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Abstract

Carbon black (CB) is nanoscale particles with quasi-spherical nature, produced from
incomplete combustion of hydrocarbons. It is a well-known type of amorphous
carbon which exists in the form of aggregated spheres. CBs are most versatile
materials, as the surface and structure can be easily tuned and/or modified, to target
specific applications. The modification is generally straightforward in carbon
materials both in nano and microscopic forms and it can either be done at the surface
via chemical functionalization and/ or as structural transformation, where one form of

carbon converts to another form either via catalytic or via non-catalytic processes.

CB belongs to the group of non-graphitizable carbon. The studies on the solid-phase
transformation process of CB particles are carried out in the quest of obtaining further

insight into the carbon nano structures.

In the present research work mono- and bi- metallic organic compounds were used as
catalyst precursor and alumina boat as substrate to carry out solid- phase
transformation studies. In the work, a straight forward, economical and single-step
process for the transformation of CB nanoparticles into multi-walled carbon
nanotubes (MWCNT), metal-encapsulated multi-walled carbon nanobeads

(MWCNB) and nano-onion like carbon nanostructures is carried out.

Two CBs from different vendors (Timcal Graphite & Carbon and Cabot Corporation)
having different surface areas and particle sizes, are used in these studies. The
dependency of various effects (temperature, catalysts, catalyst to carbon ratio,
substrate etc.,) on the degree of transformation and morphology of the resulting
nanostructures are considered and studied widely in this project. The heating rate and
catalyst to carbon weight ratio plays a crucial role in the determination of the success
rate of the transformation process. Both these experimental parameters have been

optimized to achieve a successful transformation of particles to tubes.

Comparison of the effect of platinum and iron as catalyst in this transformation

process is also studied and discussed briefly on the basis of electron vacancies in d-
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orbitals of metals. To our best knowledge, low temperature transformation study at
400° C is done and found to be successful in the formation of graphitized

nanostructures.

Further, this works reported the transformation of CB using microwave energy with
and without use of any metal catalysts and achieved in obtaining nano-balls, nano-
onions and nano-sticks. Time of exposure to microwave irradiation is found to be

crucial in the determination of morphology of the carbon products.

Electron microscopes (Scanning, transmission and high-resolution transmission),
Raman spectroscopy, Thermal gravimetric analysis (TGA), X-ray diffraction (XRD)

methods have been used for the characterization of the samples.

The second project deals with the chemical modification of CB surface with the
intention to provide simple and effective reaction technique. Hence, di- and tri-
carboxylic acids have been used to functionalize the carbon surface. In addition, it
does not require prolonged heating, filtration and washing as it is required when using
mineral acids. As both the maleic and citric acid varies with the concentration of
hydroxyl and carboxyl molecules, surface reactions on the carbon is expected to be
different. The effect of solvents (water/ ethylene glycol) and the effect of pre-heat
treatment of carbon have been studied. Both Timcal 350G and XC72R CB samples
have been used in the chemical modification experiments. This work further studied
the processes and shown the results varies with the solvent used and pre-heat

treatments on CB.

The modified samples were characterized by thermo-gravimetric analysis (TGA),
surface area analyzer, X-ray diffraction (XRD), particle size and Zeta potential
measurements, and Fourier transform infra-red spectroscopy (FTIR). It is found that
several material properties, among these the thermal stability and surface area of the
modified carbon black, are significantly altered relative to the parental carbon

samples.
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Chapter 1

Introduction

1.1 Significance of carbon and nanocarbon

Carbon exists in several allotropic forms, of which graphite, diamond and amorphous
carbon are well known. Carbon forms basis for all organic compounds and carbon
compounds form the foundation of all known life on our planet. Nearly 10 million

carbon compounds exist in our world.

Carbon has played an important role in human life throughout the history. Graphite
was the first known pure carbon and has been used for many applications since early
iron-age [1, 2]. Graphite in pencil and soot in black ink were used for writing,
drawing and painting applications since the middle Age. Charcoal and soot are the
amorphous carbon which have been known and utilized for various applications even
during 5000 BC. Diamond is the hardest naturally occurring material [3, 4] and
thought to have been first discovered in India around 4000 BC. Diamond is useful in
scientific and medical applications in addition to just being an ornament. William
Bragg and Lawrence Bragg used diamond for the first ever structure determination

using X-ray diffraction [5].

Carbon has been used in its elemental forms in industry as early as before Thomas
Edison used it to make the filaments for the light bulbs. Graphite-based new carbon
materials (carbon fibers, glass-like carbons, pyrolytic carbons) synthesized in the 20"

century, found broad industrial applications.

In the last decades, a number of new nanocarbon structures have been synthesized
and find their applications in a wide range of fields from clothes, electronics, and
sports equipment to mechanical, medical and biological applications. Carbon
nanotubes (CNTs), fullerenes, carbon nano-fibers, carbon nano-rods, nano-diamonds,

carbon nano-cones, carbon nano-horns, as well as carbon black (CB) are some of the



forms of nano carbon materials. CB was the first nano carbon materials to find

applications in our world. CB is used in Indian black inks way back in history.

Graphene is a recently synthesized structure. The noble prize winner of 2010, Andre
Geim and his colleagues used an amazingly simple technique which involved rubbing
a freshly cleaved graphite surface against another surface and finally succeeded in
isolating individual sheets of graphene. Graphene is a one-atom thick planar sheet of
sp*-hybridized carbon atoms. The atoms are densely packed in a honeycomb crystal
lattice. Graphene is the basic structural element of some carbon allotropes including
graphite, CNTs and fullerene. The carbon-carbon bond length in graphene is about
0.142 nm as in graphite.

Graphene and CNTs are useful in nano electronic devices and nano field emitters due
to their inherent and excellent electronic properties because of their nanoscale nature.
Some of the main areas where nanotubes find their applications are: ultimate
reinforcement fibers for composites, field emitters (individual nanotube field emitters,
large area flat panel displays,); nano tools (tips for Scanning Tunneling, Atomic
Force, Magnetic Resonance Force and Scanning Near-field Optical,

Chemical/Biological Force Microscope tips, nano manipulators, nano tweezers).

Carbon materials, both at the nano and microscopic level, have their scientific and
technological attention in many applications till date, due to their diversity of
chemical, physical, structural and electronic properties [6, 7]. One of the main
advantages in using carbon for various applications is that most of the properties of
carbon materials can be adjusted and modified, depending upon the target
applications [8]. The modification is straight forward in many carbon materials both
in nano and microscopic forms and it can either be done at surface level via chemical
functionalization and or as structural transformation where one form of carbon

converts to another form either via catalytic or non-catalytic processes.

In the present research work, CB material is studied in modification reactions. Both
chemical and structural transformation studies were performed. Due to nanoscale

effects, CB particles usually appear in the form of aggregates. CB is semi-amorphous



and consists of many individual graphite layers that are only roughly parallel to one
another and it shows a notably larger spacing between the layers compared to that of

graphite [9, 10].

Compared to other nano materials, CB possesses high specific surface area and good
electronic conductivity and has relatively high stability in both acidic and basic
media, and possesses good electronic conductivity and high specific surface area.

Because of these qualities, CB is frequently used as a catalyst support [11].

The CB surface can be easily modified by introducing functional groups. By
functionalizing the surface of CB, one alters the surface properties, and the
hydrophilic or hydrophobic character of the surface may change according to the
chemical nature of the surface groups. In addition, grafted components may provide
nucleation sites for deposition of highly dispersed metal particles yielding potential

materials for fuel cell catalysts with increased activity [11-13].

In addition to the above mentioned possibilities of applications, carbon
nanostructures with metal-encapsulation find applications in electronic and biological
fields [14]. The present works aims at synthesizing metal-encapsulated and
graphitized carbon nanostructures in a simple and single heating process. Further, the
studies on the solid-phase transformation process of CB particles are carried out in
the quest of obtaining further insight into the carbon structures. In the current
research, the transformation of CB was carried out at relatively low temperature
compared to the work reported in references [15-17] and in a simple approach using a

single stage furnace.

1.2 Thesis motivation and objectives

The motivation to this thesis project arises from the importance of CNT in the
modern world and the studies on the transformation of CB to get insight into the
carbon nano structures and secondly, the need for the surface functionalization of CB

to improve its properties. Hence this thesis is structured into two projects, i) structural



modification of CB into CNT and ii) chemical modifications of CB using organic
acids. However, majority of the work of the present project is devoted to the catalytic
solid-phase transformation of CB into graphitized nanostructures and only a minor

part focus on chemical modifications of CB.

Likewise, the objectives of the work split up into two part. In the first part of the
project, the solid-phase transformation studies on the amorphous carbon nanoparticles
(CB) into graphitized nanostructures (nanotubes, nano-beads, nano-onions, nano-

balls, nano-sticks) have been carried out. Studies further aim at:

1) synthesizing good quality nanotubes with magnetic metal at the tip or
encapsulated, by CVD methods with an effective and easy process,

i) catalyst, substrate, carbon source and temperature are altered and the effects
caused by such changes are studied to explore in depth phenomena in the
catalytic transformation process of CB into graphitized nanostructures,

iii) optical and structural properties of synthesized products are studied and hence the

material natures of as-synthesized products are evaluated.

Transition-metals like Fe, Ni or Co encapsulated in carbon nanostructures are
magnetic and find potential applications in areas like medical treatments [18] and
data storage [19]. Thus, we also carry out thermo-magnetic studies on few
synthesized nanostructures to assess the temperature effect on the metal nanoparticles
in carbon nanostructures as these nanostructures can be used in high temperature

electronic and magnetic applications.

For the studies on the solid-phase transformation behavior of CB nanoparticles into
different nanostructured products, three different experimental set ups were used: 1)
thermal evaporation using ceramic boat and stainless steel as the substrate, 2)
transformation using microwave irradiation and 3) transformation using CVD and a
closed quartz tube. The CB used in these experiments was Ensaco 350G provided by
Timcal Graphite & Carbon and Vulcan XC72R provided by Cabot Corporation
hereafter referred as Timcal 350G and XC72R.



The second part of the project focuses on studying surface functionalization of CB.
The chemical reactions using acids (mineral/organic acids) usually bring two
modifications to the parental carbon: i) it will create carboxyl and/or hydroxyl surface

functional groups and ii) morphological and textural changes.

In the present work, di- carboxylic and tri- carboxylic acids have been used for the
surface functionalization reactions of CB. The effect of solvents (water/ ethylene
glycol) and the effect of pre-heat treatment of carbon have been studied. Both Timcal
350G and XC72R CB samples have been used in the chemical modification

experiments.

The structure of the thesis is as follows: In chapter 2, a basic introduction about CB
and its structure and properties are discussed, brief introduction to graphite, graphene
and nanotubes have also been given. Introduction to the solid-phase transformation of
amorphous carbon nanoparticles into graphitized nanostructures and an introduction
to chemical modifications of CB are given in chapter 3. In chapter 4, the
characterization methods, which are used to study the properties of CB, modified CB
and nanotubes are described. Results and discussion about the effect of catalysts,
substrates, temperature, carbon to catalyst ratio and the effect of microwave
irradiation in the structural transformation of CB are discussed in chapter 5. Studies
on chemical modifications of commercially available CBs are also included in
chapter 5. Finally, chapter 6 summarizes the whole project and ends the thesis with

conclusion and suggestion for the future works.



Chapter 2

Introduction to Carbon nanostructures

2.1 Carbon and its allotropes

Carbon is usually described by the symbol C, its atomic number 6 and holds an
electronic configuration of 1s%, 2%, 2p2 [20]. Out of these three atomic orbitals, 1s?
contains two strongly bound core electrons. The valence 2s% 2p” orbitals are occupied
by four weekly bound electrons. Carbon materials are distinct due to its nature of
hybridization of the atomic orbitals. Because of many possible configurations of the
electronic states of a carbon atom and its relation to the bonding of two nearest
carbon atoms, carbon forms many allotropes with different physical and structural

properties.

Allotropes of carbon include diamond, graphite, amorphous carbon, fullerenes and
nanotubes. Diamond is well known for its extreme hardness because of its sp’
hybridized carbon atoms and in turn forms strong covalent bonding between nearest
carbon atoms. Graphite consists of layered and planar structure with pure sp’
hybridized carbon atoms within an each layer. It is soft in nature with attractive
properties. Amorphous carbon includes soot and CB does not have any crystalline
properties, available in nanoscale. Fullerene and CNTs are also at nanoscale carbon

materials.

In this chapter, particular emphasize has been given to amorphous carbon, graphite

and nanotubes.
2.2. Carbon Black- an introduction

Carbon black (CB) is nanoscale particles with quasi-spherical nature and form of an
amorphous carbon, produced from incomplete combustion of hydrocarbons [21]. The

size of CB particles vary from 10 to 1000nm depending on the production processes



[21, 22]. CB contains more than 90% carbon as well as hydrogen and oxygen.
Usually, the CB surface has chemisorbed oxygen complexes (such as carboxylic,
quinonic, lactonic, phenolic groups and others) to varying degrees, but the ratio
depends on the manufacturing process [21]. CB was used as a pigment in black ink

used by Chinese and Indians in third century B.C.

CB manufacturing process is essentially classified into two major categories,
incomplete combustion and thermal decomposition, depending upon the presence or
absence of oxygen. Thermal decomposition process plays only a limited role while
incomplete combustion process is more important and plays vital role in terms of

producing major quantities.

In-complete combustion is also termed as thermal oxidative decomposition can be
further classified with respect to the flow criteria, turbulent flow and diffusion flames.
In turbulent flow system, the production process can be divided into furnace black
process, lamp black process and in diffusion flames system, the production process is
called as channel black process. Thermal decomposition process is further classified

into thermal black process and acetylene black process.

Both the projects discussed in this thesis used commercial carbon blacks, Vulcan -

XC72R from Cabot Corporation, Ensaco 350G from TIMCAL Graphite and Carbon.

2.2.1. Physical properties of CB

Due to nanometer-size effects, CB particles usually appear in the form of aggregates.
CB is semi-amorphous and consists of many individual graphite layers arranged
roughly parallel to one another but in random orientation about the normal to the
layer and shows notably larger in spacing between the layers compared to that of
graphite [9, 10]. Although CB does not have the three-dimensional repetition of
graphite, there are finite two-dimensional repetition within each layer and hence CB
is termed as ‘turbostratic’ as its structure is between amorphous and graphitic [23].

In other words, Hexagonal graphite (h-graphite) has an ABAB stacking structure



while graphene layers in turbostratic graphite (t-graphite) are randomly translate to

each other and rotate about the normal to the graphene layers.

Even though conceptually CB is referred to as microcrystalline structured material, it
is more suitable to describe using the term “aggregate”. The aggregate refers to the
chaining and clustering of CB particles or simply defined as the small dispersable
unit composed of extensively coalesced particles. Burgess et al (Burgess et al)

redefined the terminology and named CB aggregates as a “paracrystalline unit”.

CB particles are small spheroidal shaped and non-discrete components of an
aggregate. Only by a fracturing, CB particles can be separated from aggregates.
Sometimes, the term agglomerates are also used to define CB. The agglomerates are
comprised of large number of aggregates. Aggregates are physically held together in
agglomerates while particles are linked together as continuous graphitic structure
within aggregates. Forces that bind particles together within the ‘aggregate’ structure
of CB are those of chemical bonds. Such chemically binded aggregates are called as

‘agglutinates’.

Particle size, aggregate size and shape vary with respect to different grades of CB and
its different manufacturing processes. These sizes and its distribution within CB
define the end use application of CB. Apart from these size measurements and
understanding, surface area is an important property which defines CB grade
classification. The surface area measurements and its influence will be discussed

more in chapter 4.

Another parameter which defines the quality of CB is its pore size. Theoretically,
microstructure and formation of CB is easily understandable by defining porosity of
CB. Porosity can affect surface area measurements. It can also be used to increase

effective loading of the CB and influence certain application and properties of CB.

The particle size, aggregate size, morphology and microstructure of CB influence the
properties of CB. The nature of CB surface, its porous structure, surface area and its

chemical composition are the vital important factors which makes CB to use in wide



range of application i.e., mechanical, electrical, electronics, electrochemical
applications etc., An amorphous structured materials are usually have high resistant
to wear. Due to CB’s characteristics when used as filler material enhances the tear
strength and improves modulus and wear properties of tires, nearly about 90% of CB

produced worldwide is used by the tire industry [21].

2.3. Structure of graphite, graphene and nanotubes

In a graphite, one of the 2s electrons hybridizes with two of the 2p electrons and
forms three sp” orbitals at 120° to each other in a plane. The remaining p,
configuration placed in 90° to this plane. In graphite, three electrons in each carbon
atom use to form simple bonds to its three close neighbors. That leaves a fourth
electron in the bonding level. These "extra" electrons in each carbon atom become
delocalized and no longer associated directly with any particular atom or pair of
atoms. Hence, they are free to wander throughout the whole sheet. Hence, the sp
orbitals forms stronger ¢ bonds between carbon atoms in the graphite sheet. The p, or

often called as = orbitals provide weak vander Waals bond between the plane.

The structure showed in Figure 1 is called as Bernel graphite named after first
proposed by John D. Bernel in 1924 [24]. Ideally, a less perfect graphite structure, an
interplanar spacing value is ~ 0.344 nm. This value is significantly larger than the
value for single crystal graphite. The carbon —carbon separation in graphite is about
0.142 nm. The in-plane C-C bond is very strong and hence the in-plane lattice
constant is quite stable against external perturbations. At the same time, the nearest-

neighbor spacing between carbon atoms in graphite is very small.

The noble prize winner of 2010, Andre Geim and his colleagues used an amazingly
simple technique which involved rubbing a freshly cleaved graphite surface against
another surface and finally isolated individual sheets of graphene. Graphene is a one-
atom thick planar sheet of sp>-bonded carbon atoms and are densely packed in a

honeycomb crystal lattice. Graphene is the basic structural element of some carbon
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allotropes  including  graphite,
CNTs and fullerene. Carbon-
carbon bond length in graphene is

about 0.142 nm as like in graphite.

Interestingly, it was immediately
attracted towards a wide range of

electronic application due to its

peculiar  electronic  properties.

Electrons in graphene behave like

Figure 2.1: The crystal structure of
hexagonal single crystal graphite.
Reference: [33]. they obey a linear dispersion

relation and hence graphene

massless relativistic particles since

opened new perspectives of carbon-based electronics [25]. A number of graphene

layers are rolled to form multi-walled carbon nanotubes (MWCNTs).

Graphene and CNTs are useful in nano electronic devices and nano field emitters due
to their inherent and excellent electronic properties because of their nanoscale nature.
The main areas where nanotubes find its applications are: ultimate reinforcement
fibers for composites, field emitters (individual nanotube field emitters, large area flat
panel displays,); nano tools (tips for scanning tunneling, atomic force, magnetic
resonance force and scanning near-field microscopes, optical/chemical/biological

force microscope tips, nano manipulators, nano tweezers).

Carbon Nanotubes (CNTs) are unique nanostructures. Ideal nanotubes are formed
with graphene sheets rolled up into a cylindrical shape. Single CNT cylinder
possesses diameters of the order of a few nanometers and length up to some
millimeters with at least one end capped with a hemisphere of the fullerene structure
that is six pentagons. CNTs are classified into two types 1) Single-Walled Carbon
Nanotubes (SWCNTs) and ii) Multi-Walled Carbon Nanotubes (MWCNTs).

SWCNTs consist of a single sheet of graphene rolled in around itself (like a rolled up

newspaper) and MWCNTs consist of multiple layers of graphene arranged in
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concentric cylinders (like a Russian Doll). The way the graphene sheets rolled
determine the fundamental properties of the CNTs. Iijima initially observed MWCNT
[26] and later in 1993 he was able to synthesize SWCNT and elucidated its structure
[27].

Armchair

Figure 2.2: Single Graphene layer of CNT with atoms labeled using (n, m)
notation. Reference: [37].
A graphene layer illustrating (n, m) notations [28] is showed in figure 2.2. A CNT is
normally described by a pair of (n, m) indices and which denotes the way the
graphene sheet is wrapped to form a nanotube. The integers n, m gives information
about the number of unit vectors along the two directions in graphene’s honey comb

crystal-lattice as indicated in the figure 2.2.

The stacking arrangement of the nanotubes is similar to the graphene sheets in
turbostratic graphite. Perfect nanotube cylinders are at a large spatial separation from
one another and thus should be able to slide past one another easily. A significant

property of CNT is its electronic structure of turbostratic graphite, a zero gap
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semiconductor, a semimetal with a small band overlap (0.04 ¢V) and this makes a

qualitative difference from that of ideal graphite.

The easiest way to denote the structure of an individual nanotube is in terms of vector
C, joining two equivalent points on the original graphene lattice. As discussed above,
a cylinder is formed by rolling up the sheet, meaning that the two end-points of the
vector are superimposed and because of the symmetry of lattice structure, cylinders
are described in equivalent. That is, as all the carbon atoms involved only in
hexagonal aromatic rings, they are in equivalent position. Equivalent nature varies
only at the nanotube tips, where 6x5 = 30 atoms are involved in pentagonal. The
chemical reactivity in the case of an ideally perfect SWCNTs will therefore be highly
favored at the tube tips [29].

As carbon atoms are bonded in an aromatic ring structure, ideally the C=C bond
angles have no longer ideal planar structure [29]. This means that the hybridization of
C atoms get some percentage of the sp’ character and are no longer complete sp’.
This varies in a proportion that the percentage of sp> character increases as the tube

radius of curvature decreases.

Zig-zag and arm-chair are the two possible high symmetry structures for nanotubes.
These two structures, as illustrated in figure 2.3 in this thesis [28], represents with
respect to the nature how the nanotubes are rolled. Naturally CNTs do not exists with
the high symmetry structure and are generally in the chiral form. It is given the name
‘Chiral’ as they can exist in two-mirror related forms. The name “Helical” should be
given to denote this type of nanotubes, however, in order to respect the definition of
chirality, which makes all chiral molecules unable to be superimposed on their own

image in a mirror, ‘Chiral’ is used [29].

The chiral angle is used to separate carbon nanotubes into forementioned three
classes and they are all differentiated by their electronic properties. The pair of
integers (n,m) represents a possible tube structure. The various ways to roll

graphene into tubes are thus mathematically formulated by the vector C :
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Armchair:n=m

Zigzag: (n,0)

P &
L

Chiral: (n,m) m=0

Figure 2.3: Examples of three types of nanotubes with (n, m)
notations. Reference: [37].

Where, a; and a, are the unit cell base vectors of the graphene sheet, and n > m. In
armchair type, n =m, 6 = 30°, and in zig-zag type, m =0, n> 0, 0 = 0°, and in chiral
tubes, 0 < |m| <n, 0 < 6 <30°. Armchair carbon nanotubes possess metallic character
(a degenerate semimetal with zero band gap) and Zig-zag and chiral nanotubes can
be semimetals or semiconductores. Semi metallic nanotubes are exist with a finite
band gap, if n—m/3 = i, where i being an integer and m # n, and in all other cases

semiconductor nanotubes exists.

Since its first observation by lijima [26], a number of methods such as pyrolysis,
plasma enhanced or thermal chemical vapor deposition, laser vaporization, ball
milling of graphite, decomposition of Cgp, rapid thermal processing, and annealing of

soot have been used in synthesis of carbon nanotubes [30-41]. Each method has its
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own unique features and nanotubes synthesized using different methods have shown

a wide variation in morphology and properties.

The synthesis methods that operate in temperatures higher than 1000 °C do not often
require presence of any catalyst. On the other hand, when the temperature is lower,
then it is highly important to choose an appropriate catalyst usually in a form of metal
nanoparticles. In all the catalytic synthesis methods, the type and size of the catalytic
metal nanoparticles have turned out to be important factors as they control the

formation process, shape and diameter of the nanotubes [37, 40, 42].

There have been also a few reports successfully transformed CB into nanotubes and
other graphitic nanostructures [15, 22, 43-46] via catalytic and non-catalytic

processes.

The synthesis of CNTs using chemical vapor deposition (CVD) has a number of
advantages compared to other techniques. However, there are some disadvantages
concerning safety, contamination and cost. When using hydrocarbons, great care must
be taken to avoid back pressure due to hydrogen production during decomposition of
hydrocarbons. Also possible complexity in chemical reaction and its products must be

studied and precautions to be taken accordingly.

This project uses carbon black (CB) as carbon source instead of the traditional choice
of hydrocarbons. Experiment of synthesizing CNT from CB is simple compared to
the traditional approach. In the synthesis of nanotube structures, metal-filled and
metal encapsulated structures can also be produced when organometallic compounds
are used. In metal-encapsulated carbon nanostructures, carbon shells act as a barrier
against oxidation and thus protect the metals. Further, mechanical, electrical, thermal
and magnetic properties of the carbon nanostructure get altered with the

encapsulation of metals [14, 47].
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Chapter 3

Modification reactions on carbon black

This chapter summarize the studies on the literatures related to both the projects, 1)
solid-phase transformation of CB into graphitized nanostructures and ii) chemical

modifications of CB using di-carboxylic and tri-carboxylic acids.

3.1. Solid-phase transformation of CB into graphitized nanostructures

The studies on the solid-phase transformation of carbon, such as from diamond, CB,
activated carbon, glassy carbon, fullerenes to graphite (graphitization) and the
structural modification or re-arrangements of less ordered graphitic stacks into more
ordered layers etc., have been carried out since many years and their kinetics and

phase transformation mechanisms have been derived [6, 9, 48-55].

The transformation of amorphous carbon into graphitized carbons was tried out by
many researchers and the carbons were even classified in terms of graphitization,
graphitizable, non-graphitizable and intermediate, i.e. partially graphitized carbons

[48, 56-59].

The solid-phase transformation process of CB particles is carried out in the quest of
obtaining further insight into the carbon structures [55]. The structure of the
graphitized particles resulting from CB by means of transformation process
(catalytic/non-catalytic heat treatment, laser irradiation, e-beam irradiation etc.,)

depends mainly on the nature of the original CB [49, 55].

Marsh et al [60] carried out X-ray diffraction (XRD) studies on CB, after having heat
treated the samples to high temperatures, to investigate the structural changes, and
reported that many bent and faceted layer planes and few closed shell structures
would be formed. However, CB cannot be fully graphitized by high temperature heat

treatment as it does not possess any crystal nucleus for pentagonals and hexagonals to
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grow around [22]. Formation of fullerene-like structures within CB particles during
heat treatments is possible, nevertheless they grow in a random and disordered

fashion as reported elsewhere [61-64].

High temperature treatments were carried out which transforms CB into bent and
faceted particles that sometimes appear to have closed shell-like structures [55, 60].
Sometimes heating to high temperature by either arc-discharge treatment or laser
irradiation, transform CB into graphite, nano-onions, or nanotubes. The
transformation of CB into CNTs by low temperature treatment with the use of a metal
catalyst is also possible, and electron bombardments have also been reported to

transform CB into nanotubes, nano-onions, nano-diamonds, and Cgy.

High temperature treatment called ‘graphitization’ is used to improve the crystallinity
of CB. In such methods, CB is heated above 3000 °C to attain graphitic
transformation. The rate of transformation or yield however depends on the nature of
the original CB [55]. In some cases, the resulting graphitized CB have resulted with
relatively large, discrete particles while in other cases the graphitized CB have a less
well-defined structure with many bent and faceted layer planes and some apparently
closed shell structures. A few researchers suggested that these faceted and closed ring
structure in the heat treated carbon gives evidence that the original structures contain
pentagonal rings [60, 65]. However, this argument is not completely agreed upon as

the pentagonal rings might have formed during the heating process.

Sometimes, a high-resolution transmission electron microscope (HRTEM) is used for
CB transformation. An irradiation with an electron beam focused to a current density
as high as 150 A/cm’ converts CB into carbon nano-onions. Irradiation with high
current density is a faster process than the high temperature treatment process.
Electron beam irradiation is more successful in graphitic conversion than high
temperature because in high temperature treatments, agglutinations remain unchanged
and conversion into fullerene-like structures or nano-onion like structures is possible

with voids in the centre. In electron beam irradiation process, on the other hand,
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agglutinations are completely destroyed and primary particles are graphitized without

any voids.

Setlur et al. [66] reported that the heat treatment of soot at 2200-2400 °C mainly
resulted in the formation of nanoparticles. When the soot mixed with amorphous
boron and the heat treatment resulted in the formation of nanotubes with several
microns in length [66]. However, similar experiments, where soot was replaced by
CB or ball milled graphite, did not result in nanotube formation. Even though Setlur
et al. were not been successful in synthesizing nanotubes from CB, subsequent work

showed the possibility of transforming CB into nanotubes [15, 67, 68].

Solid-state transformation of CB into MWCNTSs has been carried out at the anode of
a modified high-temperature arc-furnace without a catalyst [15]. It has been proposed
that the migration of pentagon and heptagon defects present in CB to regions of high
tensile-stress is key to the growth mechanism. The initial stage of this solid state
conversion of CB into nanotubes is a transformation of the necks between CB
particles into short nanotubes by thermal forces. Then, at the second stage, the
extension of the short nanotubes to multiple-micron lengths, driven by the

electrostatic forces present in the plasma of the high-temperature arc-furnace.

In addition to the graphitization process and structural transformation those usually
occurs at high temperature or high energy radiation, relatively low temperature
transformation of CB into nanotubes is also shown possible [44]. Kishinevsky et al.
[44] presented a set of experiments at 700 °C using Fe(CO)s together with CB and
obtained nanotubes. They concluded that the yield of CNT was less when using
Fe(CO)s alone than when using Fe(CO)s together with CB as additional carbon
source. The authors used C'* enriched carbon black and estimated that half of the
carbon in the carbon nanotubes originated from the carbon black. They suggested that
the carbon in the CB is accessible since CO, and carbon structures are in a dynamic

equilibrium with CO.

Onion-like hollow carbon nanoparticles with diameter of 40 to 100 nm were

generated when acetylene CB were heat treated at 1000°C for ten hours in the
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presence of ferric nitrate in an electric furnace [69]. It was suggested that the
turbostratic concentric graphitic layers were transformed from the reconstruction of
discontinuous short fragments of carbon black by the iron-based -catalytic

graphitization.

In the present work, carbon black (CB) is used as the carbon source for the synthesis
of nanotube along with two organometallic compounds (ferrocene and nickelocene)
as the precursors for the catalysts. To point out an essential difference in our approach
to previous approaches [15, 22, 43, 46] is that a simple and relatively low temperature
transformation process at 1000 °C with a low thermal heating rate (10 °C/min) is

performed.

As discussed above, a number of studies have been carried out earlier on the catalytic
or solid-state transformation of amorphous or other carbon structures into nanotubes.
Solid-state transformation of amorphous particles into nanotubes needs very high
temperature almost equal to graphitization temperature. Catalytic transformation of
amorphous particles into nanotubes however uses relatively low temperature
compared to solid-state transformation, but results in poor quality of nanotubes [44]
or in only carbon nano-onions [69], or ends up with partial graphitization. Those
processes either consume a lot of time or energy, or require complex cleaning
processes of the products and/or equipment after reactions. Catalytic transformation
processes carried out so far either used stainless steel as substrate or used oxygen
during the reaction or as a precursor [22, 44, 46]. The present work aims at reducing
energy and time consumption and carries out catalytic transformation of CB into

CNTs at relatively low temperature.

In addition, in the present studies, the catalyst source and carbon source are loaded
together in a ceramic boat and kept at a fixed position inside the chamber. Hence,
uniform temperature is maintained in the reaction boat throughout the process. When
using hydrocarbon or other gases as a carbon source, it would be set to flow inside
the reaction chamber only at high temperature. The temperature inside the chamber

varies a lot, with a maximum temperature at the center and a relatively low
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temperature at the inlet and outlet. The input gas must pass through the zones where
temperature is varied in each zone. Hence, chance for the contamination is more
likely possible in such methods. Some studies used a double zone furnace in order to
avoid contamination. In that type of synthesis process, decomposition of hydrocarbon
takes place in one chamber and the products will be taken to a second chamber by the
carrier gas. In the second chamber, the catalytic synthesis of nanotube is carried out.
This again increases the cost of equipment and complexity of the whole process. In

the present work a single zone furnace is used.

The role of catalysts is essential in the formation and growth of nanotubes since type
and size of the catalysts can control both the formation process and the diameter of
the synthesized nanotubes [42, 70]. Nano-sized particles of iron-group metals (such
as Fe, Ni and Co) are well known for their catalytic activity in the synthesis of CNTs
[30, 70-74]. These metals have unique interaction with carbon materials since the d-
orbitals of the transition metal and the p-orbitals of carbon tends to overlap easily,
and are known to show the highest ability of carbon diffusion [22]. In these types of
metal-assisted syntheses, the diffusion of carbon through the metal particle(s) as well
as the segregation of the diffused layer in the form of ordered graphene layers have
been suggested as key processes in the growth mechanism of carbon filaments and

nanotubes [75].

We also studied the effect of catalysts in the transformation process. In nanotube
synthesis via hydrocarbon synthesis, the role of bimetallic alloy particles of
transition and other metals, such as Ni-Fe, Fe-Co, M—Cu and M-Al (where M
represents the transition metal), have been extensively studied [71, 74, 76-81]. These
bimetallic catalysts have been found to show excellent catalytic properties in the
synthesis of nanocarbon products, exceeding those of the mono-metallic catalysts. In
particular, the use of Ni-Fe alloy catalysts for nanotube synthesis leads to a larger
yield compared to the case when either pure Fe or Ni is used [82, 83]. We
investigated here the role of both mono-metallic and bi-metallic catalysts in the

structural transformation of CB into graphitized nanocarbon products. It is interesting
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to note that the range of crystallinity and the rate of yield varied with the total amount

of bimetallic catalysts.

In addition to the well-known iron-group metal catalysts, use of catalysts such as Au,
Cu, Ag, Pt, Pd, and Al [75, 84, 85] are also reported to yield CNTs in spite of their
low ability of carbon diffusion and negligible carbide formation [70, 86].

3.2. Chemical modifications of CB

CB can be used for diverse applications without further modification of its properties.
Nevertheless, many researchers have tried to modify the surface of CB for e.g.
electrical and electronic applications, sorption applications, improved coating
performance etc. CB is frequently used as catalyst support in fuel cells due to its
relatively high stability in both acidic and basic media, good electronic conductivity
and high specific surface area [1-5]. The CB surface can be easily modified by
introducing functional groups. Since unmodified CB sometimes reveals inadequacies
for energy applications, nanocarbon materials can be modified at the micro- and

nanoscopic level.

Compared to other nano materials, CB possesses high specific area and good
electronic conductivity and has relatively high stability in both acidic and basic
media. Because of this quality, CB is frequently used as a catalyst support [11]. The
modification of CB at the micro- or nanoscopic level have strong influence on their
reactivity in the reaction medium and the catalytic properties can be modified and
improved [13]. Chemical or surface modifications of CB have been done in order to

improve the properties of anchoring the nanoparticles/electro catalysts.

By functionalizing the surface of CB, one alters the surface properties, and the
hydrophilic or hydrophobic character of the surface may change according to the
chemical nature of the surface groups. Surface reactivity and polarity (zeta potential)
may also be altered. Surface modifications of CB have mainly been performed with

the intension of developing new materials for diverse applications like coatings and
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ink. In addition, grafted components may provide nucleation sites for deposition of
highly dispersed metal particles yielding potential materials for fuel cell catalysts

with increased activity [11-13].

Earlier, reactions such as oxidation (e.g. with mineral acids, potassium sulfate, H,O,,
anodic oxidation), polymer grafting, esterification or Friedel-Crafts reactions have
been used to modify the CB surface. Oxidation of CB surfaces has been carried out
for years to study the effect on the surfaces and on the interior carbon structures [87-
92]. In some studies, oxidations were performed on carbonaceous products at
elevated pressures, recovering oxalic and aromatic acids as the product [93].
Experiments have also been carried out to study structural changes and surface

groups of CB after oxidation with nitric or sulfuric acid, and H,O, [11, 94-97].

Functional groups such as hydroxyl (—-OH), carbonyl (-CO), sulfate (—OSO;H),
carboxyl groups (-COOH) have been found to be introduced on the surface of CB
when the carbon is reacted with HNOs [11, 90, 92], KMnO, [98], H,SO, [97], H,0,
or ozone gas (O;) [95, 99]. The functional groups attached to the surface of CB
provide nucleation sites for the deposition of highly dispersed metal particles. These
surface oxidation methods are not simple and usually require extensive heating
(usually 4-48 h), filtration and washing to remove the oxidant. Some researchers
have used oxygen plasma for modification of CB which introduced oxygen functional
group onto its surface, and this showed improvement in wetting behavior [100, 101].
Chemical reactions could be applied to encapsulate, protect and change the

hydrophobic/hydrophilic character of the materials.

However, the traditional oxidative methods are not easily controlled and the resulting
carbon contains residuals. Therefore, recently, modification of the CB surface with
carboxylic acids or their derivatives has been studied [12, 102, 103]. Treatment of
carbon materials with unsaturated carboxylic acids or with their derivatives is simple
and effective. In addition, it does not require prolonged heating, filtration and
washing as it is required when using mineral acids. Poh et al. report on chemical

modification of CB using citric acid [12]. They find that citric acid modified carbon
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materials have more functional groups attached to their surfaces compared with acid

refluxed carbon.

The second project deals with the chemical modification of CB surface with the
intention to provide simple and effective reaction technique. Thus, we used
carboxylic acid treatment to modify the surface and have studied different reactions
with di-, and tri-carboxylic acids. As both the maleic and citric acid varies with the
concentration of hydroxyl and carboxyl molecules, surface reactions on the carbon is
expected to be different. The effect of solvents (water/ ethylene glycol) and the effect
of pre-heat treatment of carbon have been studied. Both Timcal 350G and XC72R CB
samples have been used in the chemical modification experiments. This work further
studied the processes and shown the results varies with the solvent used and pre-heat

treatments on CB.
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Chapter 4

Characterization methods

4.1 Raman Spectroscopy

Raman spectroscopy is complementary to IR spectroscopy and plays a significant
role in providing structural characterization of graphitic materials [104]. Raman
spectroscopy is one of the standard non-destructive tools for characterization of
crystalline, amorphous and nano crystalline carbons [104-115]. Its importance lies in
the fact that it can detect even small changes in the structural morphology of

nanocarbon materials.

The basic principle of Raman spectroscopy is based on an inelastic scattering of
monochromatic light, usually a laser source. Inelastic means that the photons of the
laser light when hitting the sample is absorbed by the sample and the re-emitted
photons have energies lesser or higher than the original monochromatic light. This
phenomenon is called Raman Effect and it is fundamental in Raman spectroscopy.
The Raman shift provides information about the vibrational, rotational and other low
frequency transitions in the molecules of the sample. The information can be obtained
from the Raman spectrum: the scattered light is collected by the lens and sent to an
interference filter, and the Raman spectrum is obtained which holds information

about the sample’s nature.

In this project, a Horiba-Jobin Labram 800 HR Raman spectrometer was used at the
Centre for Geobiology, University of Bergen, Norway. Raman analysis was carried
out on powdered samples placed on glass slides which were directly mounted under
an Olympus BX41 petrographic microscope. Measurements were performed with a
100 mW, 514 nm Argon ion Laser, focused to beam diameter of 1-2 um through a
100x objective. The spectrometer was re-calibrated before each analytical session by

‘zero-point’ centering, and analysis of a Si-standard with a characteristic Si Raman
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band at 520.4 cm™. Spectra were obtained for 2x10 seconds in multi-window mode
over a range of 800-3100 cm™, using an edge filter for 514 nm excitation wavelength
with a 100 cm™ cut-off, a 100 pum entrance slit, a 1,800 lines/mm grating, and a
Peltier-refrigerated (-70°C) 1024x256 pixel CCD array detector. The effective laser

power on the sample was nearly 0.5 mW.
From the Raman spectrum the following features can be determined:

A low frequency peak (<200 cm’) normally absent in graphite but present in
SWCNTs is assigned to Alg symmetry radial breathing mode (RBM) [116]. The
frequency of RBM is inversely proportional to the tube diameter (d) and hence can

only be detected for d > 2 nm.

Raman spectra can be used to identify the carbon materials. For example, in the first-
order spectrum (<1700 cm’! range), Diamond shows single peak at 1332 cm™, while
commercial grade graphite such as multi crystalline graphite shows a sharp peak at
1355 cm™ [105], while other kinds of amorphous and nanocrystalline carbon displays

peaks at 1360 cm™'[117].

Raman shift at 1350 cm™ (D1-peak) and 1620 cm™ (D2-peak) represent vibrations
associated with the A, breathing mode of sp>-hybridized carbon rings while the shift
at around 1580 cm™ (G-peak) represents E,, bond stretching of hexagonal ring
structures that make up graphite [106, 110]. This vibration becomes possible in
‘disordered’ or nano-crystalline structures where the in-plane crystal domain size is
limited by lattice defects. G and D1 peaks of varying intensity, position, and its
widths plays a major role in the analysis of amorphous and nano crystalline carbons
[115]. The presence and intensity of D1 and G peaks at 1350 cm™ and 1580 cm™,
respectively are used commonly to describe the quality of nanotubes. The G peak is
the best defined peak for carbon materials, as it is always present at any excitation

energy and for any carbon [107].

The second order Raman spectra at 2450 cm'and 2950 cm™ are specific bands that

appear only for disordered carbon and nanostructured carbons. Second order
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spectrum is highly sensitive to the degree of graphitization and structural changes in
carbon related materials [109]. The peak at ca. 2705 cm” (G’-peak), however,
represents the second harmonic of the D1-peak in nano-crystalline graphite. This
band is symmetric and very intense relative to the first-order G-band in single layer
graphene or thinly stacked graphitic structures [113-115, 118], while in pure
crystalline graphite it is typically less intense and splits into two separate peaks [113].
It should be stressed that a relatively intense 2700 cm™ band is also observed in
certain natural carbonaceous materials [119], and has been attributed to the presence
of turbostratic graphite or to the presence of carbon crystallites with highly variable

dimensions.

In the carbon nanostructures, the ratio of the intensity of D-line (ID) to the intensity
of G-line (IG), ID/IG increase with increasing structural disorder, that is, ID/IG is
regarded as a CNT morphology indicator. Low ID/IG values are assumed to denote
well-graphitized CNT. The intensity- or area-ratio of the DI- to G-peak varies
inversely with the in-plane crystal domain size (La) of various graphitic materials

[110, 114].

4.2 Scanning Electron Microscope (SEM)

SEM is one of the important tools compared to other tools commonly used for
characterization of morphology, dimensions and structure of nanoparticles and
nanotubes. It has two major advantages over the optical microscopes, i) resolution
and ii) depth of field. It is possible to obtain three-dimensional images of nano-scale
sized materials with high-resolution. Among other electron microscopes (such as
transmission and high-resolution transmission electron microscopes, TEM and
HRTEM), operation and analysis of results are simple in SEM. SEM is important in
analyzing the purity of carbon nanomaterials, as it allows quantifying the percentage

of unwanted substances per unit area within the sample [116].
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Depending on the source of the electron, SEM can be classified into two main types,
thermionic emission SEM and field-emission SEM. In thermionic emission type, the
filament (eg. tungsten) is connected to a source of current and electrons are passed
through it. Hence filament heats up and finally electrons start to emit. In this type of
gun, both the outside source of electrons and the heating source are one in the same.
In the field emission type SEM, the electron gun uses a finely tipped tungsten crystal.
Instead of being heated and draw electrons as in a thermionic emitter, an intense
potential field on an anode that lies beneath the tip of the filament is used to draw

electrons. Throughout this project, field-emission SEM is used.

The resolution of SEM is about 1.0-3.0 nm depending on the accelerating voltage,
which is typically varied from 1 to 30 kilovolts (kV). For a high-resolution mode, the
magnification can be varied from 100 to 650,000 times and for a low-resolution
mode, it can be varied from 25 to 19,000 times. For example, SEM instrument, Supra
55V of Zeiss microscopy can achieve resolution of 1.5 nm to 0.5 nm when used
between accelerating voltage of 1 kv to 20 kv. A moderate vacuum is needed in the
SEM column and in the sample chamber. Vacuum facilitate the electrons to travel
freely from the electron beam source to the sample and then to the detectors. Higher

vacuum, typically 10” to 107 Torr is needed for obtaining high-resolution images.

Overall diameters of CB nanoparticles and CNTs can be estimated using SEM, TEM,
and HRTEM images; however, SEM is limited when it is needed to study inner

morphology of carbon nanomaterials [116].

4.3 Transmission Electron Microscope (TEM)

TEM is a classic analytical electron optical instrument and was first constructed in
1931 and the first commercial TEM was built in 1939 [120]. The major advantages of
TEM are i) its high lateral spatial resolution (better than 0.2nm) and ii) capability of

giving both image and diffraction information from the same sample [120].
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TEM works with a typical accelerating voltage of 100-200 kV. Some commercially
available TEM works in high-voltage, 200-400 kV. An additional advantage of using
high-voltage TEM is its greater electron penetration. High energy electron interacts
less strongly with matter than low energy electrons and hence, it is possible to work

with even thicker samples.

In SEM electrons return from the surface of a bulk are used for the image formation.
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Figure 4.1: (a) showing schematic diagram of SEM and (b)
showing schematic diagram of TEM. Ref: [127].

SEM image gives information about the specimen morphology, surface structure and
chemical composition of the samples. In TEM, electrons penetrate a thin sample
region and image is formed at the lower section of the instrument. TEM looks into the
internal structure of the samples, crystal structure and chemical composition as well.
In TEM, electron beams emitted from an electron gun incident on the thin sample
(typically cu grid). Both deflected and undeflected electrons that penetrate the sample

thickness gives rise to signal as output.
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From the images obtained using low magnification TEM, it is possible to quantify the
number of tubes and other objects of irregular shapes per unit area, as like in SEM,

and can estimate the purity of the samples.

The resolution limits in the conventional TEM are exceeded by the high-resolution
TEM (HRTEM). Nowadays, HRTEM has resolving powers at or close to one
angstrom (1 A). High resolution images are interpretable to very high resolution by
using correct operating conditions and well-prepared samples. The images are
recorded directly in terms of projections of individual atomic-column positions, and
atomic arrangements at defects and other homogeneities can be accurately determined
by the HRTEM. Further individual graphite layer in primary carbon can be observed
and provides information about the arrangement of graphitic layers. In particular,
related to carbon materials, imaging of 002 lattice fringes of graphite-like
substructures is possible by HRTEM, thereby it a direct view inside a primary carbon

particle can be derived [121].

In the analysis of nanotubes, it is actually a complementary tool to view the way the
tubes are arranged (for ex, whether the tubes are concentric, stacked cup arrays,
herringbone, and bamboo or nested). In addition, HRTEM is highly useful in
estimating the inner and outer diameter distributions of the concentric tubes [122,
123]. This project used JEOL 2100 TEM instrument and JEM 1230 HRTEM
instrument for the sample characterization. Prior to TEM and HRTEM analysis, the

sample was sonicated with ethanol and dropped into a copper grid.

The schematic diagram illustrating the differences of SEM and TEM is shown in
figure 4.1[124].

4.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) is also a non-destructive characterization method. With the
use of XRD, crystalline phases of unknown samples, orientation of single crystals,
stereographic projections, lattice parameters, weight fraction of crystalline phases in

multi-phase materials etc., can be identified and measured. XRD is one of the early
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studies used to determine the structural properties of carbon and led the way to

determine the approximate data on interatomic distances [23, 125-128].

Warren in 1934 was first to study CB using X-ray diffraction and showed the
presence of graphite-like structure of in a non-crystalline carbon [125]. XRD patterns
of CB further studied by few researchers (1941 and 1942) and showed that it is
composed of (001) three-dimensional and (hk) two-dimensional reflections [23, 126],
and later confirmed that the three-dimensional structure of crystalline graphite is
absent in CB as there is no trace of (hkl) (1#£0) graphite lines [48]. From the (002)
peak in XRD, the interlayer spacing d002 can be directly found and is used to define

degree of graphitization.
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Figure 4.2: The geometry for the for a diffraction applications.

interference of a wave scattered from two

planes separated by the interplanar
distance, d. comparable to the size of atoms,

The wavelength of x-rays is

and hence they are ideally suited for probing the structural arrangement of atoms and

molecules in a wide range of materials.

In a XRD, X-rays when incident on the sample, primarily interact with the electrons
in the atoms. The diffracted patterns were produced from the interference of
diffracted waves arise from different atoms due to electron-atom interactions. These
patterns can be used to deduce the distribution of atoms in the material. The
diffraction angle, interplanar distance (d), can be measured based on the Bragg’s law.

The figure 4.2 shows the construction to derive Bragg’s law.
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Bragg’s law for diffraction is nA = 2d sin 8. Where A is the wavelength of an incident

x-rays, 0 is an angle of diffracted x-rays.

In a XRD system, the diffraction pattern is collected by varying incidence angle of
the incoming x-ray beam by 0 and the scattering angle by 26. These two angles thus
have to be varied during a 6/20 scan. In this present work, for the characterization of
nanoparticles and nanotubes, the samples were fixed while both the x-ray source and

the detector rotate by 0 simultaneously.

X-ray powder diffraction techniques usually require some sample preparation. First,
samples need to be crushed to fit inside a glass capillary tube or packing it into a
sample holder of a certain size. A diffraction pattern can be recorded using film,
analog, or digital methods. As discussed above, a set of peaks will be obtained as a
result in XRD and this peak patterns are used for identifying unknown crystals in a
sample material. This can be done by matching the position and intensity of obtained

diffraction peaks to a known pattern of peaks.

XRD characterizations were carried out in this project using Bruker advanced XRD
system, operated at 45 kV and 40 mA with monochromatic copper Kal radiation of
wavelength (A = 1.540598). The samples were loaded as a crushed powder into the

sample holder and the characterization was carried on.

In this project, XRD is used to characterize the chemically modified CBs and CNTs
and compared with that of parental carbon. XRD provides information about the
structural arrangements of CB and also provides information about the structure

modified after chemical treatments.

When CNTs are characterized using XRD, it provides phase information about

graphitic structure, metal carbides and metal alloys.

With the results of XRD peaks, the determination of a graphitic structure and its
phase, and the existence of metal carbide structures are possible. With the XRD peaks

and its measurement of full width half height (FWHH) maxima of the particular peak,
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it is easy to calculate the size of crystallites. From Scherrer equation, the crystallite

size along the c-axis, L, is determined from (002) reflections, peak at around 26°.

L, = KA
Pcosb

in which K is the so-called Scherrer constant (K=0.89), A is the X-ray wavelength
(A=0.154 nm), B is the full-width at half-maximum of the peak, and 8 is the Bragg

angle.

4.5 Fourier transform infra-red spectroscopy (FTIR)

Once it was considered difficult to obtain molecular level information on the carbon
surface. This was overcome with the introduction of the characterization technique,
infra-red spectroscopy (IR) [129]. The problem such as poor transmission, and
uneven light scattering related to carbon nanoparticle size had been dealt by the
introduction of diffuse reluctance Fourier transform IR spectroscopy (FTIR). This
tool becomes powerful having advantages such as being non-destructive,

mechanically simple, offering high resolution, and high speed in collection of spectra.

FTIR spectroscopy determines the changes in the intensity of a beam after it interacts
with the sample. The intensity is calculated with respect to the wavelength or
frequency (4000-200 cm™). The central part of FTIR spectroscopy is the infrared
interferometer whose function is to disperse the light which comes from the infrared
light source and to measure its intensity at each frequency. Finally infrared spectrum
is drawn as a plot of the ratio of the intensity before and after the light interacts with

the sample versus frequency.

Even though CB is difficult to characterize using FTIR, analysis was done to possibly

identify any surface groups that might be created after chemical modification.

From FTIR spectra of CB surfaces, various details can be noted. The bands at wave

numbers 1700-1300 cm™ indicates the presence of carbonyl or carboxyl groups and
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the bands around 1460-1420 cm™ are often attributed to the OH in-plane deformation
mode of the hydroxyl part of a carboxyl group. The peaks above 3000 cm™ indicates
hydroxyl groups in alcohols or phenols. C-H bonds have stretching modes around
3200 cm”. The bands in the region around 1550 cm™ denotes C=C stretching

vibrations in aromatic ring structures.

In this project FTIR has been used only for the analysis of chemically modified CB
surface. The spectra were recorded using a Nicolet Impact 410 FTIR spectrometer.
Prior to the analysis, the samples were dried and dispersed in spectroscopic grade

KBr pellets.

4.6 Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis measures physical changes in a material as a function of
temperature. In this project, chemically modified CB samples were analyzed to study

the changes created after reactions of CB with organic acids.

In TGA, a continuous measurement of the weight of a sample as a function of
temperature is performed. CB samples were placed in a small pan connected to a
microbalance and heated in a controlled manner and/or held isothermal for a specified
time. The atmosphere around the sample consists of synthetic air. In the beginning of
the experiment, the program starts in an inert atmosphere and then later switch to air
to complete the analysis. Weight changes are observed at specific temperatures which
are correlated to volatilization of sample components, decomposition,

oxidation/reduction reactions, or other reactions or changes.

TGA thermograms were obtained using a thermo-gravimetric analyzer (TG500, TA
Instruments). The samples were heated from ambient temperature to 1000°C at a

heating rate of 10°C/min with synthetic air as purge gas at 40 ml/min flow rate.
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4.7 BET Surface area measurements

BET surface area analysis was performed using the Micromeritics TriStar II surface
area analyzer. Before the analysis, all the samples were degassed in N, for 1 hour at

300°C.

Surface area measurements using BET theory was first proposed by Brunauer,
Emmett, Teller in 1938 [130]. BET theory calculate surface area by determining the
physical adsorption of gas molecules on a solid surface and by measuring the amount
of adsorbate gas corresponding to a monomolecular layer on the surface. The
temperature of liquid nitrogen is used for such measurements. Evaluation of nitrogen
multilayer adsorption as a function of relative pressure using a fully automated
analyzer is carried out for surface area calculation. The amount of gas adsorbed on

the surfaces of the solid is measured by a volumetric or continuous flow procedure.

The technique also provides external area and pore area evaluations to determine the
total specific surface area in m?*/g. These evaluations are important for studying the

effects of surface porosity and particle size in many applications.

4.8 Particle size analyzer and Zeta potential

Hydrodynamic diameter distribution and distribution averages for the chemically
modified CB samples in aqueous solutions were determined by dynamic light
scattering. Hydrodynamic diameters were determined using a Zeta Nanosizer ZS
from Malvern Instruments. CB particles were dialyzed into water and then transferred
to a cuvette prior to the measurements. Scattered light was collected at a fixed angle
of 90°. A photomultiplier aperture of 400 mm was used. The incident laser power was
adjusted and a photon counting rate between 200 and 300 kcps was obtained. The
final measurement was done using the measured and calculated baselines of the
intensity autocorrelation function agreed to within +0.1% were used to calculate
nanoparticle hydrodynamic diameter values. All the measurements were done in

multiples of three consecutive measurements.
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Zeta potential (£) values for the chemically modified CB samples were also

determined with a Zeta Nanosizer ZS from Malvern Instruments.

Colloidal stability and surface morphology can be predicted using zeta potential
measurements, and the experiments were carried out on the assumption that dilution
has no influence on the surface charge of a particle. Electrophoretic mobility obtained
after light scattering was used to calculate the mean zeta potential for each of the

samples

4.10 Curie-temperature measurements

Materials possessing a spontaneous magnetization can be identified by determining
the temperature at which the ordered magnetic state (ferro/ferri-magnetic) changes to
a paramagnetic state. This second order phase transition is termed the Curie-
temperature. The diagnostic method requires a thermally stable magnetic phase,
implying that the magnetic material is not altered by heating to just above the Curie-

point.

The Curie-temperature is determined from thermomagnetic curves as the temperature
at which the curve possesses a maximum curvature. A continuous or abrupt thermally
activated chemical or structural phase-change may erroneously be interpreted to
represent a Curie-temperature. Consequently, we have performed thermomagnetic
experiments by cycling to progressively higher temperatures in order to discriminate
between genuine Curie-points (reversible inflexions) and irreversible inflexions

reflecting phase-destructions.

Thermomagnetic curves were obtained on a PC-controlled, automatic-recording
transversal Curie-balance. Magnetic fields varied between 200-600mT and
heating/cooling rates varied between 15-20°C/minute. All experiments were

performed in air at normal barometric pressure.
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Chapter 5

Results and discussions

In this chapter, the results and discussions of the experiments related to the solid —

state transformations of CB and chemical modification reactions on CB are discussed.

For the studies on the solid-phase transformation behavior of CB nanoparticles into
different nanostructured products, three different experimental set ups were used: 1)
thermal evaporation using ceramic boat and stainless steel as the substrate, 2) the
effect of microwave irradiation on the transformation process and 3) experiments in
tube furnace using closed quartz tube. CBs used in these experiments were Ensaco
350G provided by Timcal Graphite & Carbon and Vulcan XC72R provided by Cabot
Corporation, hereafter referred as Timcal 350G and XC72R. The sections 5.1-5.3

discuss the experiments listed above.

And finally, results obtained in the chemical modification reactions are discussed in

the section 5.4.

Each experimental setup and their results are discussed separately in the following

summary.

5.1 Thermal evaporation using ceramic boat and stainless steel as the

substrate

5.1.1 Experiments and background:

The experiments are conducted to perform structural transformation of CB into
CNTs. The variation of catalyst ratio to CB, temperature, catalysts, and substrate in

the experiments were carried out to explore in depth phenomena in the catalytic
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transformation process. The experiments are all conducted as follows, unless
otherwise stated: Organometallic compound(s) were added to CB with the prescribed
weight ratio. Afterwards, 20 ml of toluene was added to the mixture and then
subjected to ultrasonic vibration for about 15 min so that the whole mixture becomes

homogenous.

Next, the mixture was loaded into an open alumina boat (8 cm long and 4 cm height)/
a closed cylindrical stainless steel cell (35mm dia, SOmm height) completely filled
with alumina balls (4 mm dia). The boat/cell was then placed at the center of an
alumina tube single stage MXITL horizontal furnace of 80 mm diameter, 1000 mm in
length at room temperature. Afterwards, the furnace was set to reach prescribed
temperature (at the rate of 10 °C/min) and the sample inside the furnace was heated
for 6 hours at the set temperature. The whole reaction was carried out under nitrogen
flowing at an atmospheric pressure condition. The furnace was set to cool after 6
hours at a cooling rate of 5 °C/min. Finally, the sample was collected out from the

ceramic boat/the cell.

Generally the temperature in the furnace depends on the flow rate of the cold nitrogen
and the exact location of the sample in the furnace. Therefore, in the present research,

these parameters were tested and optimized before the experiments started.

After the experiments, all the samples were cooled down to room temperature and
then treated with 8M HCIl at 80 °C for 1 hour and afterwards kept at room
temperature for 24 hours. Finally, they were filtered, washed with distilled water and

dried at 110 °C

Here we explain the growth mechanism of carbon nanostructures from CB on a
substrate in the presence of bimetallic catalysts. In the early stage of reactions,
nickelocene and ferrocene decomposes into nickel and iron particles, respectively, in
addition to atomic carbon and hydrocarbon species of various carbon numbers.
Carbon atoms that decomposed from metallocenes would also take part in the
nanostructure formation, as similar to the mechanism explained and verified by

Kishinevsky et al. [44]. The effect of carbon in the reaction due to toluene and
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ethanol is negligible as these would decompose at lower temperatures (less than
200°C) and their hydrocarbon compounds in the gaseous phase leave the reaction
zone. Similarly, most of the compounds from ferrocene and nickelocene also possibly

evaporate below 500°C.

5.1.2 Effect of substrate:

This topic is discussed in paper II [131]. The temperature used in the present
experiment is 1000°C and the mixture was loaded in closed cylindrical stainless steel
cell filled with alumina balls and all other parameters remain same as explained

above.

Two organometallic compounds (ferrocene and nickelocene) were used as catalyst
precursors. The reactions were conducted in stainless steel cell, which is a
prominently used substrate in CB transformation [44, 46], with alumina ball as an
additional substrate. To our best of knowledge, there are no published reports about
the transformation of CNT using such combinations (catalysts precursors and two
substrates together). The aim of this work is 1) to study the effect of the substrate in
the catalytic transformation of CB into CNTs and ii) to study the effect of the weight
ratio of CB to catalyst in the transformation of CB to CNTs.

During the reaction, complete solid solubility of nickel and iron occurs at 912 °C
[73]. Hence, the working temperature in the present work (i.e. 1000 °C) favors Fe and
Ni particles to well intersperse with each other in the alloy and allows better
dispersion of the active catalytic sites. Metal particles in the alloy structure would be
composed of many catalytic centers that could act as nucleation sites that favor the

growth of carbon nanostructures [14, 47].

At first, CB, ferrocene and nickelocene were weighed in the ratio of 1:5:5 (0.1g: 0.5g:
0.5g). Toluene (25 ml) was added as a solvent to the mixture and then the mixture
was ultrasonicated for 15 min to obtain a homogeneous suspension. The mixture was

transferred to a cylindrical stainless steel cell (35mm dia, 50mm height) completely
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filled with alumina balls (4 mm dia). The cell was closed and placed inside a

horizontal furnace (80mm dia and 1000 mm long) and heated to 1000 °C.

In order to study the effect of substrate on the catalytic transformation of CB into

CNTs, two different samples were taken to be exposed to further treatment. The

Table 5.1: Summary of composition, treatment and source of samples, showing the effect
of different substrates in the transformation.

Sample
CB:F:N Substrate Description
Name
(weight
ratio)
Stainless steel
| Material collected from the surface of alumina
CN1 1:5:5 | cell filled up with
balls
alumina balls
Material collected from the lower part of stainless
Stainless steel
steel cell where the material is likely to have been
CN2 1:5:5 | cell filled up with | ) ) )
in contact with both stainless steel and alumina
alumina balls
surfaces
Stainless steel Material collected from inside the stainless steel
CN3 1:5:5
cell cell
Stainless steel
Material collected from the surface of alumina
CN4 1:1:1 | cell filled up with
balls
alumina balls
Material collected from the lower part of stainless
Stainless steel S
| steel cell where the material is likely to have been
1:1:1 | cell filled up with | . ]
CN5 in contact with both stainless steel and alumina

alumina balls

surfaces
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alumina balls were removed from the stainless steel cell and the first sample, named
CN1, was collected from the surface of the alumina balls. The remaining material in

the stainless steel cell was collected and the sample was named CN2.

The diameter distribution of the nanotubes synthesized using bimetallic catalysts,
depends on both the composition of the catalysts and the catalyst particle size [81,
132]. Comparisons of samples CN1 and CN2 reveal that the sample taken from the
alumina surface (CN1) contains mostly well-developed nanotubes with few
‘bamboo’-like structures while sample CN2, collected from the lower part of the
stainless steel cell, contains both nanotube and nano-onion like structures. In our
study, the experimental parameters remained the same and the samples were
synthesized within the same cell in a single experiment. Even though one can expect
slight compositional variations of bimetallic catalysts with respect to different
locations within the cell, the wide variations in the diameter of CN1 and CN2
nanotubes cannot be attributed entirely to the catalysts. We believe the effect of
substrate in which nanotubes were grown is the main reason for the wide variations in

the diameter distribution of the nanotubes in the two samples.

This can be explained more precisely by the fact that the alumina substrate is more
porous than the stainless steel wall and the size of the pores influence the diameters of
the resultant CNTs as registered earlier by Ward et al [133]. However, the difference
in quality between CN1 and CN2 nanostructures can only be explained after carrying

out additional in-depth studies in the future.

As mentioned earlier, metal-filled and bamboo-like nanotubes (in figure 5.1) are
observed within the CN1 sample, but CN2 does not contain different morphological
tubes. In addition to the effect of catalyst (size and composition), the growth and
morphology of carbon nanostructures depend on temperature, metal catalysts,
chemical diffusivity of carbon into metal, reaction time, etc. It means, even within the
similar reaction environment, that regional effect plays a major role in the
determination of morphology of the nanostructures. When comparing the morphology

of CN1 and CN2 (in figure 5.1 and 5.2), we strongly believe that the wide deviation
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in the thermal conductivity of stainless steel and alumina plays a crucial role in the
early stage of graphene layer formation at the catalytic site of the metallic particles.

This will in return, affect the growth path.

Further, the substrate physically interacts with the metal nanoparticles (here Ni and
Fe) formed upon decomposition from their organometallic compounds (nickelocene
and ferrocene). The fact that a porous nature of the substrate influences the diameter
distribution also has to be considered here [133]. Hence, the variations in the
morphology of nanostructures and diameter distribution, which we have described
between CN1 and CN2, are certainly induced by the effect of the alumina balls and

stainless steel surface.

Figure 5.1: TEM (a-b) and HRTEM (inset in Figureure1b) images of
sample CN1. TEM images indicating the formation of nanotubes with
different morphologies and HRTEM image depicts the typical graphene
layer arrangements in CN1 nanotubes. Refer [131].
From TEM, HRTEM and XRD analysis to Raman analysis of samples CN1 and CN2
clearly confirm that these samples have completely different morphologies. It is
noteworthy that synthesis of sample CN1 is likely to have been influenced only by
the alumina balls whereas sample CN2 is influenced by both the alumina balls and

stainless steel. However, assessing the relative influence of each of the substrates on
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the produced structures is complicated since sample CN2 is likely to have been

affected by both stainless steel and alumina surfaces.

From the overall TEM analysis of the samples CN1 and CN2, the length of the
nanotubes obtained is found to be typically 1-10 um. The length of nanotubes
obtained in our work is much smaller compared to the length of the nanotubes
transformed from CB by Buchholz et al. [15], which is about 100 pm and by Donnet
et al. [46], which is 40-50 pum. The reason for such short nanotubes in our experiment
may be explained as follows: hexagons must be continuously generated at the
growing end of the tube in order to form lengthy nanotubes [15]. The tube end will be
closed, that is the growth of nanotube stops with the formation of pentagons [134,
135]. Low flux density of carbon atoms is the possible reason for the formation of

pentagons during growth of nanotubes and hence determines the tube length [46].

Thermomagnetic curves (illustrate in paper II [131]) during the three temperature
cycles of samples CN1 and CN2 showed similar features. A well-defined inflexion
point at ~350 °C during the first heating is diagnostic for pure nickel (i.e. 354 °C) and
is interpreted to represent the catalyst. This magnetic phase disappears after heating to
500 °C indicating oxidation of nickel to a non-magnetic nickel-oxide. After a final
heating to 700 °C, the weak inflexion point just below 600 °C indicates the presence
of magnetite (580 °C is the Curie point temperature of magnetite), possibly created by
reduction of iron at high temperatures in the presence of the assumed reducing
carbon. It is thus concluded that only the resulting structures are influenced by the
substrates and no significant differences in the magnetic performance of the resulting

structures is noted.

As a control study, the synthesis process was repeated without filling alumina balls in
the stainless steel cell. CB, ferrocene and nickelocene were weighed in the ratio of
1:5:5 (0.1g: 0.5g: 0.5g), mixed well together with toluene, and ultrasonicated for 15
min. The mixture was transferred to an empty stainless steel cell. The furnace
temperature and inert atmosphere conditions were same as in the previous

experiment. This particular sample taken from stainless steel after cooling was named
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CN3. In order to examine how the stainless steel surface as substrate influenced the
structural properties of the nanostructures transformed from CB at low temperature

(1000 °C) transformation, we characterized sample CN3.

TEM analysis (not shown here) reveals that the sample CN3 contains only concentric
layers without any parallel stacking, almost similar to CB structure. Based upon the
synthesis and experimental characterization, we thus conclude that the stainless steel

surface, when used alone, is not an effective substrate for this kind of low

Figure 5.2: TEM (a) and HRTEM (b and c) images of CN2 nanotubes.
Refer [131].

temperature transformation of CB into nanotubes with the rate of annealing
temperature of 10 °C/min. Our results is in accordance with the observation made by
Donnet J.B. et al [46] who reported that the transformation of CB into nanotubes did
not occur even when the rate of thermal annealing was 50 °C/min with stainless steel

as substrate. As discussed in the analysis of CN2, nanotubes are obtained only when
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alumina balls are used together with stainless steel in the presence of a bimetallic

catalyst, Fe-Ni.

In order to study the dependence of successful transformations of CBs to CNTs on
the weight ratios of CBs and metal catalysts at low synthesis temperature of 1000 °C
with low heating rates of 10 °C/min. CB, ferrocene and nickelocene were weighed in
the ratio of 1:1:1 in this experiment. The sample CN4 was collected after
transformation with alumina balls in a stainless steel cell as substrate and sample

CNS5 was collected from the stainless steel surface after transformation.

TEM, HRTEM, XRD and Raman analysis of samples CN4 and CNS5 showed no signs
of graphitic transformation. The transformation of CB in such processes occurs only
with certain critical ratio of weights of CB and metals [22]. There can be two reasons
for this: lower metal density with respect to carbon species in the reaction vessel can
make it difficult for the metal nanoparticles to consume the high content of carbon to
form graphene layers on it or higher carbon density compared to organometallic
compounds can poison the reaction and restricts the metal nanoparticles to be formed.
The above results of CN4-CNS5 indicate that the transformation of CB into nanotubes
is not only strongly dependent on the substrate but also on the weight ratio of CB to
ferrocene: nickelocene. By using different weight ratios of CB and the organometallic
precursors, our studies showed that the optimum weight ratio of CB: ferrocene:
nickelocene had to be 1:5:5 for successful transformation of CB to CNTs with
alumina as substrate at low synthesis temperature of 1000°C and at low heating rates

of 10°C/min.

5.1.3 Effect of Temperature:

In this section, research work carried out for paper IIl is explained [136]. The
experiments were carried out at 700 °C and 1000 °C with the samples taken in
ceramic boat. The weight ratio of CB to ferrocene for these experiments was 1:10.

The samples are named CNT700 and CNT1000, respectively.
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SEM, TEM and HRTEM images are depicted in paper II. An increase in the synthesis
temperature from 700 °C to 1000 °C influences the morphology of the produced
nanotubes considerably. The nanotubes in the sample produced at 1000°C contained
different morphologies compared to the nanostructures in the sample produced at 700
°C. The sample produced at 700 °C contains only nanotubes but the sample produced
at 1000 °C was observed to contain both nanotubes and metal-encapsulated onion like
nanostructures. The length of the nanotubes are almost uniform in the CNT700
sample while both long, (narrow and straight) nanotubes and short (bent and twisted)
nanotubes are observed in the sample produced at 1000 °C along with smaller

nanotubes grown from the sidewall of the longer tubes.

The interlayer spacing measured using HRTEM analysis in the samples CNT700 and
CNTI1000 is almost similar at some regions (3.5A). There are also some regions
within CNT1000 where the interlayer spacing is measured to be around 3.45 A. The
HRTEM analysis in paper III [136] shows that the quality of nanotubes synthesized at
both the temperatures are equal, even though there is a slight variation in the
in  depth

measurements.  However,
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Figure 5.3: (a) XRD peaks and (b)

Raman

spectra of nanotubes

synthesized at 700 °C (blue) and
1000 °C (red).

analysis shows different phenomena. For
example, from the figures 2c and 5b in
our research work [136], one can note that
the CNT700 sample contains nanotubes
with walls not aligned parallel to each
other while CNT1000 contains walls

almost straight and aligned parallel to the

tube axis.

Raman analysis and XRD measurements
(figure 5.3) further show that the sample
CNT1000 contains nanotubes of higher
degree of crystallinity than the nanotubes
of CNT700. The values of (ID/IG)

calculated from Raman spectra in Figure
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5.3 for the samples CNT700 and CNT1000 are 0.78 and 0.50 respectively. Low
ID/IG values are assumed to denote well-graphitized CNT. Low ID/IG values are
assumed to denote well-graphitized CNT. From these values, CNT1000 has a higher
degree of graphitization than CNT700.

From the XRD measurements it is clear that both the samples contain peaks at 20 ~
26° and 43.6°. The first one corresponds to the (002) planes of graphitic structures
and the second peak corresponds to (100) planes of graphitic structure [22, 137], and
both of these peaks can be treated as validation of the successful transformation of
CB to graphitic nanostructures. The narrower peak for CNT1000 indicates that its
degree of graphitization is higher than for CNT700. The other two peaks at 26 =~ 51.0°
and 75.0° in both the samples can be attributed to iron carbide [22].

The interlayer spacing dgg, in CNT700 and CNT1000 is around 3.47 A and 3.44 A,
respectively while the parental CB shows interlayer spacing dyg, around 3.66 A. The
interlayer spacing of both the samples is found to match with the inter-planar distance
in a graphitic structure (3.35A’) [138], which further shows that CNT1000 contains
more graphitized structures than CNT700.

Successful structural transformation of carbon black (CB) into nanotubes is carried
out in the presence of an organometallic compound (ferrocene) at low synthesis
temperatures of 700 °C and 1000 °C for the first time and the influence of the
temperature in the transformation process is studied. Our study confirms that at low
synthesis temperatures and with the aid of an organometallic compound (ferrocene)
as the precursor for the catalyst, good quality CNTs can be obtained from CBs
through a simple synthesis process. An increase in the synthesis temperature from
700 °C to 1000 °C influences the morphology of the produced nanotubes
considerably. The nanotubes in the sample produced at 1000 °C contained different
morphologies compared to the nanostructures in the sample produced at 700 °C. Both
long, narrow and straight nanotubes and short, bent and twisted nanotubes were
observed in the sample produced at 1000 °C along with smaller nanotubes grown

from the sidewall of the longer tubes. The sample produced at 700 °C contains only
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nanotubes but the sample produced at 1000 °C was observed to contain both
nanotubes and metal-encapsulated onion like nanostructures. Further characteristic
studies are needed to study the magnetic and optical properties of the samples to

evaluate the quality of these samples and to find possible applications.

5.1.4 Effect of carbon to metal ratio in the transformation of CB:

The paper IV [139] discusses the effect of the carbon to metal weight ratio in the
transformation studies on CB into graphitized nanostructures. The experiments were
conducted at 1000 °C and all other parameters were unchanged. Ferrocene,
nickelocene and CB were used in the prescribed weight ratio presented in the
following table. CN1, CN2, CN3, CN4, CN5 in paper IV are referred to as FSN5,
F5N2, F2NS5, F10 and F2N2, respectively, and the notation F and N is referring

ferrocene and nickelocene.

The Ip/Ig values listed in Table 1 [139] indicates that the FSN5 and F10 samples have
a higher degree of long range crystal order than the structures in samples FSN2, F2N5
and F2N2 and the sample F2N2 has a lower degree of crystal order than the other

four samples.

From the XRD measurements, the interlayer spacing dyy, obtained for FSNS5, FSN2,
F2N35, F10 and F2N2 are found to be around 3.41 A, 3.44 A, 3.47 A, 3.44 A, and 3.44
A respectively while the parental CB shows an interlayer spacing dg, around 3.66 A
The interlayer spacing of all the five samples are found to match well with the inter-
planar distance in a graphitic structure (3.35A) [138]. As similar to the interlayer
spacing dg,, the crystallite size, L., values listed in table 1 indicates that the samples
F5NS and F10 contains higher degree of graphitized products than the other samples.
The degree of crystallinity trends are FSN5>F10>F5N2 >F2N2>F2N5>Timcal 350G.

When comparing the samples FSN5, FSN2 and F2NS3, it is clear that the small
variations in the catalyst composition result in wide morphological variations. In

addition, notable variations in crystallinity of FSNS5, FSN2 and F2N5 samples are also
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Table 5.2: Summary showing the CB to catalyst weight percentage and their impact on

the transformation process analyzed using XRD, Raman, TEM, and HRTEM. Reference

[139].
CB:F:N . .
Sample XRD Raman TEM )SRD Diameter Sﬂiﬁgg’fﬂ d
A 002
Name (wg Le (A) I/l | do (A) (A) (nm) description
ratio)
Multi-walled
F5N5 1:5:5 77.32 0.51 341 341 20-150
carbon nanotubes
Multi-walled
F5N2 1:5:2 69.62 0.80 3.45 3.44 <50
carbon nanotubes
Multi-walled
F2N5 1:2:5 37.33 0.85 3.48 3.47 10-100
carbon nanotubes
Multi-walled
F10 1:10:0 71.93 0.52 3.44 3.44 10-50
carbon nanotubes
Multi-walled
F2N2 1:2:2 55.58 1.41 3.44 3.44 carbon
nanobeads
Timcal
21.84 1.14 3.66
350G

found from XRD results and HRTEM images. According to Qian et al. [83], the

growth rate of nanotubes on nickel is higher than on iron since the activity of nickel is

considerably higher than the activity of iron.

There is always competition between the two catalyst particles and this change the

growth conditions even for slight variations in the composition. In addition, slight

variation in composition of the catalyst also influences the carbon solubility into the

catalyst system. This in turn influences the growth rate since the activation energy of

the system is highly dependent on the composition of the catalytic compounds [85].
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CB nano particles

Figure 5.4: Summary of TEM images obtained using different CB to

catalyst weight ratio.

F5NS5, that has higher Fe-Ni content than FSN2 and F2N5, provides an energetically
more favorable condition in the graphitization process and have high activation
energy in the transformation process [75, 85]. Hence, FSNS5 resulted in higher

crystalline order structure than the other two samples.

As discussed by Rodriguez et al. [140], Fe:Ni alloys with higher iron content were
found to show a higher activity in the nanotube growth in comparison with the case

where the Fe:Ni ratio was equal or with the case where Ni content is higher and F5N2
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is expected to have higher crystalline order than F5N5 and F2NS5. In the present
paper, results obtained were not in line with the above mentioned phenomenon.
Chiang et al. [81] reported that the carbon solubility in Fe is slightly higher than in Ni
and hence the possibility of formation of multi-walled tubes is higher in Fe rich

systems than in Ni rich systems.

F5NS5 and F5N2 samples with high Fe content does not seem to have notable

variations in terms of tube walls.

As already mentioned above [74, 79, 80] and as expected, Fe-Ni catalyst show higher
graphitization compared to mono-metallic catalyst, in particularly pure Fe catalyst,
and matches the results discussed in paper IV that the FSN5 sample contains higher
graphitized nanocarbon products than F10. However, the growth and morphological

determination with respect to the catalyst variation needs to be studied.

The growth mechanisms of nanotubes via metal assisted synthesis are explained
elsewhere [141-145]. The diffusion of carbon through the metal particle as well as
segregation of the diffused layers in the form of ordered graphene layers have been
suggested as key processes in the growth mechanism of carbon filaments and

nanotubes [75].

5.1.5 Multi-walled carbon nanobeads (MWCNB):

The F2N2 sample obtained in our experiment is highly different from the other four
samples. TEM images show typical nanobeads and metal encapsulated carbon
nanostructures. Nanobead structures in long chains were found throughout the
sample. This gives evidence for the high degree of transformation of amorphous

carbon nanoparticles into bead-like structures.

The nanobeads obtained here are in long chain-like structures and can be described as
one nanotube divided into small compartments as in bamboo-like nanotube structures

[146, 147] and extended with many small beads. Beads are found with and without
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metal particles, and the metal-filled carbon nanostructures are arranged in an irregular
manner. It is not straight forward to suggest a growth model based on generally

described tip and base growth modes [142, 148, 149].

The HRTEM images of individual metal-filled carbon nanobeads and metal-
encapsulated carbon nanostructures are shown in figure 5.5 in this thesis. Figure 5.5a

Typical TEM image of F2N2 sample of metal-encapsulated multi-walled nanobeads

Figure 5.5: (a) HRTEM images of F2N2 sample displaying typical
image of MWCNB, (b) displaying the closer look of single metal-
encapsulated MWCNB, (c) shows a metal-encapsulated onion-like
structure and (d) closer look of onion-like structure showed in (c).
Reference [139].

structures (MWCNB) is displayed in figure 5.5a and magnified portion of MWCNB
in figure 5.5(a) showing a long chain-like structure (indicated by the arrow) is shown

in figure 5.5 b.
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These images confirm the presence of highly crystalline layers of carbon nanobeads
and metal-filled carbon nanostructures. From HRTEM analysis, it is also clear that
not all beads were filled with metal; in fact most of the beads are empty and hollow.
The sample F2N2 also contains few metal-encapsulated carbon nanostructures and
these are formed in a variety of shapes and sizes such as a rod-like structure, spherical

structures and partly elongated structures with spherical head.

The inter-wall spacing in the metal-encapsulated carbon nanostructure is measured to
be about 0.34 nm, closely matching with the inter-wall spacing of graphite [138].
Graphene layers are clearly distinguishable in both the bead structures and the onion-

like structures, indicating a high crystalline nature of the sample.

As a whole, nanobeads were obtained with high quality and equidistant graphene
walls. Compared to other the four samples, F2N2 is obtained with the lower amount

of precursor.

The growth mechanism of the metal-encapsulated beads may be connected with the
coalescence and deformation of onion-like nanostructures as similar to the
mechanism explained by Kang et al. [145]. With slight variation of the catalyst
weight ratio, F2N2 shows completely different morphological nanostructures
compared to other four samples (F5NS, F5SN2, F2N5 and F10). It is not straight
forward to explain the difference in growth mechanism based on the catalyst variation

alone.

The metal particles found in the sample F2N2 are around 10 nm in diameter. Small
sized metal particles (< 10 nm) are usually more catalytically active [14, 145] in the
synthesis of graphitized carbon nanostructures and with the diffusion of carbon they
become easily supersaturated and get fluidized well below their melting point.
Finally, the carbon atoms precipitate more easily around the surface of a nanoparticle
catalyst [14, 145, 150, 151]. The fluid-like nature of the metal leads to their easy
encapsulation with graphitic layer formation. This is a possible reason for the

formation of encapsulated metal nanostructures. Since the carbon shells can act as a



52

barrier against oxidation of metal nanoparticles, these metal-encapsulated carbon

nanostructures can be used in high-temperature magnetic applications [14].

Similar metal-encapsulated multi walled carbon nanobead (MWCNB) structures have
been reported in the work by Leela et al. [14] using methane decomposition over
alloy catalysts (rare earth metal-transition metal based alloy) and have also been
observed in the work of Kang et al [145] synthesized from the decomposition of
methane by a CVD process using a Ni/Y catalyst supported on copper powder.
However, in our present work, metal-encapsulated carbon nanobeads were obtained
in a simple and single step process and with high degree of graphitization without any

complicated steps in catalyst preparation.

The paper 1V is concluded with following outcomes: Successful transformation of
carbon black (CB) into carbon nano-beads and nanotubes was carried out using
organometallic compound(s) as catalyst precursor(s) in a simple and single step CVD
process. The catalyst precursor’s weight ratio played a major role in determining the
morphology of the graphitic products. Nano-onion like structures and metal-filled
carbon nanotubes were obtained in vast quantity where the ferrocene content was
high. In one of our experiments discussed in the present paper, we obtained metal-
encapsulated nanobeads structures in a simple and single step process. The results
also show that the use of bimetallic catalysts provide much different morphology and
higher order crystal degree of carbon nanostructures than the use of mono-metallic

catalysts.
5.1.6 Comparison on the effects of platinum and iron catalysts:

In this section, research works carried out for paper V [152] is discussed. The

experiments were carried out at 700 °C with the samples prepared in a ceramic boat.

This study investigates the potential for Pt as a catalyst for solid-state structural
transformation of CB. To the best of our knowledge, Pt has not been used before as a
catalyst for the transformation of CB into graphitized nanocarbon. In addition, the

role of iron-group metal in the transformation process was also been investigated.
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We also intended to compare the results of the transformation process using a metal
catalyst with high carbon solubility and a high carbon diffusion rate with a metal
catalyst with low carbon diffusion rate. Hence, ferrocene, which can generate nano-
sized iron particles, was chosen. These nanoparticles may then act as catalysts. Other

researchers have also used ferrocene for the synthesis of carbon nanotubes [153-155].

In this work, H,PtCls was used as a source of Pt catalyst, with vitamin B, as a

reducing agent. The basic principle of preparing such noble metal catalyst

% ad

Figure 5.6: (a), (b) and (c) TEM images of CNPt sample: (a) nanotubes up
to 2-3 um in length with diameters that vary from 20 nm to 150 nm, (b) a
long nanotube structure with a number of catalytic nanoparticles/nanorods
filled inside nanotube (c) magnification of the right part of (b). The arrow in
(c) shows large-sized metal nanoparticles encapsulated by a few layers of
carbon. Reference [152].
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nanoparticles was adapted from the work of Mallikarjuna et al. [156].

In the first experiment, 10 ml of H,PtCls;, 50 mg of vitamin B, and 15 ml of
isopropanol were mixed together and placed in a glass beaker of 100ml. The mixture
was hand-shaken and heated in a water bath for 2 hours at 80 °C using a hot plate.
The beaker was then removed from the water bath and heated directly on the hot plate
at 200 °C for 1 hour. Afterwards it was washed with distilled water several times and
heated at 120 °C for 12 hours. Later, 50 mg of CB (Timcal Ensaco 350G) and 15 ml
of toluene were added and mixed together. Finally the mixture was ultrasonicated for
15 min and loaded into a ceramic boat and the experiment was conducted at 700 °C.

The sample is named CNPt.

In the second and third experiments Timcal 350G and XC72R were used. CB and
ferrocene were taken at a weight ratio of 1:10 and mixed with toluene and were
subjected to ultrasonic vibration and the mixture was transferred to a ceramic boat.
The experiments were conducted at 700 °C. The samples are named CNT700 and
CNX700, respectively. The letter ‘T’ and ‘X’ denotes directly to the CB, Timcal
350G and XC72R, respectively. In the paper V [152], these samples are referred as
CNT and CNX, respectively. The figures 5.6-5.9 are displayed below to get an
overview of the samples CNPt, CNT700, CNX700 and CNG.

TEM images of CNPt (figure 5.6) shows nanotubes up to 2-3 um in length with
diameters that vary from 20 nm to 150 nm (figure 5.6a). CNPt also contains a long
nanotube structure with a number of catalytic nanoparticles/nanorods filled inside the
nanotube throughout its length at irregular intervals (figure 5.6b). It can also be noted
that the nano-sized platinum particles are present both inside and outside the

nanotubes.

In addition to the normal nanotubes which are of single unit, the CNPt sample also
contains few nanotubes whose tubular axis is not straight but continuous; instead it
contains many compartments which are either filled with metal
nanoparticles/nanorods or hollow and which have a wide variation of diameters. It

may be united from many of the nearest small nano-units, which encapsulated the
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Figure 5.7: HRTEM images of CNT700: (a) one end of nanotube with a
clearly visible metal nanoparticle, (b) nanotube which contains an
internally grown metal-filled nanotube structure of diameter 50 nm; (c) a

closer look at graphene layers in one of the nanotubes. Refer [152].

metal nanoparticle. The metal catalysts encapsulated within a tube are in both
spherical and elongated forms and these catalytic particles within a tube may not be
formed from the fragmentation of large particles. Instead, we suspect that two metal
nanoparticles at the nearest juncture encapsulated by onion-like structure may have
coalesced together and extended as the tube, similarly to the mechanism proposed by

Khang et al. [145].

This theory may be supported by the fact that, due to their high curvature, the
fullerenes and onion-like carbon nanostructures possess high surface tension and high
thermal reactivity. In order to reduce their surface energy and become

thermodynamically stable, these structures tend to coalesce under suitable conditions
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to form extended structures [157, 158]. Experiments on induced coalescence of Cg
molecules in hot vapors carried out using mass spectrometry and fullerenes
encapsulated in nanotubes [159-161] prove the possibilities of such coalescence of
small carbon nano-spheres into a small compartment, which results in chain-like

structures.

The CNT700 sample (refer (figure 5.7)) has nanotubes with metal fillings but not

divided into many compartments and most of the tubes are grown with only slight

Figure 5.8: TEM images of CNX. The inset in (a) shows a closer view of
the part pointed out by arrow 1. Arrow 2 shows a different nature of
nanotubes with and without metal-fillings. (b) HRTEM images of CNX700
shows a nanotube, whose wall is divided into small compartments, (c)

graphitic structure, which contains nearly 20 graphene layers. Refer [152].
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variation of diameters. Descriptions of which are already given in previous section.
The CNPt sample has Pt nanoparticles formed around 20-150 nm and less, while
CNT700 samples contains metal nanoparticles around and up to 300 nm. The former
with large diameters (in this case around 80 nm and above), found encapsulated by
onion-like structures, while the latter consists only of nanotubes with metal

nanoparticles even up to 300 nm.

The TEM and HRTEM images show that CNT700 (figure 5.7) contains nanotubes
with mostly distorted walls while CNX700 contain nanotubes with well-arranged
graphene layers (figure 5.8). CNT700 contains nanotube structures with a
polycrystalline nature, and the sample CNPt contains amorphous carbon particles

together with nanotubes.

All the three samples, CNPt, CNT700 and CNX700 contain encapsulated metal
particles in the fcc phase. The CNPt contain particles in normal metallic form as
platinum group metals (including Rh, Pd, Os, Ir, Pt) and do not form carbides at the
present temperature range while the other two samples with Fe as catalyst, usually
forms carbides [162]. The discussion above regarding formation of an fcc phase and
carbides has already been verified by the XRD results. The CNPt sample shows XRD
peaks related to only platinum nanoparticles while CNT700 and CNX700 shows
XRD peaks related to iron carbides in addition to the peaks related to that of graphitic

structures.

From XRD analysis, the interlayer spacing dgyy, in CNPt, CNT700 and CNX700 are
found to be around 3.46 A, 3.47 A, and 3.44 A, respectively, while the parental CB
shows an interlayer spacing dyg, around 3.66 A [152]. The interlayer spacing of the
samples CNPt, CNT700 and CNX700 is found to be closely related to the inter-planar
distance in a graphitic structure (3.35A) [138].

In Raman spectra obtained for carbon nanostructures, the intensity- or area-ratio of
the D1- to G-peak varies inversely with the in-plane crystal domain size (L,) of
various graphitic materials [110, 114]. The values of (Ip/Ig) for the samples CNPt,
CNT700 and CNX700 are 1.00, 0.75 and 0.50, respectively. From these values, it can



58

be concluded that CNX700 has a higher degree of graphitization than CNT700 and
CNPt, as indicated also in the XRD analysis. In addition, the degree of graphitization
is higher for CNT700 than for CNPt.

Comparing TEM and HRTEM images, it is clear that the degree of graphitization is
higher in CNX700 compared to the other two samples. Further, the measured
interlayer distance between two adjacent graphene layers is 0.35 nm and 0.33 nm for
CNT700 and CNX700, respectively. The measured graphene layer distance in
CNX700 (0.33 nm) is very close to the interlayer distance for perfect graphite, 0.335
nm [138]. These findings are in agreement with both Ip/Ig values from Raman spectra
of these samples shown above and also with the XRD analysis of the peaks in figure

1 of paper V [152].

Metal-carbon interaction plays a crucial role in determining the quality and
morphology of nanotube formation [163-165]. In a specific experiment undertaken in
conditions similar to ours, only differing by the carbon precursor (as here in CNT700
and CNX700), it was shown that the thermal behavior of CB and the interaction of
carbon with metal nanoparticles can be influenced by the specific surface area of CB
[166, 167]. CBs produced in different processes (here Timcal 350G and Cabot
XC72R) vary completely in their physical properties (including porosity, surface

area, and particle size).

Due to their variation in the surface and structural properties, their surface reactivity,
surface energy and the chemical reactivity differs from one CB product to another,
even when they are treated in a similar experimental condition [168, 169]. This
difference in their reactivity makes a reaction path including the interaction of metal

catalyst and formation of graphene layers proceeds in a different way.

As previously stated [167] the surface area of XC72R and Timcal 350 G is 241 and
777 m?/g respectively. We suspect that this variation might make a difference in the
reactivity of the two CBs. However, this may vary when other conditions such as
catalyst, temperature, or substrate changes. Even though there are studies that confirm

that the surface properties and molecular structure of the carbon precursor determines
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the quality and morphology of carbon nanostructures [170, 171], an atomistic
approach of different CBs in the nanotube formation at the given experimental

condition is yet to be studied.

In any reaction involving the transition metals and the carbon, d-orbitals of the metal
tend to overlap with p-orbitals of the carbon, and hence the growth difference can be
explained on the basis of electron vacancies in d-orbitals of metals, as recently
proposed by Esconjauregui et al. [172]. These tendencies of overlapping d- and p-
orbitals of metal and carbon, respectively, correspond to the metal-carbon reactivity

and determine the carbon solubility limit in metal.

Compared to Pt as catalyst, Fe has higher d-orbital electron vacancies; hence carbon
solubility in Fe is also higher, which in turn should correspond to the increase of
reactivity where Fe catalysts are used. The interlayer spacing values determined in
XRD and HRTEM analyses, confirm that the CNX700 sample has a higher degree of
graphitized structures than CNPt. Nevertheless, the analysis of CNT700 does not lead
to a similar conclusion. The degree of graphitization in CNPt is similar to the
CNT700 samples as found in XRD and HRTEM analyses. This further shows that

there must be other factors, influencing the reactivity path.

According to previous research (see for instance [132, 143, 173)), it is well known
that the size of the catalyst also plays a crucial role in the determination of nanotube
growth and its morphology. By comparing with the HRTEM images it is clear that
both CNPt and CNT700 contain metal nanoparticles whose diameter varies
significantly: 30-200 nm and 50-400 nm, respectively, while CNX700 contains

nanotubes of diameter 50-100 nm.

5.1.7 Low temperature transformation studies:

Paper V further explores the possibilities of low temperature transformation
mechanism. The experiment was conducted solely to emphasize the possibilities of

low temperature transformation (around 400 °C) of CB into graphitized carbon
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nanostructures and not for comparison with the other samples, since the reaction

condition was essentially different.

In this experiment, the mixture containing CB (XC72R from Cabot Corporation),
ferrocene and ethanol (50 mg, 0.5 g and 15 ml respectively) was subjected to
ultrasonic vibration. The mixture was then transferred to a 200 ml glass beaker. The
beaker was covered using a glass lid and subsequently heated on a hot plate at 400 °C
in a nitrogen atmosphere for one hour. The temperature was measured using an IR
thermometer focused at the center of the bottom of the beaker. Nitrogen gas was
injected in atmospheric pressure into the beaker through a gap at the neck of the

beaker using a long needle. The sample collected finally was named CNG.

HRTEM analysis (refer figure 5.9) showed that the sample CNG does not reveal any

Raman Intensity
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Figure 5.9: (a-c) HRTEM images of CNG showing wire-like nano
structure (a), metal-encapsulated onion-like nanostructure (b) closer
view of the wire-like nanostructure in other regions of the sample and (c)
Raman spectrum of CNG (d). Refer [152].
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nanotube structures and it has a different morphology than the three other samples
discussed. HRTEM analysis showed that some part of the sample (right side of
figure 5.9a) contains nanowire-like structures with nearly 5 graphene layers and few
regions with metal-encapsulated onion-like structure that contains nearly 20 graphitic
layers (figure 5.9b). Figure 5.7c shows a closer look at the curved nano-wire like

structure, which contains nearly 20 graphene layers.

Since the glass beaker was purged with nitrogen gas slightly above atmospheric
pressure, through a gap at the neck of the beaker using a long needle, there is a
possibility for a slight pressure builds up in the glass beaker during the reaction, but

as the system is not closed the increase in pressure is probably insignificant.

Effective low temperature decomposition of ferrocene is possible in an inert
atmosphere [174]. Ferrocene itself can produce carbon during decomposition;
moreover, the availability of an additional carbon source (in this experiment CB) can
accelerate the reaction [175]. We propose that the above-mentioned parameters: the
experiment conducted in an inert atmosphere with continuous flow of N, gas, and
availability of carbon and metal precursor in the same phase enable a solid phase

transformation at a very low temperature.

Reaction kinetics are possibly needed to bring more insight into the solid phase
transformation process including the derivation of carbon from ferrocene and ethanol.
However, no such effect has been considered in the present study. The possible
formation mechanism of a graphitized nanostructure in the CNX sample can be
proposed briefly as follows: Ferrocene decomposes to iron and hydrocarbon products,
possibly with an aggregated form of Fe;C nanoparticles or clusters. Carbon species
accumulate on the surface of Fe/Fe;C which results in encapsulation of a well-
ordered graphitic structure. Finally, the catalytic function of the metal would be

impeded once the carbon encapsulates it completely.

Further, the Raman spectrum of CNG shows increased intensity of the D band (figure
5.9d). An increase in the intensity of the D band is expected in short MWCNTSs and

in onion-like nanocarbon structures [176]. ID/IG is measured to be around 1.35. The
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increase in the relative intensity of the disordered mode for CNG can be attributed to
the increased number of structural defects and sp’-hybridization. Structural defects
are created by the introduction of pentagons within hexagonal blocks of graphene
layers when they are deformed (due to curvature, distorted graphene walls, etc.)
[177]. The second order Raman spectra at 2950 cm™ and 3250 cm™ are specific bands

that appear only for disordered carbon and nanostructured carbons.

The effect of a Pt catalyst in the transformation process at a low temperature
experiment, as similar to the sample CNG, needs to be studied. This study may bring
insight into the solid phase transformation process of CB into graphitized
nanostructures and prove helpful in comparing the role of different metal catalysts

containing d-orbitals.

5.2 Transformation using Microwave irradiation

In the paper VI, the solid-state transformation behavior of carbon black (CB)
nanoparticles after irradiated with microwave energy was studied with and without
influence of a metal catalyst. The CB sample was exposed to microwave radiation at
power of 900 watts from the oven and collected after 15 mins and after 30 mins and
45 mins of irradiation. The samples were characterized using X-ray diffraction
(XRD) measurements, Raman spectroscopy, scanning electron microscopy (SEM),
high-resolution transmission electron microscopy (HRTEM) and thermal-gravimetric

analysis (TGA).

Heating the samples with the use of microwaves is efficient and energy saving due to
rapid, and volumetric heating [178, 179]. In addition, technologically important
novel materials have been developed so far which cannot be synthesized through
conventional methods [179-182]. Considering these advantages, microwave-assisted

solid phase transformation processes are studied in the present work.
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5.2.1 Experiments:

The CB used in the following experiments was ENSACO 350G provided by Timcal
Graphite & Carbon and hereafter referred as Timcal 350G. For each experiment, a
small quantity of CB (few mg) was placed in a glass beaker of 200ml, toluene (few
ml) was added and the mixture was heated on a hot plate. First the temperature was
raised from room temperature to 120 °C and kept at the same temperature for 30 min.
Next, the temperature was increased to 200°C at a rate of approximately 5 °C for each
15 minutes, and maintained at 200 °C for 30 mins. Then heating was continued to
300 °C at an average rate of 5°C/min and then the rate was increased to 20 °C/min
until the temperature of 500 °C was reached. 500 °C was maintained for 6 hours and
finally the sample was allowed to cool. Few quantity of the sample was collected for
further characterization and named CT500. The carbon sample was then placed in a
polished ceramic cup and exposed to microwave radiation at power of 900 watts from
the oven. The microwave oven was set to run continuously but was stopped after 15
mins, after 30 mins and after 45 mins for sample collection. The collected samples
were named CT500-1, CT500-2, and CT500-3, respectively. A similar experiment
performed with the addition of ferrocene (few grams) to CB and toluene. For the
ferrocene experiment a sample was collected only after 30 mins of continuous

microwave irradiation and named CFT500.

5.2.2 Results and discussion:

Results from the characterizations discussed above shows that microwave irradiation
induced CB nanoparticles to transforms into nano—balls and nano-stick like
structures. While nanoballs of almost 300-500 nm diameter is visible in all the
samples irrespective of microwave irradiation time, amorphous nano stick—like
structures are visible only in the sample collected after 30 mins of microwave
irradiation. CB irradiated together with a metal catalyst resulted in metal-
encapsulated onion like structures with perfectly arranged graphene layers, while CB

irradiated alone resulted in nano-sticks with amorphous structure.
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More detailed discussions can be referred in Paper VI. Here are the excerpts from the

discussions:

Nano—balls were found in all the samples CT500-1, CT500 -2 and CT500-3, collected
after microwave irradiation for 15 mins, 30 mins and 45 mins, respectively. The
HRTEM images of the sample CT500-2 are displayed in figure 5.10 a-c. The CT500-
2 sample contains both carbon nano sticks and carbon nanoballs. Figure 5.10a shows
that the sample contains carbon nano-sticks of length around 200-250 nm and width
around 50nm. A closer look of the sticks is displayed in figure5.10b. The lattice
fringes in the sticks are not flat but slightly curved and arranged in a wave-like
pattern. In addition to the sticks, spherical particles of diameters around 50 nm are
also visible. This structure is untransformed CB nanoparticles. Figure 5.10c shows
the HRTEM images of carbon nanoballs which is of typical structures found in all
three samples CT500-1, CT500-2, and CT500-3, irrespective of microwave

irradiation time.

5.2.3 Nano-balls:

As the nano —balls were found in all the samples CT500-1, CT500 -2 and CT500-3,
collected after microwave irradiation for 15 mins, 30 mins and 45 mins, respectively,
two conclusions can be made from the ball-like structures in all the samples. First,
ball-like nanostructures formed during the first 15 minutes (CT500-1) appear to be
highly stable and exist without any high degree of transformation, even after 30 and
45 mins of irradiation. Only the untransformed part in CT500-1 might be transformed
with further microwave irradiation. Second, due to irregular microwave energy
distribution, nano ball-like structures might be created continuously from

untransformed CB particles throughout the experiment.
5.2.4 Nano-sticks:

The particle size of Timcal 350G is around 30-50 nm in diameter. The diameter of

curvature at both ends of the nano-sticks formed is also measured to be around 50
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nm. This suggests that few CB particles may be “fused” together and formed a carbon

nano-stick. Possibly 6-7 carbon nanoparticles have been involved in the formation of

sticks.

Figure 5.10: (a) HRTEM images of nanosticks found in CT500-2,(b)
closer look of nanosticks and (c) HRTEM images of carbon nanoballs
which is of typical structures found in all three samples CT500-1,
CT500-2, and CT500-3.

The experiments with microwave irradiation can be concluded as follows: The
transformation of CB nanoparticles was carried out using microwave radiation and
the influence of time and catalyst was performed with and without catalyst. Two

different nanostructures were obtained via this process from CB nanoparticles of
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diameter around 30-50 nm: nano-balls and nano-stick like structures. While nanoballs
of almost 300-500 nm diameter is visible in all the samples irrespective of microwave
irradiation time, amorphous nano-stick like structures are visible only in the sample
collected after 30 mins of microwave irradiation. It is suspected that these two
different structures were originated from two different structural orientations that CB
has approached after reactions with toluene and microwave irradiation at the
beginning. With iron nanoparticles present as catalyst, metal-encapsulated onion like
structures with perfectly arranged graphene layers were obtained. It is also found that
the transformation of CB particles occurred only after 30 mins of microwave

irradiation.

5.3 Transformation experiments using closed quartz tube:

In this section, chemical vapor deposition (CVD) of multi-walled carbon nanotubes
(MWCNTs) on nickel-coated sapphire substrate is reported here. The deposition of
MWCNTs carried out at two different temperatures 700 °C and 850 °C is studied.

5.3.1 Experiments:

At first, a sapphire substrate was coated with nickel thin films of 16nm thickness via
Balzers BAE 250 coating system. Next, sol was made by adding few ml of acetone to
CB (Timcal Ensaco 350G) powder and then the mixture was subjected to ultrasonic
vibration for 30 mins. Then the sol was poured into the quartz tube of length 80mm
and diameter 6mm. Approximately, 15mm of bottom part of the tube was filled with
carbon sol. A neck was formed at around 20-25 mm from the bottom of the quartz
tube. Nickel thin films were kept at the middle of the quartz tube. Finally, the top end
of the quartz tube was sealed and the tube was placed in a furnace. Two experiments
were conducted with the similar steps mentioned above with two working

temperatures. The samples were heated to 700/850 °C at a rate of 10 °C/min and kept
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at 6 hours at the same temperature and then cooled at a rate of 5 °C/min. Samples

were named CNF700 and CNF850 respectively.

5.3.2 Results and discussions:

Figure 5.11: SEM images of (a-b) CNF700 and (c-d) CNF850.

SEM images of CNF700 and CNF850 samples are shown in figure 5.11(a-b) and (c-
d), respectively. Many fibrous deposits were clearly observed on these sapphire

substrates implying that the experiment achieved good yield.
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At a first glance, it is also clear that the quality of nanotube formation is improved
with increase in temperature. Both deposits contain Ni particles lifted out of
substrates and now situation at the on top end of the nanotubes, which shows that the
growth followed a tip-growth mechanism. The tubules are thick and short, and about
1-2pm in length in both deposits. There are no amorphous carbon deposits around the
samples. Raman scattering spectra of Timcal 350G CB and the samples grown at

700°C and 850 °C are shown in a, b, ¢ panels respectively in figure 5.12.

Figure 5.12 illustrates the Raman spectra for the CNF700, CNF800 and Timcal
350G. It shows that both the samples, CNF700 and CNF800, display notable
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Figure 5.12: Raman spectra of (a) CNF 700 and (b)
CNF850.

variation at 1350 cm™ (D1-peak) and 1580 cm™ (G-peak).

The intensity- or area-ratio of the D1- to G-peak varies inversely with the in-plane
crystal domain size (La) of various graphitic materials [110, 114]. In CNTs the ratio

of the intensity of the D-line (ID) to the intensity of the G-line (IG), Ip/Ig increase
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with increasing structural disorder, that is, Ip/lg is regarded as a CNT morphology
indicator. Low ID/IG values are assumed to denote well-graphitized CNT. The values
of (ID/IG) for the samples Timcal 350G CB, CNF700 and CNF850 are 1.14, 0.84 and
0.85, respectively. ID/IG values holds for the proof for the graphitized structures
available in CNF700 and CNF850 samples.

The present discussion about the transformation studies using CVD apparatus and
closed quartz tube is to show yet another possible method of solid-phase
transformation of CB into nanotubes. As far as now, it is clear that the temperature
plays a major role in determining the morphology of the transformed products. The
present experiment is still in preliminary phase. Further works are needed to elucidate
the quality of the present work, including variation in metal coatings, film thickness,

substrates and experimental temperature.

5.4 The chemical modifications reactions on CB

In this chapter, the results and discussions of the experiments related to the chemical
modifications of CB is provided. CBs used in these experiments were Ensaco 350G
provided by Timcal Graphite & Carbon and Vulcan XC72R provided by Cabot
Corporation hereafter referred as Timcal 350G and XC72R.

5.4.1 The effect of solvents:

The results on the chemical modification of CB using di—carboxylic acids were

already presented in Paper I. The excerpts of this paper are provided below:

We have presented a novel method for modifying the surface of CB using a simple
heat treatment in the presence of a carboxylic acid and a solvent. CB was mixed with
maleic acid and either water or ethylene glycol, and heated at 250 °C. Unlike the
traditional surface modification processes which use heat treatment of carbon with

mineral acids, the present modification method using a carboxylic acid proved to be
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efficient, simple and fast. CBs from two different vendors were used, and the
modified samples were characterized by TGA, BET surface area measurements,
XRD, particle size and Zeta potential measurements, and FTIR. It was found that
several material properties, among these the thermal stability and surface area, of the

modified CB are significantly altered relative to the parental carbon samples.

Prior to the experiment, 1.0 g of CB was dried at 120 °C in an oven of compact air
convection type to remove surface oxides. Afterwards, the dried sample was mixed
with 1.0 g of maleic acid and 100 ml solvent. In the first experiment, where water
was used as solvent, the mixture was subjected to ultrasonic vibration for 15 min to
achieve complete dispersion of acid over the carbon samples. The mixture was then
heated at 250 °C for 2 hours in the oven. This temperature was selected because it is
well above the decomposition temperature of maleic acid (131-139 °C). The modified

samples of CI and CII were named CI H and CII H, respectively.

In the second experiment, ethylene glycol was used as solvent and the mixture was
stirred for 15 min using a magnetic stirrer and then heated at 250 °C for 3 hours in the
oven. The time of heating was increased compared to the first experiment since the
samples were not dry after 2 hours. The modified samples of CI and CII in this
experiment were named CI G and CII G, respectively. Irrespective of the solvent

used, the samples were all in pellet form after the heat treatment.

From table 5.3, the BET surface area of CI G and CII G is reduced by 90% compared
to its respective parental carbon. A similar major reduction in surface area compared
to the parental sample was reported for the reaction of CB with 0.1N H;PO, [183].
Variations in surface area may be due to microstructure evolution after treatment with
maleic acid in glycol. CB is a meso- and macro-porous material, and it also contains a
small amount of micro-pores [21]. We may suspect that the reaction of maleic acid
and glycol with CB strongly blocked the surface pores due to bulky compounds that
formed during the reactions. For the case where water was used as solvent, this effect
was much lower. The change in surface area gives clear evidence that treatment of

maleic acid altered the carbon surface structure.
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The average particle size of modified carbon is significantly smaller compared to the
parental carbon, as listed in table 5.3. The reduction in size is between 51% and 77%
for all samples. Whether the acidic treatment alone is responsible for this effect, or
whether the ultrasonification in a solvent also influences the particle size by breaking

down CB aggregates, cannot be determined from these experiments.

The zeta potential values (table 5.3) of all modified CB samples have more negative
charges than the parental carbon, which means that the modified carbon black forms a
more stable dispersion system than does the parental carbon [11, 184]. The charge
reversal in the zeta potential value for CII H and CII G compared to CII, from
positive to negative values indicates that the maleic acid modification provides
similar surface groups on the two sample sets but with possibly different volume

ratio.

With the reference to the TG graphs illustrated in figure 1-2 of the paper 1 [167], the

Table 5.3: Surface area (BET), particle size and zeta potential
measurements of parental and chemically modified carbon samples.
Size Zeta potential
BET S.A.
Samples name measurement
(m’/g) (d-nm) (m/V)
CI 241 1309 -6
CIH 202 343 -21
CIG 20 298 -13
ci 777 1125 +2
CITH 700 553 -27
ClIG 74 322 -10
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following remarks can be made: The chemical modification with maleic acid in water
increases the thermal stability of the CB sample (only for CI and not for CII. CITH
shows slightly decrease in thermal stability compared to CII), while using ethylene
glycol as solvent significantly decreases the thermal stability in both CI and CII
samples. However, from the comparison of the thermal stability of modified samples
using different solvents, it is clear that the chemical modification with maleic acid in

water shows higher thermal stability than the use of ethylene glycol as solvent.

The following can be concluded from the above results. The reaction was carried out
with two different solvents, and the reactions using water as solvent produced
thermally more stable products compared to reactions using ethylene glycol. XRD
confirms a slight increase in crystallinity for the water-modified samples and a
significant decrease for the samples modified by ethylene glycol. From BET
measurements, all samples have less pore surface area than the parental carbon,
particularly CI G and CII G, and one may anticipate that surface groups block the
pores. The zeta potential of all modified samples are shifted to more negative values,
indicating better dispersion properties as a result of surface modification. In
summary, the change in properties listed above gives clear evidence of the successful

surface functionalization of carbon blacks with maleic acid.

FTIR spectra were recorded for the carbon samples, and the results for CI H and CI
G, as well as for the parental carbon, are shown in figure 5.13. Even though CB is
difficult to characterize using FTIR, analysis was done to possibly identify any
surface groups that might be created after chemical modification. The CI H spectrum
displays bands at wave numbers 1700-1300 cm™ that indicate the presence of
carbonyl or carboxyl groups [12, 96, 185]. In addition the spectrum shows strong
bands around 1460-1420 cm™ for CI H. These bands are often attributed to the OH in-
plane deformation mode of the hydroxyl part of a carboxyl group. In addition, there
are no strong peaks above 3000 cm’ which would indicate hydroxyl groups in
alcohols or phenols. This further confirms that these bands (1460-1420 cm™) most

probably are due to carboxyl groups, stemming from the maleic acid.
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The bands in the region around 1550 cm™ may be due to C=C stretching vibrations in
aromatic ring structures. The intensification of all these bands, compared to the
parental CB, clearly shows the presence of functional groups on the surface. For CI
G, we obtained FTIR spectra with only weak bands. Neither of the samples exhibited

bands above 3000 cm™, thereby indicating the absence of alcohol functional groups.

For the second set of samples (CII H and CII G), we obtained similar spectra as for
CI G. Le., we did not succeed in obtaining any strong bands in the FTIR spectra of
CII H and CII G. In our experience, reliable FTIR-spectra of CB are difficult, and
sometimes impossible, to obtain. In light of this, for cases where IR shows clear,

strong bands one may regard this as evidence for the presence of functional groups on

Sample CI H

Sample CI G

Sample CI

4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm™]

Figure 5.13: FTIR spectra of three samples: Cl, Cl G and Cl| H. Refer
[167].
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the surface. On the contrary, a negative result from FTIR does not necessarily

confirm the absence of functional groups.

5.4.2 The effect of pre-heat treatment on carbon black:

The reactions done in previous section discussed the effect of solvent in the chemical
modification of CB using organic acid. In the following section, the reaction is
performed to find out the effect of pre- heat treatment of CB samples on the reaction
with maleic acid (di- carboxylic acid) and citric acid (tri- carboxylic acid). As both
the maleic and citric acid varies with the concentration of hydroxyl and carboxyl

molecules, surface reactions on the carbon is expected to be different.

In this experimental section, only minor works have been carried out and work should
be extended in future to get more insight. A brief discussion with the help of TGA
and BET surface area measurements has been given in this section. Further works

needed in future to study the effect of functionalization in detail.

A CB samples, XC72R from Cabot Corporations and Ensaco 350G from Timcal
Carbon and Graphite were purchased. Hereafter, the CB samples are referred as CI

and CII, respectively.

The virgin samples of 0.1g were heat treated at 120 °C with and without inert
(nitrogen) atmosphere. To compare the effect of pre-heat treatment on CB samples,

the experiments were also done with as- purchased CB without any heat treatment.

Prior to the experiments, 0.1g of maleic acid (di- carboxylic acid)/ citric acid (tri-
carboxylic acid) is added to CB and mixed with 10 ml of water. The mixture was
subjected to ultrasonic vibration for 15 min to achieve complete dispersion of acid
over the carbon samples. The mixture was then heated at 250 °C for 30 mins in the
oven. This temperature was selected because it is well above the decomposition
temperature of maleic acid (131-139 °C). Modified samples were characterized using

TGA and BET surface area measurement techniques.
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The summary of experiments and the BET specific surface area (BET SA) for
parental and modified CBs are listed in table 5.4. BET specific surface area
measurements shows that the samples treated with citric acid have shown lesser value

than the samples treated with maleic acid.

Citric acid treatment would have possibly induced more functional groups than the
maleic acid. With the increase number of intercalated molecules, the entry of
adsorbing gas get blocked and hence the values of specific surface area in citric acid
treated carbon samples is lesser. It can be concluded that the effect of

functionalization on the carbon surface is more with citric acid treatment than with

Table 5.4: Summary of the experimental details is given below. Here, CB, MA,
CA refers to carbon black, maleic acid and citric acid, respectively. Except for

the samples CM1, CC1, TM1 and TC1, all other samples were pre- heat treated

at 120 ° C in an oven with varying atmosphere (air or N).

Sriflrrlrll’ele Pre-heat | CB | MA | CA | Temp.| Time | BETSA
treatment | iy o) | (ing) | (ing) | ('C) | (mins) | (M%)
CI 241.67
CM1 None 0.1 0.1 250 30 233.61
CM2 Air 0.1 0.1 250 30 183.74
CM3 N, 0.1 0.1 250 30 220.18
CC1 None 0.1 0.1 250 30 97.24
CcC2 Air 0.1 0.1 250 30 103.66
CC3 N, 0.1 0.1 250 30 110.00
CII 777.14
T™1 None 0.1 0.1 250 30 690.27
™2 Air 0.1 0.1 250 30 691.54
T™4 Air 0.1 0.2 250 30 725.31
TC1 None 0.1 0.1 250 30 531.56
TC2 In air 0.1 0.1 250 30 547.87
TC4 In air 0.1 0.2 250 30 572.92
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maleic acid.

In the case of CI CB samples, there is slight differences noted in BET SA values of
CMI1 and CM3. However, the sample CM2 shows much lesser value of BET SA
compared to other two samples, CM1 and CM3. It can be attributed to the fact that
CM2 have more changes in their surface than other two samples. But in the case of
CII (Timcal 350G), TM2 does not have notable difference in the value of BET SA
compared to TM1, however, both these samples have much lesser BET SA values
compared to the parental carbon. This indicates that irrespective of the pre- heat
treatment process, surface of the CII sample have been modified by reactions with

maleic acid.

Comparing the values of CC1, CC2 with TC1 and TC2, it can be easily noted that the
difference in BET SA value is more between TC1 and TC2 than with CC1 and CC2.
This shows that the reaction condition can also be influenced by the original pore
structure and surface area of the parental carbon. Finally, it can be concluded that the
reactions of citric acid have much influence in the surface properties of CB compared

to maleic acid reactions, irrespective of the pre- heat treatment process on the CB.

There is also a notable variation in BET SA values with sligh increase in the quantity
of maleic acid and citric acid taken during the reactions (TM2-TM4 and TC2-TC4).
The increase in the quantity of organic acids can make huge difference in the surface

properties of the carbon.

TGA graphs in figure 5.14 shows that the maleic acid treated samples CM1, CM2,
CM3 have higher thermal stability compared to the parental carbon, CI, irrespective
of the pre- heat treatment process. Improved thermal stability in these samples
indicates that the weak structures within the carbon samples are either removed or

formed a stable structure after the reactions with maleic acid.

In contrary, CC1, CC2 have lesser thermal stability compared to the parental carbon
CI. This can be related to the fact that these samples have more functional groups

attached to the surface of the carbon. This is in accordance with the results of BET
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SA. These molecules might be removed in the beginning of the thermal treatment
before the whole carbon structures get collapsed. All the samples have shown

complete burn out at around 700 °C irrespective of the initial weigh loss.

Weight %

T T
450 600

Temperature °C

T T
150 300

Figure 5.14: TG analysis of parental carbon Cl and the modified
samples.
Out of other samples treated with citric acid, only the sample CC3, the sample pre-
treated at N, atmosphere, shown higher thermal stability. There are possibilities for
the surface functional groups attached to this sample as similar to CC1 and CC2, but

possibly as more stable structures.

Figure 5.15 shows TG analysis graphs of parental carbon, CII and the modified
samples TM1, TM2, TM4, TC1, TC2 and TC4. Here, both the citric acid and maleic

acid modified samples display decrease in thermal stability with the parental carbon.
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It is common for all the reactions irrespective of the variation of pre- heat treatment

and organic acid quantities.

The conclusion can be drawn as follows: The pore size and surface area of the

Weight %

| 3
600 750

Temperature®C

T T T
150 300 450

Figure 5.15: TG analysis of parental carbon CIl and the modified
samples.

parental carbon plays a crucial role in the determination of the surface
functionalization reaction with organic acids. The pre- heat treatment also have
impact on the reaction conditions. However, these facts need to be verified in detail

with more experiments and characterizations.
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Chapter 6

Summary and future works

In the present project, the studies on the solid- phase transformation of CB into
graphitized nano structures and the chemical modification of CB surface using

carboxylic acids were performed.

In this work, an easy, economical and single-step solid- phase transformation studies,
mono- and bi- metallic organic compounds as catalyst precursor and alumina boat as
substrate was used. Change in parameters of temperature, inert gas, metal-catalyst
ratio, mono- and bi- metallic catalysts, transition and non-transition metal catalyst,
use of microwave energy irradiation with and without catalyst were studied. The
products obtained in this work consists mostly of metal-encapsulated multi-walled
carbon nanobeads (MWCNB), multi-walled carbon nanotubes (MWCNT), nano-

balls and nano- onions.

The difference in mechanism of nanotube growth and the transformation of CB into
graphitized nano-carbon related to different parameters mentioned above were
discussed. Possible growth difference related to the catalysts, Fe and Pt, was
explained on the basis of electron vacancies in d-orbitals of metals. It was also shown
that the transformation of CB into graphitized nano structures can be carried out at a

very low temperature (400°C).

In future, 1) different catalyst with varying vacancies in d-orbitals will be used in the
solid-phase transformation experiments and the effect on the transformation of CB
into nanotubes will be explored, ii) different CBs with variation in the surface area
and particle size need to be used in the transformation studies to explore the effect of
physical properties of CB (XC72R from Cabot Corporations, Ensaco 350G and
Ensaco 250G from Timcal Carbon and Graphite, and Conductive carbon from
Pentacarbon), iii) variation of catalyst and preparation conditions are needed in the
microwave experiment and finally iv) in the closed quartz tube experiment, thin film

of different metals such as Fe, Fe-Ni, Pt, Ti of different thickness on the substrates of
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Si0, and sapphire are planned to use to further study the process of transformation of

CB on thin films with varying substrate conditions.

In the chemical modification studies on the surfaces of CB, di- carboxylic acid was
used. Two solvents (water and ethylene glycol) are used in the reactions to study the
change in effects in the surface modifications. It was found that several material
properties, among these the thermal stability and surface area of the modified carbon

black, are significantly altered relative to the parental carbon samples.

The experiments were conducted to study the following which need to be done in
future: 1) to study the influence of solvents as already done in the paper I [167], ii) to
study the influence of di- and tri-carboxylic acids in the surface modification of CB,
iii) to study the influence of pre-heat treatment with and without nitrogen atmosphere
and finally iv) to study the effect of modified CB as a support for the electro-catalysts

in the fuel cells (future works).

To get more insight into the chemical modification reactions, the experiments, with
variation of solvents, organic acids and pre-heat treatment, will be extended to other
commercial carbon black such as Ensaco 250G from Timcal Carbon and Graphite,
Conductive carbon from Pentacarbon were purchased. The samples will be

characterized using TGA, XRD, FTIR, Zeta potential measurements and BET studies.
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