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Introduction

The constantly increasing need for novel materials and systems possessing new
intriguing properties has led the scientific community worldwide to design and develop new
low-dimensional materials based on metals, oxides, nano-carbons and other nano-materials.
In this way, new hybrid materials have been formed which offer interesting properties and
applications. Towards this direction, Dr. Sumio lijima’s research group discovered carbon
nanotubes while they were conducting experiments on fullerenes. This discovery was one of
the most significant discoveries in the field of nano-materials.

Carbon nanotubes state one allotropic form of carbon, along with diamond and graphite.
They exhibit unique properties which derive from the combination of their structural,
geometric and topological characteristics. Some of them are their fine electric properties,
their excellent mechanical durability, high bending tension, elasticity, low density, high
thermal conductivity and the relative inert chemical behavior which they show. These
interesting properties render them to be suitable and ideal materials in a variety of
applications such as light sources, in polymers of high durability and low weight, as nano-
electrodes and as hydrogen storage tanks.

Another fascinating category of materials is nanowires. They are nanostructures with
diameter of the order of a nanometer (10'9m) and since the length/diameter ratio is 1000 or
more they are usually referred as 1-D materials. Because of this, they offer some important
properties, such as lower conductivity as compared to the bulk material, decreased magnetic
resistance, remarkable thermal stability and optical properties leading to a variety of
potential applications such as electronics, optical-electronic devices, nano-electronic
devices, as additives in advanced composite materials, as magnetic information storage
media, in energy storage devices, in lithium batteries and as nanowires sensors.

One of the most significant applications of carbon nanotubes is their use as a matrix to
form nanowires. This can be accomplished by inserting metals inside carbon nanotubes, thus
allowing them to improve their conductive, magnetic, electronic and mechanical properties,
while the formation of novel hybrid nanostructured systems is also possible. Therefore, by
the use of Catalytic Chemical Vapor Deposition method and depending on the catalytic
substrate which is used every time, metallic, semi-conductive, insulating, super-conductive
or magnetic nanowires can be formed inside carbon nanotubes. The major advantage of
carbon nanotubes encapsulating nanowires is that the latter are being protected from
corrosion.

Another also very intriguing field of science is a popular derivative of the newly
discovered graphene, the so-called graphene (or graphite) oxide, which is formed after
chemical treatment of graphite with strong acids. Graphene oxide’s structure is composed
by the same hexagonal graphitic lattice as in the case of graphene and contains mainly
hydroxyl-, epoxy- and carboxyl-groups which attribute in turn a strong hydrophilic behavior.
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Therefore, graphene oxide has the potential to form homogeneous agueous suspensions
and take part in a variety of reactions so as to be further chemically modified to form novel
hybrid materials.

Additionally, one of the aspects of modern materials science that has been captivating
scientific interest in the last decade are low-dimensionality systems, mostly because of their
physical, chemical and biological properties which are widely different from their bulk
material. Also, the lower dimensionality — e.g. thin film - form offers a convenient platform
for device application. Towards the direction of forming 2D materials, the properties of
Prussian Blue analogues (mixed valence poly-cyanides, PBA) of low dimensionality are so far
unexplored. The incorporation of Prussian Blue Analogues into tangible real life applications
relies on a control of their crystal size, shape and morphology.

The main subject of this dissertation was the design, development, characterization and
study of novel low-dimensional hybrid materials based on carbon. Towards this aim, carbon
nanotubes encapsulating Tin and Tin-Lead nanowires and Manganese-Bismuth nanorods
were formed using a conventional Catalytic Chemical Vapor Deposition method. The
products were examined by the use of a combination of analytical techniques such as XRD,
Raman spectroscopy, DTA/TG, TEM, SEM etc. Additionally, a new graphene oxide form was
prepared using for the first time as pristine material Kish graphite using the Staudenmaier
method and monolayers were formed using the Langmuir-Blodgett technique. The produced
graphene oxide was examined by the use of XRD, Raman and FT-IR spectroscopies while the
produced thin films were examined by TEM microscopy. Finally a new low-dimensional PBA
was produced using a Langmuir-Blodgett trough during a controllable on-surface reaction
and studied using the Langmuir-Blodgett technique and TEM. The success of the reaction
was identified by XPS spectroscopy and HRTEM/EDX/SAED results.

The first part of the dissertation is the theoretical part, where basic information
concerning carbon and its derivatives, carbon nanotubes, nanowires (properties and
applications), graphene oxide and Prussian Blue Analogues are presented. At the end of this
part a detailed background of all the analytical techniques that were used to characterize
and study the produced materials is exhibited.

The next chapter is the experimental part. In this part, all the reagents, the experimental
procedures and the experimental set-ups for each series of experiments are mentioned in
details and explained.

The main part of the dissertation is the results and the discussion section. The first three
parts refer to the hybrid nanowires/nanorods and mainly in their detailed structural,
morphological and physicochemical characterization. Much attention was given in the part
of Tin and Tin-Lead nanowires due to the fact that they constitute a new category of hybrid
1D materials that were for the first time constructed. Following this, a detailed ‘Kish
graphene oxide’ study on the deposited with the LB techniqgue monomolecular films was
performed while the characterization of the produced pristine graphene oxide form (using a
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modified Staudenmaier method) can also be found. Finally, Prussian Blue Analogues part
begins with the XPS data that confirm the successful on-surface reaction and is followed by a
detailed study of the L-B isotherms and is completed with a TEM and electron diffraction

study as well as with a comprehensive stability examination.

Finally, the dissertation is concluded by stating the basic results and conclusions of the
whole study along with prospects and suggestions for potential future work.
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Motivation-Scope

The major aim of this dissertation was the design and the production of novel nano-
structured hybrid materials based on carbon. The term ‘nanoscale’ usually refers to
structures with a length scale that is applicable to nanotechnology, usually 1-100
nanometers. The nanoscale is the point below which the properties of a material depend on
the geometry of it (thickness, width) and that in these low dimensions, can have a drastic
effect on quantized states, and therefore, on the properties of a material. In this concept,
carbon nanotubes have a wide range of uses, from composites to use in vehicles and sports
equipment to integrated circuits for electronic components and energy storage devices.
Additionally, nanowires form strong candidates towards the direction of incorporating them
into nanotubes, allowing their reinforcement with some of the unique properties that they
exhibit, such as magnetic, thermal and optical properties. By the use of bottom-up synthetic
methods, the control of the products in nanoscale is possible, aiming at the same time at
producing novel hybrid nano-materials.

Furthermore, graphene oxide states another intriguing carbon-based material which due
to its hydrophilic character can be combined with other compounds and materials to form
novel hybrid products. Another goal of this dissertation was to study a new GO form that
was created using for the first time ‘Kish’ graphite as pristine matrix and subsequent the
formation of monolayer films using a modified Langmuir-Blodgett technique. Finally, the
formation of 2D Prussian Blue Analogues was also attempted using a controllable on-surface
reaction with the help of the Langmuir-Blodgett apparatus. For the time being, 2D materials
remain from a morphological point of view bulky powders or crystals. Although they possess
intriguing properties, Prussian Blue analogues (mixed valence poly-cyanides) of low
dimensionality are so far unstudied. The incorporation of Prussian Blue Analogues into
tangible real life applications relies on a control and tailoring of properties like crystal size,
shape and morphology, rendering them at the same time interesting materials for electron
diffraction studies.

The role of pure metals and their corresponding compounds as both catalyst and source
for in-situ growth of filled carbon nanotubes is explored in this dissertation. What has been
done so far was extended, presenting a simple method which yields carbon nanotubes
encapsulating single crystalline metallic tin nanowires by employing the conventional
method of Catalytic Chemical Vapor Deposition (CCVD) over different tin catalysts. These
protected tin-nanowires are intended to provide an ideal system in order to study and
investigate their physical and chemical properties that are significant apart from their
implementation as nano-building blocks in nano-scale devices. Acetylene gas was chosen as
a carbon source due to its high reactivity as compared to other hydrocarbon gases
(methane, ethane and ethylene). As catalysts for the growth of carbon nanotubes we
employed metallic tin (Sn) and its two common oxides namely SnO and SnO,. The
corresponding materials are mentioned as Sn@CNTs. The effects of acetylene flow time on

the final products, as well as that of different temperatures of catalytic chemical deposition,
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were investigated. Various analytical techniques including Transmission Electron Microscopy
(TEM), X-Ray Diffraction (XRD), Raman and Maossbauer spectroscopy were used to
characterize the final composite materials.

As mentioned before, the idea of in-situ growth of filled carbon nanotubes is a field of
great significance and has been a case of extended study over the past decades. The simple
method of Catalytic Chemical Vapor Deposition (CCVD) is also applied to yield carbon
nanotubes encapsulating single crystalline metallic tin nanowires over SnPb/NaCl catalysts.
In the second part of the dissertation, an alloy tin-lead was used as a catalyst, mixed with
NaCl, in order to grow carbon nanotubes inside of which SnPb nanowires would have been
encapsulated, and study their fundamental properties. The method which was used to
produce tin-lead carbon nanotubes was CCVD, a procedure performed for the first time for
this kind of products. It is noteworthy that only Tin acts as a catalyst, while lead is inactive.
Sodium chloride was used as substrate for the immobilization (impregnation) of the SnPb
alloy, since it is also inactive and can be easily removed with water. Lead was chosen due to
its higher critical temperature (Tc) compared to tin, since it is expected to increase the
critical temperature of the alloy. The critical temperature of lead is 7.05 K and that of tin 3.7
K. It should be reminded that critical temperature is the temperature below which a material
acts as a super-conductor. To achieve critical temperature of tin, pumping over liquid Helium
atmosphere is required, while, in order to realize that for lead only dipping in liquid Helium is
required. The final SnPb@CNTs products that were produced using the CCVD method on
SnPb as a catalytic substrate and for different growth times they were characterized using
various characterization techniques, such as X-Ray Diffraction (XRD), Thermal Analysis
(DTA/TGA), Raman Spectroscopy, Mossbauer Spectroscopy, Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM) and Superconducting Quantum
Interference Device (SQUID).

In the third part of the dissertation an alloy MnBi was for the first time incorporated in
carbon nanotubes using the CCVD method at different temperatures and for various
acetylene flow times. This manganese alloy was chosen because it exhibits interesting
magnetic properties (it is paramagnetic but while applying external magnetic field it exhibits
macroscopically magnetism) and because of the fact that its melting point is lower than the
used nanotube growth temperatures (700°C or 800°C). Therefore, bismuth (Bi) was used,
having Tm= 271.5°C, as the second metal in the alloy, allowing in this way the lowering of its
melting point, due to the fact that the melting point of Manganese is relatively high
(1246°C). Furthermore, during the CCVD process and apart from the desired products,
Bismuth forms oxides during the formation of carbon nanotubes, which can be easily
removed with mild acid treatment. The final products, which were produced by the CCVD
method, using MnBi alloy as catalyst, in different growth times were characterized using
various characterization techniques, such as X-Ray Diffraction (XRD), Thermal Analysis
(DTA/TGA), Raman Spectroscopy, Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM).
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The fourth part of the dissertation was a study on a new graphene oxide form. Graphite
oxide possesses a rich pallet of properties due to the hydrophilic character that it exhibits
and which allows it to form stable and homogeneous agueous solutions that can be easily
chemically modified to give hybrid materials. Here for the first time, graphene oxide was
prepared using ‘Kish’ graphite. Beginning from ‘Kish’ graphite flakes and using the
Staudenmaier synthetic method graphene oxide was produced at high yield. A complete
Langmuir-Blodgett study was performed, using a trough provided by NIMA technologies for
different concentrations and volumes of graphene oxide which would be gently injected on
the water surface to form a mono-layer. Afterwards, depositions on copper grids were
accomplished allowing us to obtain the formed thin film and examine it using a TEM
microscope.

In the final part of the dissertation, a new low-dimensional system based on Prussian
Blue Analogues (PBAs) was formed using a modified Langmuir-Schaefer technique where
PBA is synthesized from precursors through an on-surface reaction which takes place on a
metal chloride sub-phase. In this study, a new low-dimensional system was formed by
combining an air-water interface reaction and a Langmuir-Schaefer technique. Atomically
thin 2D Prussian blue analogues were synthesized from tetracyanide building blocks
precursors by reacting with a metal chloride sub-phase in a self-limited reaction. Here, for
the first time a number of tests were performed by the use of the so called “inverted” LB
technique. As a precursor, potassium tetra-cyano platinate(ll) hydrate was used while
copper chloride was filled the Langmuir-Blodgett trough as an aqueous solution. The idea
was the following: the tetra-cyanide would be ‘softly injected’ on the surface of the sub-
phase (CuCly) leading to a superficial ion-substitution reaction which in turn would finally
give the PBA as a thin monolayer on the surface of the LB-trough. A detailed study of the L-B
isotherms was performed while XPS, TEM and electron diffraction studies shed light to the
structural characteristics of the produced low-dimensional PBAs.
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Part B: Theoretical
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B1. Carbon

Carbon, either as free element or in chemical compounds, is one of the most common
elements in nature. Carbon is so unique compared to other elements because of its inner
electronic structure allowing it to form many different compounds. Having four valence
electrons (the electronic structure is 152, 252, 2p2), allows carbon to unite with either other
atoms of elements such as H, O, N, S, P or with other carbon atoms to form carbon chains
the length of which can reach billions of carbon atoms (e.g. DNA). Due to its small atomic
radius, carbon forms stable covalent bonds (simple, double, triple) which with combination
of other elements’ atoms leads to the formation of organic molecules with large number of
moieties’.

B1.1 Allotropic carbon forms

Carbon has the ability to unite in different ways with other carbon atoms to form
structures with different properties. Till the 80’s the two allotropic structures of carbon were
graphite and diamond, two entirely different structures due to carbon’s different
hybridization. When the four valence electrons are equally shared (sp> hybridization) the
powerfully isotropic diamond is formed (Figure 1a) a crystalline, transparent, and hard
material which is a bad electricity conductor and the unusual carbon form. But when only
three electrons are equally shared (sp2 hybridization) and the fourth is delocalized we have
the formation of graphite (Figure B1.1) which is the most common carbon form. Graphite is
soft, black and is a fine conductor of electricity.

a) Diamond. b) Graphite, ) Lonsdaleite, d) C60 (Fullerene), ) C540 (Fullerene),
) C70 (Fullerene). g) Amorphous carbon. h) single-walled carbon nanotube

Figure B1.1: Allotropic forms of carbon’
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B1.2 Fullerenes

Fullerenes are allotropic carbon structures (such as graphite and diamond) having
symmetric spheroidal structure and molecular formulas Cyg,C3y, Csg, Cso, C70, Coa0 and Csag
with Cgo being the most common one. The first fullerene to have been ever discovered was
Buckminster fullerene (Cgp), Which was formed in 1985 by Richard Smalley, Robert Curl,
James Heath, Sean O'Brien, and Harold Kroto in Rice University (Chemistry Nobel Price 1996)
and was based on a laser pulse evaporating graphite shapes”.

In general, they are stable molecules and demand high temperatures (1000°C) so as for
the carbon bonds to be disrupted. Their surface consists of five- or six-membered carbon
rings placed in each corner exactly like a football ball. The name Fullerenes derives from the
name of the architect Buckminster Fuller who would be used to construct buildings with
these shapesl.

The chemical properties of the fullerenes are very interesting since they can lead to
various derivatives which may contain metal atoms, ions, complexes etc., after their
chemical modification. Fullerenes find diverse applications in many areas such as in optical
devices, LEDs (light emitting diodes), photovoltaic cells, thermo-tropic liquid crystals,
chemical sensors, gas separating devices, insulating materials, batteries, catalysts, polymers,
information storage means, medicine carriers inside the human organism, photo-
decomposition of DNA, photo-dynamic treatment of cancer, nuclear medicine and many
others®. The significant disadvantage though would be the fact that fullerenes are still too

expensive to produce which prevents them from becoming highly used™**>
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B2. Carbon Nanotubes

B2.1 Introduction - History

Carbon nanotubes are molecular tubes made of graphite closed on every edge,
consisting of five-membered rings and can be either multi-layer with one central tube
surrounded by one or more graphite layers or single layer, where there is only one tube and
no additional graphite layers. Carbon nanotubes, with length/diameter ratio up to
132.000.000:1, have been formed'™. Their discovery was made by Radushkevich and
Lukyanovich in 1952 when they published in a Russian scientific magazine, clear images of 50
nano-diametric carbon tubes. Due to the Cold War their discovery was unnoticed.

Carbon nanotubes had been formed using different techniques since the 70’s but did not
attract much interest as their structures exhibited defects. As a result they did not seem to
have interesting properties. In 1991 though, Sumio lijima while trying to form fullerenes
observed that nanotubes were formed, which at least two layers of outer diameter 3-30
mm. Two years later with Bethume they discovered single-wall nanotubes while in 1996
Smalley’s group composed for the first time bundles of aligned single-wall nanotubes®*.

B2.2 Structure — types of carbon nanotubes

The structure of carbon nanotubes can be resembled to bent leaves of graphite which
form one or more tubes. The diameter ranges between 1 and 3 nm and length 3-50 um.
Therefore, it is considered to be a one-dimensional nanostructure, while the ratio length to
diameter might overpass 10000. The C-C bond length is 5.44 A and their density varies from
0.8-5.2 g/cm>. There are two basic carbon nanotubes types, Single Wall Carbon Nanotubes
(SWNTs) and Multi Wall Carbon Nanotubes (MWNTSs) as it is seen in Figures B2.1 and B2.2.
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Figure B2.1: Carbon Nanotube types: Single (a), double (b) and Multi-wall (c)**
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Figure B2.2: Carbon Nanotube types: Single (a), double (b) and Multi-wall (c), TEM images of single (left) and
multi-wall (right) carbon nanotubes®

B2.3 Single Wall Carbon Nanotubes (SWNTs)

The unique properties of SWNTs is a direct result of their structure which consists of C-C
bonds resembling the ones of graphite rather than the ones of diamond since they exhibit
sp2 hybridization but their structure is different than that of graphite due to their high
curvature. The endogenous durability of the carbon — carbon sp2 bonds as well as the special
structure of nanotubes result in high mechanical durability and a large Young coefficient
(Young coefficient values close to 1000 GPa have been predicted or estimated for individual
nanotubes, which is 50 times larger than the value for steel). Depending on their geometrical
structure they can exhibit metallic or semi-conductive behavior, as slight changes in the
geometrical formation can lead to significant changes as far as electronic structure is

concerned.

Table B1.1. Comparison of Young modulus of carbon nanotubes and conventional materials™

Material Young modulus (GPa)
SWNTs 1054
MWNTs 1200
Steel 208
Epoxy glue 35
Wood 16

As seen in Figure B2.3, a SWNT is a homogeneous cylinder having diameter in the scale of
nanometers, which can be depicted as wrapped grapheme sheet. The structure of each
nanotube can be defined by the diameter and the relative orientation of the carbon

hexagons in relevance with the axis of the tube.
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Figure B2.3: Schematic representation of SWNT's structures™

As a result, every SWNT can be uniquely determined by two indicators n and m, which are
two integers that define reticular vector C. The two indicators are connected with the two
unit vectors via the function: C = na; + ma,. The diameter of the nanotube can be calculated
from the indicators n, m according to the following expression: d = ag ® (m2 +mn+ nz)1/2/n,
in which ag is the atomic lattice constant (=0.246nm). The same way, the © angle can be
calculated (as seen in Figure 3 using the relation: tan®=(nv3)/(2m+m).

Three SWNTSs structures can be defined: armchair, zig-zag and chiral. Those symmetries
express the orientation of the imaginary initial graphitic lattice to the tube axis.

e The armchair structure of nanotubes which is formed when n=m and ©=30°.

e The zig-zag structure of nanotubes which is formed when m=0 and ©=0°. These
nanotubes are called zig-zag due to the formation created by the carbon atoms.

e The chiral structure of nanotubes which is formed when nzm and m=#0 and present a
winding angle from 0° to 30° to the T vector (which is defined along the SWNT and
vertically to C). These nanotubes have such structure so that their reflecting image
cannot be anyway identified with the initial one.

The graphitic cylinders for the three kinds of SWNTs result in hemispheric edges. This
morphology derives from the pentagon confinement in the hexagonal graphitic lattice during
the formation of SWNTs'**.

Figure B2.4: Stage formation of a SWCNT"
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B2.4 Multi Wall Carbon Nanotubes (MWNTs)

Multi wall carbon nanotubes (MWNTSs) are series of single SWNTs one inside another
holding each other with Van der Waals forces (Figure B2.5). There are two models that can
describe the structure of MWNTSs. The one is “Russian Doll” model where graphite leaves are
placed in concentric cylinders. The distance between the levels of these multiple coaxial
aligned cylinders ranges from 0.34 nm to 0.39 nm and decreases while the diameter of each
tube rises. This distance is slightly larger than the one the graphite levels (0.335 nm). In the
other model which is called “Parchment” one single graphite sheet wounds around itself.
MWNTs have diameters that range from 2.5 nm to 80 nm and lengths from a few tens of nm
to some um. As in SWNTs, they exhibit a length/diameter ratio from 30 to 3000
approximately. In the edges of the graphite cylinders there are no free bonds, but they are
covered by hemispherical structures instead™**.

Figure B2.5: Representation of the MWNT structure™

B2.5 Synthetic methods

The technique that is going to be used to form carbon nanotubes defines completely the
characteristics of the product, whether it is going to be single or multi-wall, its dimensions,
geometry, chirality, purity, etc. The three most commonly used techniques are: electric arc
discharge, laser ablation and chemical vapor deposition®.

Electric Arc Discharge

The first macroscopic production of carbon nanotubes was made by NEC-company in
1992. The method that was used is called electric arc discharge (Figure B2.6) and produces
carbon nanotubes of the highest quality.
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Figure B2.6: Set-up of the arc discharge7

Arc Discharge method includes the passing of 50 A current through a graphite pin (two
graphite electrodes) in Helium or Hydrogen atmosphere. Because of the high temperatures
that are caused by the discharge the graphite evaporates, a part of which is condensed on
the walls of the reaction beaker or on the cathode. The precipitate on the cathode is
responsible for the formation of carbon nanotubes. Single wall carbon nanotubes are
produced when cobalt, nickel or other metals are added on the anode. The yield of this
method exceeds 30% and produces equally SWNTs and MWNTs (Figure B2.7)"%.

Multiwall nanotubes

Figure B2.7: Nanotubes produced by the arc discharge technique’

Laser Ablation

In the laser ablation technique a powerful laser beam is usually used in order to ablate
the graphitic target which has usually also some metal addition (Figure B2.8). Continuous or
pulse laser is used in order to atomize the graphitic target in an oven at 1200°C. The oven is
full of Helium or Argon so that the pressure would be 500 Tor. Atoms leave carbon and the
carbon is reconstructed creating various formations such as carbon nanotubes. In order to
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produce single wall carbon nanotubes the graphitic target is soaked cobalt and nickel as
catalysts. Afterwards, the condensed material is collected on a water-cooled target. This
method allows better nanotube control than the arc discharge. With the laser ablation we
can produce SWNTs of high quality. Together with the previous technique they can be

considered as high temperature (>1000°C) and short reaction time (ps-ms) techniquesl’ls.
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Figure B2.8: Schematic representation of laser ablation procedure’
Catalytic Chemical Vapor Deposition (CCVD)

The CCVD method (Figure B2.9) includes a substrate of metallic catalysts, usually nickel,
cobalt or iron or their combination, which is heated at 500-1000°C, while two different gases
are canalized though the reactor, one carrier gas such as ammonia, nitrogen or hydrogen
and one organic gas or steams such as ethanol, methanol, ethylene, acetylene etc. The
hydrocarbon is disintegrated with the assistance of the catalyst and the carbon atoms are
diluted into the catalytic metal. The expulsion of carbon from the blasé in carbon metal
particle leads to the formation of a tube-like carbon solid which exhibits sp2 structure.
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Figure B2.9: Experimental setup of CC vp’

The quality of the carbon nanotubes produced using this method is poorer than the
previous two. Nevertheless, larger scale production is possible. The main parameters that
affect the nanotube growth using the CCVD method are the kind of hydrocarbon, the
catalyst and the thermal cracking temperature. The products can be SWNTs or MWNTSs
depending on the method conditions. At low temperatures (500-850°C) and using nickel as
catalyst, cobalt or iron, MWNTs are formed while at higher temperatures (990-1200°C)

34



SWNTs are formed, showing that they exhibit formation energy due to their lower diameter,
1,11

which leads to high curvature and high distortion energy

When the interaction between the catalyst and the substrate is weak (the metal forms
acute angle with the substrate), then the substrate lifts while drifted by the growing
nanotube and continues to contribute to the nanotube growth from its top. This growth

III

mechanism is known as “tip growth model” (Figure B2.10a). When the interaction between
the catalyst and the substrate is strong (the metal forms obtuse angle with the substrate),
then carbon nanotubes are formed having the metal particle stabilized on their base. This

growth mechanism is called “base growth model” (Figure B2.10b)".
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Figure B2.10: Nanotubes growth mechanisms (a)”tip growth model”, (b)”base growth model”*

The rapid development of CCVD methods which has been made since 1998 has led to the
production of high quality carbon nanotubes, consisting of single wall, multi wall, aligned,
isolated in large volumes, with controlled diameter, controlled length, directly on a substrate
or in a massive form®.

B2.6 Cleaning-methods

The majority of synthetic procedures produce CNTs with various impurities, such as
amorphous carbon, graphite-particles, catalyst remains, as well as fullerenes, nano-fibers
etc. in the case of using CCVD method, the substrate that was used should be removed. The
metallic particles and the fullerenes can be easily removed while graphite and amorphous
carbon are more difficult to be removed. For most of the applications, (e.g. electronics) high
purity of carbon nanotubes is required. The main issues are, first, the danger of destruction
of CNTs by the chemical methods that are used, e.g. geometry change or destruction of the
wall crystallinity. The followed procedure is quite complex and usually includes, apart from
the physical methods (such as heating, sonication), chemical (strong acid treatment) and
physical-chemical procedures such as filtration™.

B2.7 Properties of Carbon Nanotubes

Electrical Properties

Significant interest is found in the electrical properties of carbon nanotubes due to their
many technological applications. The main factor which defines the electrical properties of
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are the electrons which are which are space limited. They can move only in the space of the
graphite and not in the vertical direction towards the axis of the graphite sheet. Additionally,
while its length is much larger than its diameter, the admitted electron states towards the
axis direction are many more than the ones at the peripheral.

The finite periphery and the length of the nanotube enter limit conditions which result in
distinguished energy levels and the nanotubes present metallic as well as semi-conductive
behavior. The relation between n and m is an indicator for whether the nanotube exhibits
metallic or semi-conductive behavior. For an (n, m) nanotube, if n-m=3k, where k is an
integer, then the nanotube belongs to the metals, when n=m the nanotube is an insulator
while in every other case it behaves as a semi-conductor. According to all these, all armchair
nanotubes and one third of zig-zag nanotubes are metals. The electrical properties of SWNTs
e and MWNTSs are similar because the connection of the walls in the MWNTs is very weak.
Due to the almost one-dimension electronic structure of metal nanotube the electrons are
moving without scattering along its axis, allowing the large current passing with no
significant heating. What is more, super-conductivity has been observed only at low

temperatures™*’.

Mechanical Properties

Carbon nanotubes are characterized of high durability because of the sp2 bonds C-C
which are formed between the carbon atoms. A nanotube has a Young modulus 1.2 TPa and
maximum durability tension a hundred times larger than the that of steel (250 GPa), while it
weighs 6 times les