with different doses of a-

particles. We have studied their structural, morphological and crystalline properties.
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Irradiation produces pinning centres within the nanowires and results in increase in
coercivity. Irradiation also reduces crystallinity of the nanowires and hence
magnetocrystalline anisotropy. As a result, magnetic easy axis changes from
perpendicular (in-plane) direction to the parallel (out-of-plane) direction with
respect to the axial direction of nanowires. We observed that alpha particle
irradiation is a useful tool to change the magnetic properties of the nanowires as per
need. We have also prepared permalloy (FexNisp) nanowires with an average
diameter of ~200 nm in the pores of the self-engineered anodized aluminium oxide
(AAO) templates by electrodeposition technique. By varying the length from 1.5 to
7.5 pm, got corresponding changes in aspect ratio from 7.5 to 37.5. Structural and
magnetic studies of these nanowires have been done in details. Temperature and
aspect ratio dependent in-plane and out-of-plane magnetic measurements of the
permalloy nanowires indicate the magnetic easy axis of the nanowires along their
axial direction, which is very desirable in magnetic recording device applications.
Similarly, we have prepared arrays of CosoNiso alloy nanotubes with the diameter of
~100 nm by electrodeposition technique. By varying the length, we got
corresponding changes in aspect ratio from 15 to 120. We have studied their
structural, morphological and crystalline properties. The magnetic studies suggest
that the magnetic easy axis direction of Cos0Niso alloy nanotubes changes from a
perpendicular direction to the axial direction of nanotubes with the increase in
aspect ratio from 15 to 120.

At last, we have also prepared some transition metal based core/shell hybrid
nanostructures (Ni/NiO core/shell nano-heterostructures) by controlled oxidation
of as-prepared transition metal based nanostructures (such as Ni nanowires). We
have studied their structural, morphological, crystalline properties in details.
Further, we have studied their electrochemical properties and found their
technological application in supercapacitor electrodes as active electrode material.
The highly porous nanolayer of NiO serves as the large platform for ion diffusion
whereas the conductive Ni core provides the highway for fast transport of electrons
to the current collector. The specific capacitance, cycle life, energy density and power

density demonstrating the superior performance of the Ni/NiO core/shell nano-
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heterostructures as supercapacitor electrode material. Further, electrical conductivity
of supercapacitor electrode material (NiO) improved by hydrogenation process and
introducing impurities via doping of one metal oxide material with other metal
oxide material. The resultant products (H-Ni/NiO, Fe-Ni/Fe>Os-NiO and Co-
Ni/Co0304-NiO core/shell nano-heterostructures) exhibit enhanced electrochemical

performance as a supercapacitor electrode materials.

6.2. Scope of future work

One can tightly control the structural parameter (diameter, density, and
aspect ratio of pores, and even internal pore structures) of the anodic aluminum
oxide (AAO) by appropriate selection of the anodizing conditions. These capabilities
may offer large degrees of freedom for the template based syntheses of low-
dimensional functional nanostructures, and also in the development of AAO-based
advanced devices, allowing simple and cost effective non-lithographic fabrication of
extended arrays of structures well-defined and identical nanostructures. These
porous AAO membranes can be used for the synthesis of various nanowires and
nanotubes, as masks for extended arrays of structurally well-defined surface nano-
patterns, and also as platform materials for magnetic storage devices, molecule
separations, drug delivery, photonic, and energy storage and conversion devices. All
of these applications could be achieved through deliberate control over the
dimensions of pores and the thickness of AAO membranes, and also through the
appropriate engineering of surface properties of porous AAO.

For the last two decades, researchers have invented several composite
materials for the advancement in the field of magnetic device applications. Among
them an attractive composition results from the combination of a ferromagnetic (FM)
and antiferromagnetic (AFM) materials coupled with the exchange interaction at the
interface between them. The exchange coupling at the FM/AFM interface may
induce unidirectional anisotropy in the FM below the Neel temperature of the AFM,
causing a shift in the hysteresis loop, a phenomenon known as exchange bias (EB).
The exchange bias phenomenon is of tremendous utility in magnetic recording. One

can do the detail study of the exchange bias effect in core/shell Ni/NiO and
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Co/CoO nano-hetrostructures because there is a possibility of exchange bias effect
on the interface of FM (Ni & Co) and AFM (NiO & CoO), which might help in
magnetic device applications. Magnetic nanotubes are also highly attractive due to
their structural attributes, such as the distinctive inner and outer surfaces, over
conventional nanowires and nanoparticles. Inner voids can be used for capturing,
and releasing various molecules and outer surfaces can be differentially
functionalized with environment-friendly probe molecules to a specific target. By
combining the attractive tubular structure with magnetic property, the magnetic
nanotube can be an ideal candidate for the multifunctional nano-materials toward
biomedical applications, such as targeting drug delivery with magnetic resonance
imaging capability. In addition, the effect of alpha particle irradiation on various
nanostructures can be further extend work, to investigate the change in the multi-
physical (magnetic, optical, electronic, etc.) properties of nanostructures after
irradiation process.

Transition metal oxides (such as NiO, Co3O0s, MnO>, Fe2Os, TiO2, V20s etc.)
based nano materials have broad application in energy storage and conversion
application such as supercapacitors. The capacitive performance of these
supercapacitors strongly depends on the type and the nano-morphology of the
electrode materials, researchers have been very enthusiastic in developing some
new, unique nanostructures to maximize their energy storing capacity per unit
volume as much as possible and it remains a challenge for them to optimize those
properties. One can further optimize the capacitive performance of these transition
metal oxide based nanostructures by incorporating them with highly conductive and
high surface area materials such as graphene, Ni foams, etc. Moreover, the study of
materials for multipurpose use has always been interesting and significant research
attempt have been made to develop such materials. So, the search for the materials
that can be used in the energy storage devices will always remain to be an area of
active research in the future as well to cope with the ever growing need of these

materials in our everyday life.
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faster charging time and longer battery life in electric vehicles and portable electronics
From the Journal: Journal of Applied Physics

By Zhengzheng Zhang

phone in just a few seconds or fueling up an electric car in but a few minutes, which are both part of the promising future that
supercapacitors could offer.

to develop green, lightweight, low-cost supercapacitors with high performance.

on a hybrid nanostructure made from a hybrid nickel oxide-iron oxide exterior shell and a conductive iron-nickel core.

Cited by The Telegraph

Researchers have developed a novel electrode to make supercapacitors with superior performance, a development that could mean

Washington, D.C., March 10, 2015 - As a novel energy storage device, supercapacitors have attracted substantial attention in recent years
due to their ultra-high charge and discharge rate, excellent stability, long cycle life and very high power density. Imagine charging your cell

Offsetting this promise is the fact that, while supercapacitors have the potential to charge faster and last longer than conventional batteries,
they also need to be much larger in size and mass in order to hold the same electric energy as batteries. Thus, many scientists are working

Now two researchers from the S.N. Bose National Centre for Basic Sciences, India, have developed a novel supercapacitor electrode based

In a paper published this week in the Journal of Applied Physics, from AIP Publishing, the researchers report the fabrication technique of
the hybrid nanostructure electrode. They also demonstrate its superior performance compared to existing, non-hybrid supercapacitor

electrodes. Since nickel oxide and iron oxide are environmental friendly and cheap materials that are widely available in nature, the novel
electrode promises green and low-cost supercapacitors in future.
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High-performance, lightweight supercapacitors

Researchers have fabricated novel electrodes by using core-shell hybrid nanostructures made from nickel
dibe oxides of both metals’_These electrodes can be used to produce supercaj
store large electries oo £ s ctronic fuses, backup

power systems and camera flashes

To produce supercapacitors with high power densities, the researchers synthesized porous, core-shell
hybeid nanostructures consisting of nickel, iron and the oades of both metals. The hybid nanostructures
consist of tre-thick shells that coat the surfaces of core
nanowires, which are made of nickel and iron and have diameters of around 100 nanometres

The researchers made the supercapacitor electrode from these core-shell hybrid nanostructures and found
them stable on a long-term. The supercapacitor retained nearly 95% of its initial capacitance after 3,000
cycles of charging and discharging. “In addition, it showed low resistance, indicating its high electrical
conductivity and a rapid ion-charge transport during electrochemical reactions at the contact of electrode
and electrolyte,” says co-author Ashutosh Singh
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Nanowire-based electrode could lead to
better supercapacitors

Mar 16, 2015 33 comments

Super elecirode: iron and nickel nanowires perform well

A new type of electrode thst could lesd to the development of more
efficent and lighter supercapacitors has been unveiled by
researchers in India. The electrode has a new hybrid structure !
made from iron and nickel nanowlres, and could be Lsed 1o boost
the capaditance, cumrent density and charging/discharging rates of
big capacitors used to store large smounts of electrical anergy The
electrodes are inexpensive and environmentally friendly to produce.
33y the researchars. and could someday be used to make
SUPEICIDACIION 10 POwer 3 range of devices, rom mablle phones to
electric cars

Supsrcapaciton sore energy by separating positive and negative
charge through electrochemical reactions that involve the exchange
of electrons and ions st the intefaces betwaen two electrodes snd
an electrolyte. These devices combine the large-scale energy-
storage properties of Datteries with the rapid charging times and
long lifespans of conventional capacitors. In principle,
supercapaciton could be used 1o creste electric cars that could be
fully charged in minutes, and mobile phones that would charge in
seconds. Today, however, @ supercapacitor is much larger and
Neavier than & conventional Dattery that holds the same amount of
enengy

Porous shell
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