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Abstract

Magnetite is a well-known ferrimagnetic material with a metallic cubic inverse-spinel
structure at room temperature and a high Curie temperature of 858K. Magnetite also pos-
sesses a low-temperature phase transition known as the Verway transition, at 120K. Be-
low the Verwey transition, magnetite adopts a monoclinic structure and exhibits changes
in its electrical magnetic and thermal properties. Fe3Oy is a ferrimagnetic oxide of iron,
which has numerous practical applications. The present work is about encapsulation of

magnetite inside multiwalled carbon nanotubes.

First part of the project synthesis and scaling up of FeQCNTs was done using the Chem-
ical vapourization method (CVD). The produced CNTs were characterized using X-ray
diffraction (XRD), Raman Spectroscopy, Field-Emission Scanning Electron Microscopy
(FESEM) and High-Resolution Transmission Electron Microscopy (HR-TEM) for struc-
ture, composition and morphology of the Carbon nanotubes and the encapsulate. The
CVD-synthesized and characterized sample was used to make a pellet of about 8mm di-
ameter and 2mm thickness and oxidised in a CO4 environment to produce Fe30,QCNT,
which were again characterized using the above-mentioned techniques. Rietveld Refine-
ment, which is a structural refinement process was carried out on the XRD profile of the

Fe30,@QCNTs to confirm the phases present and composition of the sample.

Fe3O,QCNT pellet was used like a pencil to write between two gold contacts on a Printed
Circuit Board (PCB). This writing creates a clean electrical path of Fes04QCNTSs be-
tween the gold contacts. This can be seen as Fe30,QCNT pellet is made up of CNT ink,
which can be used to write between two gold contacts to make an electrical path which
allows for electrical conductivity between them. A Closed cycle Refrigerator (CCR) was
used for obtaining temperature variation of resistance in the temperature range of 5 -
300 K in the interest of probing the Verway transition and other transport properties
of Fe30,@QCNT. Studies on FezO4 thin films of 85nm thickness have shown a change in
resistivity of about 3 to 4 orders of magnitude over the range of 50 - 300 K. However,
the bare nano-particles of Fe3O, in ultra small (<15 nm) range have shown suppression
of Verwey transition. Multiwalled CNTs, on the other hand, typically show resistance

decreasing with temperature in the range 5-300 K.

xii



In our case, where Fe3O, nanoparticles are encapsulated inside carbon nanotubes, we
find that the resistance still decreases with increase in temperature in the range of 5-300
K. Thus we still find semi-conducting-like behaviour in Fe30,QCNT. We do not find any
anomaly corresponding to the Verway transition down to 5K. Further, Variable-Hoping
Range (VRH) conduction model fitting was done to the R vs. T data obtained, and we
found that 3-D VRH model explains the R vs. T behaviour in a limited range at low
temperatures (54 K < T < 100 K). The deviation below 54 K may be due to the interface
effects existing between the graphitic shells of CNTs and the Fe3O,4 encapsulate.
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Chapter 1
Introduction

This thesis addresses synthesis, characterisation and electrical transport properties of hy-
brids based on carbon nanotubes and transition metal oxide magnetite. In the following,

the individual constituents of these hybrids are presented.

1.1 Carbon Nanotubes

Carbon Nanotubes (CNTs) are one of the allotropes of the element carbon, which is
made up of one dimensional structures. Carbon has allotropes made up of structures
with different dimensions- fullerenes which are considered 0-D structures, CNTs are 1-D
structures, Graphene is 2-D, and graphite and diamond have 3-D crystalline structure.
CNTs consists of sp? hybridized orbitals same as in graphite with each atom connected
to three other carbons with bond angle 120° in the x-y plane. Also a weak m-bond is

present along the z-axis (In multi-walled CNTs). [46]

Carbon Nanotubes are broadly classified into two types - Single-walled CNT (SWCNT)
and Multi-walled CNT (MWCNT). Single-walled CNTs can be imagined as a rolled-up
graphene sheet. Typical diameter of single-walled CNTs are 0.4 - 1 nm and the wall is
one-atom thick. Multi-walled CNTs are a stack/layers of graphene sheets rolled in the
form of a cylinder. MWCNTSs can have an outer diameter which can extend up to 100
nm thick. [53] The inter-layer distance in a MWCNT is typically 0.34 nm.

1.1.1 Properties of Carbon Nanotubes
Mechanical Properties

The graphene sheet is made up of carbon atoms in a planar honeycomb lattice. [46]
Each atom in it is connected by a strong sp? hybridized bond to the neighboring atoms,

because of which the elastic modulus of graphite is one of the largest. CNTs are the



strongest known nano-materials in terms of elastic modulus and tensile strength. [54]
CNTs have exceptional mechanical properties because of three major forces. CNTs have
strong in-plane sp? bonds, which gives them their remarkable flexibility both along and
off the axis. CNTs can be bent around sharp edges without any breakage. The Young’s
modulus of single-walled CNT has been reported to be ~ 1.8 TPa. [14, 54] In multi-
walled CNT, a weak inter-layer m-bond interaction also exists between the layers, due to
which the effective Young’s modulus reduces to just a few GPa. [14, 54] CNTs can even

withstand non-linear deformations.

Electronic Properties

The electronic properties of CNTs are very similar to that of graphene. Since graphene
is a 2-D structure with sp?-hybridized orbitals of carbon atoms, that gives rise to a zero
band-gap semiconductor. [46] The electronic properties of carbon nanotubes are also ma-
jorly the effect of sp2- hybridized orbitals of carbon atoms. Also, the geometric structure
of the CNTs like the diameter of tube and chirality also has a significant influence on
the electronic properties of the CNTs as the band gap depends on the diameter and the
chirality. The high aspect-ratio of CNT (length : diameter) gives rise to electrical con-
ductivity at lower weight ratios compared to traditional materials such as carbon black,
carbon fiber, etc. This is a great advantage when it comes to integrating nano-electronic
devices. [46] Modulations to the properties of CNTs w.r.t. Graphene arises because only
preferred k-states are allowed in CN'Ts. The CNTs can electrically behave either as a
semiconductor or as a metal depending on the chirality and the the direction of the axis
and the unit vectors describing the 2D graphene lattice. If the allowed sub-bands pass
through the K-points, CNT will be metallic, and if otherwise it will be semiconducting.
For semiconducting nanotubes, the band gap is inversely proportional to the diameter.
In multi-walled CNTs, the mechanism of conductivity becomes a more complex, and the
effect of inter-wall interactions are also significant apart from the diameter and chirality
of CNTs. Even then the multi-walled CNT's have known to exhibit exceptional electronic
properties also a number of devices based on multi-walled CNT have been extensively
studied. [46]

Metallic carbon nanotubes have known to possess electric current densities of 109 A em =2,
which is around 1000 times to that of copper. [46] CNTs exhibit a remarkable electrical
conductivity which have been theoretically and experimentally studied extensively. [35]
Furthermore, the electronic properties of CNTs can be tuned by addition of functional
materials inside or on the surface of the CNT. For instance, it is reported that encapsu-
lating an insulator within the core cavity increases the current carrying capacity of the

CNTs and this performs very well as heat sinks in nano-electronic devices. [2] CNTs



are one of the most promising candidates to be used in the designing of nano-electronic
devices. Metallic CNTs have been efficiently used as interconnects in integrated circuits.
CNTs have been used effectively in various ways, such as, panel displays, scanning probe
microscopes, sensing devices, energy science, and other areas of technology. [4, 15, 34,

37, 59, 60]

Thermal Properties

CNT are known to be exceptionally good thermal conductors along the tube axis and
good insulators perpendicular to the axis of the tube. [23, 24] CNTs possess almost
zero in-plane thermal expansion due to the strong in-plane sp? hybridized C-C bonds,
which gives them high adaptability against strains along the non axial direction. The
thermal conductivity of CNTs also depends on factors such as the number of graphitic
shells, its diameter, length and the defects in the lattice. [23, 24] Measurements on
individual single-walled CNTs have shown a thermal conductivity of 3500 W m 'K ! at
room temperature along its axis. This is around ten times larger as compared to copper,
which has a thermal conductivity of 385 W m™1 K~!. [23, 24] These exceptional thermal
properties have applications in nanoscale electronics, sensing devices, etc., and have been

investigated extensively. [24, 60]

1.1.2 Conventional Synthesis Methods for Carbon Nanotubes
Laser Ablation Method

In this method, a pulse laser vaporizes the graphite target in a high-temperature reactor
in which an inert gas is pumped into to maintain an inert environment. The CNTs
formed will deposit on the cooler surfaces of the reactor. CNTs were first synthesized
using Laser Ablation method with the help of a dual-pulsed laser. This yielded CNTs
of more than 70% in weight purity. [20, 50] Since two consecutive laser pulses are used,
the soot carbon after synthesis is significantly reduced. The bigger particles ablated by
the initial laser pulse are removed by the second laser pulse. The CNT synthesized will
be like a mat of ropes, which are around 100 pm in length, where each rope is a bundle
of single-walled CNTs. The CNTs produced are around 10 to 20 nm in diameter. The
synthesis parameters on which the quality and properties of CNT are dependent are-
laser power, chamber pressure, the distance between the target and the substrates etc.
20, 50]

Arc Discharge Method

Here arc-vaporization of carbon rods is employed to synthesize CNTs. Carbon rods are

placed end-to-end in an inert gas filled chamber maintained at low pressure. Due to the



discharge the carbon rod evaporates from the surface of one of the carbon electrodes,
which produces rod-shaped deposition on the opposing electrode. This method of pro-
duction of CNTs gives a high yield. Synthesis parameters on which the quality and
properties of CNT are dependent are uniformity of the plasma arc and the temperature
maintained at the deposit electrode. [9, 12] This method was one of the most convenient
ways to obtain CNTs because of its simple procedure. However, this technique yields a
complex mixture of different components. An additional step of purification is required
to isolate CNTs from the soot and the residual catalyst particles. In this method, both
single-walled and multi-walled CN'Ts with less structural defects and lengths up to 50 pm
can be synthesized. Since this method uses higher temperatures for synthesis of CNTs,
more than 1700°C, the resultant CNTs have fewer structural defects when compared to
the other synthesis methods. [9, 12]

Chemical Vapor Deposition

This is the most popular and convenient method choice to synthesize different types of
CNTs- ranging from single-walled, multi-walled, filled CNTs with various morphologies.
CVD has mostly replaced the other methods for synthesizing carbon nanotubes. This
method can be used to obtain well-formed CNTs in large quantities. This method also
allows a reasonable control over the parameters of CNTs like the diameter, length, and
filling fraction. [13, 30, 53, 58] The methods to obtain filled and empty CNTs are similar.
Both the processes require a hydrocarbon precursor for the formation of the CNT walls,
and a catalyst, usually metallic nano-particles which can facilitate the CN'T growth. The
catalyst can either be on a suitable substrate, or be used in gaseous form. Organometallic
compounds are usually preferred and used as a precursor for the catalytic synthesis of
filled CNTs, whereas for pristine CNTs (empty ones) an additional hydrocarbon source
in the form of liquid or gas is used. [53, 58]

The organometallic family of metallocenes is the most preferred precursor used for ob-
taining CN'Ts with the filing of metal particles in its core cavity. [40, 47, 53] Metallocenes
are substances with formula M(C5Hjs)2, where M can be iron, cobalt or nickel, and con-
tains both the hydrocarbon source and metallic catalyst particles to facilitate the growth
of the CNTs. Metallocenes consist of metal atoms in the center sandwiched between
two cyclopentadiene rings. [11] Metallocene is the most popular choice as a precursor
because of its relatively low sublimation temperature (150 - 300 °C') and suitable thermal
decomposition temperature (600 - 900 °C) which is the same temperature required for
CNT formation. [51] Thus the use of metallocene as a precursor for formation of CNTs
is an in-situ process which allows the formation of CNTs and filling of the CNTs to be

a simultaneous process. The two widely employed CVD methods are for synthesizing



CNTs are Solid State CVD and Aerosol Assisted CVD.

Aerosol Assisted C'VD
Aerosol Assisted CVD employs liquid precursors such as benzene, heptane, acetylene,
etc. for the synthesis of CNT. This method is most suitable to obtain pristine CNTs

with minimum residual catalyst particles. Here the liquid precursor acts as a carbon

source and a solvent for the organometallic compounds. In Aerosol Assisted CVD, the
liquid precursor solution consisting of hydrocarbon and metallocene are introduced into
the reactor zone. The presence of an excessive amount of carbon source in the gaseous
phase allows the formation of hollow empty carbon nanotubes. This method is not suit-

able for preparing filled CNTs with encapsulation of metal particles. [1, 22, 39, 57]

Solid State CVD

In a typical Solid State CVD, a two-zone horizontal furnace is used for the synthesis

of CNTs. In the first temperature zone known as the sublimation zone the precursor
is positioned in a quartz boat. This zone is maintained at temperature (T,;) near to
the sublimation temperature of the metallocene used. [11, 51]The sublimed plumes are
carried into the second temperature zone known as pyrolysis zone set at a relatively
higher temperature (T,,,,) which is conducive for CNT growth. The sublimed plumes
are carried to the pyrolysis region using a transport or carrier gas which can be argon,
nitrogen or hydrogen. The CNTs get deposited in the pyrolysis region. The CNTs get
deposited onto the inner wall of the quartz reactor or suitable substrates placed in the
pyrolysis zone of the reactor on which the CNT growth takes place. Commonly used
substrates are thin metal oxide layer coated silicon wafers a layer of metal (iron, cobalt
or nickel) coating over it. The additional metal layer acts as a secondary catalyst, which
improves the filling efficiency of the CN'Ts. The Solid-State CVD method is a convenient
way to synthesize Carbon Nanotubes (CNTs) that have ferromagnetic metal filling in
their core cavity. This process involves growing CNTs in the presence of metal nano-
particles that act as catalysts for CNT growth and provide metal atoms for filling the
CNT cores. By varying the synthesis parameters such as temperature, pressure, gas
composition, and metal particle size, the filling efficiency and morphology of the CNTs
can be tuned. [28] This method results in CNTs with higher filling factors and larger
magnetization, which can be useful in a range of applications including magnetic storage,
sensors, and biomedical devices. [18, 32, 40, 47, 53]

1.2 Properties of Fe;O, (Magnetite)

Magnetite is a black substance exhibiting ferrimagnetism. Its chemical formula, Fe3Oy,

corresponds to a cubic inverse spinel lattice structure. In this structure, there is a cubic



close-packed arrangement of oxide ions. Half of the octahedral sites are occupied by Fe**
ions, while the remaining octahedral and tetrahedral sites are equally divided among Fe3*
ions. Ferrimagnetism in Fe3Oy4 results from the coupling of electron spins in Fe?* and
Fe* ions within the octahedral sites and the coupling of Fe3" ion spins in tetrahedral
sites, which are antiparallel to the former. As a consequence, the magnetic contributions
from these two sets of ions are unbalanced, leading to a permanent magnetism. Fe3Oy4
exhibits ferrimagnetism with a high Curie temperature of 858 K (585 °C). [6, 19]

(A) 13 coon (B) A-site

>

Fe(B) Emitter Fe(A) Emitter

Figure 1.1: Lattice structure of Fe3O,4 - Cubic inverse spinel structure

At approximately 120 K (-153 °C), Fe;O4 undergoes a low-temperature phase transition
known as the Verwey transition. During this transition, there is a discontinuity in the
structure, conductivity, and magnetic properties. This phenomenon has been extensively
studied, and although various explanations have been proposed, it remains not fully
understood. Despite having higher electrical resistivity compared to iron metal, Fe3Oy
possesses a significantly lower electrical resistivity than other iron oxides like Fe;O3. This
characteristic is attributed to electron exchange interactions between the Fe?t and Fe3*
centers within Fe3O,4. [25, 52]

1.3 Magnetism in Solids

1.3.1 Magnetisation and Magnetic Ordering
Magnetization in Solids

A magnetic material is made up of many atoms, each of which has a magnetic moment.

The net magnetic moment per unit volume of the magnetic sample is known as the mag-



netization, or M. Induced magnetization (B) is the result of a magnetic sample being
exposed to a magnetic field (H). B and H’s relationship is a characteristic of the sub-
stance. For materials that are linearly magnetic, such as diamagnets and paramagnets,

the relation is given by:

the magnetic susceptibility of a material is given by:

M oM

= lim — = — 1.2
=N H T om (12)
subsubsectionMagnetic Ordering in Solids The ordering of magnetic moments of electron
spin structures within a material causes leads to the phenomena of magnetism. Strong in-
teractions are present between atomic magnetic moments, which can be due to exchange

interactions or electrostatic interactions.

The migration of electrons around atomic nuclei causes different magnetic interactions to

arise within the matter.

1. Orbital magnetic moment resulting from the electron’s orbital motion, which is the

main factor contributing to the magnetic moment of electrons.

2. A spin moment that is solely attributable to the nature of quantum mechanics and

is related to the spin of the electrons.

Long-range magnetic orders are created when magnetic moments in a solid communicate
with one another due to magnetic interactions. These interactions can include anisotropic
exchange, double exchange, direct exchange, indirect exchange, and magnetic dipolar ex-
change, among others. Different magnetic ordered ground states can be revealed through

competition between these exchange interactions. [5, 17]

1.3.2 Diamagnetism

There is some degree of diamagnetism in all materials. The magnetic moment produced
by the external magnetic field in the diamagnetic material tries to repel the external
magnetic field. The magnetic susceptibility of the diamagnetic materials is negative and

remains constant with temperature variation.

1.3.3 Paramagnetism

Materials with a positive magnetic susceptibility are related to paramagnetism. Mag-

netic moments within a material have a tendency to line up along an external magnetic

7



field. Moment alignments are determined at finite temperatures by the conflict between
thermal activation energy and the strength of external field. The magnetic susceptibility
of a paramagnet diminishes with temperature and is characterized by the Curie-Weiss

equation for interacting magnetic moments as:

X = T (1-3)

where C is the Curie’s constant. This relation is valid at sufficiently high temperatures

for weak magnetic fields. [5, 17]

1.3.4 Ferromagnetism

Ferromagnetic substances like Fe, Ni, Co, shows a spontaneous magnetization even in the
absence of an applied magnetic field and have a very high magnetic susceptibility. The
Curie-Weiss law potrays the magnetic susceptibility x of a ferromagnet in the paramag-

netic region above the Curie point:

. C
T —Te

X (1.4)
where T is the absolute temperature, T is the Curie temperature expressed in kelvin
bove which a ferromagnetic substance becomes a paramagnet. C is the material-specific
Curie constant. The susceptibility will reach singularity at T = T, according to the law.
The ferromagnet exhibits spontaneous magnetization below this temperature. [5, 17]

This might be attributed to already-existing close-by interactions between magnetic mo-
ments in ferromagnetic order. Heisenberg demonstrated that the electrostatic interactions
between interacting electrons might be the source of magnetic order. Pauli’s exclusion
principle prohibits two electrons from occupying the same quantum state. There are two

distinct types of quantum mechanical interactions which take place are:

1. Direct exchange- in which nearby unpaired electrons’ wavefunctions significantly

overlap with each other.

2. Indirect exchange- when magnetic moments are connected across relatively long

distances by a non-magnetic atoms.

5, 17]

Hamiltonian for exchange interaction for ferromagnets can be described as:

i?j



where i, j are magnetic moments, J;; is the exchange integral which represents coupling
strength between the magnetic moments i and j. Ferromagnetic materials has a strictly

positive ecxchange integral J;; which is explained by Weiss model. [5, 17]

1.3.5 Anti-Ferromagnetism

Neighboring spins that are anti-parallel to one another are aligned to create an antifer-
romagnetic magnetic order. Transition metal oxides like MnO, NiO, Fe,O3, are some of
the most common antiferromagnets (AFM). The exchange energy here is negative which
is explained by Weiss theory of antiferromagnetism, which allows the molecular field to
be split into two sublattices A and B, each with magnetization M. Magnetic moments
in one of the sublattice point upward, whereas they do the opposite in the other. Ex-
change integrals within a single sublattice are positive, whereas coupling with respect
to the other sublattices is negative. In many oxides, where magnetic ions are isolated
from one another by oxygen, indirect exchange mechanisms like Double exchange and

Super-Exchange interactions can result in Anti-ferromagnetic ordering.[Coronado1996]

In AFMs, the temperature above which antiferomagnetic ordering disappears and the
material exhibits paramagnetism is known as Neel temperature (T ). Antiferomagnets

obey Curie-Weiss law:

(1.6)

1.3.6 Ferrimagnetism

A ferrimagnetic substance is a material characterized by the presence of atoms with
opposing magnetic moments, much like antiferromagnetism. However, in ferrimagnetic
materials, these magnetic moments have different strengths, resulting in the preserva-
tion of spontaneous magnetization. This effect can happen when the material comprises
various types of atoms or ions within a unit cell, such as a combination of Fe(2+) and
Fe(3+) in the case of magnetite. In ferrimagnetic substances, magnetization occurs due
to interactions between dipoles and exchange interactions that obey the Pauli exclusion

principle. [42, 49]

Like ferromagnetic materials, ferrimagnetic materials exhibit attraction to magnets and
can be magnetized to create permanent magnets. Magnetite (Fe3O,), the earliest known
magnetic substance, was initially classified as a ferromagnet until Louis Néel discovered
ferrimagnetism in 1948. Since its discovery, ferrimagnetic materials have found numerous

applications, including in hard drive platters and biomedical uses.



Ferrimagnets also exhibit a critical temperature, known as the Curie temperature, above
which they transition to a paramagnetic state, similar to ferromagnets. At this temper-
ature, a second-order phase transition occurs, and the material can no longer maintain
spontaneous magnetization. This loss of magnetization is due to the increasing strength
of thermal motion at higher temperatures, overcoming the tendency of dipoles to align.
[42, 49]

1.3.7 Half-Metallic Materials

Half-metal is a material that conducts electrons with one spin direction effectively, while
it behaves as an insulator or semiconductor for electrons with the opposite spin direction.
In half-metals, the valence band is partially occupied for one spin direction, while there
exists a gap in the density of states for the other spin direction. Consequently, only
electrons with the first spin direction exhibit conducting properties. One of the most

famous example of half-metals is Fe3Oy4. [16, 26]
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Chapter 2

Experimental Methods

2.1 Characterization Techniques

2.1.1 Powder X-Ray Diffraction

Powder X-Ray Diffraction (PXRD) is a well known technique primarily used for qual-
itative and quantitative analysis of the crystalline phases of materials. XRD patterns
can reveal information such as unit cell dimensions, crystallite size and shape, crystal
orientation, close surface characterization, characterization of solid solutions etc. The
constructive interference of monochromatic X-rays on the lattice planes of the crystalline

sample allows us to characterize diffrent crystalline substances.

Bragg’s Law: Bragg’s Law establishes that when a monochromatic X-ray beam is di-
rected at a crystal surface at an angle of incidence (), it will be scattered at the same
angle (0) due to the regular arrangement of atoms in the crystal lattice. If the path
difference (d) between the X-ray waves is proportional to an integer multiple (n) of the
wavelength (), the waves will constructively interfere, resulting in a diffraction pattern.

The mathematical expression that defines Bragg’s Law precisely is:

2dsin 0 = n\ (2.1)
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Figure 2.1: Schematic Representaion of Bragg’s Law [21]

The cathode ray tube generates a broad spectrum of X-rays, which are then filtered to
produce monochromatic radiation of a specific wavelength. The collimator is used to
focus and direct the X-rays towards the sample, which is mounted on the goniometer.
The diffracted X-rays are collected by the X-ray detector, which is mounted on another
arm that rotates at an angle of 20 relative to the sample. By scanning the detector at
different angles, the X-ray diffractometer can collect a complete diffraction pattern that

can be analyzed to determine the crystal structure of the sample. [21]

2.1.2 Rietveld Refinement

Rietveld refinement, pioneered by Hugo Rietveld, is a technique employed in the analysis
of crystalline substances. When neutron and X-ray diffraction is applied to powdered
samples, it generates a distinct pattern characterized by reflections, which are peaks in
intensity occurring at specific positions. By examining the height, width, and position of
these reflections, various details about the material’s structure can be deduced.

The Rietveld method utilizes a least squares approach to fine-tune a theoretical line
profile until it closely matches the actual measured profile. This technique optimizes
user-selected parameters to minimize the disparity between observed data and a model
constructed based on the assumed crystal structure and instrumental factors. It simul-
taneously refines the observed diffraction pattern using theoretical models that consider
elements such as crystal structure, diffraction optics, instrumental characteristics, lattice

parameters, and more. [45]
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Principle of Rietveld Refinement

The powder diffraction pattern is recorded as numerical intensity value y; in the incre-
mental steps i. The increments here is scattering angle 26. The ’best fit’” is the best least
squares fitting to accommodate all the y; simultaneously. Residual function S, is the

quantity to be minimised, which is given by: [45]

Sy = sz(?/z — Yei) (2.2)

where, w; = 1/y;, y; is the observed intensity at every i’ step, y; is the calculated in-
tensity at the i(th) step.

The background intensity ys; at the it” step can be obtained from either an user supplied
file, or linear interpolation of the user selected points, or a specific background func-
tion. Background function is generally a sixth-order polynomial function and can also
be an input from the user in the form of user generated .bg file with refinable heights.
The reflection profile function ¢ approximates the effects of instrumental features as well
as sample’s features. The reflection profiles available in most of the programs include
two different pseudo-Voigt functions, Gaussian, Pearson VII, Lorentzian and modified
Lorentzian functions. We have used pseudo-Voigt function in refining the data presented

in this thesis.

The dependence of the the breadth H in the reflection profile is described by Caglioti’s

formula written as: [45]
H? = Utan(6)” + Vtan(d) + W (2.3)

where U, V, W are hte refinable parameters which defines the peak width and the peak
shape of the reflection profile.

The Lorentz-Polarization factor Lg takes care of the instrumental factors. The scattering
of the light from the atom and diffracted light from the monochromator to remove un-
wanted wavelengths of radiation can polarize the X-ray beam. These factors are included

in the Lorentz-Polarization factor Lg. [45]

Procedure for refinement

The Rietveld refinement for the samples investigated in this thesis were done on ”Full-

Prof” software. The input files are the experimental data in .dat file, and crystallographic
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information in .cif file which contains the crystallographic information about the crystal.
CIF file for each phase of compound has to be uploaded. After the input of the files,
and manually adding/adjusting parameters such as wavelength of the X-ray source, back-
ground function/external background file, type of reflection profile function, the program
is run for refinement.

The sequence followed for refinement for a crystal structure is as follows.
1. Scale factor.

2. Scale factor, zero point of detector, background parameter and instrumental param-
eters. The background was fixed using linear interpolation with a set of pre-decided

points provided by user.
3. Refine the lattice parameters - a,b,c.
4. Atomic positions.
5. Refine the peak shape (U, V, W) and asymmetry parameters (if necessary).
6. Add atomic occupancies.
7. Add preferred orientation(if necessary).
8. Refine for the overall Debye-Waller factor.

9. Micro-structural parameters: size and strain effects.

2.1.3 Field-Emission Scanning Electron Microscopy

The Field-Emission Scanning Electron Microscopy (FESEM) involves the liberation of
electrons from a field emission source, which are then accelerated in a high electrical
field gradient within a high vacuum column. These electrons are referred to as primary
electrons. The primary electrons are subsequently focused and deflected by electronic
lenses to generate a collimated and focused beam that is used to bombard the object. This
results in the emission of secondary electrons from the sample. The surface morphology of
the object is related to the angle and velocity of these secondary electrons. An electronic
signal produced by the secondary electrons on the detector, and it is then amplified and
converted to a scan-image or video for display on a monitor. The resulting image is
an intensity distribution map of the electrons emitted from the sample. For effective
visualization under SEM technique, it is preferable for the sample to be conductive to

allow the beam to strike its surface for imaging purposes. [43]
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Figure 2.2: Schematic Representation of a SEM instrument [43]

When the secondary electrons are emitted from the inner shells of the atoms, the electrons
from the outer shells will fill up the empty inner shells. This transition of electrons will
emit x-ray photons with an energy equal to the difference between those energy levels.
The wavelengths of these emitted x-ray photons are characteristic to a particular atom,
and, therefore, the analysis of these energies of the characteristic X-rays are used to de-
termine the elemental composition of the sample. This technique is known as Energy
Dispersive X-Ray (EDX). EDX can provide qualitative and quantitative information of

the selected area on the surface of the sample. [43]

2.1.4 Transmission Electron Microscope

Transmission electron microscopes (TEM) uses a beam of electrons to visualize speci-
mens and generate a highly-magnified image. TEM operates almost on the same optical
principles as the light microscope. The wavelike behavior of electrons allows a beam of

electrons to be focused and Diffracted, and thus imagimg is possible.
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Figure 2.3: Schematic representation of a TEM instrument [7]

The source electrons are generated by thermionic emission from a filament or through
field-emission. An electric potential is used to accelerate the electrons, and the accelerated
electrons are focused by electrostatic and electromagnetic lenses onto the specimen. The
transmitted beam which consists of information about the specimen’s electron density
is used to form an image. Electrostatic plates are used so that the electrons will be
deflected by a constant angle. Different magnetic fields form a magnetic lens of variable
focusing power and the lens shape originates due to the magnetic flux distribution. The
condenser lenses are basically solenoid or an electromagnet which produces a focused
beam of electrons on the sample.. The focusing power of the magnetic lens can be altered
by changing the current passing through the solenoid. Also there are lenses which are
placed after the sample which is the intermediate lens system. This lens system can be
adjusted to form a diffraction pattern or image of the sample with magnification up to
1,000,000x. [7]
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2.1.5 Raman Spectroscopy

The way light interacts with materials can result in transmission, reflection, or scattering.
To analyze the vibrational modes in a system and gain information on both its chemical
and structural characteristics, the technique of Raman scattering is used, which involves
inelastic scattering of monochromatic light. This method can also be used to identify
(characterize) substances. A typical Raman spectrometer includes a laser source that
excites the sample, a filter that delivers monochromatic laser light to the sample, a
detector that collects the light and sends it to a spectrograph for measurement of light
intensity at various wavelengths, and a microscope that focuses the laser light onto a
point on the sample surface. The whole system is controlled by a computer, which

handles instrumental control and data manipulation. [8, 10, 31]

Beamspitter Diffraction Grating -

-
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Rayleigh
Filter

Laser
\ at chosen i
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Figure 2.4: Schematic representation of a Raman spectrometer [§]

When a laser beam of monochromatic light interacts with a material, some of the photons
are absorbed by the sample and then emitted back. Most of the photons are elastically
scattered, which means their energy remains the same as that of the incident photons,
and this is referred to as Rayleigh scattering. However, a small portion of the light
scatters with a frequency shift either up or down from the incident photons. This inelastic
scattering is called the Raman effect. The frequency shifts provide details about the low-

frequency transitions, rotational and vibrational patterns in the molecules. [8; 10]
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diagrams for Rayleigh & Raman Scattering (Stoke and Anti-stokes) [8]

Raman scattering:

When light interacts with a molecule, the oscillating electromagnetic field of a photon
creates a polarization of the molecule’s electron cloud, causing the molecule to enter a
higher energy state. This results in the transfer of energy from the photon to the molecule,
and a short-lived complex is formed between them. This complex is known as the virtual
state of the molecule, but it is not stable, and the photon is quickly emitted as scattered
light. The lines that have a frequency lower than the incident frequency, meaning that the
inelastic scattering photons lose energy while creating a photon, are referred to as Stokes
lines. On the other hand, the lines with a frequency higher than the incident frequency
are called Anti-Stokes lines. The likelihood of these processes occurring is influenced by

the excitation energy and temperature. [8, 10]

2.2 Synthesis of Metal Filled Carbon nanotubes

2.2.1 Precursor and parameters for CVD

Chemical vapor deposition (CVD) is one of the most popular method to synthesize single-
wall and multi-wall CNTs. In this technique a hydrocarbon precursor compound is used
which acts as the carbon source for the CNT synthesis and a catalyst is used which facili-
tates the growth of the graphitic shells. Organometallic compounds are the most popular
choice for catalytic synthesis of filled CNTs, specifically, metallocenes (M(C5Hs)2), where
M can be iron, nickel or cobalt, which are the most commonly used precursors for syn-
thesizing metal-filled CNTs. The metallocene (M(CsHs)2) consists of two five membered
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Figure 2.6: Representative image of a molecule of ferrocene. M represents the central
metal atom. [27]

cyclic organic molecules bound to a central metal atom. Fig.2.6 is a representation of the
general structure of a metallocene molecule. [18, 28, 32, 40, 46, 47]

Using metallocene has an added advantage because these compounds provide both the
carbon source and the metallic catalyst particles to facilitate the growth of the CNTs.
Metallocenes have a low sublimation temperature (150 - 300 °C) which makes them one

of the most common and convenient choice as a precursor.

In a typical Solid State CVD, a dual-zone furnace is used. Here, the first temperature
zone is known as the sublimation zone where the metallocene is sublimated at a specific
temperature (sublimation temperature of the precursor) and this is referred to as the
"Tsuw.” The metallocene plumes are carried by an inert gas to the second zone which is
known as the pyrolysis zone. This zone is maintained at a relatively higher temperature
than the sublimation temperature and is referred to as the pyrolysis temperature " T),,,.”
The precursor gets decomposed and the CNTs grow in the pyrolysis zone according to
the other synthesis parameters. The morphology of the CNTs formed critically depends
on T,,., and Ty,;. Therefore, typically a dual-zone furnace with two independent tem-
perature controllers is used so that both the sublimation and the pyrolysis temperature
can be controlled accurately. [18, 28, 32, 40, 46, 47]

2.2.2 Single-zone Furnace for Solid-state CVD of metallocene

In our synthesis method, we used a single-zone furnace that has be modified efficiently

to fore-go the dual-zone furnace for synthesis of metal and metal-oxides filled CNTs.
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Figure 2.7: Schematic representation of the single-zone furnace with the modified syn-
thesis chamber; taken from [27, 28]

A single-zone horizontal tube furnace from Nabertherm is used which can heat upto a
maximum temperature of 1300 °C. The inner diameter of the ceramic tube furnace is 50
mm and the length of the ceramic tube is 1 m. The temperature profiling was done for the
setup at 900°C. The single-zone furnace consists of a constant temperature zone in the
middle, which is roughly 60 cm in length with temperature stability of 2°C. Along the two
outer sides, the variable temperature zones are present. The middle region with constant
temperatureT,,,, is used as the pyrolysis region, and the variable temperature zones on
either side of the constant zone is used as the sublimation zone.Temperature profiling
of the variable temperature zone is made to determine the spot at which the furnace
remains in the desired Ty,;. As shown in 2.7 T),,, region is the constant temperature

zone and on either sides of it the variable temperature zone exists. [28]

2.2.3 Carbon Nanotube Synthesis Procedure
The CVD Synthesis Set-up

The CVD setup consists of a synthesis chamber, a compression seal arrangement with the
precursor in a quartz boat, and gas flow tube and exhaust tubes. The synthesis chamber
consists of two coaxial quartz tubes, where the outer tube is 170 cm in length with inner
diameter 37 mm and wall thickness of 3 mm and the inner tube is 1 m in length with
25 mm inner diameter and a wall thickness 3 mm. The inner tube is where the CNTs
mainly gets deposited. The outer quartz tube is connected to a standard compression seal
arrangement at one side. This allows for the insertion of the precursor i.e. metallocene
in powder or solid (pressed pellet) form. A small semi-cylindrical container to place the
sample, which is referred to as the sample boat is fused to a long glass rod to facilitate

it to be pushed to the predetermined spot in the inner tube in the variable temperature
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region. The compression seal arrangement allows the quartz rod to move into the inner
quartz reactor of he synthesis chamber with precision without disturbing the inert gas
flow. The other end of the quartz tube is connected to the acetone trap to trap any
substance which flows out of the synthesis chamber, which is connected to an exhaust.
Thus the compression seal arrangement along with the temperature profile of the synthesis
chamber allows one to extend the use of a modified single-zone furnace as a dual-zone
furnace with suitable T, and Tg,. This removes the limitation of requirement of a
dual-zone furnace for synthesis of filled CN'T's, which costs a lot more than the single-zone
furnaces. The design of the synthesis chamber and modifications leads to a better control

in length, diameter, filling efficiency and morphology of the CNTs produced. [28]

Synthesizing CNT's

The precursor used here is Ferrocene which is 98% pure, procured from Sigma Aldrich.
The outer quartz tube is annealed at 800°C for twelve hours before to every synthesis
run. For each run, a new and thoroughly cleaned and dried inner quartz tubes was used.
The ferrocene powder was made into a pressed pellet using 500-700 mg of ferrocene pow-
der. The metallocene pellet is be then placed inside the sample boat. The sample boat
is positioned such that it remains at room temperature, so that no sublimation of the
precursor takes place when the furnace is heated up to 900°C (Sublimation temperature
of ferrocene  150°C). Before switching the furnace on, the synthesis chamber is flushed
with argon gas for a few minutes. A programme is set to heat up the furnace at 800 °C
per hour from room temperature to 900°C. Here, 900°C is a pre-optimised T, for the
synthesis of iron filled CNTs with aligned forest morphology. When the furnace attains
the required fixed temperature (T, = 900°C) it is left to stabilised at 900°C for 15 to
20 minutes. Then the quartz boat is pushed through the compression seal assembly to a
pre-determined spot in the synthesis chamber which will have the temperature of Tyy.
Ty for synthesizing Fe@QCNTs with aligned forest morphology was optimised at 300°C
by A. Kapoor. [28] Once the metallocene gets sublimed, the carrier gas, which is the
argon gas here, carries the plumes of metallocene to the middle of the synthesis chamber,
which is the fixed temperature zone with temperature maintained at T,,,. Reaction
time here is 10 to 15 minutes, and the setup held stable for this time after the sample
boat is pushed till T,,;. Then the furnace is switched off, and is allowed to cool down to
room temperature under argon gas flow. Argon gas flow should be at least maintained
till ~ 150°C.

Once everything is cooled down, the CNTs formed on the surface of the inner quartz
tube is scraped off using a glass rod and then magnetically removed out the tube. The

inner tube is divided into sections, and then the sample is retrieved so that the CNTs
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formed in the variable temperature zone (temperature varying from 600 - 900 °C) and
in the fixed temperature zones are not mixed up. The middle section (corresponding
to the fixed temperature region) has the best quality of well formed aligned forests of
CNTs with minimum residual catalyst particles. The CNTs obtained from the variable
temperature region are more distorted, and has higher concentration of residual catalyst
particles along with the aligned forests. This also makes it clear that T),,, is very crucial

as to the morphology of the CNTs formed.

Important thing to note is that, if the argon gas flow rate is too high, the gas would
carry away the submlimed plumes of ferrocene particles away from the fixed temperature
region. Also, if the flow rate is too low, the gas would not be able to carry most of the
ferrocene particles to the fixed region. This would affect the yield as well the quality
of the CNTs formed. Optimal flowrate should be just enought to carry the sublimated

ferrocene particles upto the fixed temperature region.

2.2.4 Oxidation Procedure to synthesize Fe;O,QCNT

Oxide filled CNTs like Fe30, filled CNTs are used for applications in batteries and spin-
tronics/ nano-electronics. Spaghetti-like morphology of CNTs is preferred in the case of
battery related applications, whereas the alligned forest morphology can be more suitable

for nano-electronics/spintronic applications. [28, 55]

Fe@QCNTs are converted to a-FeoO3@CNTs and FesO,QCNTs by annealing them at
suitable conditions in carbon dioxide environment . The synthesis chamber for annealing
remains the same as for synthesis of FeQCNT, but no inner quartz tube will be used and
the gas flowing in the chamber will be carbon dioxide. Measured amount of FeQCNT
(~100-150 mg) was made into a pressed pellet. The pellet on a sample boat is placed in
the CVD setup such that it remains in the room temperature. Synthesis chamber is then
flushed with COs gas for a few minutes, and then the furnace is set to heat upto 500°CC.
Once the furnace reaches 500°C and stabilises, the sample boat is pushed in so that it will
be positioned well inside the fixed temperature region. CO4 gas flow rate is kept very low,
as here it doesn’t act as a carrier gas, but only needs to provide a COy environment for
the oxidation of iron to take place. Also low gas flow rate ensure that FeQCNTs won'’t fly
away (carried away by the gas) and reduce the yield of a-FeaO3@QCNTSs or Fe3O4,QCNTs.

2.3 Resistivity Measurements

Setup for resistivity Measurement: A Closed Cycle Refrigerator (CCR) which works on
the basis of Gifford-McMahon Cycle is connected to Lakeshore 360 Temperature Con-
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troller. The Temperature controller stabilizes to a set temperature using a PID controller.
The CCR is enabled with ten wires, of which of 2 of them were used for the resistivity
measurements. The wires are connected to Keithley 2450 Sourcemeter. The Sourcemeter
has sensitivity of 1pV and resolution of InA. The Cernox Temperature sensor (Temper-
ature range: 4K to 325K) is mounted near the sample on the sample holder, which gives

us the idea of the temperature of the sample.

Sample Preparation and Mounting: A PCB made of epoxy fibreglass with pre-made gold

contacts were used. The pellet of Fe30,QCNTs was held and a line was drawn between
gold contacts. This created a continuous layer structure of Fe304,QCNTs over the insulat-
ing fibreglass and thus making a connection between the gold contacts. This connection
made using Fe3O,@QCNTs creates a percolation path between the two contacts and this
makes the path electrically conductive. One or Two clean strokes of Fe3O,QCNTs be-

tween the contacts had a resistance of about 2.3 k) at room temperature.
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Chapter 3

Synthesis and Characterization of
aligned forests of Fes0O,@CNT's

The Solid-state CVD method using ferrocene as a precursor was employed to synthesize
the CNTs. The Iron filled aligned forest CNTs were synthesized at Ty, of 300°C and
Tpyro 0f 900°C which was optimised by A. Kapoor et al. [27, 28] Even though the basic
CVD setup was same as A. Kapoor et al, The ceramic tube in the setup was replaced.
Thus we had to do a temperature profile for the present setup. Totally eight CVD runs
were carried out to scale up the FeQCNT sample. A pressed pellet of FeQCNTs was

made to carry out oxidation.

3.1 Temperature profiling of the Furnace at 900°C

In order to record the temperature from temperature profiling of the inner chamber, a 1m
long K-type thermocouple was used along with a temperature reader. Starting from one
end of the furnace, temperature was recorded at 0.5cm intervals till the middle region.
With the help of this temperature profile, we were able to determine the exact point at
which the temperature of the furnace would be the required sublimation temperature
(Tsup). So with the help of the temperature profile of the furnace, we could insert the

sample boat with the ferrocene precursor to the desired spot of Ty, = 300°C.
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Figure 3.1: Temperature profile of the variable region at 900°C

Due to the limitations of the proper temperature measuring apparatus, we could not
record the complete temperature profile of the variable temperature zone till the con-
stant temperature zone (room temperature to 900°C). The Thermocouple we used had
a maximum temperature limit of 750°C. Thus, the temperature profile was determined

only for the temperature range of 50 - 550 °C.

3.2 Synthesis and Characterization of Fe@QCNT's

Alinged forest FeQCNTs were synthesised using the Solid-state CVD method optimised
by A. Kapoor et al. [28] The most important synthesis parameters in Solid-state CVD are
the Sublimation and Pyrolysis temperatures which were T,;, = 300°Cand T, = 900°C.

Toups Tpyro | Amount of | well-aligned Aligned CNTs with

precursor | good quality | higher residual par-

CNTs ticle density
300°C, 900°C | 500 mg 40-70 mg 80-100 mg
300°C, 900°C | 700 mg 100-150 mg 150-200 mg

Table 3.1: Amount of precursor to amount of good quality CNTs produced

As we can see from the table 3.1 above, we can see that increasing the amount of

precursor for a run from 500 mg to 700 mg gives almost double the amount Good quality
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CNTs. The reason for this could be as follows. In order for the sublimed plumes of
ferrocene to reach the constant temperature zone, we need to have a good flow of Argon
gas. While this ensures most of the sublimed particles reach the constant temperature
zone immediately after it gets sublimed, there will be some amount of particles which
will get carried far away from the constant temperature region to the other side of the
synthesis chamber before it gets a chance to under pyrolysis at 900°C. Since the Argon
gas flow rate and duration of pyrolysis were same for both 500 mg and 700 mg runs,
the wastage in the precursor which gets carried away before the reaction will be similar.
Argon gas flow rate and the duration of pyrolysis has been optimised to synthesize aligned
Forest CNTs and changing these parameters will affect the morphology and quality of
the CNTs produced. Instead this way of increasing the precursor will give a better yeild
without any compromise in the morphology or the quality of the CNTs produced.

3.2.1 Raman Spectroscopy on Fe@QCNT

Pristine multi-walled carbon nanotubes exhibit three distinctive Raman peaks, specif-
ically at wavelengths approximately equal to 1350 cm™1, 1583 cm™1, and 2692 cm™1.
These peaks are associated with the D band (representing disorder), the G band (asso-
ciated with the graphitic shells), and the G’ band (corresponding to the second-order
harmonic of the G band), respectively. [61]
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Figure 3.2: Raman Spectrum for FeQCNT.
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Green laser with wavelength of 532 nm was used for the Raman charecterisation. The
laser power used was 2mW. The encapsulated Fe particles do not show any significant
Raman shift.

3.2.2 FESEM on Fe@QCNT

FESEM micrographs of the CNTs at ~20000x magnification shows the well-formed, al-
ligned carbon nanotubes. It is observed that several carpets of alligned forests of carbon
nanotubes are formed. These representative micro-graphs corresponds to the aligned
CNTs procured from the constant temperature region. FESEM imaging can only visu-
alise the structure of graphitic shells properly. Iron filling inside the nanotubes are not

clearly visible.

Since Fe@QCNTs are conductive material, there is no need of any additional coating over
the sample in order to visualize them under the FESEM. FESEM images give us the
structure and quality of the CNTs formed. In the same instrument, the characteristic
X-rays produced are also used to determine the elemental composition of the sample.

This technique is known as the Energy Dispersive X-Ray (EDX).

Sample Preparation for FESEM To prepare non-conducting samples for analysis, it is

necessary to apply a thin layer of conductive material such like Gold using techniques
such as sputter coating or high vacuum evaporation. Additionally, the samples must be
able to withstand the high vacuum environment without undergoing changes such as the
loss of water molecules or gases. For powder samples like CNTs, a carbon tape is affixed
to a stub, and the powder is then sprinkled onto the tape. The stubs are placed in a
desiccator with a vacuum pump to remove any particles that have not adhered to the

tape, preventing the accumulation of fine particles within the instrument.
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Figure 3.3: FESEM micro-graphs of FeQCNT. (a) Carpets of aligned forest. (b) Magni-
fied picture of a single carpet of CNTs. (c) Well aligned CNTs

We can see from 3.4 that there are beds of well formed CNTs in alligned-forest morphol-
ogy. The CNTs of best grade from the constant temperature zone are 10pm in length
and 50 nm in diameter. The inner core of iron filling is around 10-15 nm in diameter.
As we move away from the centre of the furnace, that is move away from the constant
temperature zone, the quality of CNTs formed deteriorates. The CNTs becomes less
alligned and more particulate matter is present in the CNTs collected away from the

constant temperature zone.

3.2.3 HRTEM on FeQCNT

HRTEM uses high power electron beams to visualise the structure of the sample. HRTEM
can visualize samples upto 100000x magnification. This enables us to visualise the Fe
encapsulation much better when compared to FESEM images. The contrast between the

Fe encapsulate and the graphitic shells of CNTs are well distinguished. We can also see
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that the filling efficiency in the CNTs are also good.

Sample Preparation for HRTEM For TEM imaging, the sample’s thickness should be less

than 100 nm so that it is thin enough for electrons to penetrate and produce an image.

In case of powder samples like CNT, a solution of the sample was made using ethanol
as solvent. This is sonicated for 10-15 minutes so that the CNTs get dispersed in the
medium. Using a micro-pipette a drop of this dispersed solution is dropped over the

TEM grid, which is then dried completely before imaging.

Figure 3.4: HRTEM micro-graphs of FeQCNT. (a) CNTs encapsulated with Fe particles.
(b) Encapsulation of Fe particles inside a CNT. (Please note the diameters of CNT and
the Fe filling) (¢) TEM micrograph showing the graphitic shells of the MWCNT

29



3.3 Synthesis and Characterization of Fe;O,QCNT
pressed pellet

Controlled Oxidation of FeQCNT in CO, environment produces Fe30,QCNT. The syn-
thesis chamber is same as CVD setup for synthesizing FeQCNTs except, for the absence
of the inner quartz tube. FeQCNTs were scaled up and a pressed pellet of 8 mm diameter
and 2 mm thickness was made using them. The synthesis chamber is flushed with CO,
gas and the furnace is heated upto 500°C. Then the sample boat with FeQCN'T pellet is
pushed all the way in such that the sample is placed well inside the constant tempera-
ture zone. The pellet was allowed to get oxidised in the COy environment at 500°C for
required time. After that, the furnace is switched off and the sample boat is pulled out
of the furnace and spot in the chamber which lies around the room temperature. The
oxidised pellet is allowed to cool down with COy gas flow.

In A. Kapoor’s et. al.’s work, the oxidation of FeQCNTs was carried out in CO5 envi-
ronment to produce a-Fe;O3. But there, the FeQCNTs were placed inside the furnace
at room temperature and heated up to the desired temperature under CO, gas flow and
is left to oxidise at it for an intended time. And then, the sample is left to cool down to
room temperature under CO, flow inside the furnace. Following this procedure, Dr. A.
Kapoor had produced a-Fe,O3@QCNTSs.

Two pellets were oxidised under COs environment as follows
1. Pellet P1 was oxidised at 500°C for 30 min

2. Pellet P2 was oxidised at 500°C for 10 min

3.3.1 Raman Spectroscopy on Fe;sO,@QCNT

The Raman spectrum of Fe3O,QCNT reveals prominent peaks at three distinct positions,
specifically around 215 cm ™, 278 cm ™!, and 393 em ™!, and two fainter bands at 482 cm ™!
and 595 cm™! in the range below 1000cm~!. Within this spectrum, the peaks detected
at 281 cm™! and 399 cm™! are associated with the stretching (Fe-O) mode occurring
between two Fe and O atoms. [41] This finding is consistent with previously reported

data on Fe3Oy, confirming the characteristic bands’ peak positions.

Above 1000cm ™! we can observe the three characteristic Raman peaks for pristine mutli-
walled carbon nanotubes around 1350 cm ™, 1583 cm ™! and 2692 cm~! which corresponds
to the D, G and G’ bands respectivelt. This confirms that the FeQCNT was successfully
converted to Fe3O4,QCNT. The spectra doesn’t conatain any others peaks of bands in
Raman spectra, thus Fe has got oxidised to Fe3O4. FesO4 has a characterisitic peak
around 1250 cm™'. [3, 36, 41, 48|

30



25000 Raman Spectrum for Fe-oxide@CNT
©
20000 -
Fe-oxide@CNT| |
15000
G
2
% 10000 - | |
c ]
o [
= i
5000 - D | A
1 ] i
215 278 b [
h [ T
= r’w @Ja 505 ’ ) \ _,.-W it \‘r‘.'wmww‘l
POASRT et
-5000
T T T T T ' T ' !
0 1000 2000 3000 4000
Raman shift (cm”*-1)

Figure 3.5: Raman Spectrum for FeQCNT containing Characteristic peaks of both «-
Fe;,O3 and CNTs

3.3.2 Rietveld Refinement of Fe;O,QCNT

Rietveld refinement was done using the FullProf software. CIF file for graphitic shells
was added first for refinement, since the highest fraction of the sample is of CNTs as
it was evident from SEM images. After refining for scale factor, zero point of detector,
background parameter and instrumental parameters, refinement of lattice parameters,

atomic positions, peak shape parameters (U, V, W) was carried out.

From the fractional percentage of composition of each phase obtained after the Reitveld
refinement process from Fig 3.6 & 3.7 , we can see that the percentage of Fe3O4 is much
more than a-Fe in P1 compared to P2. This difference is solely due to the increased
time for oxidation in P1 compared to P2. P1 was oxidised for 30 minutes in the CO,
environment, but P2 was only oxidised for 10 minutes. So in the pellet P1, more amount
of Fe could get converted to Fe3O4, whereas in P2, there is still a high percentage of

unoxidised a-Fe present.

31



P1
BRAGG R-Factors and weight fractions for Pattern # 1
=> Phase: 1 second edition. Interscience Publishers, New York, New York
=> Bragg R-factor: 3.71 Vvol: 35.884( ©.000) Fract(%): 54.39( 1.19)
=>» Rf-factor= 4.17 ATZ: 48,846  Brindley: 1.00080
=> Phase: 2 alpha Fe
=> Bragg R-factor: ©.814 vol: 23.619( @.000) Fract(%): 14.34( 9.17)
=>» Rf-factor= @.764 ATZ: 111.658 Brindley: 1.0000
=» Phase: 3 Fe304
=> Bragg R-factor: 2.58 Vol: 592.288( ©.80@) Fract(%): 31.27( 9.36)
=» Rf-factor= 3.10 ATZ: 1852.467 Brindley: 1.0000
Cycle: 3 Chiz: 1.25 FeZO3RCNTJananiPl .dact
b zsocoo-
Ea
g 26000
. 24000
ﬁ 22000 -
L
- 20000 -
ﬁ 18000
Rl
n 1&000+
d
:';: 14000+ I I (N b U S T I Y i by o 10
3 B e T it it e b ey
,5 12000 - . . hil
30 40 50 [=1n] 70 80
2Theta

Figure 3.6: Fraction percentage of Fe3O,, CNTs(Graphitic shells) and unreacted Fe in
Pellet P1. Below is the Rietveld Refinement of the same compound with a very good x?

value.

Both the refinements of P1 and P2 have very low x? value of 1.25 and 2.57 respectively,
which is an indication for goodness of fit for the refinement. Since all the peaks are well
fitted using the C, Fe and Fe30,4 we can say that there was no presence of any additional

impurity peaks in the sample.
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Figure 3.7: Fraction percentage of Fe3O,, CNTs(Graphitic shells) and unreacted Fe in
Pellet P2. Below is the Rietveld Refinement of the same compound with a very good x?

value.

Both the refinements of P1 and P2 have very low x? value of 1.25 and 2.57 respectively,
which is an indication for goodness of fit for the refinement. This also ensures that no

other phases are present in the compound.

Lattice parameter (a) Fe Fe;0,
Literature 2.8608 | 8.3965

P1 2.86915 | 8.39803

P2 2.86253 | 8.377124

Table 3.2: Lattice parameters of Fe and Fe3O4 cubic structure obtained after refinement

Graphite a b ¢

Literature | 2.456 | 2.456 | 6.696
P1 2.4353 | 2.4353 | 6.8311
P2 2.459 | 2.459 | 6.7836

Table 3.3: Lattice parameters of Graphite obtained after refinement
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Looking at the lattice parameters of Fe30,QCNT, there is some evidence of strain effects
in the lattice after encapsulation. However further studies on more samples are needed
to confirm the strain effects. Since the mass fraction of FezO4 is 31.27% in P1 but in
P2 it is only 4.42%, we selected sample P1 to do the further measurements. P1 also has

lesser fraction of a-Fe particles content.
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Chapter 4

Electrical Transport in Fe3O,@QCNTs

Here we report transport in the pressed pellet of Fe304@QCNT (Pellet P1). This sample
contains Fe3O,QCNT (85.66 %) and residual a-Fe particles (14.34 %) outside CNT. We
have conducted transport measurements in the temperature range of 5K to 300 K using
Closed Cycle Refrigerator when Fe3Oy is encapsulated inside CNT. In the following, we
first discuss about the intrinsic Verway transition that is known to be present in in Fe3Oy4

before presenting our transport data on Fe3O,QCNT.

4.1 Verway Transition

The Verwey transition denotes a phase transition occurring in the mineral magnetite,
resulting in modifications to its magnetic, electrical, and thermal properties. Typically,
this transition happens at around 120 K. As the temperature increases past the Verwey
transition point (T ), magnetite’s crystal lattice undergoes a transformation from a mon-
oclinic insulating structure to a stable metallic cubic inverse spinel arrangement. This
phenomenon is named after Evert Verwey, who was the first to establish a connection
between this structural shift and the alterations in magnetite’s physical characteristics. It
marked the groundbreaking discovery of the initial metal-insulator transition. Magnetite
(Fe3Oy) is a cubic inverse spinel compound in which iron cations are situated within the
open spaces of a face-centred-cubic (fcc) arrangement of oxygen ions. Within this struc-
ture, tetrahedral sites are occupied by Fe3* ions, and octahedral sites are shared by Fe3™
and Fe?T ions. The presence of both Fe?* and Fe?* ions in the octahedral sites results in
relatively low electrical resistivity at room temperature, primarily due to the movement
of charge carriers between Fe®* and Fe?' ions.[6] In case of Fe3Oy, as the temperature
decreases, there is a significant increase in resistivity by about two to three orders of
magnitude at ~120K. This transformation is referred to as the ”Verwey transition.” It

is attributed to the reorganization of charges among Fe?™ and Fe?" ions occurring below

35



the Verwey transition temperature. [6, 19]

The Verwey transition temperature and its manifestation in physical properties are strongly
influenced by size effects in Fe3O,4. It also changes with the stress applied to magnetite
and its chemical composition. Introducing non-stoichiometry through processes such as
substituting metal cations or partial oxidation has the potential to decrease the transition

temperature or even completely prevent it. [25, 52]

It is clear from Fig. 4.1 that the Verway transition is most distinctly visible in the case of
bulk crystal measurements of p vs. T. For the crystal, there is a discontinuity around its
Ty (~120K) with resistivity increase of about three orders of magnitude. For the thin-
film with thickness of 200 nm, Ty is lower and the Verway transition becomes broader
(there is no discontinuity). The resistivity increases by about two orders of magnitude
around its Ty. For thin-film with a thickness of 50 nm, the transition is even broader
and Ty is even lower. Resistivity increases by less than two orders of magnitude around
its Ty,. Whereas for thin-film with a thickness of 15 nm, p vs. T graph has a very smooth
curve, with no abrupt change in the curve. Change in the magnitude of resistivity from
300K to 60K for the crystal and thin-film of thickness 200 and 50 nm was about 3-4 orders

of magnitude, whereas for the 15 nm thin-film, it was only 2 orders of magnitude. [38, 62]
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Figure 4.1: a) Resistance vs. Temperature graph for hot-pressed MWCNTs. (Taken from
[38]) b) Resistivity vs. Temperature graph for Fe3O,4 in bulk (crystal) and thin films of

various thickness. (Taken from [62])

In literature, the size effects on the Verway transition in the Fe3O4 nanoparticles are re-
ported. But we are interested in exploring the interface effects on the Verway transition

when Fe3Oy, is encapsulated inside CN'Ts. In the case of pristine multi-walled CNT's, they
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can exhibit semi-conducting or metallic conduction behaviour [WangYaZhou, 38, 56]
however resistance of hot-pressed pellet of CNTs shows a semi-conductor like R vs. T

curve but has a much lower value of resistance. [3§]

4.2 Temperature variaiton of resistance on Fe;O,@QCNTs

4.2.1 Setup for Resistance Measurements

A Printed Circuit Board (PCB) with printed Gold contacts was used for the measure-
ments. The pellet was used like a pencil to gently write over the PCB to make a connection
between two gold contacts. This creates a clean layered structure of Fe3O,QCNTSs be-
tween the contacts. The layered CNTs forms an electrical path which connects the gold

contacts and thus allows for electrical conductivity between them.

Figure 4.2: A PCB with with Gold contacts connected written over it using Fe30O4@QCNTs.

The CNTs make up a continuous layer between the contacts which can be seen from

images 4.2 and 4.3.
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Figure 4.3: (a) & (b) Closer SEM image of the CNT ink connection between gold contacts.
(c) & (d) SEM image of continuous layer of Fe30,@QCNTs over the PCB.

4.2.2 Resistance Measurements and Verway Transition

Fe3O4 undergoes a transition from metallic inverse spinel structure to a monoclinic in-
sulator structure when cooled down below its Ty,. This is observed from a temperature
variation of resistivity plot as the resistivity increases by 3 to 4 orders of magnitude from
room temperature to a temperature well below Ty,. Even in thin films with a thickness
of 85nm, this transition is well observed as the resistivity increases by 3 to 4 orders of

magnitude. [33]

X. W. Li and colleagues have demonstrated that in Fe3O4 thin films of varying thickness,
the change in resistance during the transition becomes less pronounced, and the transi-
tion becomes broader as the film thickness decreases. Moreover, for the thinnest films,
the transition is hardly noticeable. On the other hand, Ozden and their team’s work in-
dicates that the Verwey transition occurs in magnetite crystals with near-stoichiometric
composition for all sizes above 37 nm. Below this size threshold, the effects of superpara-
magnetism become prominent, making it challenging to detect T, (the Verwey transition
temperature). They have also found that even slight deviations from stoichiometry in

magnetite significantly impact the Verwey transition. This influence is vividly demon-
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strated by the broadening and eventual suppression of the transition in partially oxidized

magnetite samples. [33, 44]
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Figure 4.4: Resistance vs. Temperature graph of P1 CNT ink on PCB. (2-probe)

From the temperature variation of resistance of Fe30,QCNT 4.4 we observe that the fun-
tional form is semi-conducting like. However the resistance at 5K is about 1.5 times of
its value at 300 K. Also the signatures of Verway transition through the interface effects
are not observable. If whether the Verway transition has moved to a lower temperatures
due to the size of the encapsulate (which can be upto 15nm in diameter and few 100
nm in length) could not be confirmed from the existing data. Temperature variation of
XRD especially in the lower temperature range can be used to probe the structural tran-
sition associated with the Verway transition. This may help in identifying the existence
of interface effects in transport measurements. This is especially relevant as interface
effectsin magnetisation measurements have been observed previously in Fe;O3@QCNT in

the vicinity of Morin transition. [29]

Functional form of the R vs. T in Fe3O,QCNT was investigated by fitting Variable Range

Hopping mdel which is presented in the next sub-section.
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4.3 Variable-Range Hopping (VRH) Mechanism of
Conduction in CNTs

This model of conduction describes the low temperature conduction in a strongly disor-
dered system with localized states. This model was proposed by Mott. According to his
theory, the electrical conduction does not obey the classical process of diffusion but fol-
lows a variable-range hopping (VRH). Here, electrons hop from one initial site to another
with an energy of hop as low as possible. For such energy, the second site is statistically
located far from the first, involving a distance which is larger than the decay length of
the wave function. Mott first pointed out that at low temperatures the most frequent
hopping would not be to the nearest neighbour. Mott’s Variable Range Hopping model

gives the relation between conductivity and temperature T

o(T) = 0, exp{~(T,/T)"} (4.1)
Where a = 1/(1 4+ d) and d is the dimensionality.

Thus the relation between the resistance (R) and the temperature (T)is given by:
R(T) = Ry, exp{(T,/T)*} (4.2)

Taking the natural log on both sides and accounting for the dimensionality, we get the

following relations:

InR)« T = 1D:In(R)« T *
2D:In(R) x T °

3D Ln(R) x T *

Plotting the graph for Ln(R) vs T for 1D, 2D and 3D, we get the following graphs:
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Figure 4.5: Ln(R) vs 799, VRH for 1D

We can see that the VRH model for 1D can be only fitted for the temperature range of
70 K < T < 100 K. Below 70K, the graph deviates significantly from linearity.
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Figure 4.6: Ln(R) vs T(-%333) VRH for 2D

The VRH model for 2D gave us a better fit when compared to the 1D model. This model
was able to be fit for the temperature range of 60 < T < 100 K. Below 60 K, the data
deviates from linearity, and the VRH model for 2D doesn’t explain the behaviour for an

extended range.
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Figure 4.7: Ln(R) vs T=%2%_ VRH for 3D

The VRH model for 3D was an even better fit. This model was able to be fit for the
temperature range of 54 < T < 100 K. Below 54 K, the data deviates from linearity, and
the VRH model for 3D doesn’t explain the behaviour for an extended range. But for
a limited range at low temperatures, the VRH model for 3D explains the behaviour of

resistance to an extent.

We should note that there is a possibility that the Verway transition might still happen,
but the transition might have shifted towards the lower temperature and also might hap-
pen in a broad temperature range. This might be the reason, why the R vs. T graph is
deviating from linearity below 54 K for Ln(R) vs. T%%.

Thus, further studies like magneto-resistance measurements and temperature variation
XRD can reveal more insights about the structural changes in Fe3O,@QCNTs and possibly
also the strain effects arising in the material due to the encapsulation of Fe;O, into the

CNTs.
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Chapter 5
Conclusions and Future Work

The most well-known ferrimagnetic material, Fe304 was successfully encapsulated inside
Carbon Nanotubes (CNTs) to produce FesO4QCNTs. Encapsulation of Fe;O, inside
carbon nanotubes (CNTs) i.e Fe30,QCNT has many possible applications in spintronic
devices, ferrofluids, magnetic coatings, etc. Magnetite has a metallic cubic inverse-spinel
structure at room temperature and a high Curie temperature of 858K. It also possesses
a low-temperature phase transition, the Verway transition, which happens around 120K
below which it becomes an insulator with a monoclinic structure. Verway transition is
associated with changes in its magnetic, electrical, and thermal properties. Metallocens
are highly studied precursor material for the synthesis of multi-walled CNTs (MWCNTSs)

with metal filling. So, ferrocene was chosen as the precursor for synthesising CNTs.

The Chemical Vapour Deposition (CVD) method was used for the synthesising the CNT's.
Here, The Nabertherm R 100/750/13 Single-zone Furnace for Solid-state CVD of fer-
rocene to produce CNTs, instead of the conventional Dual-zone furnace. The furnace
has a constant temperature region in the middle, which can hold the temperature we
set with a very high accuracy. Towards both the outer edges, the furnace has a variable
temperature region. Temperature profiling of the variable temperature region was per-
formed on the furnace at the pyrolysis temperature (T,,,). The required sublimation
temperature (Ty,,) was 300°C. A temperature profile was used to determine the spot

inside the furnace to which the sample boat had to be pushed inside to remain at 300°C.

From Dr. Kapoor et. al.’s work, we we used the optimised values of Ty, as 300°C and
Tpyro as 900°C in order to produce Fe@QCNTSs in aligned forest morphology. Once the
Fe@QCNT sample was formed, it was characterized using techniques like XRD, FESEM,
HR-TEM, Raman spectroscopy etc. The FeQCNTs had well-formed graphitic shells with
iron filling inside the CNTs. The quality of the CN'Ts depended on the region it was
formed inside the furnace. Rietveld analysis of XRD was done to confirm that there are

no impurity peaks in the sample. Subsequently, the same procedure was followed in order

44



to scale up the amount of FeQCNTSs to proceed further.

According to Dr. Kapoor et. al.’s work, 500mg of ferrocene was used to prepare FeQCNT's
in one run. This produced around ~55mg of best quality and ~90mg of second best qual-
ity CNTs. However, increasing the precursor amount to 700 mg nearly doubled the yield
of feQCNTs. In this case, ~120mg of best quality and ~180mg of second best quality
CNTs were produced. This greatly helped in the scaling-up process.

The same furnace without the inner tube was used for the oxidation of Fe@QCNTs.
Fe@QCNTs were made into a pellet of 2mm thickness and 8 mm in diameter. The fur-
nace is set to be heated up to 500°C under COy flow, where the pellet is placed on the
sample boat such that it remains at room temperature. Once the furnace was stabilized
at 500°C, the sample boat was pushed to the constant temperature zone. The pellet
is left to oxidise for the desired time and the sample boat is pulled back such that it
comes to room temperature immediately. Note that the pellet wasn’t inside the furnace
as it cooled down to room temperature. Dr A. Kapoor et. al. tried a similar oxidation
procedure of FeQCNTs powder in a COs environment to produce a-Fe,O3@QCNTs. But
there, the FeQCNTs were placed inside the furnace (at a constant temperature zone) at
room temperature, heated up to 500°C under CO2 gas flow, and left to oxidise at that
temperature for an intended time. Then, the sample was let cool down to room temper-

ature under CO, flow inside the furnace (at a constant temperature zone).

While FeQCNT and FeO,QCNT have been synthesized previously in our lab using the
single zone furnace, this work brings forward the issue of yield. where by increasing
the precursor amount by 40% the yield was almost doubled. The heating procedure
during the conversion of FeQCNT in CO, environment is very particular to the formation
Fe30,@QCNTSs without any other oxides of lorn. Since multiple oxides of iron are formed
in the close vicinity, the exact temperature, time of annealing and the way the sample is
cooled down after oxidation is important.

Rietveld refinement of Fe30,QCNTs was carried out and phases of graphite, Fe3O4 and
a-Fe were used for structural refinement. There was no presence of any impurity peaks,
and the peaks were well-fitted using the above-mentioned phases. This analysis helped
us to know that increasing the oxidation time results in more amount of a-Fe getting
converted into Fe3O,4 in the CNTs.

This pellet was used like a pencil to write between the two gold contacts of a printed
circuit board (PCB) to make a clean electrical path. SEM images of this PCB connection
show that the CNT ink forms a continuous layer between the gold contacts. This PCB

was attached to a CCR setup for a 2-probe temperature variation resistance measure-
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ment. The room-temperature resistance of the connection was around 2.3 k2. Which is
around three orders of magnitude more than the resistance of MWCNTs and Fe3O,4 thin
films.

The Verway transition was also not observed in Fe3O,QCNTs. This could be due to a
number of reasons like the small size of the Fe3O,4 particles inside CNT's, the stochiometry
of the Fe30,4 formed inside the CNTs, the effect of unoxidised a-Fe present in the CNTs,
and also the possible interface effects arising from the encapsulation of Fe3O,4 inside the
CNTs.

The Variable-range Hopping (VRH) model for 3D was able to be fit for the temperature
range of 54 < T < 100 K. Below 54 K, the data deviates from linearity, and the VRH
model for 3D doesn’t explain the behaviour for an extended range. But for a limited
range at low temperatures, the VRH model for 3D explains the behaviour of resistance
to an extent.The Verway transition might still happen, but the transition might have
shifted towards the lower temperature and also might happen in a broad temperature
range. This might be the reason why the R vs. T graph is deviating from linearity below
54 K for Ln(R) vs. T2,

Thus, further studies like magneto-resistance measurements and temperature variation
XRD can reveal more insights about the structural changes in Fe3O,QCNTs and possibly
also the strain effects arising in the material due to the encapsulation of FesO,4 into the
CNTs. It will be interesting to perform magnetoresistance measurements on the existing
samples . These measurements will reveal if magnetic state of the encapsulate impacts
the transport properties through the strain effects at the interface. In addition, it would
also be interesting to enhance the length of the encapsulate ( the oxide) within the CNT,
so as to form longer Fe3O,4 nanowires inside CN'T. This may lead to the observation of
Verwey transition in the oxide nanowires through magnetic measurements. Further stud-
ies on the sample need to be done to understand whether there is a structural change in
Fe30,4 when it is cooled down to a low temperature. Temperature variation XRD analysis
would be able to provide a better view regarding this. Various other measurements, like
magneto-resistance or magnetic susceptibility measurements, can also be done to under-
stand the magnetic behaviour of Fe3O,@QCNTs.
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