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ABSTRACT

The drive to have biological compatibility, light weight and low cost materials and hard
coating which can withstand hard environments such as those in space and nuclear reactors
has met with a lot of challenges such as radiation and heat. These challenges pose a threat to
the function of expensive components used in space and nuclear reactors. Therefore, Carbon-
Carbon composites been an alternative choice for fusion reactor plasma facing components
because of their low atomic number, superior thermal shock resistance, higher melting
temperature (graphite sublimes at ~3600K), high thermal conductivity and low neutron
activation. So, studying how irradiation changes the structure and properties of solid targets is
necessary in order to understand the irradiation-induced degradation of components in the
nuclear reactors. Although carbon structures have been studied quite extensively, fullerene
Cgo nanostructures have not received much attention. Furthermore, carbon nanostructures
experience a self-healing process when subjected to intense conditions, this created a scope to
explore and investigate the effects of such conditions on the nanostructures of fullerene with
an additional aim of discovering new properties. Indeed this study has discovered that Cg
nanostructures cannot withstand reactor conditions but new vital properties such as
magnetism were discovered forming a long term project in the creation of biocompatible light

weight room temperature magnets to be applied in electronics.
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CHAPTER 1

BACKGROUND AND SCOPE OF INVESTIGATION

1.1. Introduction

Nanotechnology is a multi-disciplinary field (i.e. design, characterization, production and
application of structures) of growing global importance, both as the fundamental and applied
research field. The driving force behind research in nano-sized materials is because of their
ability to tailor their physical and chemical properties, in addition to their multi-
functionalities. The growing societal demand for high speed and high density information
storage systems, and the need for green energy production technologies have increased the

activity in this research area.

Nano-sized materials have unique properties which are different from their corresponding
bulk form and even enhanced in some cases. These size dependent properties are due mainly
to shape anisotropy, quantum confinement as well as surface effects [1-6]. These unique
properties of the nano-systems have attracted much interest in the research community due to

their various possible applications.

1.2. Motivation

The continuous rising need for energy worldwide has put a great strain on the power grid. In
South Africa alone, electricity consumption has been growing rapidly since early 1990’s, and
large amount of electricity is produced from coal and thereby increasing air pollution which
attribute to the problem of global warming. To counteract this problem, there are a number of
alternatives to be considered, ranging from renewable energy, bio-fuel and nuclear reactors.
Although the alternatives are seen as future solutions to the electricity crisis, there are
problems associated with them i.e. renewable energy like solar panels are easily affected by

weather conditions, bio-fuel can lead to the shortage of food since it uses crops that are meant



for human consumption. Nuclear power generation has been earmarked as the attractive
alternative for power supply in Republic of South Africa because of its high power output

ability to produce more electricity than bio-fuel and renewable energy.

Although nuclear reactors have the ability to produce more electricity, there are some
shortcomings with the robustness of the materials used in its components, and this could
result in decommissioning of the plant after a long run of operation. Therefore, Carbon-
Carbon composites can be an alternative choice for fusion reactor plasma facing components
because of their low atomic number, superior thermal shock resistance, higher melting
temperature (graphite sublimes at ~3600K), high thermal conductivity and low neutron

activation [7].

The irradiation studies conducted decades ago tell us that bombardment of solids with
energetic particles creates defects and thus deteriorates the materials [8]. Studying how
irradiation changes the structure and properties of solid targets is necessary in order to

understand the irradiation-induced degradation of components in the nuclear reactors.

Fullerene nanostructures are one of carbon based structures which have not been well
investigated under the same conditions experienced in the reactor. Furthermore, carbon
nanostructure experience self-healing process when subjected to intense conditions [9, 10],
this creates a scope to explore and investigate the effects of such conditions on the
nanostructures of fullerene. The motivation of this study is the fact that new discoveries and
applications of fullerene nanostructures are possible which can then contribute to the research

worldwide.

1.3. Problem identification

In a nuclear reactor, radiation is a major factor when it comes to the components facing the
plasma. Therefore, it is imperative to ensure that the nuclear reactor components can
withstand such harsh conditions during its operation, but this is not the case at the present

moment [11].



Radiation damages that occur on the reactor components can result in their physical
properties being altered [12]. Also these changes coupled with dose and temperature
gradients, generally leads to significant component stresses and distortions which can lead to
coolant flow bypass, neutron streaming and control rod channel distortion [13,14]. These
challenges have persisted in many nuclear reactors and a lot of research is being conducted in

trying to solve these problems.

The use of multi-layered nanostructures of carbon is one of the possible solutions to curb
component failure due to nuclear radiation, but a lot of research still needs to be done in order

to accumulate sufficient data.

1.4. Research aims and objectives

a) Synthesis of Cgy nanostructures.
b) Investigation of protons, gamma rays, and neutrons irradiation on Cey nanostructures

c) Investigating the annealing effects and thermal stability of Cgy nanostructures.

1.5. Scope of the thesis

In chapter one, the properties of Cgy as an individual molecule and in crystal form are

discussed, followed by different methods of synthesizing Cg nanorods and nanostructures.

In chapter 2, the characterization techniques used in this project are fully described, and then
chapter 3 is about the synthesis of Cgy nanorods using liquid-liquid interfacial precipitate

method (LLIP).

Chapters 4 to 7 constitute major part of this thesis; these chapters are arranged in a sequence
of their contribution in this document and the amount of work it carries. Chapter 4 contains in
addition to physical effect of protons on Cgy nanorods a study of the magnetic properties of

the irradiated Ceo results which forms the basis of a long term project in magnetism.

n chapter 5, the effect of gamma rays irradiation on Cgy nanorods are presented and

discussed, and in chapter 6 the effect of fast neutron irradiation of Cg nanorods investigated.



Chapter 7 deals with the effect of annealing temperature on Cgy nanorods with the emphases
on transformation of Cgy nanorods versus temperature. All the results are concluded and the

future work proposition is also highlighted in Chapter 8.

1.6. Background and overview

1.6.1. Carbon (C)

Carbon is element number six on the periodic table with six protons and six electrons in its

stable form as shown in figure 1.1.

6 protons and
- '@_' 6 neutrons

Carbon atom

Figure 1. 1: Rutherford Atomic model of carbon.

The name carbon itself originates from Latin word “carbo” which means charcoal. It has one
of the highest strength fibers and good lubricating properties when it is in graphite form.
When carbon atoms are bonded in a diamond structure, they are crystals with the highest
hardness. It has also been shown that carbon can be non-crystalline (vitreous carbon) which
can act as absorber and helium gas barriers [15]. A great deal of the physical and chemical
properties of carbon are yet to be fully understood and new allotropes have been discovered
such as the fullerene molecules [16], carbon nano-tubes (CNTs) and the hexagonal polytypes

of diamond which are all shown in figure 1.2 [17].



In this study will be focusing on Fullerene Cgy because of its interesting properties and

potential application in various spheres of technology.

Figure 1. 2: Models of eight allotropes of carbon: (a) diamond, (b) graphite, (c) lonsdaleite, (d)
Ceo, (€) Csap, (f) C70, (g) amorphous carbon and (h) a carbon nanotube [17].



1.6.2. Carbon allotrope to be investigated

1.6.2.1. Fullerenes

Fullerenes are allotropes of carbon which have both spherical and cylindrical forms, the
spherical fullerenes are known as buckyballs, and cylindrical ones as buckytubes. These
molecules are composed entirely of carbon and are members of carbon nanotubes structural
family which are called buckytubes. The first fullerene to be discovered was Cgp, and the
existence of Cgy was predicted by Eiji Osawa [18, 19], in his investigations he noticed that the
structure of a corannulene molecule was a subset of a soccer-ball shape, he then hypothesized

that a full ball shape carbon based molecule could exist.

Harold Kroto et al discovered Cgp while evaporating graphite target in a helium ambience
using laser ablation technique [20]. Kroto, Curl, and Smalley were awarded the 1996 Nobel
Prize in Chemistry for their roles in the discovery of this molecule. In 1991, Donald Huffman
and Wolfgang Kritschmer from Max Planck Institute-Heidelberg and Donald Huffman from
University of Arizona-Tucson came out with a method of producing fullerenes in large
quantities [21], but fullerenes purification remains a challenge to chemists and to a large

extent determines fullerene prices [22-24].

1.6.2.2. Properties of Cg

Fullerene Cg is a molecule that consists of 60 carbon atoms, bonded together by both single
and double bonds, forming 12 pentagonal rings and 20 hexagonal rings joined together to
form a soccer ball shaped molecule [25]. The carbon atoms in fullerene Cgy are sp2
hybridized, and each atom is bonded to three other carbon atoms. The Cg molecule has two
bond lengths, whereby the 6:6 bonds ring can be considered to be “double bonds” and are

shorter than the 5:6 bonds.

Cep is not “superaromatic” as it tends to avoid double bonds in the pentagonal rings, this
results in poor electron delocalization [26] as shown in fig.1.3. As a result Cgy behaves like an
electron deficient alkenes and reacts readily with electron rich species [27]. These two types
of bonds indicate that the m—electrons are not delocalized evenly over all bonds.
Rationalizing that the shorter bond lengths belongs to a [6,6] ring junction (C=C bond

between two hexagons) and larger ones to a [5,6] ring junction (C-C bond between one



pentagon and one hexagon) due to the greater forces of attraction between atoms sharing
bonds [28-32], as one should expect that double bonds should be stronger and shorter than the
single bonds. The bonding requirements is that all valence electrons be satisfied in this

molecule, it is to be assumed that Cg has filled molecular orbitals [33].

The Cgp molecule is highly symmetric with the largest number of symmetry operations.
Fullerene Cgy molecules exhibit an insulating behaviour [34] and has an external diameter of
about 0.711nm with a density of 1.65 g.cm™ and a lattice constant a~ 1.415nm [35] as shown
in table 1.1 and figure 1.2. Fullerenes are electrophilic because they attract electrons [36].
Properties of this molecule can also be altered by endohedral doping process, exohedral
process and the resulting structure is often referred to as fullerites. Doping the fullerene leads
to a charge transfer between the fullerene and the dopant, giving rise to additional transport

and new optical properties [37-40].

0.140 nm [6,6]-bond

0.146 nm [5,6]-bond

Figure 1. 3: Illustration of Cey molecule showing the arrangement of the atomic bonds.



1.6.2.3. Polymerization of Fullerenes

Polymerization is a chemical reaction in which monomers are linked together to form large
molecules whose molecular weight is the multiples of the monomers. In the same way, the
polymerization of fullerene molecules is a chemical reaction in which fullerene molecules are
linked together via chemical reaction, to form large fullerene molecules whose molecular

weight is a multiple of that of the monomer [41, 42].

It is known that at room temperature the fullerene molecules can undergo crystallization to
form various crystal structures and these structures can transform to other structures via phase
transition phenomena due to external stimuli such as pressure and temperature [43]. This
characteristic has been observed in Cgg, making it to polymerize and self-assemble to form
rods with different diameter from few nanometers up to a micrometer regime and lengths of

up to centimetres [44].

The polymerization in Cgp molecules normally occurs at unsaturated sites, i.e. at the [6:6]
double bonds but to a lesser extend at the single bonds site [5:6] as shown in figure 1.4.
During polymerization process different shapes of these nanostructures are formed depending
on different factors e.g. pressure, volume, time dynamics, etc. as shown in figure 1.5 and 1.6

[45-48].

[5,6]-open [5,6]-closed

Figure 1. 4: Different types of active site for polymerization [45]



Figure 1. 5: (a) The structure of the 2D polymeric planes, (b) the thombohedral 2D polymer

structure

(a)

(b)

Figure 1. 6: (a) Structure of the linear polymer chains observed at room temperature, (b) the

azafullerene dimer [46-48].
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Figure 1. 7: Pressure-Temperature (P-T) phase diagram of Cg [49].

1.6.2.3.1. Pressure induced Cg polymerization

Ceo polymerization is the first form of polymerization that was observed [49-54], which

produced an intricate and history dependent phase diagram in P - T space as shown in figure
1.7.

According to P-T phase diagram, at moderate pressures between 3-8 GPa and temperatures
above 400 K, cyclo-addition process occurs whereby Cgp molecules within the cubic van der
Waals crystal begin to bond. During this process the hexagon-hexagon double bonds on
adjacent molecules break and form sp3 -type bridging bonds which result to the formation of
linear chains within orthorhombic polymeric-like structures. At higher temperatures and
pressure above 3 GPa, a rhombohedral structure is formed while tetragonal structure is only
formed below 3 GPa.

10



At temperature around 1000 K the molecules collapse, producing disordered materials with
hardness in the order of 10-100 times that of normal graphite. Above 9 GPa, fcc- and bece-like
structures persist but at around 1100K breakdown of the molecules occurs. The resultant
disordered materials are reported to have hardness that can scratch the (111) face of diamond
making them amongst the hardest known materials [54-58]. Applying pressure result to the
transformation of fcc structure of Cg into orthorhombic consisting of a polymerized linear

chain of Cgy molecules.

Rao et al. observed and reported that under moderate external pressure, Cg films are
transformed into a toluene insoluble product which was also confirmed through infrared and
Raman studies. Furthermore laser based desorption mass spectrometry indicated the presence
of oligomers as large as (Ceo)20. The conclusion was that such experimental observations

indicate that the polymerization reaction is associated with the (2+2) cycloaddition reaction.

This reaction involves the photoexcitation of the triplets states of Cg wherein the double
bonds of the neighbouring molecules react to form a polymerized chain, linked through a 4-
membered ring [59-64]. The polymerization of Cgy was also observed when pristine solid Cg
was subjected to high pressure of about ~5 GPa and high temperature around ~800 K [65]. A
comparison with the Raman spectrum (figurel.9 and 1.10) of starting Cgy shows that at high
temperature and pressure (HPHT) treatment, all the discernable modes soften. In particular
the Ag Raman mode at 1469 cm™ was seen to shift to 1460 cm™ and develop a shoulder. It
was observed that the treatment of the fullerene in the pressure range below ~8 GPa and at
temperature of about ~750 K results in the formation of linear Cgo chains along the (110)

(figure 1.9 and 1.10.) direction of the original fcc lattice leading to an orthorhombic phase.
Increasing temperature provides an additional intermolecular bonding in either (111) or (100)

planes and the synthesis of a thombohedral or tetragonal phase (figurel.9.). Above ~8 GPa

very hard, 3D polymeric structures are formed (figure 1.8, figure 1.9 and table 1.4).

11
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Figure 1. 8: Polymeric phases of Cey[59]
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Table 1.4: The position of the Ag (2) mode in the RT Raman spectrum for various phases.

No. of intermolecular
Phase (double) bonds per Ag (2) mode position (cm'l)
molecule

Pristine 0 1469
Dimmers 1 1464
Orthorhombic 2 1459
Tetragonal 4 1448
Rhombohedral 6 1407
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1.6.2.3.2. Photo-induced C¢y polymerization

This is the second polymerization process that uses photons of a specific wavelength which
depends on the time of irradiation [66]. This process was clearly observed using X-ray
photoelectron spectroscopy which showed that when photons of known wavelength are
applied to the system during polymerization process of Cgo, the average number of bonds
connecting adjacent molecules increases with irradiation time and saturates just below the

value of six.

Longer irradiation times increase the amount of the photo transformed phase and decrease
that of the pristine Cg. It was found that the Cg infrared peak at 1428 cm’! diminishes while
there is an increase in the photopolymer peak at 1424cm™ when irradiation time is increased
and it was also confirmed using XRD analysis. This change corresponds to the relative
weight of the two phases and this was reported when Cgg fine powder was irradiated with 1.5

kW Xe lamp having power density of 0.2 W.cm™to 0.4 W.cm™.

1.6.2.3.3. The Liquid-Liquid Interfacial polymerization

This is the third way of forming nanorods of Cey. This method was initially pioneered by K.
Miyazawa from the National Institute of Materials Sciences at Tsukuba-Japan [68], using two
organic solvents [toluene (C¢HsCHj3) and isopropoxide alcohol (CH;CHOHCH3)] to create an
interface where the polymerization process of Cgp molecules occurs. In this process, the
pristine Cgp powder is dissolved into CcHsCH3 solvent and the mixture is then put into well
cleaned container and then CH;CHOHCH; is gently poured onto the mixture to prevent
interfacial diffusion. The two liquids Cey/C¢HsCH3 and CH;CHOHCHj; create an interface
with CH;CHOHCH; on top. The polymerization of Cgy will then occur at the interface and
the nanorods will grow into the Cgy/CsCH¢CH; mixture [68] governed by time dynamics

resulting in different structures fig.1.10.
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(a)

(b)

(c)

Figure 1. 10: Representative of different polymer structures: (a) Orthorhombic 1D (linear),

(b) Tetragonal 2D, and (c) Rhombohedral 2D polymerized Cgy phases.
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CHAPTER 2

CHARACTERIZATION TECHNIQUES

Introduction

This chapter briefly describes important characterization techniques used in the study. These
techniques are stereo microscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy (AFM) to study the morphology,
Raman and Fourier Transform Infra-Red (FTIR) spectroscopy for molecular vibration and
phonon study, X-ray diffraction (XRD) for the determination of the microstructure, and

proton induced x-ray emission (PIXE).

2.1.  Stereo microscope

It is a type of microscope which uses visible light and a system of lenses to study small
samples. It is designed for low magnification of different types of samples in different states.
The whole concept is based on the illumination of the sample with light and observing the
light reflected into the objective lenses which forms an image of the sample. As the light
travels into the lens, refraction occurs when it passes through a medium with a different
refractive index. It then produces three-dimensional visualization by using two separate
optical paths with two objective lenses and two eyepieces to provide slightly different
viewing angles to the eyes. It also overlaps microphotography for recording and examining
the topography which can be displayed on a computer screen for detail analysis as shown in

figure 2.1.
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Figure 2. 1: Schematic diagram of an Optical microscope [1].

2.2.  Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) is a nondestructive technique that uses beam of
electrons to produce an image. Electrons are thermonically emitted by cathode tungsten
filament within an electron gun at the top of the microscope, following the process described
in reference [2]. These electrons are accelerated down a vertical path in the microscope which
is under vacuum to interact with the sample as shown in figure 2.2. The beam is directed and

controlled by a series of magnetic lenses, which then focuses the beam down onto the sample.
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Figure 2. 2: Schematic diagram of Scanning Electron Microscope (SEM) [2].

The electrons then interact with the sample. During interaction electrons are ejected from the
sample and also the x-rays are produced in the process as shown in figure 2.3. The electrons

and x-rays are then collected by their respective detectors and converted into a signal that is

finally sent into a computer screen to produce an image.
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Figure 2. 3: The interaction of an electron beam with the sample [2].

2.3. Atomic force microscopy (AFM)

Atomic force microscopy is one of the non-destructive techniques used for imaging,
measuring dimensions, and manipulating matter at the nanoscale. It consists of a cantilever
with a sharp tip with a radius of curvature of the order of nanometers (10”m) at its end. This

is used to scan the specimen surface as shown in figure 2.4.
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Figure 2. 4: Electron micrograph of AFM cantilever image with a tip [3].

When the tip is brought into proximity of a sample surface, Coulombic forces between the tip
and the sample lead to a deflection of the cantilever. Typically, the deflection is measured
using a laser spot reflected from the top surface of the cantilever into an array of photodiodes

as shown in figure 2.5.
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Figure 2. 5: Diagram of atomic force microscope (AFM) [3]

During the measurement, the sample is placed on the electromechanical stage. In order to
obtain the image of topology of the sample, a tip is tapped across a sample surface and the
change in the vertical position (denoted the "z" axis) which reflects the topography of the
surface is fed back to a photo-detector. The collection of the height data for a succession of
lines is constructed to form a three dimensional map of the surface features. Details about this

technique are found in reference [3-5].
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2.4. Transmission Electron Microscope (TEM)

This is a technique which is used to examine the specimen structure, composition or

properties in submicroscopic details. This technique is significantly involved in numerous

fields such as biology, chemistry and materials science. It works like a projector except that it

shines a beam of electrons through the specimen and the beam is transmitted through the

specimen onto a phosphor screen to be displayed as an image. It usually consists of four

sections; electron source, electromagnetic lens system, sample holder, and imaging system as

shown in figure 2.6
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Figure 2. 6: Diagram of Transmission Electron Microscope (TEM) [6].
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The electron source consists of a cathode which is tungsten filament that emits electrons
when heated and the electrons are then confined by a negative cap into a focused beam. The
positive anode then accelerates electrons towards the specimen through a small hole of the
anode. The electron beam from the source is focused using electromagnetic lens and metal
apertures in order to let electrons with small energy range to pass through so that they can
have well defined beam. The sample holder is a platform equipped with a mechanical arm for
holding the specimen and controlling its position. The imaging system consists of another
electromagnetic lens system and a screen. This electromagnetic lens system contains two lens
systems, one for refocusing the electrons after they pass through the specimen, and the other
for enlarging the image and projecting it onto the screen. The screen has a phosphorescent

plate which glows when being hit by electrons. Image forms in a way similar to photography

[6].

2.5. Raman spectroscopy

It is a non-destructive technique requiring no sample preparation. It is used to study
vibrational, rotational and translational modes in a system. It is performed by illuminating a
sample with a monochromatic light with a specific wavelength. This monochromatic light is
scattered by the sample atoms in three processes, Rayleigh scattering, Stokes Raman

scattering and anti-Stokes Raman scattering as shown in the energy diagram in figure 2.7.

Rayleigh scattering is the process whereby the energy of the scattered light is equal to that of
incident monochromatic light, while in Stokes Raman scattering process the energy of the
incident light is greater than that of the final scattered light, thereby causing lower frequency
shift and the anti-Stokes Raman scattering occurs when energy of the incident light is less

than that of the final scattered light thereby causing a higher frequency shift.
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Figure 2. 7: Energy level diagram showing the states involved in Raman signal.

Rayleigh scattered wavelengths are filtered out while the rest are collected and dispersed onto
a charge-coupled device (CCD) detector as shown figure 2.8 and the data is plotted as Raman
shift versus intensity. The intensity represents the amount of deformation and a change of
structure while Raman shift determines the vibrational and rotational states of the sample.

Raman shift is expressed in wavenumbers (cm™) which is given by equation 2.1.

A = b e i .
w N Equation 2. 1

where Aw is the Raman shift expressed in wavenumber, A is the excitation wavelength, and
A1 is the Raman spectrum wavelength. Most commonly, the units chosen for expressing
wavenumber in Raman spectra is inverse centimeters (cm_l). Check reference [7-11] for full

description of this technique.
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Figure 2. 8: Schematic diagram of a Raman spectrometer [7].

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared spectroscopy (FTIR) is a complementary technique to Raman
spectroscopy. It is a useful technique for the qualitative study of a wide range of substances
such as solids, liquids, and gases. It uses the infrared region of the electromagnetic spectrum

and it is divided into three regions; the near-, mid- and far infrared.

The near infrared has wavelength range of approximately 14000-4000 cm™ and it is used to
study harmonic vibrations of molecules. The mid-infrared has wavelength range of
approximately 4000 - 400 cm™ and it is used to study the fundamental vibrational and
rotational modes of molecules. The far infrared has wavelength range of approximately 400-

10 cm™ and is used for rotational spectroscopy. The mid-infrared was used in this study to
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study vibrational mode of bonds by passing an infrared light through the sample as shown in

figure 2.9.

Beamsplitier

—_

v Mirrar
Laser
IR Source  Mirror =
=8
o 7 = Ty E
i i’ =
2 =
=
Mirror Sample Y
=
Mirror
s =
Sample Compariment

Figure 2. 9: Schematic diagram of FTIR machine [7].
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When this infrared light interacts with the matter, chemical bonds will react to the infrared
light either by coupling with the photons of the same wavelength as that of the vibrating
atoms, thereby amplifying those modes. When the frequency of the IR is the same as the

vibrational frequency of a bond, absorption occurs.

Transmitted light reveals the amount of energy absorbed that is achieved by measuring the
wavelength using Fourier transform instrument which generate transmittance or absorbance
spectrum. The information about the molecular structure of the sample is obtained from the
analysis of the position, shape and intensity of the peaks in the spectrum. The spectrum is
analyzed using common absorption bands as shown in figure 2.10. The details are found in

reference [12-14]
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Figure 2. 10: FTIR fingerprint for spectrum analysis [12-14].

2.7. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a versatile, non-destructive analytical technique used for
microstructural determination of materials by probing a sample with a beam of x-rays. During
this process, x-rays are diffracted into a direction of angle 20 resulting in destructive and
constructive interference of the diffracted beam as shown in figure 2.11. Since destructive

interference beam cancel each other out, only constructive interference beam is collected by a
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detector in accordance to Bragg’s law. The intensity of the collected beam from the detector

is plotted against the angle of 20. The resulted spectrum is used to determine the mean

positions of the atoms in the crystal. For maximum collection of data the stage is rotated as

shown in figure.2.12.
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Figure 2. 11: Schematic diagram showing typical arrangement of atoms within a crystal and

diffracted beam.
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Figure 2. 12: X-ray diffraction setup in [1-2[] geometry [15].

The distance between the planes of atoms is obtained from Bragg’s Law as shown in equation

22

n>=2d sinG.......... Equation 2. 2

The direction of these planes is obtained by comparing diffraction data against a database
maintained by the International Centre for Diffraction Data. These are then used to calculate
the lattice parameter by using equation associated with the structure obtained i.e. for the case

of a cubic lattice. A lattice constant can be calculated using equation 2.3.
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Detailed processes of this technique can be checked in reference [15-18]

2.8. Proton Induced X-ray Emission (PIXE)

PIXE is a powerful and relatively simple analytical technique that can be used to identify and
quantify trace elements ranging from Aluminium (Al) to Uranium (U). It uses protons to
probe samples. Protons of 1-4 MeV are most often used. X-ray detection is usually done by
energy dispersive semiconductor detectors such as Si(Li) or High Purity Germanium

detectors.

Basic principle of PIXE involves charged particle moving through the material. As a charged
particle moves through a material, it loses energy primarily by exciting electrons in the
atoms. Electrons in the inner shells of the atom (predominantly the K and L shells) are given
enough energy to cause them to be ejected, resulting in an unstable electron atomic
configuration. Electrons from higher shells in the atom then 'drop down' to fill these
vacancies, and in so doing, give off excess energy in the form of X-rays. The energies of
these X-rays are characteristics of the element and therefore can be used to identify elemental

composition.

On the other hand, by measuring intensities of characteristic X-ray lines one can determine
concentrations of almost all elements in the sample. Furthermore, X-ray production yields are
high and continuum background in PIXE is low. Therefore the detection limits are about two
orders of magnitude better than with electron beams. PIXE spectra are usually collected in
energy-dispersive mode and all elements with atomic numbers above 10 (Na and above) can
in principle be detected at once. The characteristic X-rays of lighter elements are absorbed in
the windows of routinely used Si(Li) or HPGe detectors. Typically reported sensitivities are
10-20 ppm for Na to Cl and 1-10 ppm for Ca and heavier elements. No information related to
chemical identity, coordination chemistry or oxidation state of a particular element could be

directly obtained [19].
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CHAPTER 3

MATERIALS AND EXPERIMENTS

3.1. Synthesis of Cg nanorods

Ceo nanorods were grown on Si (111) substrate by using a molecular recognition or self-
assembly based method known as liquid-liquid interfacial polymerization method [1]. In this
synthesis, 80 mg of Cg (99% purity Sigma Aldrich) powder (shown in figure 3.1) was

dissolved in a 1ml volume of toluene (C¢HsCH3) to obtain a concentration of 0.1 M.

Figure 3. 1: C¢ (99.9% purity Sigma Aldrich) powder in a bottle.
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The dissolution was performed at ~25 °C under normal light. 1 ml of the initial Cso/CsHsCH3
solution (as shown in figure 3.2) was poured into five different glass containers, and then 1
ml of CH;CHOHCHj3; (IPA) was added gently in the containers with Cg/CsHsCH3 solution to
create a liquid-liquid interface with CH3CHOHCH; forming the upper phase as shown in
figure 3.3.

Cgo/toluene solution

Figure 3. 2: The dissolution of Cgy (99% purity Sigma Aldrich) powder in toluene performed
at ~25°C under normal light.
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Figure 3.3: A Miyazawa liquid-liquid interfacial precipitation of Cg fullerene nanorods
immediately after layering isopropanol (IPA) atop freshly prepared Cg fullerene-toluene solution

[1,2].

A standard cleaned Si (111) substrate of 10 x 10 mm® size was immersed in all five
containers in order to grow the nanorods of Cg on it. All containers were capped fully with
aluminium foil to avoid any photo-induced effect and kept at ~25 °C until the precipitates of
rods-like crystals of Cgy formed. Following the growth phase as shown in figure 3.4, the
coated Si (111) substrates with nanorods were taken out for preliminary characterization

before the irradiation process.
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Figure 3. 4: growth phase of Cg nanorods at room temperature show (a) on incomplete

process, (b) almost complete process, and complete process.
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3.2. Irradiation of nanorods on Si (111) substrate

3.1.1. Proton irradiation

Proton irradiation experiment was performed at iThemba LABS facility at the Materials
Research Department (MRD). A 2 MeV proton beam produced by the van der Graff
accelerator which has five beam lines (ABCDE) as in figure 3.5. The beam line which was

used in this project was B-line indicated by red dots.

Van De Graaff accelerator

= Beam source
LLL

Safari

Solid
} state

Microp
robe

Image slit

for energy

: Micro-
selection Quadrupole PIXE

Neutron

Figure 3.5: Schematic diagram of the van der Graff accelerator LABS with dotted line

showing beam line used for proton irradiation.
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The beam was then channelled vertically downwards and passed through a 90° bending
magnet to be bent it horizontally. After passing the bending magnet the proton beam entered
a beam line consisting of a series of components such as steering coils, slits and quadruples to
be focused to a diameter of 2 mm. The beam line was kept under high vacuum of about 10°
mbar to prevent collision of protons with gas particles within the beam line.

The beam was allowed to travel the distance of about 7 m before reaching the chamber. This
is normally done to allow enough space and time for tuning the beam into a required size

which is 2 mm in this case. The chamber as shown in figure 3.6 was kept at vacuum pressure

of about 10°mbar to prevent scattering of beam inside the chamber.

Figure 3.6: Irradiation chamber (a) outside the chamber and (b) inside part of the chamber

with dotted line showing the direction of the beam.

No detectors were used in this experiment due to the fact that the aim of the project was to
irradiate only. Five samples were mounted on the aluminium ladder shown in figure 3.7

which is used to hold samples.
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Figure 3.7: The ladder used to mount samples with dots showing the position of the beam in

relation to the sample being irradiated.

The orientation of all samples were in such a way that the beam hits directly perpendicular to

the sample as shown in figure 3.8.

Cgo nanorods/Si

2MeV Proton beam

Figure 3.8: Schematic diagram of the sample with the beam hitting the it directly

perpendicular.

The movement of the ladder to locate the sample to be irradiated was achieved by means of
goniometry automatic system. This system allows the changing of samples without breaking
the vacuum. For the whole duration of th experiment, the beam current was maintained at
about ~50 nA and beam energy kept at 2 MeV. In order to induce as much damage as

possible, the charge was varied in an increasing order by varying time as shown in table 3.1.
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Table 3. 1: Various doses used for proton irradiation of individual samples

Sample no. Fluence (x1016 ions/cm'l)
1 1.79
2 3.58
3 5.37
4 7.16
5 8.96

3.1.2. Gamma irradiation

Gamma irradiation experiments were carried out at Centre de Recherche Nucléaire de
Draria (CRND), BP.43 in Algeria. The source of gamma rays was synthetic radioactive
isotope of cobalt (cobalt 60 (®*1,Co)). This source has half-life of 27 years. It is not found in

nature due to its half-life. The only way to produce it is through neutron activation process of

59

[+
the isotope 27, 2

In order to produce gamma rays, nickel nucleus must be activated. The activated nickel

nucleus emits two gamma rays with energies of 1.17 and 1.33 MeV, hence the overall nuclear

equation of the reaction is shown in figure 3.9.
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Figure 3.9: Schematic diagram showing the production of gamma rays from decay process of
cobalt-60.

During gamma irradiation of Cgy nanorods, seven samples were exposed to the cobalt 60

source during the activation process as shown in figure 3.10.

Cgo nanorods/Si

Gamma rays

Figure 3. 10: Schematic diagram of gamma rays of energy 1.17 and 1.33 MeV interacting

with the sample of Cgy nanorods on Si substrate.
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The sample was positioned in such a way that it received maximum exposure of gamma rays
with 1.33 MeV and 1.77 MeV. The Source had an activity of 14 kCurie. In order to achieve
maximum damage, the dose was increased by increasing time of exposure as shown in table
3.2. The dose rate was 48.13 Gy/mn or 2888 Gy/h. This dose rate was used to calculate dose
(kGy).

Table 3. 2: Various doses used for gamma irradiation of individual samples

Sample no. Dose (KGy)
1 50
2 100
3 200
4 400
5 600
6 800
7 1000

3.1.3. Fast neutron irradiation

Fast neutron irradiation experiment was carried out at Centre de Recherche Nucléaire de
Draria (CRND), BP.43 in Algeria. It was carried out in a reactor with reactor source of 15
MW, IB of 0.01A as shown in Figure 3.11 and doses ranging from 3.2 x10"" neutrons.cm™ to

2

1.6 x10"® neutrons.cm™ as shown in Table 3.4.
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Figure 3. 11: Diagram showing the irradiation position and the source arrangement.
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Table 3. 3: Various doses used for fast neutron irradiation of individual samples

Sample Dose (n/cmz)
1 3.2x 10"
2 6.4 x 10"
3 9.6 x 10"
4 1.6x 10"

3.3. Annealing effects experiment

Annealing of the fullerene Cgy nanorods was carried out at University of Zululand physics
department using AJA Orion 5 Sputtering System heating stage shown in figure 3.12. The

samples were annealed at 400 °C, 600 °C, and 800 °C for two hours at 10° torr.
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Figure 3. 12: AJA Orion 5 Sputtering System at University of Zululand.

54



3.4. Reference

[1] Miyazawa, K., Minato, J., Yoshii, T., Suga, T., Characterization of fullerene nanotubes
prepared by the liquid—liquid interfacial precipitation method, Science and Technology of
Advanced Materials 6, 388—-393, 2005.

[2] Mtshali, C., Hamidi, D., Kerdja, T., Buah Bassuah P., Haneda, H., Maaza M. *, Laser
beam defractometry and Cgo polymerized nanorods dynamics by surface interdiffusion, optics

Communications (2012), doi:10.1016/j.optcom.2012.03.007.

55



CHAPTER 4

PROTON IRRADIATION

Abstract

This chapter focuses on the characterization of self-assembled fullerene (Cgp) nanorods on
hydrogen-passivated Si (111) substrates which were irradiated with 2 MeV protons at
fluences ranging from 1.79 x 10" to 8.96 x 10'® ions/cm”. All the results from stereo
microscope, scanning electron microscope (SEM), transmission electron microscope (TEM),
and atomic force microscope (AFM), Raman spectroscopy and Fourier Transform Infra-Red

(FTIR) spectroscopy, X-ray diffraction (XRD) are presented and discussed.

4.1. Introduction

In addition to the background discussed in chapter 1, the theoretical studies have been done
with a purpose of understanding the mechanism of the ion irradiation damage on the Cg
nanostructure. Furthermore, it was confirmed experimentally that beam irradiation affects
both the spatial atomic arrangement as well as the electronic configuration in the bulk
material [1-5]. Narayanan et al also proved experimentally that ion implantation affects the
structure of Cgp [6]. However not much work has been done on proton irradiation of Cg
nanostructure with the aim of quantifying the damage of the structure due to the protons. The
main focus of most research on proton irradiation has been only on proton induced

magnetism.

The theoretical studies on Cgy materials have predicted a ferromagnetic phase with a mixture
of sp2 and sp3 pure carbon phase when bombarded with protons. In addition, Mathew et al [7]
reported that polycrystalline fullerene thin films on Si (111) irradiated with 2 MeV protons
displays a peculiar ferromagnetic-like behaviour at about 5 K. At 300 K both the pristine and

the irradiated films show diamagnetic behaviour. Compared to the pristine films,
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magnetization studies of irradiated Cgp samples at temperature range of 2-300 K under 1T
external magnetic field, exhibited stronger temperature dependence. Boukhvalov et al
reported on ferromagnetism in fullerenes induced by defects [8]. Kumar et al [9] confirmed
the ferromagnetism induced by heavy-ion irradiation in fullerene films while Esquinazi et al

[10] reported on the induced magnetic ordering by proton irradiation in graphite.

In a pre-conclusion, one could assert that the bulk of the investigations on the irradiated Cg
films have exhibited the irradiation induced magnetism. This irradiation induced magnetism
has shown a net enhancement of the characteristic Ag and Hg vibrational modes, especially

for fluences in the range of 6 x 10" ions/cm® [11, 12].

In this section of the work we conduct a study of 2 MeV proton irradiation on Cep nanorods,
with the aim of quantifying the damage induced due to irradiation. From literature it has been
established that when Cg is irradiated with protons there is a magnetic phenomena that is

observed due to the irradiation with protons.

4.2. Experiments methods

Cgo nanorods were grown on Si (111) substrate as discussed in chapter 3. Following the
growth phase, the samples were taken out of the solution and dried in air for preliminary
characterization before the irradiation process. The proton irradiation was conducted using

the conditions discussed in chapter 3.

The as deposited and irradiated samples were characterized using stereo scan optical
microscope, scanning electron microscope (SEM) (FET, Quanta 200F), high resolution
transmission electron microscope (HRTEM) (JEOLM 2010 with point to point resolution of
0.19 nm and lattice resolution of 0.14 nm, operated at 300 keV, at the University of the

Western Cape).

Raman shift spectra were recorded using the laser fundamental NdYAG excitation
wavelength of A = 514 nm (LAB RAM spectrometer with a liquid nitrogen cooled Ge diode
detector). Fourier transform infrared spectroscopy (FTIR) (Pekin Elmer spectrum one) was

used to compliment the Raman data and x-ray diffraction (XRD) were recorded using a
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Bruker D-8 Advanced X-ray diffractometer (at iThemba Laboratory of Accelerator Based
Sciences, Cape Town) on the samples using CuK, radiation. XRD data were collected in the

20 range of 7° to 35°in step 0.010 with a dwell time 10 s at each step.

4.3. Results and discussion

4.3.1. Optical microscope

The optical microscope was used to confirm the deposition of the nanorods on the substrate.
Figures 4.1 to 4.6 show optical images of the as-deposited Cgy nanorods and those irradiated

with a 2 MeV proton beam at various fluences.

Irradiated samples in figures 4.2 to 4.6 clearly show the irradiated spot demarcated by a circle
and non-irradiated areas around it. The reddish area on the samples is proton irradiated spot
while the yellowish is non-irradiated area. It is clear that 2 MeV protons induce electronic
property modification, which is observed by the change in colour after irradiation. This
colour change is due to loosely bound T-electrons when they are excited by the energies in

the visible light [13].

Figure 4. 1: Optical image of Cg nanorods on Si substrate before proton beam irradiation.
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Figure 4.2: (a) Optical images of proton irradiated Cgy nanorods on Si (111) substrate showing proton irradiated area by fluence of 1.79 10'°

ions/cm? indicated by a circle and (b) zoomed in irradiated area.

59



Figure 4.3: (a) Optical images of proton irradiated Cgo nanorods on Si (111) substrate showing proton irradiated area by fluence of 3.58 10'°

ions/cm? indicated by a circle and (b) zoomed in irradiated area.
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Figure 4.4: (a) Optical images of proton irradiated Cgo nanorods on Si (111) substrate showing proton irradiated area by fluence of 5.37 x 10'

ions/cm? indicated by a circle and (b) zoomed in irradiated area.
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Figure 4.5: (a) Optical images of proton irradiated Cg nanorods on Si (111) substrate showing proton irradiated area by fluence of 7.16 x 10"

ions/cm? indicated by a circle and (b) zoomed in irradiated area.
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Figure 4.6: (a) Optical images of proton irradiated Cyy nanorods on Si (111) substrate showing proton irradiated area by fluence of 8.96 x 10'°

jons/cm? indicated by a circle and (b) zoomed in irradiated area.
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4.3.2. Electron Microscope (EM)

After checking the samples in the optical microscope as described above for the confirmation
of the presence of Cgy nanorods, scanning electron microscope (SEM) and transmission

electron microscope (TEM) measurements were performed.

The SEM was used to study morphology of the nanorods before irradiation and after 2 MeV
irradiation at fluence ranging from 1.79 x 10'® jons/cm® to 8.96 x 10'® ions/cm®. Figures 4.7
and 4.8 show SEM and TEM images of the Cgy nanorods before irradiation respectively. The
average diameter of most nanorods ranges from ~100 to ~900 nm, while the average length
of most is several hundreds of micrometers. The majority of the C¢y nanorods have a diameter

below 400 nm, while the finer ones have a diameter of < 200 nm.

Figure 4.9 shows AFM image of nanorods before irradiation. As seen from the figure, the
nanorods are randomly oriented in a criss-crossing manner and show no alignment

preference.

Figure 4.7: Scanning electron microscopy image of nanorods of fullerene Cgo on a Si (111)

substrate before proton irradiation.
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Figure 4.8: Transmission electron microscope (TEM) images of nanorod of fullerene Cgy on a

Si (111) substrate before irradiation.
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Figure 4. 9: AFM image of nanorods of fullerene Cg on a Si (111) substrate before irradiation.
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4.3.3. Raman spectroscopy

In order to investigate structural changes of non-irradiated and irradiated Cgp nanorods,
Raman spectroscopy was used. The advantage of using this technique is that Cgy has a well-
known signature which has been confirmed in literature [14]. Also any changes in the Cg

nanostructure are easily recognized without any ambiguity.

The Raman spectroscopy profiles on pristine Cgp powder and non-irradiated samples are
shown in figure 4.10. Fullerene Cg is highly symmetric molecule described by icosahedral
point symmetry group (Ih) and has 120 symmetric operations. It also has 180 degree of
freedom ““3 per atom” (3 translational + 3 rotational + 174 vibrational = 180). Out of these,
there are 10 Raman active even parity modes “2Ag +8Hg”. In figure 4.9, all the characteristic

vibrational modes in the spectral range of 400 - 4000 cm™ are observed i.e. the 2 Ag and 8

Hg modes.

The difference in peaks’ intensities observed in the non-irradiated Cgp nanorods compared to
the standard Cgp powder suggests a minor suppression of the modes due to compact structure
of nanorods which limits the breathing Ag(2) mode. This corroborates with the general

growth process via molecular recognition/self-assembly.
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Figure 4.10: Raman spectra of as purchased fullerene Cgy powder and non-irradiated Cg

nanorods on Si (111) substrates.
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Figure 4.11 reports on the fluence evolution of the Raman shift intensities in relation to the
fluence of the 2 MeV beam. All the characteristic vibrational modes of the 2 Ag and 8§ Hg in
the spectral range of 400 - 4000 cm™ are observed as shown in figure 4.10, but some modes
tend to disappear after irradiation as observed in figure 4.11. Of all the Raman active modes,
only Ag (2) mode is known to be non-degenerate, therefore can be used as sensor of mixed
material phases. In addition, the background observed in the spectral range between 1000 to

1700 cm™ is due to the Raman laser heating.

Ag(1) ‘e )
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Hg(1) \S_ /

PR

Hg(2) PN Hg(7
Hg(3) Hg(4) 9(7)
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5.37x10'° ions/inL}L/\_
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Figure 4.11: Raman spectra of Cgp nanorods subjected to fluence ranging from 1.79x10'° to

8.96x10'® ions/cm” of 2 MeV protons.
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Based on the fact that Ag (2) mode is regarded as a sensor, its fitted data is plotted in order to

show a clear difference of the effect of various fluencies. It is noticeable that there is a

variation in Raman shift and intensities due irradiation as shown in table 4.1. This was

extracted from the data fitted using Lorenzian and plotted as shown in figures 4.12 (a-c).

Table 4. 1: Position, FWHM and relative intensity of Ag (1) and Ag (2) modes.

Ag(1) Ag(2)
Irradiation fluence
| FWHM Relative ) FWHM Relative
o(cm™) X o(cm™) 1
6 5 (cm™) intensity (cm™) intensity
(10 ions/cm”)
1.79 487.22 5.1471 74.114 1454.8 11.149 148.66
3.58 486.78 4.6242 85.132 14544 11.339 145.1
5.37 487.84 4.5385 18.831 1454.4 23.121 64.856
7.16 487.22 5.346 37.702 1456.5 8.9124 93.904
8.96 490.72 4.0921 47.097 1463.7 7.1997 210.71
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Figure 4.12: (a) Variation of the Raman intensities vs. irradiation fluences for Ag(1) and Ag(2)

modes of irradiated C¢y nanorods on Si (111).
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Figure 4.12(b): Variation of the Raman shift vs irradiation fluence for Ag (1) mode of

irradiated Cgp nanorods on Si (111).
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Figure 4.12 (c): Variation of the Raman shift vs irradiation fluence for Ag (2) modes of

irradiated Cgp nanorods on Si (111).
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The minimum change in intensity as a function of fluence is only observed at 5.37 x 10"
jons/cm? for both Ag (1) and Ag (2) modes (figure 4.12(a)) which is then followed by
recovery of the structure as observed. An exponential growth of Raman shift as a function of
fluence for both Ag (1) and Ag (2) modes is noticed in figure 4.12(b) and (c). These changes

indicate the rearrangement of the bonds between individual adjacent Cgp molecules.

Furthermore it is not possible to split an Ag (2) mode, so whenever there is an additional peak
or a shoulder in the Ag (2) mode it means that multiple phases are present due the number of
the intermolecular bonds, each resulting in a slightly different Ag (2) mode frequency. The
creation of intermolecular bonds stops the molecular rotation and lowers the overall
symmetry of the solid. This reorganization affects the frequency of the Ag (2) pentagonal
pinch mode which is visible as a downshift of the Ag (2) peak position in the Raman

spectrum [15].

Moreover, the magnitude of this shift is roughly proportional to the number of broken double
bonds that have re-attached themselves to satisfy the stable closed shell configuration of
carbon within Cgy. The population of broken and re-attached bonds is noticeable above the

threshold value of 5.4 10'®ions/cm>.

It is worthwhile to mention that the range of the 2 MeV protons calculated using SRIM
programme for amorphous carbon with the density of Cgpis ~50 wm [16]. Since the diameter
of the nanorods ranges from 100 — 900 nm, the protons that were used to irradiate the

nanorods passed through the nanorods and got embedded in Si substrate

Although we observed a change in Ag (2) mode (which is due to the structural change), the
structure is regained as the fluence is increased further as shown from figure 4.12(a). This
suggests that as the proton beam interacts with the nanorods, there is reorganization of bonds
between individual Cgp molecules. This reorganization could results to the formation of Ceg

nanotubes with the same outside appearance but hollow inside.
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4.3.4. FTIR spectroscopy

To support the results discussed in the Raman spectroscopy, Fourier transform infrared
(FTIR) spectroscopy was used as a complementary technique. The results of FTIR
spectroscopy measurements on non-irradiated and irradiated samples are shown in figure
4.13. Characteristic IR active modes at 1428 cm™ (tlu (4)) and 1182cm™ (tlu (3)), 573 cm™
(tlu (2)) and 524 cm’ (tlu (1)) [17] are labelled in figure 4.13.

The first two peaks at 573 cm’! (tlu (2)) and 524 cm’! (tlu (1)) arise mainly from the radial
motion of Cg molecules, whereas the latter two peaks arise mainly from their tangential
motion in cage motion. The peaks at 573 cm” (tlu (2)) and 1182cm™ (tlu (3)) respectively,
include both tangential and radial motions. It can be easily seen that Cgy nanorods show all

FTIR bands similar to the non-irradiated Cgy nanorods.

The dose dependence FTIR spectra of Cgp nanorods on Si (111) irradiated with protons is
clearly observed figure 4.13. The pentagonal pinch mode appearing at 1428 cm’ is the most
sensitive band for the orientation ordering transition. We can see that all IR peaks tend to
disappear after irradiation. This means that proton irradiation induces chemical modification
with the nanorods which then results in a change in the optical properties connected with
structural changes. The band at 524 cm’ (tlu (1)) decreases with radiation due to the fact that
the radial motion changes gradually as compared to the non-irradiated nanorods. This change
in this band indicates and confirms the reorganization of Cgy nanorods structure which

suppresses this band after proton irradiation.

The band also at 573 cm™ (tlu (2)) decreases until it disappears with increasing dose. This
mean that the bond population between neighbouring Cgy molecules within a nanorods
increases due to reorganization or cross linking process, which then suppress the vibration as

the dose is increased.
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Figure 4.13: FTIR spectra of pristine Cgp, non-irradiated and irradiated fullerene Cgy nanorods.

On the other hand, the peak at 1182 cm™ (tlu (3)) disappears after proton irradiation, this
may be due to the fact that this mode arises from the Cgo positive Gaussian-curved structure
and tangential motion that disappears after proton irradiation, indicating an increase in the
bond population between individual Cg molecules in the nanorods. The peak at 1428 cm’
(tlu (4)) for the non-irradiated disappear after proton irradiation, which indicates additional
polymerization that could attribute to the formation of various structures as shown in figure

4.14 [18].
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Figure 4.14: Possible various structures formed after irradiation of Cgy + Cgp nanostructure

[18].

4.3.5. X-ray diffraction (XRD)

Raman spectroscopy and Fourier transform infrared (FTIR) spectroscopy showed minimal
changes in the structure of Cgp nanorods. To further investigate the structure of the nanorods
after irradiation XRD patterns of the samples were collected at room temperature for five
different samples under the same operational conditions. The advantage of using this
technique in studying nanostructures of Cg is that Cgo has a well-known signature which is
available in the literature and a model of the crystallographic planes is shown in figure 4.15
[19]. Also any changes in the Cg nanostructure are easily recognizable without any

ambiguity.
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Figure 4.15: Model of the Cg molecules in a nanorod with the diffraction plane highlighted
[19].

Spectra of pristine Cgp powder and non-irradiated Cgy nanorods samples are shown in figure
4.16 while that of irradiated Cgp nanorods are shown in figure 4.16. Figure 4.16 confirms the
fce crystalline structure of the non-irradiated Cg nanorods with the (111), (220), (311) and

(222) Bragg peaks as shown in figure 4.15 [19].

The Rietveld treatment showed the Cgp nanorods to have a lattice parameter of ~1.415 A, this
is very close to the bulk value of 1.417 A, indicating that the non-irradiated nanorods Cg are
minimal stress. The most intense characteristic Bragg peak of the pristine Cg is observed
with a preferential growth orientation along (111), this direction this is in line with what has
been reported in literature [19, 20, 21]. Figure 4.16 clearly show a shift in a prominent (111)
Bragg peak as shown in figure 4.18.

While there is a significant shift of the Bragg peaks with the increase of the fluence as shown

in figure 4.18, figure 4.19 also display a variation of peak position as function fluence.
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Hence, one can conclude that protons irradiation induces stress which results in the shifting

of the Bragg peaks indicating change in d-spacing.
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Figure 4.16: X-ray diffraction patterns of as purchased fullerene Cg powder and non-

irradiated Cgp nanorods on Si (111) wafer.

77



111
4000 i
2000 28.96x10 ions/cm - a1t -
4000
3 7.16x10" ions/cm™
2000 ,}g
;: 6000 @
©
o
2 4000
g i 5.37x10*° ions/cm™
b
2 210 00 e e ssrtsitmstomstassnsttasmmssmsahuedmanes
S (©)
6000
4000 % 3.58x10" ions/cm™
2000, (b)
6000
4000
2000

20

Figure 4.17: X-ray diffraction patterns of the 2 MeV protons irradiated Cgp nanorods
subjected to the following doses: (a) 1.79 x 10'°, (b) 3.58 x 10'°, (¢) 5.37 x 10'°, (d) 7.16 x
10"%and (e) 8.96 x 10'® ions/cm”.
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Figure 4.18: Normalised intensity versus fluence of X-ray diffraction peaks fitted with

Lorentz fitting for the irradiated nanorods.
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Figure 4.19: Normalised peak position versus fluence of X-ray diffraction peaks fitted with

Lorentz fitting for the irradiated nanorods.
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4.3.6. Optical images after soaking in toluene

After characterizing proton irradiated samples, the same samples were soaked in toluene
solvent for the period of twelve hours, with the aim of investigating the effect of proton
irradiation on the solubility of these Cgy nanorods in toluene. Toluene solvent was chosen
simply because it is the same solvent used to dissolve Cgp powder which was then used to

synthesize Cgy nanorods.

The reason behind this investigation is the fact that it is not very clear as to what extent do
proton irradiation alter the structure of Cgp nanorods. Techniques used to characterize proton
irradiated Cgy nanorods before soaking in toluene showed the difference between irradiated
nanorods and non-irradiated nanorods. This section investigates the solubility of Cgp nanorods

before irradiation and after irradiation.

Figures 4.20 to 4.24 shows optical images taken after the samples were soaked in toluene and
taken out to be dried in air. It is clear in all images that proton irradiated nanorods do not
dissolve in toluene any more, while non-irradiated nanorods dissolved to a certain extend.
The dissolution resulted in a change of colour of non-irradiated nanorods as compared to

irradiated nanorods with no colour change.
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Figure 4.20: Optical image of Cg nanorods on Si (111) substrate showing proton irradiated

area (big arrow) with fluence of 1.79 x 10" jons/cm? and non-irradiated area (small arrow).
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Figure 4.21: Optical image of Cgy nanorods on Si (111) substrate showing proton irradiated

area (big arrow) with fluence of 3.58 x 10'%ions/cm? and non-irradiated area (small arrow).
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Figure 4.22: Optical image of Cgy nanorods on Si (111) substrate showing proton irradiated

area (big arrow) with fluence of 5.37 x 10'% ions/cm? and non-irradiated area (small arrow).
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Figure 4.23: Optical image of C¢y nanorods on Si (111) substrate showing proton irradiated

area (big arrow) with fluence of 7.16 x 10'% ions/cm? and non-irradiated area (small arrow).
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Figure 4.24: Optical image of Cgy nanorods on Si (111) substrate showing proton irradiated

area (big arrow) with fluence of 8.96 10" ions/cm? and non-irradiated area (small arrow).
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4.3.7. SEM images after soaking in toluene

SEM was used to further study the surface morphology on all samples inside proton
irradiated area after being soaked in toluene and viewed under the optical microscope. All
images in figures 4.25 — 4.29 show no morphological changes after been soaked in toluene

after proton irradiation.

Cgo nanorods

7 5 A = Ceo crystals

2
.

Figure 4.25: SEM image of irradiated Cgp nanorods with a fluence of 1.79 x 10'¢ ions/cm? on Si

(111) substrate after being soaked in toluene.
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Figure 4.26: SEM image of irradiated Cey nanorods with a fluence of 3.58 x 10'® ions/cm? on Si

(111) substrate after being soaked in toluene.
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Figure 4.27: SEM image of irradiated Cgp nanorods with a fluence of 5.37 x 10'¢ ions/cm” on

Si (111) substrate after being soaked in toluene.
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Figure 4.28: SEM image of irradiated Cgo nanorods with a fluence of 7.16 x 10'® ions/cm?

on Si (111) substrate after being soaked in toluene.
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Figure 4.29: SEM image of irradiated Cgp nanorods with a fluence of 8.96 x 10" ions/cm? on

Si (111) substrate after being soaked in toluene.
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4.3.8. High Resolution Transmission Electron Microscope (HRTEM)

After studying the irradiated nanorods in the SEM and seeing no signs of any morphological
change, it was crucial to do further investigation using HRTEM. This technique was used to
investigate detailed crystal structure of the Cgy nanorods before proton irradiation and after
irradiation and after being soaked in toluene. Since the majority of the Cgyp nanorods have a
diameter below 400 nm with the finer ones having a diameter < 200 nm, it was difficult to
obtain high quality HRTEM images with reasonable contrast from the body of the nanorods.

The images were taken from the thinner part of the nanorods.

Figures 4.30 and 4.31 show HRTEM images taken on non-irradiated and irradiated with 2
MeV protons at a fluence of 8.96 x 10'® ions/cm? respectively. It is clear in figure 4.29 that
the nanorods is composed of perfect planes with a preferential (111) direction. This is
confirmation of the crystalline nature of Cgy nanorods as reported in literature [23]. The

planar spacing of an fcc Cgp nanorods is clearly seen in the image.
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30: HRTEM image of Cg nanorod before proton irradiation at 2 MeV on a copper

4

Figure

grid.

irradiation samples is

twinning of crystal planes as compared to the non

’

In Figure 4.31

This could mean that there is a change in the crystal

observed as indicated by arrows.

irradiated nanorods, this indicate an

structure of the Cgp nanorods as compared to the non

extent at which the protons interacted with the nanorods, thus explaining the (111) Bragg

peak shift that was observed from the XRD analysis.
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Furthermore, there is a continuous penetration of nanorods by protons which limits the
regaining of structure after the first proton have passed through the nanorod. This results in

the formation of various structures as reported by reference [24].

Figure 4.31: HRTEM image of Cy nanorod irradiated by 2 MeV protons at 8.96 x10'

ions/cm? fluence on a copper grid showing planes with different orientation.

4.3.9. Magnetism in Fullerene Cg nanorods

For many years magnetic materials have been used in many applications such as magnetic
storage media, sensors, electromotors, hard-disk drives, loud speakers, windshield wipers,
locks, refrigerators, microphones, etc. In each application, a specific structure is required to
meet application’s specification of these materials. For example, some applications, such as
toys, do not usually require high-performance magnets, but hard-disk drives and other high-

tech applications require highly sophisticated rare-earth permanent magnets with well-
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defined nanostructures. Magnets can be classified into two groups; hard magnets and soft
magnets. Hard magnets are highly anisotropic while soft magnets exhibit low magnetic
anisotropic. Soft magnets are widely used for flux guidance in permanent-magnet,
transformer cores, microwave applications and in recording heads. In advanced soft-magnetic
materials, nanostructuring is used to reduce magnetic losses by controlling anisotropy, eddy-

current losses, and other properties.

A key application and driving force of magnetic nanotechnology is magnetic recording
media. They are also used in audio-visual technology such as audio and video tapes, and also
in computer technology such as in hard-disks. Nanostructuring of media read and write heads
have helped to increase areal density of data storage devices. Artificial nanostructuring is a
breakthrough to new technologies. One area which has dominated research recently is spin
electronics. Other developments are in the area of creating magnetic nanostructures such as
multilayers and nanojunctions, magnetoresistance of metallic thin films, granular
nanostructures and magnetic oxides for sensors. Other recent developments are magnetic
nanostructures for quantum computing, multiferroics (where nanoscale effects are exploited
to synergize electric and magnetic degrees of freedom), and nanoparticle ferrofluids for

cancer treatment, guided by a magnet and delivering high local doses of drugs or radiation.

Recently, there is also been a major discovery of magnetic signal in carbon nanomaterials as
highlighted in the introduction of this chapter but this discover has met with speculations and
misunderstanding on the issue of the origin of this magnetic signal. Since the discovery of
fullerene Cgp in bulk form in 1991, a lot of interesting properties e.g. magnetic properties and
more have been found and that has opened a lot of channels for the researchers to explore
more in this field of nanotechnology. The realization of ferromagnetism in materials made
purely from carbon has opened another idea of performing experiments to find out whether

this magnetic property exists in Cgg structures.

The prime importance is much based on the magnetic behaviour of carbon-based materials
and engineering novel ferromagnetic carbon structures because of the biological
compatibility, light weight and low cost, and the possibility of having a room temperature
carbon-based metal-ion free magnet. Much research has been conducted in trying to find the

origin of magnetism in carbon structures which led to different conclusions.
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Yang, et al [25] studied vacancy defects and the ferromagnetism in 70 keV 12C" implanted
HOPG samples using PAT and SQUID measurements. Their results indicated a close
correlation between vacancy defects due to implantation and the room temperature
ferromagnetism. Their theoretical calculations were consistent with the experimental
resultsand therefore, concluded that the RT ferromagnetism observed in the HOPG sample is
likely due to the itinerant T-electrons in the ‘‘impurity’’ band caused by the vacancies.
Furthermore, they concluded that this work also supposes that the magnetization in pure
carbon materials, such as graphite, graphene, and carbon nanotubes, may be tuned by

controlling the density of vacancies.

Esquinazi et al [26] studied the magnetization on Kish graphite and natural graphite samples
with different content of magnetic impurities. Their results ruled out that ferromagnetic
impurities can be responsible for the observed magnetic effects in HOPG and Kish graphite.
They observed temperature-independent magnetization saturation which remains up to 500 K
in contrast to natural graphite samples with at least two orders of magnitude larger than
concentration of Fe-impurities which revealed the superparamagnetic behavior of Fe
impurities in the carbon matrix. In addition, they reported that long-time annealing at 700 K
and 800 K in vacuum of the HOPG samples had weakly affected the hysteresis loops. They
acknowledged that the origin of the magnetic behaviour in HOPG is not clear but pointed out
some possibilities which are topological defects and the strong Coulomb interaction between

electrons in graphite (due to the small electronic density).

Han et al [27] studied the effects of proton irradiation on magnetic properties of oxygen-free
and oxygen-rich, graphite-like hard carbon prepared by high pressure-high temperature
treatment of Cgy fullerene using magnetic force microscope. They observed formation of

magnetic domains only in the oxygen-free targets.

Wang et al [28] observed room-temperature ferromagnetism in grapheme which is believed

to come from the defects on graphene.

Kumar et al [29] studied defect induced intrinsic ferromagnetism in fullerene thin films using

superconducting quantum interference device and electron spin resonance and concluded that
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the origin of magnetic signal in irradiated films is due to the generation of an amorphous

carbon network consisting sp2/sp3 bonded carbon atoms.

Talapatra et al [30] showed that ion irradiation of nanodiamond with 15N and 12C shows a
signature of ferromagnetism. At low doses, the magnetization was independent of the doped
species indicating that it mainly arises from structural deformation of the carbon bonds in
nanodiamonds. Implants of 15N exhibit a higher value of the saturation magnetization than
12C implants at higher doses. This difference could be due to extensive defect generation or
graphitization and, to some extent, incorporation of nitrogen in the graphitic network and

formation of C-N bonds.

Lehtinen et al [31] investigated the magnetic properties of the most prolific defects which
appear in graphite under irradiation—vacancies and vacancy-hydrogen complexes. They
demonstrated that vacancies are magnetic, but, due to the high mobility of carbon interstitials
at room temperature, vacancies will mostly annihilate with interstitials. They also showed
that hydrogen will strongly absorb at vacancies in graphite, maintaining the magnetic
moment of the defect, and that for small irradiation doses vacancy-hydrogen complexes will

give rise to a macroscopic magnetic signal.

Esquinazi et al [32] reported on explicit evidence of ferromagnetism induced by proton
irradiation. The report discussed recently obtained results on the ferromagnetism (or
ferrimagnetism) induced by proton irradiation on pure pyrolytic graphite, which strengthen
the importance of hydrogen in the formation of the magnetic ordering. They concluded that
room-temperature ferromagnetism in carbon-based structures containing only p- and s-

electrons is a reality.

Kyu Won Lee et al [33] studied magnetic moment in proton-irradiated highly oriented

pyrolytic graphite and estimated the magnetic moment per irradiated proton to be 2.4 uB.

Buntar and H W Weber [34] studied magnetic properties of fullerene Superconductors and
discovered that measurement of the temperature and magnetic field dependence of the
magnetization show that pinning is very strong in fullerenes. However, the nature of flux

pinning is unclear at present and we do not know whether strong pinning is an intrinsic or
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extrinsic property of the Cgp molecules and caused by different defects in the alkali metal

doped Cg lattice.

Han et al [35] investigated proton irradiated spots created on highly oriented pyrolytic
graphite surface using magnetic force microscopy and observed that a proton microbeam
produces ferromagnetic spots on highly oriented pyrolytic graphite surface. This technique
reveals clear irreversible behavior of the magnetic signal at the spots after application of an
external DC field. They then concluded that their results leave no doubts on the intrinsic

nature of the ferromagnetism in a metal-free carbon structure.

Pablo Esquinazi et al [36] investigated magnetism in carbon structures and concluded that the
results after proton irradiation leave no doubt that magnetic ordering exists in a carbon
structure without the influence of magnetic ions. Neither the total amount of magnetic
impurities is sufficient to account for the measured magnetization nor can the creation of
magnetic spots in the micrometer range with the proton micro-beam be understood based on

magnetic metalion impurity concentration below 1 ppm as the PIXE results indicated.

Not long time ago, carbon-based structures were basically accepted to be diamagnetic origin
special cases, paramagnetic. Any ferromagnetic-like signal was assumed to be due to
magnetic impurities [37]. These findings caused a stir amongst the researchers in this area in
such a way that Spemann, et al., published a comment on some of their findings saying “No
doubt, impurities are a problem when the ‘‘intrinsic’’ magnetic signals are relatively small.
However, it appears that instead of trying to study systematically the contribution of these
impurities to the magnetic signals, the strategy of ‘‘minimum work’’ based on prejudices was
chosen, indirectly neglecting the existence of interesting magnetic phenomena in carbon

structures” [38].

Since these findings are much based on carbon materials and fullerene film, they opened a
platform for us to explore much more on our nanorods of Cg. Although nanorods of Cg are
different from the film of Cgg in terms of the structure but sometimes the film can exhibit
some characteristics of Cgyp nanorods, so our main purpose is to use the conditions used on
polycrystalline fullerene thin films on hydrogen passivated Si (111) substrates irradiated by 2
MeV protons publication Mathew, et al. as highlighted in the introduction of this chapter to

explore the magnetic properties of Cgp nanorods.
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4.3.10. Proton Induced X-ray Emission (PIXE)

An important aspect of the experimental research and of primary importance to study weak
magnetic signals in unconventional materials is the characterization of the magnetic
impurities in the samples. Therefore, PIXE experiment was conducted on pristine Cgo powder
which was used for the synthesis of nanorods with purpose of PIXE was to check impurities
in the Cg powder which may contribute to any magnetic signal. Having carbon matrix, this
methods reaches a sensitivity of approximately 0.1 ppm Fe and therefore it is convenient for
all the elemental analysis prior proton irradiation. Figure 4.32 and 4.33 show PIXE spectra. It
is clear that there are no impurities such as Fe, Co, Ni, Cr, which may contribute to magnetic

signal.

1 LA

i 15
Energy (k)

Figure 4. 32: PIXE spectrum of Cgy powder on araldite Al 102 um filter showing no

impurities.
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Figure 4. 33: PIXE spectrum of Cgy powder on araldite kapton 180 um filter showing S and

Br with very small Fe peak.

4.3.11. Magnetism measurement experiment

In our effort to follow and contribute to this type of research which is focused in investigating
magnetism in carbon nanostructures, we have investigated magnetism in proton irradiated Cg

nanorods.

Figure 4.34 shows magnetization versus temperature measured using the reciprocating
sample option (RSO) in a SQUID magnetometer (MPMS XL, Quantum Design) in the

temperature range 2-200K. It can be clearly seen that at 150 K, the irradiated sample show
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diamagnetic behaviour but as the temperature is changed as shown in the figure
magnetization tends to increase and saturate below 40 K. It can also be observed that the
magnetization data in the temperature range of 2 - 200 K, in 1 T applied field, for the
irradiated nanorods show is temperature dependence. The possible origin of this magnetism is

still a mystery and we do not have explanation for it at the moment.
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Figure 4. 34: M vs. T for an irradiated Cg) nanorods at 8.96 10'° ions/cm” in an applied field of

1 T (substrate [H-Si(111)] contribution subtracted).
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CHAPTER 5

GAMMA IRRADIATION

Abstract

This chapter focuses on fullerene Cgp nanorods deposited on a hydrogen-passivated Si (111)
substrate then irradiated with 1.33 MeV and 1.77 MeV gamma rays from a %Co source. The
activity of the source was of 14 kCurie and fluences ranging from 50 kGy-1000 kGy. All the
experimental results from stereo microscope, scanning electron microscope (SEM),
transmission electron microscope (TEM), and atomic force microscope (AFM) are presented

and the Raman and Fourier Transform Infra-Red (FTIR) spectroscopy is discussed.

5.1. Introduction

Increasing interest in nanomaterials for electronics applications, biomedical devices and
nanostructured carbon phases are increasingly attracting the attention of the scientific
community. The changes in the spatial arrangement of carbon atoms modify the electronic
properties of carbon phases, which may be semiconductors, metals, or insulators and this

change in electronic properties can be achieved by beam irradiation. [1-5].

So far little attention has been paid towards irradiation of fullerene Cqy by gamma rays.
Dubey et al. [6] studied radiation processed ethylene vinyl acetate- multi-walled carbon
nanotubes and nano-composites and discovered that gamma radiation induced crosslinking in

multi-walled carbon nanotubes (MWCNTSs).

This crosslinking was found to increase with radiation dose. Transport properties of single-
walled carbon nanotube transistors after gamma radiation treatment were investigated by

Vitusevich et al. [7]. They found that radiation treatment with doses of 1x10° and 2x10° rad

107



allows a considerable decrease in parasitic conductivity parallel to the nanotube.
Furthermore, they observed a shift with maximal conductivity to the voltage range of nearly

zero gate voltage that improves the working point of the FETs.

Hulman et al. [8] studied graphite and single-wall carbon nanotubes irradiated by gamma rays
of energy of 1.3 MeV using Raman spectroscopy. They found out that gamma irradiation
generates defects in the lattice as confirmed by the increase of the intensity of the defect-
induced D line in both materials. On the other hand, the intensity of the radial breathing mode
of nanotubes is lowered. The intensity of the G line does not change for graphite but
increases for carbon nanotubes. Gupta et al. [9] reported that irradiation generates
microscopic defects in a hierarchical manner much below amorphization threshold 1x10°
kGy and that nanocomposites tend to be radiation resilient. They concluded that gamma
irradiation generates microscopic defects that are marginal as compared with E-beam
considering the energy scale difference as well as the mechanism. This result is due to the
fact that for gamma irradiation, a larger fraction of the deposited energy goes into bond

breaking rather than atomic displacement.

Xu et al. [10] studied the modification of surface functionality and interlayer spacing of
MWCNTs using gamma rays. They found out that gamma ray irradiation could not only
functionalize MWCNTSs, but also change the inter-wall distance and graphitization of
MWCNTs in different conditions. Gupta and Farmer. [11] reported on the structure and
physical properties of novel hybrids of multiwalled carbon nanotubes MWCNTSs and
ultradispersed diamond (UDD) forming nanocomposite ensemble that were subjected to 50,
100, and 103 kGy gamma ray doses. They showed that with increasing irradiation MWCNT's
display marginal structural instabilities arising due to microscopic defects in the lattice, as
compared to SWCNTs. Thus bond breaking and massive reorganization is more probable

than atomic displacement.

Gupta et. al. [12] studied microcrystalline diamond and nanocrystalline carbon thin films
prepared by microwave plasma, assisted chemical vapor deposition were subjected to gamma
radiation in order to study the radiation-induced structural transformation and the
corresponding changes in the electron field emission properties. The effects of gamma
radiation over the electron field emission properties and microstructure of microcrystalline

diamond and nanocrystalline carbon thin films were investigated. Microcrystalline diamond
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showed a dramatic improvement in the emission properties after a cumulative dose of 26
Mrad, while nanocrystalline carbon showed a relatively small but systematic decrease in the

turn-on field from 9 to 4 V/mm with increasing gamma radiation dose.

The enhancement in emission characteristics upon radiation shows the critical role of
structural defects with their associated electronic defect states of sp>-bonded carbon channels
in the electron field emission mechanism of nanocrystalline carbon. Savopulo and Burakov
[13] reported that gamma-irradiation of initial fullerene Cgy in nitrogen atmosphere causes
partial conversion of Cey into amorphous carbon and essential increase of graphite content. It
should be pointed out that there has been no report on gamma irradiated Cgp nanorods studies

available in the literature.

5.2. Experiment details

Ceo nanorods were grown on Si (111) substrate by using a low cost method called liquid-
liquid interfacial polymerization method as previously discussed in chapter three [14].
Gamma irradiation was then carried out at room temperature by exposing the samples in front
of a source of Cobalt source with the activity of 14 kCurie and dose rate of 48.13 Gy/mn or
2888 Gy/h. (*°Co, gamma = 1.33 MeV and gamma = 1.77 MeV) for different time series
study.

The sample were then characterized using Scanning electron microscope (FET, Quanta 200F)
for morphological study, Raman shift spectra were then recorded using the laser fundamental
NdYAG excitation wavelength of A = 1064 nm “LAB RAM spectrometer with a liquid
nitrogen cooled Ge diode detector”, Fourier Transform Infrared spectroscopy (Pekin Elmer

spectrum one) for phonon study.

5.3. Results and Discussion
5.3.1. SEM Gamma irradiation study

This sub-section is focused on the gamma irradiated Cgy nanorods that are shown in figures
5.1 to 5.5. The gamma rays did not induce any meaningful change on the structure of the

nanorods except for 800 kGy. In all images the structure is still preserved after Gamma
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irradiation, but it is crucial to support the observation with other techniques such as Raman
spectroscopy and FTIR. All the figures display smooth surfaces of the nanorods with the
inclusion of Cgp crystals. The crystals are the result of Cgy molecules which did not form

nanorods.

Crystals

Cgp nanorods

Landing E‘ det |mode| WD | mag |spot —T

00keV |TLD| SE |56 mm|80000x| 2.5 Nova NanoSEM 230

Figure 5. 1: SEM image of C¢p nanorods on Si (111) substrate irradiated gamma rays

at 50 kGy dose.
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Crystals

Cgo nanorods

Landing E| det | mode| WD mag |spot — 1 um
3.00 ke |vCD | None | 5.9 mm |80000x| 2.5 Nova NanoSEM 230

Figure 5. 2: SEM image of Cgy nanorods on Si (111) substrate irradiated gamma rays at

100 kGy dose.
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Cego nanorods

Crystals

Landing E| det | mode| WD ‘ mag |spot —— 1 um

3.00keV |vCD | None |51 mm|80000x| 2.5 Nova NanoSEM 230

Figure 5. 3: SEM image of Cgy nanorods on Si (111) substrate irradiated gamma rays at

200 kGy dose.
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Cgo nanorods

Landing E| det |mode| WD mag | spot — 1 um
3.00 keV |vCD | None | 4.7 mm 80000 x| 2.5 Nova NanoSEM 230

Figure 5. 4: SEM image of Cgp nanorods on Si (111) substrate irradiated gamma rays at 600
' kGy dose
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Figure 5. 5: SEM image of Cgy nanorods on Si (111) substrate irradiated gamma rays

at 800 kGy dose.
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Crystals

Cego nanorods

3.00keV |vCD | None | 6.8 mm |80000 x| 2.5 Nova NanoSEM 230

Landing E| det | mode| WD ‘ mag |spot ——— 1 um

Figure 5. 6: SEM image of Cg nanorods on Si (111) substrate irradiated gamma rays at 1

MGy (1000 kGy) dose.
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5.3.2. Raman spectroscopy

From the SEM results discussed above, it became clear that structural investigation must be
studied at a chemical bond level. Since Raman spectroscopy is a very powerful tool for
studying bond vibrations especially for Cgp nanostructures, therefore it was used to

investigate the vibrational mode of the gamma irradiated nanorods.

As mentioned in the previous chapter, Cgp nanostructure possesses a clear Raman signature
which is available in the literature and any change in bonding will be easily recognized.
Room temperature measurement was performed on all five different samples under the same
operational conditions. Figure 5.7 shows the spectra of non-irradiated and irradiated Cgp
nanorods. All the characteristic modes discussed in chapter 4 (two Ag and eight Hg) are

labeled in the figures and are observed in figure 5.11 in the spectral range of 400 - 4000 cm.

It is not easy to see any change if the spectra are plotted as in figure 5.7. Furthermore, based
on the fact that Ag (2) mode is regarded as a sensor, it is therefore plotted in order to show a
clear difference between various fluencies. It is noticeable in figure 5.8 (a) and (b) that there
is a variation in Raman shift and intensity. As discussed in chapter 4, Raman spectra indicate

the presence of multiple phases resulting in a slightly different Ag (2) mode frequency.

The creation of intermolecular bonds stops the molecular rotation and lowers the overall
symmetry of the solid. Any re-organization affects the frequency of the Ag (2) pentagonal
pinch mode, which is visible as a downshift of the Ag (2) peak position in the Raman
spectrum which is not observed here. It is clear that gamma rays induced reorganization of

bonds between individual Cey molecules.
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Figure 5. 7: Raman spectra of Cgp nanorods on Si (111) substrate before and after

gamma irradiation at doses ranging from 50 kGy to 1 MGy (1000 kGy).
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Figure 5. 8 (a): Raman spectra of Ag (1) Raman modes of Cgy nanorods on Si (111) substrate

before and after gamma irradiation at doses ranging from 50 kGy to 1 MGy (1000 kGy).
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Figure 5. 8 (a-b): Raman spectra of Ag (2) Raman modes of Cg nanorods on Si (111)

substrate before and after gamma irradiation at doses ranging from 50 kGy to 1 MGy (1000

kGy).
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To further analyze these Raman results, only sensitive Raman modes of Cgp (Ag (1) and Ag
(2)) modes were extracted and fitted using Lorenzian model and the data is shown in table 5.1

and plotted in figures 5.9 to 5.10.

Table 5. 1: Position, FWHM and relative intensity of Ag (1) and Ag (2) modes.

Ag(1) Ag(2)
Irradiation
fluence FWHM FWHM
(kGy) o(cm™) (em)  Relint. |®(m")  (ecm™) Rel. int.
0 493.39 9.0927 65918 | 1462.5 9.9453 304.28
50 494.28 73592 21424 | 1464.6 9.6847 116.03
100 494.28 7.5239  21.792 | 1464.5 9.8117 117.59
200 493.4 12226 23.036 | 1462.8 15.983 78.949
400 491.61 10.201  40.748 | 1459.1 23.417 69.681
600 492.22 9.1237  38.53 1463.5 10.88 123.89
800 492.22 9.0972  38.444 | 1463.6 10.8 122.76
1000 492.62 9.1473  102.31 | 1463.7 10.802 186.71

In figure 5.9, it can be seen for the initial two doses (50 kGy and 100 kGy) that there is no
change of peak position. This observation can be attributed to the fact that at low dose there is
minimum energy deposited on the nanorods which cannot alter the bonding configuration. As
the dose increases, there is a shift clearly observed to lower values. Further increment leads to
a threshold which occurs at 400 kGy. Above the threshold the structure is regained and this is
observed by the minimum difference between the last three high doses (600 kGy, 800 kGy
and 1000 kGy).
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Figure 5.9: (a) Variation of the Raman shift vs. irradiation dose for Ag (1) mode of

irradiated Cgg nanorods on Si (111).
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Figure 5. 9 (a-b): Variation of the Raman shift vs. irradiation dose for Ag (2) mode of

irradiated Cgg nanorods on Si (111).

In figure 5.10, one can observe the variation of intensity with increasing dose. At low doses
(50 kGy, and 100 kGy), the intensity is stable but as the dose increases it starts to change

until it becomes stable again at the high doses (600 kGy and 800 kGy). This observation can
122



be attributed to the stable phase of the nanorods formed after irradiation. As the dose
increases further, the intensity increases again which means there is a change in the structure.
So, one can expect this variation as the dose increases especially in Ag (1) sensor mode as

indicated in figure 5.10 (a).
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Figure 5. 10: (a) Variation of the intensity versus irradiation dose for Ag (1) mode of

irradiated Cgp nanorods on Si (111).
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Figure 5. 10 (a-b): Variation of the intensity versus irradiation dose for Ag (1) mode of

irradiated Cgp nanorods on Si (111).
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In figure 5.11(a) and 5.11(b), two regions are observed, low dose region and high dose
region. At low dose (50 kG y and 100 kGy), there is a very small shift of FWHM. This is the
region whereby the reorganization is minimal, hence a small shift. As the dose increases, the
threshold is achieved at 200 kGy followed by a smooth exponential decay and saturates at
high dose (1000 kGy). This phenomenon explains the concept of reorganization whereby at
low dose there is minimal reorganization but more bonds breaking which is followed by
saturation at a threshold. After the threshold, the reorganization process begins up to

saturation.

14-
O Ag()
13-
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Figure 5.11 (a-b): Variation of the FWHM vs. irradiation dose for Ag (1) mode of irradiated

Ceo nanorods on Si (111).
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Figure 5.12 (b): Variation of the FWHM vs. irradiation dose for Ag (2) mode of irradiated

Ceo nanorods on Si (111).

Furthermore, this variation suggests the reorganization of bonds inside the structure of
individual nanorods. It cannot be confirmed using these results only but further investigation
is needed. These results only form the basis of what could be expected in the investigation of
this nature. Any re-organization affects the frequency of the Ag (2) pentagonal pinch mode,
which is visible as a downshift of the Ag (2) peak position in the Raman spectrum. Although
we observed a change in Ag (2) mode, the structure is regained as the dose is increased

further. This suggests that as the gamma rays interacts with the nanorods; there is
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reorganization of bonds between individual Cg molecules. The background observed in the

spectra is due to the Raman influence.

5.3.3. FT-IR spectroscopy

Although Raman is a very good analytical technique to study Ceo nanorods as emphasized in
the above discussion, it cannot be conclusive on its own without other complementary
technique. Therefore, Fourier transform infra-red (FTIR) spectroscopy was used to
complement Raman spectroscopy. The results of Fourier transform infra-red (FTIR)
spectroscopy measurements on non-irradiated and irradiated samples are shown in figure

5.16.

As discussed in chapter 4, characteristic IR active modes of Cg are expected to appear at 524
em’ (tlu (1)), 573 cm™ (tlu (2)), 1428 cm™ (tlu (4)), and 1182 cm™ (tlu (3)). The two of
them do appear 1428 cm’ (tlu (4)), 1182 cm’ (tlu (3)) but the other two do not appear as
shown in figure 5.17 indicating the absence of radial motion. Furthermore, the disappearance
of these two peaks indicates the suppression of the radial vibration. The dose dependence of
FTIR spectra of Cg nanorods irradiated with gamma rays is observed especially at 50 kGy
and 200 kGy. The pentagonal pinch mode appearing at 1426 cm’ is the most sensitive band
for the orientation ordering transition. One can see that there is a change induced by gamma
rays but at minimal. So, the reorganization of bonds is not clear in this case unlike in the
proton experiment. Furthermore, no new absorption bands and frequency shifts were found in
the IR spectrum except a small deviation from the pristine Cgy powder which is due to the
formation of nanorods. This indicates that the Cgp nanorods consisted of polymerized pristine

Ceo and the solvents used were totally evaporated.
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Figure 5. 12: FTIR spectra of pristine Cq, non-irradiated and irradiated fullerene Cgy nanorods,
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Figure 5. 13: FTIR spectra of pristine Cg, non-irradiated and irradiated fullerene Cg

nanorods showing shift due to the formation of nanorods
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CHAPTER 6

NEUTRON RADIATION

Abstract

Carbon-based materials are being widely used in nuclear reactors, because of their favourable
properties, especially with respect to their thermal shock resistance. However, the significant
effects resulting from neutron irradiation on the thermal-physical, mechanical properties and
on the tritium trapping capacity could preclude the utilization of carbon as a plasma facing
material in forthcoming devices. Therefore, the effects of neutron irradiation are of primary
concern in the use of carbon materials in the next step devices. Due to the fact that other
carbon based materials have been studied extensively and fullerene molecule has not been
studied under harsh conditions of nuclear reactor. The neutron irradiation effects on fullerene
nanorods were studied. This chapter is focused on investigation of physical effects of fast

neutrons on Cgp nanorods.

6.1. Introduction

Carbon-based materials are used extensively in experimental fusion energy reactors for
plasma facing components. They are an attractive choice because of their superior thermal
shock resistance, and low neutron activation. Consequently, the effect of neutron flux on the
components has been a cause of concern in nuclear reactors. Properties of carbon-carbon
composite materials can be evaluated as alternative components in the nuclear reactors. A
great deal of research has been conducted on the effect of neutron irradiation on some other

carbon-based materials but not much has been done on the fullerenes.
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It was reported that neutron irradiation in carbon-based material produces radiation-induced
defects and changes in the microstructure. In some cases this lead to a change in the chemical
composition of the materials due to transmutation and as a result, changes in physical and
mechanical properties [1-3]. Koizlik et al did experiment on neutron irradiation test matrix
for carbon-based materials for the first wall of fusion reactors and reported that neutron
irradiation induced reductions in the thermal conductivity of two, three-directional carbon—
carbon composites and there is a recovery of thermal conductivity due to thermal annealing.
The main reason is the formation of the radiation defects, which act as obstacles for the
phonon propagation. The size and concentration of the radiation defects depends on
irradiation temperature and fluence and, as a result, the thermal conductivity also depends on
these parameters. An increase of the neutron fluence leads to a decrease in the thermal
conductivity [4-6]. Maruyama and Harayama, reported on neutron irradiation effect on the
thermal conductivity and dimensional change of graphite materials such as fine-grained
isotropic graphites, a carbon/carbon composite material, glassy carbon and bulk-boronized
graphites. They found that the neutron irradiation reduces the thermal conductivity of the
graphite materials, and that the materials irradiated under the same irradiation condition had

the same magnitude of thermal conductivity [7,8].

Similar observation was reported by Wu et al in their study on the investigations of the
effects of neutron irradiation on the thermal-physical, mechanical properties and tritium
retention behaviour of various graphites and carbon/carbon fiber composites for the doses of
10~ and irradiation temperatures of 200—1500°C [9,10]. Wu et al also did an experiment on
the effect of high-dose neutron irradiation on the properties of graphite and silicon carbide
and found that neutron irradiation induced swelling, changes in thermal and mechanical
properties of two different ultrafine grain isotropic polygranular graphites and two grades of

silicon carbides [11-13].

Bonal et al reported on neutron induced dimensional change in carbon materials at high
temperatures and high damage doses. These changes are due to the fact that neutron
irradiation leads to formation of the displaced carbon atoms, which form the dislocation loops
and additional graphite planes at specific irradiation conditions. These cause the extension of
the graphite crystal in the z-direction [14-17]. Atsumi, et al reported on hydrogen behaviour
in carbon-based materials and its neutron irradiation effect and found that after neutron

irradiation at 1.9 x 10* n/m* (~ 0.2 dpa), the hydrogen retained becomes 20-50 times a
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larger than that of non-irradiated samples. Hydrogen atoms will be trapped at dangling carbon
bonds at edge surfaces of crystallite which are thermally stable even at high temperatures

above 1000°C [18].

When it comes to Cg irradiated with neutrons there is not enough body of knowledge
available in the literature, only T. Kubo et al studied the effect of fast neutron irradiation of
fullerene superconductor RbsCy at neutron fluences 1.0x 10'® n/cm?, 1.8x 10'® n/cm? and 3.3
x 10" n/cm?, and the post-annealing was made at a temperature of 473 K for 3 h. They
observed the loss in superconductivity in Rb3;Cgp powder when the neutron irradiation fluence
exceeds 1.0 x 10'® n/cm’®, and the lost superconductivity was completely recovered by the

post-annealing at 473 K for 3 h [19].

6.2. Experiment details

Ceo nanorods were grown on Si (111) substrate by using a low cost method called liquid-
liquid interfacial polymerization method as previously discussed in chapter three [14].
Neutron irradiated was carried out in a reactor with reactor source of 15 MW, IB of 0.01A by
exposing the samples to neutrons at a dose ranging from 3.2 x 10" neutrons.cm™to 1.6 x10'®
neutrons.cm . The GAXRD patterns were recorded using Philips X’PERT PRO MPD model

at grazing incidence angle (6 = 0.3°).

6.3. Results and discussion

6.3.1. Optical microscope

Figure 6.1 shows optical images taken after the samples were prepared as described in
chapter 3 and taken out to be dried in air before irradiated by neutrons with fluences ranging
from 6.4 x 10" n/cm® to 1.6 x 10" n/cm* Figure 6.2 - 6.4 show optical images after
irradiated with neutrons at various fluencies as mentioned above. According to these results,
it seems that at a moderate fluence the nanorods are still preserved but as the fluence is
increased they tend to disintegrate into small pieces. This is due to the fact that at higher
fluence, a maximum kinetic energy of about 570 keV can be transferred from fast neutrons of

2 MeV to carbon nucleus via elastic collision. These ions displace in the sample and produce
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a large cascade of multiple displacements. So, Cgp nanorods cannot stand for higher neutron

fluencies.

Figure 6.1: Optical microscopy image of nanorods of fullerene Cgyp on a Si (111) substrate

before neutron irradiation.
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Figure 6.2: Optical microscopy image of nanorods of fullerene Cgy on a Si (111) substrate

after neutron irradiation at 3.6 x 10'n/cm?>.

136



Figure 6.3: Optical microscopy image of nanorods of fullerene Cey on a Si (111) substrate

after neutron irradiation at 9.6 x 10'n/cm?.
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Figure 6.4: Optical microscopy image of nanorods of fullerene C¢y on a Si (111) substrate

after neutron irradiation at 1.6 x 10'®n/cm>.
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6.3.2. Grazing X-ray diffraction analysis (GAXRD)

The GAXRD analysis of the samples before and after irradiation is presented in figures 6.5-
6.7. The GAXRD patterns are recorded at grazing incidence angle (8 = 0.3°). All
characteristic XRD peaks of fullerene Cgo are clearly observed from 8° to 35°. With
increasing fast neutrons fluences (indicated in the figures) one can see the following: At
lower fluences (< 6.4 x10'" n/cm®), the intensity of all the peaks decreases little bit and the
peak at 2 0 = 51.14° disappears. After being irradiated at 9.6 x10"7 n/cm?, the peak (111)
intensity increase and the peak at 2 © = 51.14° reappear again as shown in figure 6.8.
Whereas the other peaks intensity decreases, at higher fluence (> 1.6 x10'® n/cm?), the peak
(111) intensity decreases and the peak at 2 8 = 51.14 ° become dominant. According to these
results, it seems that at a moderate fluence, (between 6.4 x10'7 and 9.6 x10" n/cmz), the
crystallite with (111) direction increases as shown in figure 6.8 - 6.10. The same results are
also observed in other thin films where the crystallinity increases with irradiation. But at
higher fluence, a maximum kinetic energy of about 570 keV can be transferred from fast
neutrons of 2 MeV to carbon nucleus via elastic collision. These ions displace in the sample
and produce a large cascade of multiple displacements. These defects destroy the crystallinity

and probably induce the breaking of the carbon rods.
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Figure 6.6: GAXRD patterns of C¢y nanorods irradiated at different fast neutron fluencies
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Figure 6.7: GAXRD patterns of Cgy nanorods irradiated at different fast neutron fluencies

for labeled peaks.
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Figure 6.8: Grazing X-ray diffraction peaks intensities fitted with Lorentz fitting for the

irradiated nanorods.
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Figure 6.9: Grazing X-ray diffraction peaks FWHM fitted with Lorentz fitting for the

irradiated nanorods.
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CHAPTER 7

ANNEALLING EFFECTS

Abstract

This chapter focuses on studying the physical effect of temperature on Cgp nanorods. These
nanorods on hydrogen-passivated Si (100) substrates were synthesized via self-assembly
LLIP method as discussed in chapter 3 and annealed at different temperatures ranging from
400°C to 800°C under 10” mbar vacuum. All the results from stereo microscope, scanning

electron microscope (SEM), Raman are presented and discussed here.

7.1. Introduction

Thermal properties of fullerene Cgy have drawn much interest to researchers because of their
dynamics of interactions between fullerene molecules and its structural phase transition at
lower temperatures and at higher temperatures [1,2]. High-pressure-high-temperature
(HPHT) treatment of Cgg crystals on the other hand also allows us to create a new carbon
structures such as super hard fullerite materials [3-5]. Fullerene Cgo crystal can be
transformed into different structures when subjected to HPHT i.e. super hard fullerites,

amorphous carbon, amorphous diamond.

The super hard fullerites have features similar to the amorphous diamond in its structure and
physical properties. HPHT treatment of fullerene Ceo crystal may create 3D polymers with
crystalline and amorphous structures or a cellular nanostructure of mixed sz_ and sp3 -
hybridized carbon atoms under HPHT treatment and shear deformation conditions [6]. Also
by application of non-hydrostatic pressure above 20 GPa at room temperature, solid Cgg is
converted into polycrystalline cubic or amorphous diamond. 5 GPa treatment of Cg in the 30
°C and 800 °C temperature range under quasi-hydrostatic conditions results in the formation

of two high-pressure phases with face centered cubic and rhombohedral structure [7-11].
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7.2. Experiment details

Fullerene Cgp nanorods were grown on Si (111) substrate by using a low cost method called
liquid-liquid interfacial polymerization method (LLIP) as discussed in chapter 3. Annealing
of the fullerene Cgp nanorods was carried out at 400 °C, 600 °C, and 800 °C in the heating
stage of AJA Orion 5 Sputtering System for 2 h under at 10° mbar vacuum and the samples

were allowed to cool down to room temperature

7.3.  Results and Discussion

7.3.1. Optical microscope

Figure 7.1 shows optical image taken after the samples were prepared and taken out to be
dried in air before annealed at 400 °C to 800 °C. Figures 7.2 - 7.4 show images of 400 °C, 600

°C and 800 °C annealed samples respectively taken using optical microscope.

After annealing the diameter of the nanorods decreased and the colour changed from
brownish into whitish a colour. At 400 °C not all nanorods had changed from brownish
colour to white, meaning that the transformation of the nanorods is not complete. As the
temperature is further increased they are completely changed indicating a complete

conversion of the nanorods from brownish to white colour.

149



Figure 7.1: Optical image of nanorods of fullerene Cg on a Si (111) substrate before

annealing.
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Figure 7.2: Optical image of nanorods of fullerene Cgo on a Si (111) after annealing at 400 °C.
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Figure 7. 3: SEM image of nanorods of fullerene Cgo on a Si (111) after annealing at 600 °C.
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Figure 7. 4: Optical image of nanorods of fullerene Cgp on a Si (111) after annealing at 800
°C.
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7.3.2. Scanning Electron Microscope (SEM)

As observed from the optical microscopy it is not easy to fully quantify the morphology and
the size of the nanorods. Scanning electron microscope (SEM) was therefore used to study
the morphology and to determine the sizes of the nanorods. Figure 7.6 shows scanning

electron microscope (SEM) image of the Cg nanorods before annealing on Si (111) substrate.

Figures 7.7 - 7.9 show the scanning electron microscope (SEM) images of the Cgy nanorods
before annealing and after annealing at 400 °C, 600 °C, and 800 °C for 2 h under vacuum
1.33 x 10 mbar. The images clearly show that the annealed Cg) nanorods are changing in
their morphology as evident by their change in diameter as the temperature increases.
Comparing the nanorods annealed at 400 °C with those annealed at 600 °C is shown in figure
7.7 and figure 7.8, we can see that the Cgp nanorods are starting to be affected by the heat

treatment but are still preserved to some extent.
After annealing treatment at 600 °C for 2 h as shown in Figure 7.8, the Cg nanorods have

transformed into amorphous carbon. Furthermore, after annealing treatment at 800 °C for 2 h

the Cgp nanorods have transformed into some strips of amorphous [26].
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Figure 7.5: SEM image of nanorods of fullerene Cgp on a Si (111) substrate before annealing.
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Figure 7.6: SEM image of nanorods of fullerene Cgp on a Si (111) substrate after annealing at

400 °C.
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Figure 7.7: SEM image of nanorods of fullerene C¢y on a Si (111) substrate after annealing at

600 °C.
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Figure 7.8: SEM image of nanorods of fullerene Cgy on a Si (111) after annealing at 800 °C.
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7.3.3. Raman spectroscopy

Room temperature experiment was performed in all samples under the same operational
conditions. The results of Raman spectroscopy measurements on pristine and irradiated
samples are shown in Figure 7.10. All the characteristic modes (two Ag and eight Hg) are
labeled in the figures. It can be seen clearly that C¢y nanorods show all Raman active modes
that are present in the Cgo powder as reported in chapter 4. Apart from the Ag and Hg modes
of Cgp, vibrational mode of the substrate Si is also visible. It can be easily seen that the Cg
molecule lines around 487 cm™ and 1464 cm™ Ag (1) and Ag (2) respectively, known as
‘pentagon pinch’ modes and Hg (1) modes are prominent in pristine Cgp but diminishing as

the temperature increases and this indicate the destruction of Cgy molecule.

To further analyze the results, the characteristic vibrational Ag (1) and Ag (2) mode spectra
were extracted and fitted using Lorenzians for 600 °C and 800 °C annealed nanorods as
shown in Figure 7.11 and figure 7.12. These Raman results confirm the transformation of

fullerene nanorods into amorphous carbon [26].
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Figure 7.9: Raman spectra of nanorods of fullerene Cgy on a Si (111) substrate before

annealing, at 400 °C, at 600 °C and at 800 °C.
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Figure 7.10: Lorentz fitted Raman spectra of nanorods of fullerene Cg, on a Si (111) substrate

annealed at 600 °C.
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Figure 7.11: Lorentz fitted Raman spectra of nanorods of fullerene Cg on a Si (111)

substrate annealed at 800 °C.

In this study we have seen the diminishing of the pentagonal pinch mode Ag (2) to such a
way that it disappears and the appearance of the D-peak and G-peak at 1360 and 1588 cm’
respectively as shown in table 7.1. According to the literature [26], these peaks are assigned

to the formation of the CNT or amorphous carbon.
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Table 7. 1: Lorentz fitted values of D- and G-peaks at 600 °C and 800 °C.

Peak Area Center Width Height In/Ig
G-peak 12823 1605.7 179.53 45471
600 °C D-peak 12666 1369.5 244.45 32.985 0.725407
D-peak 22484 1360.1 332.66 43.028
800 °C G-peak 5370.8 1588.3 76.221 44.859 0.959183

7.4. Conclusion

The results have indicated the formation of new structure with the characteristics of CNT.
Raman results showed all characteristic peaks of fullerene Cgy nanorods in non-heated
nanorods but the peaks disappeared when the annealing temperature was increased to 800 oC,

Further vibrational and electronic spectroscopy measurements are necessary to explore the

mechanisms involved in the formation of the new structure.
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CHAPTER 8

CONCLUSION AND OUTLOOK

8.1. Synthesis of nanorods

The nanorods of Cgy were successfully synthesized as described in chapter 3, and
characterized using the techniques described in chapter 2. The average diameters of most
nanorods were ranging from ~100 to ~900 nm, while the average length of most is several
hundreds of micrometers. The majority of the Cgy nanorods have a diameter below 400 nm

and the finer ones were found to have a diameter < 200 nm.

Structural investigation was done on the pristine Cg powder used in the synthesis and also on
the non-irradiated Cgp nanorods. As expected, the structure of the synthesized nanorods
cannot be exactly the same as that of pristine Cgy due to compact structure of nanorods which
induces minimal stress. Thus, the result of this induced minimal stress caused the difference
in peaks’ intensities and minor shift in Raman and XRD spectra. The Rietveld treatment
showed the Cgp nanorods to have a lattice parameter of ~1.415 A, this is very close to the bulk

value of 1.417 A, indicating that the non-irradiated nanorods Cg are under a minimal stress.

8.2. Protons irradiation

Proton irradiation investigation has revealed some interesting properties in relation to the
structure and optical point of view, which could be utilized in the near future applications.
Firstly, this study has revealed that after proton irradiation, the colour of the nanorods had
changed from brownish into reddish colour. This change is attributed to optical band gap
alteration which results in more loosely bound 7-electrons being excited by the energies in

the visible light.

Secondly, protons induced a change in the structure of nanorods which is attested by the
Raman and FTIR spectra recorded in chapter 4. In all the figures from Raman spectroscopy,
we noticed a variation of different characteristics of the spectra such as intensity, shift, and

FWHM as a function of increased fluence. These are vital characteristics when it comes to
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structural investigations in solids. The behaviour of a sensory Ag (2) mode has indicated an
increase in the bond population between Cgy molecules. It should be noted that this increase
does not come without breaking of certain bonds; there should be breaking and reattachment
of bonds which then results in the reorganization of the whole structure. Hence, sensory Ag
(2) mode has the ability to pick that up as we have observed and discussed in this
investigation (chapter 4). The population of broken and re-attached bonds is noticeable above
the threshold value of 5.4 10'® ions/cm”. This reorganization could result to the formation of
Ceo nanotubes with the same outside appearance but hollow inside as reported by reference

[18].

Furthermore, FTIR has confirmed the transformation and rearrangement of the structure
which is seen by the suppression of sensitive FTIR mode of Cg at 1428 cm’! (tlu (4)). This
means that proton irradiation induces chemical modification with the nanorods which then
results in a change in the optical properties connected with structural changes. The peak at
1428 cm™ (tlu (4)) for the non-irradiated disappear after proton irradiation, which indicates
additional polymerization that could attribute to the formation of various structures as

reported by reference [18].

In addition, XRD confirmed the presence of induces stress which resulted in the shifting of
the Bragg peaks indicating change in d-spacing. We can conclude that, 2MeV protons
rearranged the structure and induce twinning of crystal planes as observed in HRTEM

images.

Thirdly, it was discovered that proton irradiation at 2 MeV enhanced surface adhesion

between the nanorods and the substrate (Si) as reported in chapter 4.

Fourthly, it was discovered that proton irradiation at 2 MeV enhanced insolubility of Cg
nanorods in toluene solvent as reported in chapter 4. SEM showed no changes due to

toluene.

Lastly but not the least, magnetic signal was observed. The drive behind this investigation is
because of the necessity of having biological compatibility, light weight and low cost, with
room temperature carbon-based metal-ion free magnet. We have observed that at 150 K, the
irradiated sample show diamagnetic behaviour but as the temperature is changed
magnetization tends to increase and saturate below 40 K. It can also be observed that the

magnetization data in the temperature range of 2 - 200 K, in 1 T applied field, for the
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irradiated nanorods show is temperature dependence. This results form the background of our

long term project.

8.3. Gamma irradiation

Gamma irradiation revealed interesting behavior of nanorods when investigated using Raman
spectroscopy. The structural transformation or structural reorganization occurs in stages as
observed and discussed in chapter 5. At low doses the breaking and reattachment of bonds
was minimal which can be called phase or stage 1 as shown in the figures but as the dose is
increased there was a sudden reorganization that led to the second stage. We can say that in
stage 1 the energy of gamma rays was being absorbed by the bond between individual
molecules up until the bonds could no longer resist but then broke (between stage 1 and 2)
and start reorganizing to reach saturation at stage 2 where the structure is stable. The process
repeats itself to stage 3. We can say that under gamma irradiation the nanorods did not reach
a stage where they can be destroyed completely at least in the range up to 1000kGy. FTIR as
a complementary technique to Raman has shown almost the same behavior with SEM

showing no sign of damage.

8.4. Neutron irradiation

Neutron irradiation induced maximum damage on the nanorods. At a moderate fluence the
nanorods still survived but as the fluence is increased they disintegrated into small pieces.
This is due to the fact that at higher fluence, a maximum kinetic energy of about 570 keV can
be transferred from fast neutrons of 2 MeV to carbon nucleus via elastic collision resulting in
ion displacements which produced large cascade of multiple displacements. Hence, Cg
nanorods cannot stand for higher neutron fluencies. These defects destroy the crystallinity

and probably induce the breaking of the carbon rods.

8.5. Annealing effects

Annealing nanorods at high temperature has revealed that they cannot be used in high

temperature environment. After annealing, the diameter of the nanorods decreased and the
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colour changed from brownish to whitish. At 400 °C not all nanorods had changed from
brownish colour to white, meaning the transformation of the nanorods is not complete. As the
temperature is further increased they are completely changed, then there is a complete
conversion of the nanorods from brownish to white colour. After annealing treatment at 600
°C for 2 hours, the Cg nanorods have transformed into amorphous carbon. Furthermore, after
annealing treatment at 800 °C for 2 hours the Cg nanorods have transformed into some strips

of amorphous with the Raman signature as reported by reference [26].
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8.6. Appendix

Table 1. 1: Summary of major physical characteristics of Cgp molecules

Quantity

Value

Average C-C distance

0.144nm (1.44A)

C-C bond length on a pentagon

0.146nm (1.46 A)

C-C bond length on a hexagon

0.14nm (1.40 A)

Ceo mean ball diameter

0.7nm (7.0 A)

Cgo out diameter

1.034nm (10.34 A)

Binding energy per atom 7.4eV
Electron affinity 2.65+0.05 eV
First ionization potential 7.58 eV
Second ionization potential 11.5eV
Optical absorption edge 1.65eV
Refractive index at 600nm) 2.2

Absorption coefficient at 220nm)

6.07x10° cm™




Table 1. 2: Physical constants for the crystalline Cg in the solid state.

Parameter

Value

fcc lattice constant

1.4170m(14.17 A)

Cgo-Cgp distance

1.002nm(10.02 A)

Ce0-Ceo cohesive energy

1.6eV

Tetrahedral interstitial site radius

0.112nm(1.12 A)

octahedral interstitial site radius

0.207nm(2.07 A)

Mass density

1.72g/cm’

Compressibility (-dInV/dP)

6.9 x10"*cm*/dyn

Young’s modulus 15.9 GPa
Transition temperature 261 K
Optical absorption edge 1.7eV

Thermal conductivity(300K) 0.4 W/mK

Electrical conductivity(300K)

1.7 x107 S/cm

Sublimation temperature

800K
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Table 1. 3: Summary of possible application of fullerene Ce [69].

Applications Description

Fullerene can be used as organic photovoltaics where it acts as the
Organic photovoltaics(OPV) )
n-type semiconductor (electron acceptor)

Fullerenes are powerful antioxidants, there are used in skin care
Antioxidants and
products to prevent free radical from damaging cell and other
biopharmaceuticals
medical applications i.e. drug delivery.

Anti-oxidation & anti-aging, Myth of keeping YOUTH. Instant
moisturized. Long lasting moisturizing and deep nourishment.

Skin care products . ) o
Completely block out melanin to regain whitening. Improve the

skin of fine lines and the elasticity.

Fullerenes and fullerenic black are chemically reactive and can be
added to polymer structures to create new copolymers with
specific physical and mechanical properties. They can also be
Polymer additives
added to make composites. Much work has been done on the use
of fullerenes as polymer additives to modify physical properties

and performance characteristics.

Marked ability to accept and to transfer hydrogen atoms;

hydrogenation and hydrodealkylations. Highly effective in

Catalysts _ ) ) )
promoting the conversion of methane into higher hydrocarbons.
Inhibits coking reactions.
Enhanced durability, lower heat build-up, and better fuel economy
Vehicles

with use of fullerene black/rubber.
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