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CARBON NANOTUBE SYNTHESIS WITH DIFFERENT CATALYSTS

SUMMARY

The discovery of carbon nanotubes (CNTs) in 1991 attracted a great deal of
attention. CNTs are today one of the key elements of nanotechnology and are among
most intensively investigated materials. CNTs with their high mechanical, electrical,
thermal and chemical properties are regarded as promising materials for many
different potential applications. Having unique properties they can be used in a wide
range of fields such as electronic devices, electrodes, drug delivery systems,
batteries, hydrogen storage, textile etc.

Catalytic chemical vapor deposition (CCVD) is a common method of CNT synthesis
especially for mass production. Catalyst impregnated on a suitable substrate is
important for synthesis with chemical vapor deposition (CVD) method. Different
catalyst and substrate materials are used in CNT synthesis by CCVD method.

In this study, CNTs were synthesized by CCVD with carbon source of acetylene
(C,Hy) on magnesium oxide (MgO) powder substrate impregnated by different
catalyst materials such as iron (Fe), cobalt (Co), nickel (Ni), and vanadium (V),
respectively. In this study, CNT syntheses were performed under different
conditions. Catalysts were prepared with catalyst to MgO ratios of 1:100, 5:100 and
10:100. The duration of syntheses were selected as 30 and 60 minutes. The syntheses
temperature was selected to be 500 and 800 °C for definite weight ratios of catalysts
depending on the results of the conducted experiments. In order to evaluate
interaction between metal catalysts during CNT synthesis binary catalysts of Fe and
Co couple is examined. The synthesized CNTs were characterized by thermal
gravimetric analysis (TGA), transmission electron microscopy (TEM) and Raman
spectroscopy. Thus, the carbon efficiencies of synthesized CNTs with different
catalysts were determined and compared.
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FARKLI KATALIiZORLERLE KARBON NANOTUP SENTEZLENMESI

OZET

Karbon nanotiiplerin 1991 yilinda kesfedilmeleri biiyiik ilgi uyandirmistir. Karbon
nanotiipler giiniimiizde nano teknolojinin vazgecilmez unsurlarindandir ve yogun
olarak arastirilan malzemelerdir. Mekanik, kimyasal, 1s1l ve elektriksel 6zelliklerinin
¢ok 1iyi olmasi sebebiyle karbon nanotiipler birgok farkli potansiyel uygulama icin
umut vaat etmektedir. Sahip olduklar1 essiz ozellikler ile elektronik malzemeler,
piller, elektrotlar, ila¢ tasima sistemleri, hidrojen depolama, tekstil gibi ¢ok cesitli
alanlarda kullanilabilmektedirler.

Katalitik kimyasal buhar birikimi (KKBB) yontemi karbon nanotiip sentezinde ve
ozellikle seri iiretimde yaygin olarak kullanilan bir yontemdir. Uygun bir substrat
iizerine doyurulmus katalizor, katalitik kimyasal buhar birikimi yontemi ile
sentezlemede Onemlidir. Katalitik kimyasal buhar depolama yontemi ile karbon
nanotiip sentezinde cesitli katalizor ve substrat malzemeler kullanilmaktadir.

Bu ¢alismada; demir (Fe), kobalt (Co), nikel (Ni), vanadyum (V) gibi metaller toz
halindeki magnezyum oksit (MgO) substrat malzemesi ile doyurulmus, elde edilen
katalizorler ve karbon kaynagi olan asetilen (C,H;) ile KKBB yontemi uygulanarak
karbon nanotiipler sentezlenmistir. Karbon nanotiip sentezi farkli kosullarda
gerceklestirilmis: sentez siiresi 30 ve 60 dakika, sentez sicakligi belirli katalizor
substrat oranlar1 i¢in 500 ve 800°C olarak secilmistir. Metal katalizorlerin
birbirleriyle olan etkilesimini incelemek amaciyla demir ve kobalt ikili katalizorii ile
de karbon nanotiipler sentezlenmistir. Sentezlenen karbon nanotiiplerin
karakterizasyonunda termogravimetrik analiz (TGA), Raman spektroskopisi,
gecirimli elektron mikroskobu (TEM) gibi teknikler kullanilmistir. Bu tekniklerle,
farkli katalizorler kullanilarak sentezlenen karbon nanotiiplerin karbon verimleri
belirlenmis ve karsilastirilmastir.
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1. INTRODUCTION

In the last decade due demand of new generation of high technology materials, there
is a tremendous interest in nanotechnology [1]. Due to their marvellous material
properties nanomaterials differ from the isolated atom and the bulk phase.
Nanotechnology aims production and improvement of smaller, cheaper, lighter,
faster devices with more functionality, and less raw material and energy. Therefore,
nanotechnology deals with materials having a size of 1-100 nano-meter (nm). The
properties of the material change as the material size decreases. When the
nanomaterials are considered, surface behaviour of the material dominates the
behaviour of the overall material. Nanomaterials have unique mechanical, electrical,
and optical properties. Therefore, they can be implicated to many fields such as

electronics, chemicals, sensors, energy storage, and biotechnology.

The identification of the structure of fullerenes in 1985 by Kroto and his friends was
a breakthrough in nanotechnology [2]. It was followed by the discovery of multi
walled carbon nanotubes (MWCNT) in 1991 and single wall nanotubes in 1993 by
lijima [3,4]. Thereafter the highly intensified research into the science of
nanotechnology started due to superior mechanical strength, electronic properties,
large surface area for adsorption of hydrogen, and high aspect ratio of CNTs
[5,6,7,8]. They have many applications in different fields such as electronics, textile,
electrodes, drug delivery systems, field emission applications, magnetic field

applications, hydrogen adsorption.



CVD is an important method for CNT synthesis especially when mass production is
concerned. There are different parameters (synthesis method, catalyst, substrate,
carbon source, synthesis time) affecting the structure, morphology and the amount of
the CNT synthesised. The catalyst plays an important role in growth of CNT. There
are many studies in the literature about different catalysts such as iron, cobalt, nickel,
vanadium, copper, titanium etc. and their binary combinations [5-8]. Regard to this,
the purpose of this study is examine and compare the impact of different catalysts on
CNT synthesis by CCVD method with changing parameters of temperature, time and

weight ratio of the catalyst to the selected substrate material.



2. CARBON NANOTUBES

2.1 Carbon Structures

Carbon which is the basic element in living things can be found in the nature as well
as being produced in the laboratory conditions. It can form compounds with
different elements having changing type, number and strength of bonds. This

diversity leads carbon to have isomers from zero dimension to three dimension.

The properties of carbon atom are a natural result of distribution of electrons around
its nucleus. There are six electrons in a carbon atom, shared evenly by Is, 2s and 2p
orbitals. Since 2p orbital has two electrons carbon can make up to four bonds with
other elements. Carbon can bind with sigma (o) and pi () bond while forming a
molecule. The final structure of the molecule depends on the hybridisation of the
orbitals. A carbon atom with sp' hybridisation can make two o and two 7 bonds
while with sp® hybridisation can make three o and three © bonds whereas with sp’

hybridisation a carbon atom forms four ¢ bonds.
The number and nature of the bonds determine the geometry and properties of carbon

allotropes, as shown in Figure 2.1 [9] . In nature carbon is mainly found as coal or
natural graphite. However diamond is not found so commonly. Buckminsterfullerene
(Ceso0), lonsdaleite, Cyso fullerene, C;¢ fullerene, amorphous carbon, and CNT are

other allotropes of carbon [10].

Graphite is made of atoms layered in a honeycomb structure with planar sp”
hybridized carbon atoms. The carbon atoms in a graphite sheet are bonded with three
electrons to each other which supplies a free movement for electrons from an
unhybridized p orbital to another forming electrical conductivity of the graphite [9].
The geometry of the chemical bonds makes graphite a soft, slippery, opaque and

electrically conductive material.

Diamond has a tetrahedral crystal structure where each hybridized carbon atom is

bonded to four other atoms with sp’ & bonds. It exists in cubic and hexagonal form



[11]. Diamond is a wide gap semiconductor (5.47 ¢V) , hardest material in nature
(Mohs hardness 10), has the highest thermal conductivity (~25 W.cm'l.K'l) known
and the highest melting point (4500 K) due to its crystal structure . The sp’

hybridization gives electrical insulation and optical transparency.

Amorphous carbon is a highly disoriented material with mainly sp” bonds and a low
percentage of sp’. It only has a short range order depending on the carbon bonding
type and hydrogen content. Glassy carbon is another carbon material formed by

degradation of polymers at temperature between 900 to 1000 °C [12].

Buckminsterfullerenes have groups of molecules with spherical or cylindrical shape
having atoms with all sp> hybridization. It was discovered by Kroto et. al. in 1985 as
a result of laser ablation of graphite and named in honour of Buckminster Fuller for
its resemblance to geodesic spheres developed by him[3]. Ce which is an
icosahedral, like a soccer ball molecule with sixty carbon atoms bonded together
with pentagons and hexagons was the first fullerene discovered. The stable form of
the carbon clusters depend on the number of atoms. The most stable form of carbon
clusters are: linear chains up to ten atoms ring for ten to thirty atoms, cage structures

above forty atoms. Cyo, Cs3and Cgp are other stable fullerenes.

Carbon nanofibers form an important group of graphite related carbon materials and
are also very closely related to carbon nanotubes. Pitch fibre that is commercially
available possess high bulk modulus and thermal conductivity whereas other
commercial fiber so called polyacrylonitrile fiber is known with its high tensile
strength [13]. The vapour grown as-synthesized carbon nanofibers have an onion
skin and tree ring morphology. After heat treatment about 2500 °C their shape

resemble very much like carbon nanotubes.



Figure 2.1 : Allotropes of carbon

The image is released by Michael Strock under the GNU Free Documentation
License: The structures of eight allotropes of carbon: a) Diamond b) Graphite c)
Lonsdaleite d) C60 (Buckminsterfullerene) e) C540 Fullerene f) C70 Fullerene g)

Amorphous carbon h) Single-walled carbon nanotube

2.2 Carbon Nanotubes

The discovery of fullerenes by Kroto and his team in 1985 is an important milestone
in the path leading us to the CNTs [2]. In 1991 Lijima discovered multiwall carbon
nanotubes (MWCNT), two years before Lijima and Bethune et al. discovered single
wall carbon nanotubes (SWCNT) in separate researches [3,14]. Before the discovery
of CNTs there have been studies on syntheses of carbon nanofibers which is very
similar to CNT synthesis. In 1960 Bacon produced graphene scrolls in nanoscale
and he suggested existence of CNTs before its discovery [15]. It is possible that
scientist making research on carbon fibres might have also produced CNTs as

syntheses of both materials require similar methods.



2.2.1 Crystal structure of carbon nanotubes

Carbon nanotubes can be classified as arm chair, zigzag and chiral according to their
crystal structures. There are some basic terms to describe crystal structure of CNTs.
Figure 2.2 shows one sheet of graphene that is rolled to form a single nanotube with

chiral vector (Cy) and primitive translation vector (T) of the tube [16].
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Figure 2.2 : Unit cell of a CNT

To express the circumference of a carbon nanotube chiral vector that is defined by

two integers m and n and unit vectors of a graphene sheet is used:
¢, =n.a, +ma, =(n+m) @.1)

In the figure the chiral vector connects two lattice points A and O having an angle of
0 so called chiral angle with the zigzag direction of (n,0). An infinite strip
perpendicular to chiral vector is cut through these two points. Diameter of the carbon

nanotube and the chiral angle can be found depending on (n,m) values:

2.2)

d :1 (it +nt +nm)a
T



3m 2.3)
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When a graphene sheet rolled with a chiral angle of 6, a (n,m) carbon nanotube is
formed. There are different types of carbon nanotubes depending on (n,m) values as
shown in Figure 2.3 [16]. (n,0) nanotube with a chiral angle of 0° is called zigzag
nanotube, (n,n) with a chiral angle of 30° is called armchair nanotube and if n is
different from m and chiral angle is between 0° and 30° then it is called chiral

nanotube. Different structural parameters of CNTs can be seen in Table 2.1 [16].
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Figure 2.3 : a) armchair (n,n) b) zizag (n,0) c) chiral (n,m) nanotubes



Table 2.1: Structural parameters of CNTs

Symbol Name Formula Value
a length of unit vector a=-3ac—c=2494 ac-c=1.44 A
. V31 (V31 .
a,a unit vectors —,— la,| —,—— |a X,y coordinate
22 22
bi,by reciprocal unit vectors
Ch chiral vector C, =na, +ma, =(n+m) , (0= | m | >n)
L length of ¢y, L= |Ch| =aNn* +m* +nm X,y coordinate
d; diameter d=L/x
. 3
0 chiral angle sinf = J3m (0|0 ZE)
2\/ n® +m*+nm 4
2
cosf = i tan 6 = 3m
2\/n2+m2+nm 2n+m
d gcd(n,m)b) d if (n-m) is not multiple of 3
drR= 3d if (n-m) is multiple of 3d
dr gcd(2n+m,2m-+n)”
T =ta, +ta, =(t,t,)
T translational vector 2m+n 2n+m ged(t, ,t2)=1b)
T, P
R R
L
T length of T T=| T| V3
R
N number of hexagons in No (m, +n, +nm)
the nanotube unit cell d,
R = pa,+qa,=(p,q)
R symmetry vector hg-t,p=1, ged(ty, tp)=1"
(O <mp-ng<N )
31 3 1
T pitch of R i,— a, i,—— a X,y coordinate
22 22
. 2 . .
b4 rotation angle of R v = Y2 in radians
M number of T in NR NR=C,+MT

a)In this table n,m,ty,t,,p,q are integers and d, dg, N and M are integer function of these

integers

b) ged(n,m)denotes the greatest common divisor of the two integers n and m




2.2.2 Types of carbon nanotubes

2.2.2.1 Single wall carbon nanotubes

Single wall carbon nanotubes (SWCNT) can be described as the fundamental
structural unit of nanotube with one atom thick wall. As shown in Figure 2.4, the
structure of a SWCNT is explained in one dimensional unit cell formed by rolling an
infinite sheet of graphene having a diameter size distribution of 1-2 nm. [17].
However on zeolite substrate it could be managed to synthesise nanotubes with
diameters of 0.4 nm [18]. SWCNTs are generally found in hexagonal crystal
structure bundles which are bonded to each other by Van der Waals bonds and can

have 100-500 SWCNTs [10, 16, 18, 19].

graphene sheot
Figure 2.4 : SWCNT

When compared to multi wall carbon nanotubes SWCNTs have an elastic structure
that allows them to be straight, bended. SWCNTs have zigzag and armchair
structures. Figure 2.5 shows drawing and TEM image of SWCNTSs [20].

Figure 2.5 : a) drawing of SWCNT, b) 100nm scale TEM image of SWCNT, ¢) Snm
TEM image of SWCNT



2.2.2.2 Multi wall carbon nanotubes

Multiwall carbon nanotubes (MWCNTSs) are formed of more than one SWCNTs
placed one in other having a shape as shown in Figure 2.6 [21,22]. Lijima initially
discovered the existence of MWCNTs with two to 20 layers [4]. MWCNTs have an
inner diameter of 0.4-5 nm whereas the outer diameter is 15 nm [23]. The distance
between the outer and the inner walls were calculated to be 0.339 nm and it is
measured via x-ray diffraction and transmission electron microscope as 0.34-0.39 nm
[19, 21, 24, 25]. As the measured distances are larger than the distances between the
plates of graphite which is 0.334 nm, it is claimed that the walls are not
crystallographically related [24]. Thus the walls of MWCNTs can rotate
independently which is crucial for nano machines. Tangles and twists can be
observed in MWCNTs as a result defects whereas SWCNTSs have better structures.
Furhtermore, the ends of MWCNTs may not be spherical all the time.

Figure 2.6 : MWCNT (A) Side view from TEM, (B) Side view from HRTEM, (C)
Cross section from TEM, (D) Schematic structure of MWCNT

2.2.3 Properties of carbon nanotubes

As one class of nanostructured materials, carbon nanotubes (CNTs) have been
receiving much attention due to their remarkable mechanical, optical, and unique
electronic properties as well as the high thermal and chemical stability and excellent

heat conduction [11].
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2.2.3.1 Mechanical properties of carbon nanotubes

The remarkable mechanical properties of CNTs are closely related to carbon-carbon
bonds. That is known to be the strongest in nature nanotube is structured with all
bonding. Thus nanotube is regarded as fiber with the strength in its tube axis.
Theoretical and experimental studies show elastic modulus and tensile strength of
CNTs are changing in the range of 1000 and tens of GPa respectively [26]. It is
known that CNTs have the highest elastic modulus among other materials including
graphite [27]. In experimental studies Treacy et al. found the Young’s modulus of
MWCNT in a wide range of 0.4-4.15 TPa with an average of 1.8 TPa in a
transmission electron microscope [6] Thus CNTs can resist to any physical force
applied to its walls. Table 2.2 summarises the calculated Young’s modulus and

Tensile strength of CNTs [11].

Table 2.2: Mechanical properties of nanotubes

Young’s Modulus Tensile Strength Density

(GPa) (GPa) (g/cm’)
MWCNT 1200 ~150 2.6
SWCNT 1054 75 1.3
SWCNT bundle 563 ~150 1.3
Graphite (in-plane) 350 2.5 2.6
Steel 208 0.4 7.8

Various types of defect-free nanotubes are generally stronger than graphite. This is a
result of increase in the axial component of ¢ bonding when graphite sheet is rolled
to form SWCNT. Young’s modulus is dependent on the tube diameter but it is
independent of tube chirality. When the tube gets larger its Young’s modulus is
approaching to graphite but as the tube gets smaller it becomes mechanically stable.
When different diameters of SWCNTs form a MWCNT, the Young’s modulus will
be higher than that of SWCNT as a result of Van der Waals force [11]. However,
when SWCNTs form bundles, the Young’s modulus will be smaller than a single

SWCNT due to weak Van der Waals forces.

Elastic of CNTs is also remarkable. Majority of the hard materials fail with a strain
of 1% as result of defects and dislocations. However, both theoretical and
experimental studies concluded that CNTs can stand up to 15% tensile strain before
fracture [28]. Thus, the tensile strength could be 150 GPa with a Young’s modulus of
ITPa. Salvetat et al. concluded that the elastic and shear modulus of a SWCNT are
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1 TPa and 1GPa respectively [29]. As a result of their flexible structure CNTs can be
bent repeatedly up to 90° without being broken or damaged.

2.2.3.2 Electrical properties of carbon nanotubes

Depending on the chirality, nanotubes can be either metallic or semiconductor even
though they have the same diameter [17]. When a graphite sheet is rolled to form
CNT not only the carbon atoms are ordered around the circular structure but also
quantum mechanical wave functions of the electrons are ordered accordingly. The
electrons are bounded in radial directions by the single layered graphite sheet. There
exist periodical boundary conditions around the circle of the nanotube. If there are
ten hexagons around nanotube then the eleventh hexagon fits to first hexagon. As a
result of the quantum boundaries the electrons are effective only along the nanotube
axis enabling the determination of the wave vectors. Thus small diameter nanotubes

are either metallic or semiconductors.

According to their electrical properties nanotubes can be classified as large gap, tiny
gap and zero gap nanotubes. Theoretical calculations show that electrical properties
of nanotubes depend on geometric structure. Graphene is a zero gap semiconductor,
according to the theory carbon nanotubes can be metals or semiconductors having
different energy gaps depending on diameter and helicity of nanotubes. As the
nanotube radius R increases the band gap of large gap and tiny gap nanotubes
decrease with 1/R and 1/R? dependence, respectively [30-31]. The -electrical
properties of SWCNTs depend on n and m values:

If n=m; formed armchair nanotube is metallic,

If n-m=3k; k € Z, k#0 the nanotube is tiny-gap semiconductor which is metallic at

room temperature
If n-m=3k £ 1;k€Z, k0 the nanotube is large-gap semiconductor

Experimental studies performed by applying electrical field to nanotubes are proving
the theoretical calculations. It was observed that SWCNT with a diameter of 0.4 nm
became conductive at 20 K. In further experimental studies of electronic properties
of nanotubes, it was observed that electrical conductivity is dependent on

temperature in the range of 2-300 K [33].
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In the measurements of SWCNTSs, it was observed that each nanotube acts
individually. Conductivity and the resistivity at 300 K is in the range of ~1.2x10 "~
5.1x10°°. SWCNT bundles have metallic behaviour with a resistivity of 0.34x10* to
1.0x10"* whereas copper has a resistivity of 1.7 x10"® ohmem. Thus we can conclude
that the electrical resistivity of CNTs is very close to copper’s. Metallic nanotubes
have remarkable conductivities. Although a CNT bundle can transport a current
density of 1x10° A/cm® copper wires can transport 1x10° A/cm” which is thousand

times less than CNTs’ [32].

2.2.3.3 Thermal properties of carbon nanotubes

As well as their electrical and mechanical properties CNTs have a reputation for their
thermal properties. Nanomaterials are affected by quantum properties. Low
temperature, specific heat and the interaction of CNTs with each other are used to
count phonons of CNT. Thermal properties of CNTs have been both theoretically
and experimentally investigated. Theoretically thermal conductivity of CNTs is
better than graphite. Experimentally, thermal conductivity of SWCNTs was
measured to be 200W/mK whereas MWCNTs had an electrical conductivity of
300W/mK [34]. As result of its Fermi level current density, metallic SWCNT is a
one dimensional metal. It has a linear electronic thermal capacity at low
temperatures. Theoretically MWCNTs are expected to have lower thermal
conductivity than graphite which has low thermal conductivity due to weak Van der
Waals forces. MWCNTs have only Van der Waals forces between the nanotube
layers. Thermal expansion of CNTs is expected to be better than graphite. The
thermal conductivity is the ability of material to transport the heat from high
temperature region to low temperature region as shown in Formula 2.4 where q is the
change of heat in unit time per unit area, k is the thermal conductivity coefficient,

and dT/dx is the thermal gradient along the material.

dT 2.4)
q=—k—
dx

Thermal conductivity of diamond is 1000-2600 W/mK and for graphite it is 120
W/mK at 100°C. Hone et al. calculated the thermal conductivity of an individual
SWCNT as 1800-6000 W/mK at room temperature [35]. However in another

13



research, it was found to be 2980 W/mK and 6600 W/mK at room temperature
[38,39]. Thermal conductivity of MWCNTs are found to be in the range of 1800 to
6000 W/mK.

2.2.3.4 Chemical properties of carbon nanotubes

Due to their small radius, large specific surfaces and o-m hybridisation CNTs have
strong sensitivity to chemical interactions. As a result of this fact they are attractive
materials for chemical and biological applications [11]. However these properties

challenges the characterisation of CNTs and determination of their properties.

Reactivity of CNTs are determined by direction of © orbitals and pyramidisation of
the chemical bonds. Some bonds in CNTs are neither perpendicular nor parallel to
the tube axis. Therefore © orbitals, which affect the reactivity of the CNT, cannot be

properly directed. As the diameter of CNT decreases the reactivity of CNT increases.

As a result of the chemical stability and perfect structure of the CNTs the carrier
mobility at high gate fields may not be affected by processing like in the
conventional semiconductor channels. Nonetheless, low scattering, with the strong
chemical bonding and extraordinary thermal conductivity, allows CNTs to withstand
extremely high current densities up to ~109 A/ cm? [41].

2.2.4 Synthesis of carbon nanotubes

As CNTs have wide range of applications, the growth techniques which can sustain
high purity, and more amount of CNT becomes crucial. CNT synthesis can be

achieved by different methods such as:
e Arc discharge
e Laser ablation

e Chemical vapour deposition (CVD)

2.2.4.1 Arc discharge

In 1991 Lijima reported formation of carbon nanotubes with arc discharge method
which was previously used for production of fullerenes [3]. The tubes were produced

having diameters ranging from 4 t0o30 nm and having lengths up to 1um [41].
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In arc discharge method as shown in Figure 2.7 a direct current electric arc-discharge
is produced in inert gas atmosphere by using two graphite electrodes [4, 42, 43]. The
CNTs grow on the negative end of the carbon electrode which produces the direct
current while Argon as inert gas passes through the system. In arc discharge method
a power supply of low voltage (12 to 25 V) and high current (50 to 120 A) is used.
Catalyst, Ar:He gas ratio, the distance between the anode and the cathode, the overall
gas pressure are the other parameters affecting the quality and the properties( i.e.

diameter, yield percent) of CNT synthesised by arc discharge method [44-46].

ANDJDE

CATHODE

Figure 2.7 : Diagram of arc discharge method

In an arc discharge process CNTs are prepared with a power supply of low voltage
(12 to 25 V) and high current (50 to 120 A). While the positive electrode is
consumed in the arc discharge gas atmosphere (i.e. Ar, He) CNT bundles are formed
on the negative electrode [47]. Length of MWCNTs produced by this method are
generally around 1um having a length to diameter ratio (aspect ratio) of 100 to 1000
[48]. As a result of high aspect ratio and small diameter of the produced MWCNTs

they are classified as 1D carbon systems.

It has been reported that existence of catalyst (i.e. Fe, Co etc.) is required in the
production of SWCNTs by arc discharge method [4,14,47,48]. Many -catalyst
compositions can produce MWCNTs but it is observed that Y and Ni mixture yield
up to 90% with an average diameter of 1.2 to 1.4 nm [49].
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2.2.4.2 Laser ablation

Laser ablation method is very similar to arc discharge method as it also uses a metal
impregnated carbon source to produce SMCNT and MWCNT [50,51]. In this method
Co to Ni atomic percent of 1.2% and 98.8% of graphite composite in an inert
atmosphere around 500 Torr of He or Ar in a quartz tube furnace of 1200°C [41].
With the treatment of pulsed or continuous laser light, the nano sized metal particles
are formed in the vaporized graphite and these particles catalyse the growth of
SWCNT and by products. These products are condensed on the cold finger
downstream of the source as shown in Figure 2.8 [41]. Smiley group in Rice
University achieved the first large scale production of SWCNTs by laser ablation
method in 1996 [48]. The production yield of weight was varying between 20 to 80%
SWCNTs. The diameters of produced SWCNTSs were between 1.0 to 1.6 nm.

Exhaust
Inert Gas B

I

Graphite =
e —— 4
| -Sourse
Laser Cold
500—1000°C Fnger

Figure 2.8 : Schematic view of laser ablation furnace
2.2.4.3 Chemical vapour deposition

Different from laser ablation and arc discharge methods, chemical vapour deposition
(CVD) which is a thermal synthesis method depends on a thermal source to produce
CNTs by breaking down the carbon source generally with existence of catalysis [41].
High pressure CO synthesis, flame synthesis, CVD and plasma enhanced chemical
vapour deposition (PECVD) synthesis are methods using thermal source to produce

CNTs.

CVD method is deposition of a hydrocarbon gas as carbon source (i.e. acetylene,
methane etc.) on a metal catalyst (i.e. Fe, Co, Ni, Pd etc) at temperatures between
500 and 1200 °C. CVD has been used for production of nanofibers for long time
[53]. This method is preferred for CNT syntheses because of high purity and large
scale production [41, 54, 55]. CVD which was first reported to produce MWCNTSs
by Endo et al., can synthesise both SWCNTs and MWCNTs. [46]. The main
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challenges in CNT production is to maintain mass production and low cost. In this
respect, the catalytic method is claimed to be best because of lower reaction
temperatures and cost [56]. The amorphous carbon formed as by product during the

thermal decomposition of hydrocarbons can be eliminated by purification.

CNT production by CVD can either be on a fixed or fluidized bed reactor. In fixed
bed CVD method as shown in Figure 2.9, the furnace placed horizontal to the ground
and the quartz tube is placed in it [26]. The substrate material (MgO, alumina, zeolite
etc.) coated with a catalyst (Fe, Co, Ni, Ag, Ti, etc.) is placed in the quartz tube and
fed by a carbon source (i.e. hydrocarbons). Generally an inert gas is used to maintain
continuous gas flow. There are a number of parameters affecting the quality and

amount of CNTs synthesised by CVD method:
e Temperature
e Type and amount of the catalyst material
e Type and amount of the substrate material
e QGas flow rate
e Duration of the synthesis

e Diameter of the reactor

Carbon
S0uUrce

Tube Furnace

Gas vutlet
NS — 1
N\

Substrate

Incrt Gas

Figure 2.9 : Schematic view of fixed bed CVD reactor

In fluidised bed CVD method as the interaction area of the carbon source gases and

the catalyst increases with fluidisation, large scale production becomes possible. As
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shown in Figure 2.10 in this method the furnace is placed vertical to the ground and
the quartz reactor is located in it. The substrate & catalyst couple is placed in the
middle of the reactor in the hot zone of the furnace is placed in the hot zone of the
furnace, and the gas flow through the reactor is maintained. As the carbon source gas
flows through the reactor, it interacts with the catalyst and substrate and decomposes

it for CNT synthesis.

outlet

quartz glass mbe

- —— thermoslement

Nuidized-bed
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Figure 2.10 : Schematic view of fluidised bed CVD reactor

Plasma enhanced chemical vapour deposition (PECVD) method is required for some
processes that cannot tolerate temperatures in thermal CVD. In CCVD method CNT
is synthesis generally achieved above temperatures of 500°C. However, MWCNT,
MWCNF production at 120 °C is possible by PECVD method [11]. Plasma can
dissociate the hydrocarbon with reactive radicals. Therefore the hydrocarbon is
generally fed to the system with another gas such as argon, hydrogen, ammonia [11]

to dilute the hydrocarbon.

2.2.5 Purification of carbon nanotubes

As-synthesized CNTs prepared by different methods inevitably contain carbonaceous
impurities and metal catalyst particles. The amount of the impurities commonly
increases with the decrease of CNT diameter. Carbonaceous impurities typically
include amorphous carbon, fullerenes, and carbon nanoparticles. Because the carbon
source in arc discharge and laser ablation comes from the vaporization of graphite

rods, some un-vaporized graphitic particles that have fallen from the graphite rods
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often exist as impurity in the final product. In addition, graphitic polyhedrons with
enclosed metal particles also coexist with CNTs synthesized by arc discharge and
laser ablation as well as high temperature (>1000 °C) CVD. Fullerenes can be easily
removed owing to their solubility in certain organic solvents. Amorphous carbon is
also relatively easy to eliminate because of its high density defects, which allow it to
be oxidized under gentle conditions. The most knotty problem is how to remove
polyhedral carbons and graphitic particles that have a similar oxidation rate to CNTs,
especially in SWCNTs. Metal impurities are usually residues from the transition
metal catalysts. These metal particles are sometimes encapsulated by carbon layers
making them impervious and unable to dissolve in acids. Another problem that needs
to be overcome is that carbonaceous and metal impurities have very wide particle
size distributions and different amounts of defects or curvature depending on
synthesis conditions, which makes it rather difficult to develop a unified purification
method to obtain reproducibly high-purity CNT materials. To fulfil the vast potential
applications and to investigate the fundamental physical and chemical properties of
CNTs, highly efficient purification of the as-prepared CNTs is, therefore, very

important.

Purification methods of CNTs can be basically classified into three categories,

namely chemical, physical, and a combination of both.

The chemical method purifies CNTs based on the idea of selective oxidation,
wherein carbonaceous impurities are oxidized at a faster rate than CNTs, and the
dissolution of metallic impurities by acids. This method can effectively remove
amorphous carbon and metal particles except for those captured in polyhedral
graphitic particles. However, the chemical method always influences and destroys

the structure of CNTs due to the oxidation involved.

The physical method separates CNTs from impurities based on the differences in
their physical size, aspect ratio, gravity, and magnetic properties, etc. In general, the
physical method is used to remove graphitic sheets, carbon nanospheres (CNSs),
aggregates or separate CNTs with different diameter/length ratios. In principle, this
method does not require oxidation, and therefore prevents CNTs from severe
damage. However, there are still some problems in physical techniques which need
to be solved. One is that these methods are not very effective in removing impurities.

Another is that they require CNT samples to be highly dispersible. Therefore, the as-
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prepared sample is always first dispersed in solution by adding surfactants or treated
by a chemical process to cut and/or add functional groups before purification. The
third problem is the limited amount of sample that can be purified each time. Based
on the above facts, physical methods are more suitable for use as an assistant step
combined with chemical purification, except for the case where a small amount of

CNTs with a particular structure or property are required.

The third kind of purification combines the merits of physical and chemical
purification, and we denominate it as multi-step purification. This method can lead to
high yield and high-quality CNT products. Owing to the diversity of the as-prepared
CNT samples, such as CNT type, CNT morphology and structure, as well as
impurity type and morphology, it needs a skilful combination of different
purification techniques to obtain CNTs with desired purity. The key point is how to
combine different methods according to one’s requirement and the quality of the raw
CNTs. Although considerable progress has been made, some merits of physico-
chemical techniques have not been fully used and combined. For example, some
physical methods capable of removing metal particles are rarely reported to be
combined with gas oxidation. This combination may greatly improve gas phase
purification yield owing to the early elimination of metal particles, which can

catalyze the CNT oxidation [57, 58]

2.2.6 Characterization of carbon nanotubes

Characterization of nanostructures is a critical step for improvement of
nanotechnology systems. Characterization is required for determining the basic
properties and identification of nanoelements. The following methods are commonly

used for characterization of nanomaterials.

2.2.6.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an analytical technique to determine a
materials thermal stability by monitoring the change in mass as the specimen is
heated [59, 60]. The measurement is carried out in air or inert atmosphere (i.e. Ar,
He). The mass of sample is recorded as a function of time or temperature when the
sample is heated/cooled with constantly increasing/decreasing temperature. Some
TGA instruments can measure the change in temperature or heat flow, therefore the

energy released or absorbed of a reaction can be measured. The mass change of
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CNTs is result of oxidation of carbon in the air into carbondioxide and mass gain is

due to oxidation of the metal catalyst into solid oxides [61, 62].

TGA instruments can be classified into as vertical and horizontal balance. Vertical
balance instruments have a specimen pan hanging from the balance or located above
the balance on a sample stem. Horizontal balance instruments generally have two
pans (sample and reference) and can perform differential thermal analysis (DTA) and

differential scanning calorimetry (DSC) measurements.

Generally TGA measurement is performed in air or inert gas atmosphere in which
oxidation occurs with a linear temperature increase. The maximum temperature is
selected to maintain stability in the specimen mass meaning that all chemical
reactions are completed. Therefore we obtain two important numerical values;
residual mass and the oxidation temperature. TGA measurement of as-synthesized
CNTs generally gives one peak whereas purified CNTs may have more than one
peak as a result of damaged CNTs and/or functional groups. The positions of the
peaks are affected by the amount and the morphology of metal catalysts and other
carbon based impurities. These peaks attribute to various components in CNTs such

as amorphous carbon, nanotubes and graphitic materials.

TGA is commonly used in three different ways as isothermal, quasi-isothermal and
dynamic thermogravimetry. In isothermal gravimetry, the mass of the specimen is
recorded at constant temperature as a function of time. In quasi-isothermal
thermogravimetry the specimen is heated up to a temperature to maintain constant
mass with a series of temperature. In dynamic thermogravimetry which is generally

called as TG the temperature of the specimen is increased linearly.

In a study of Alvarez et al. TGA is managed in an inert atmosphere with a
temperature rate of 5-30°C/min up to 800-1000°C. CNT has stronger sp> bonds than
sp” bonds. Regarding this fact it is expected to observe mass loss due to oxidation of
SWCNT at 400-600°C, and MWCNT at 500-800°C [63]. As a result of TGA
measurements, temperature versus mass change curve, the stability and chemical
structure of the initial specimen, formed by-products and the resulting specimen can

be determined.

Basic thermal decomposition of inorganic, organic and polymeric materials;

corrosion of metals at different atmospheres and high temperatures; solid state
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reactions, calcinations of minerals; distillation and evaporation of liquids; pyrolysis
of wood and coal; humidity, volatile material and ash content can be determined by

TGA measurements [64].

Oxidation temperature is a measure to determine the thermal stability of CNTs in air
and depends on different parameters. Smaller diameter nanotubes oxidize at lower
temperatures due to higher curvature strain. Defects in nanotube walls may also
lower the thermal stability. Active metal particles in nanotube may catalyze the
oxidation of carbon and therefore affect the thermal stability. Although these
parameters affect the thermal stability, it is still a reliable method to determine the
overall quality of the nanotubes. High purity and less defect results with higher

oxidation temperature of the sample.

Lifting force affecting the pans, convection flows and turbulence in the furnace,
fluctuations in the recording mechanism and pans, induction effects of the furnace,
electrostatic effects, temperature measurement and calibration, any reactions between
the pan and the specimen, and changes in the temperature are parameters causing

errors in TGA measurements.

2.2.6.2 Raman spectroscopy

Raman scattering is one of the primary methods to determine fundamental properties
of CNTs. It gives us information about the quality and the structure of the nanotube,
phonon and the electron confinement [65]. Raman scattering is an interaction with
phonons in a material. The incoming light interacting with an electron forms higher
transition energy where the electron interacts with a phonon before making a
transition back to its ground state. He/Ne, Ar" or Kr™ ion lasers, CO, or N, based

lasers are the most common heat source used for Raman measurements.

Raman is commonly used for qualitative measurements. Vibrations of —C=C—,
—C=C—,—-N=N-.-S-S—,—C-O-C- result with observation of very strong Raman
bands. Therefore these bands having very low impact in infrared spectrum can very
well be observed. As it is shown in Figure 2.11, the most prominent Raman active
peaks in CNTs are low frequency, radial breathing beams (RBM) and the higher
frequency of D, G and G’ modes. While D, G and G’ modes can also be observed in
graphite, RBM is unique to CNTs and gives information about the diameter

distribution of CNTs. Due to resonance behaviour of Raman, a number of laser lines
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are required to determine the diameter distributions. The relative strength and width
of D band makes a qualitative measurement how large a fraction of graphitic
materials and nanotubes with defects exist. Table 2.3 shows the frequencies of these

bands [66].

Table 2.3: Frequency values of the CNT peaks

Band Frequency (nm™)
G Band 37.1743
D Band -7.6804
G’ Band 140
RBM 50-300

The intensity of G band shows that there is sp” hybridization in the structure, whereas
D band represents the defects in the material. G’ is a secondary image of D band. As
it can be observed from Figure 2.11, RBM peak is better observed with increasing
wavelength. [66, 67] The diameter of SWCNT can be calculated from RBM peak
with the following formula in which A=223 cm'l/nm, B= 10 ¢cm” and d is

representing the diameter of the nanotube:
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Figure 2.11 : Raman spectra of CNTs

The difference in the image of G band for SWCNT and MWCNT is important in
Raman spectroscopy. There is an extra peak for SWCNTs and D band has low

intensity whereas there is not an extra peak for MWCNT.

23



2.2.6.3 Transmission electron microscope

Microscopy based measurement can be applied to a wide range a materials with a
broad distribution of particle size from nanometer size to milimeters. The type of the
microscope is selected according to size of the powders to be investigated and the
desired magnification and resolution. TEM enables the analysis of a material in a
size range of 0.01 um to 10 um, retaining the necessary resolution to distinguish

surface properties.

Resolution of TEM is limited to a minimum of 5 nm. The resolution and
magnification of the instrument is set related to the sample to be analysed, the
operational parameters and capacity of the instrument. The theoretical limit of
resolving two discrete points with a distance d in between is expressed as in equation
2.6 where A is the wavelength of the illumination source (expressed in pm) and NA is

the numerical aperture:

061
7 (2.6)

Sample preparation for TEM measurement requires high skill, effort and time.
Depending on the size of the material to be analysed samples should be in form of
replicas or thin films. Measurements with TEM are advantageous with depth of focus
enables view of particles with different sizes in the same field of focus. That means

there is no need to refocus for different size of particles.

2.2.7 Applications of carbon nanotubes

CNTs have a wide range of applications regarding to their remarkable material
properties. The size and the morphology of CNTs affect the type of the application.
If the diameter of the CNT is large, it is generally used in energy devices such as,
fuel cells, lithium ion batteries and capacitors. Large fibers can also be used as
thermal conductors and filler materials in composites. As the diameter decreases,
CNT can be used as filler in three phase composites. The CNTs in the resin of the
composites act as an interconnection between the fibers and enhance the electrical
and thermal conductivity of the material. Nanotubes can also be used in field

emitters, optical polarisers, hydrogen storage, and medical applications.
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The exceptional mechanical properties lead us to two main applications:
strengthening of fibers in high performance composites and replacing the carbon
fibers, Kevlar and glass fibers as probes in scanning tunnelling microscopes (STM)
and atomic force microscopy (AFM) [41].  One of the main problems in composite
formation is to achieve good adhesion between the CNT and the matrix, which
requires covalent coupling. In order to achieve this coupling, functional groups can
be introduced to the walls forming sufficient number of connections to the walls

without weakening the stability of the tubes.

CNTs with their polymer composites are used to increase the strength of automotive
components. CNT composites can form semiconductor materials from insulators. It
is expected CNTs may replace silicon in transistors of computer processors and rams
[68]. They can also be used in chips with their ability to form Van der Waals bonds.
Transport measurements on semiconducting nanotubes have shown that a nanotube
connected to two metal electrodes has the characteristics of a field-effect transistor

[42].

CNTs are also able to store energy with their porous, light structure and wide surface
areas. There is a remarkable interest in especially hydrogen storage in CNTs. It is
observed that CNTs have ability to store hydrogen up to 10% of their weight. This
can be achieved either at high pressure or by electrochemical methods. In summary
CNTs can be used in; composites, frequency selective surfaces, thermal barriers,
nanosensors, nanodevices, hydrogen adsorption, magnetic field emitters, membranes,

and biological and medical applications.
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3. GROWTH OF CARBON NANOTUBES BY CVD

Growth of carbon nanotubes generally requires existence of a catalyst placed on high
surface area materials of substrates. Practically catalyst particles serve as seeds for
CNT growth. As mentioned above sections, there are a number of growth
parameters affecting the CNT production by CVD method. Among these parameters

we will be discussing the affect of the catalyst, and the substrate in this section.

3.1 Substrate

There are many researches previously conducted about substrate/ support materials.
A single metal and mixture of metals supported on oxides, clays or zeolites have a
great affect on CNT production by CCVD method [69, 70]. Metallic catalyst can be
dispersed and stabilised by a number of oxides [71]. The interaction between the
catalyst and the substrate material strongly affects the catalytic properties of the
catalyst and substrate couple. In a research conducted by Zhu et al. Fe and Co salts
are used as catalyst on mesoporous silica [72]. Catalyst/support ratio affecting the
type of the CNT synthesised was deeply investigated. Although CVD method is
promising for large scale synthesis; the productivity of the catalyst is limited for
SWCNT. Hernadi et al. examined different catalyst supports such as silica gel,
zeolite and alumina. It is suggested that only the catalysts on the external surfaces of
porous support can form CNTs [73]. Ward et al. concluded that alumina film with
iron catalyst was the best substrate as a result of the analysis of the effect of substrate
on the growth of SWCNT on thin films [74]. The strength of the catalyst—support
material and the type of support material may determine the conditions of metal free
carbon nanotubes or carbon nanotubes filled with metal particles. The choice of the
catalyst and support material may be a determining factor in the SWCNT synthesis
[76, 77].

Separation of the support material from synthesised CNTs is an important parameter

in selection. Therefore it is important to select an easily soluble substrate material
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when CNTs are not soluble. For this reason, MgO is one of the most commonly used

substrate material in CNT synthesis [75].

3.2 Catalysts

Majority of the CNT production methods require existence of catalyst. The type of
the catalyst is important for the growth and morphology of the CNTs. Cobalt, iron,
titanium, nickel, copper, zeolites and combinations of these metals and/or their
oxides widely used catalyst materials in literature for multiwall or single wall CNT

synthesis. [14, 33, 69-77]

There are some studies about the relationship between the CNT diameter and the
catalyst size [79-81]. Li et al. produced SWCNT by using methane as the source gas
with Ni catalyst having a particle size larger than 20 nm and they discovered that
there is a linear relationship between the CNT diameter and the particle size of the
catalyst. However it was claimed by Nerushev et al. that there is no relationship
between the CNT structure produced by acetylene and the catalyst diameter.
Colomer et al. achieved 70-80% SWCNT synthesis by MgO substrate and Co, Ni, Fe
and Co&Fe catalysts [56].

In a study catalytic activities of Fe, Co and Fe&Co binary catalyst supported on
alumina or silica are compared. The results of MWCNT were achieved at 700°C on
hydrated alumina prepared from aluminium isopropoxide and containing a Fe and Co
catalyst mixture [78]. In another study, the catalytic activity of Fe, Co, or Ni as the
catalyst, and laser treated vanadium plates having high surface area as the catalyst
support in the decomposition of acetylene at 720°C under CVD conditions studied
[79]. Best quality CNTs were obtained over the iron catalyst with high density and

small diameter of 10—15 nm.

In another study, Yokomichi et al. [80, 26] examined yield of nanotube of coatings of
Al, Mg, Mn, Cu, Zn, Fe, Co, and Ni nitrate catalysts. They concluded that the yield
of nanotube formation very well depends on catalyst metal and can be affected by
changing tendency and size of the catalysts [80]. It is found that nanotube growth
rate is dependent on the catalyst type in the order of Ni > Co > Fe [81]. However,
iron catalyst resulted in the best crystalline structure of the nanotubes among the

three catalysts [81].
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In many of the results in the previous studies there is concern about MWCNT
synthesis of Co catalyst rather than SWCNTSs; also Ni catalysts lead to MWCNTs. It
is observed that mixtures of transition metals (Fe&Ni, Fe&Co, Ni&Co) are often
observed to be more efficient for CNT production than one metal alone [83,26].
Table 3.1 shows the highest carbon efficiencies are generally as a result of an

optimum value of 5% metal to substrate [26].

Table 3.1: Carbon deposit by decomposition of acetylene on different catalysts

. CNT
Catalyst Cat? lyst Substrate Carbon Toemp Tnpe Product diameter Ref.
(Wt%) Source &(®) (min) (nm)
Fe 2.5 Graphite Acetylene 700 >60 MWCNT 5-20 [53]
Co&V 2.5&2.5 Zeolite Acetylene  600-700 28_ MWCNT 3.5-12 [84]
Co&Fe 2.5&2.5 Y type zeolite Acetylene  600-700 60 MWCNT 3.5-12 [84]
Fe&Co 2.6&2.6 CaCoO;, Acetylene 700 60 MWCNT  4.8-10 [85]
Ni&Cu&Al 2&1&1 - Methane 750 ;E) MWCNT  60-90 [86]
Fe 24.5 AL O4 Methane 1000 10 SWCNT 1-6 [87]
Fe&Co 2.5&2.5Mg0  MgO Methane 1000 10 SWCNT 0.8-2 [88]
Fe&Co 5 CaCO;, Acetylene 720 30 MWCNT - [89]
Mo&Co 10&5 MgO Methane 500-600 - MWCNT 1.25 [90]
Mo&Co 10&5 MgO Methane 700 - MWCNT 10 [90]
Co 5 Aminophosphate ~ Acetylene  600-800 ?26 MWCNT 4-26 [75]
Ferrocene 9.6 Quartz Toluene 550 60 MWCNT 10 [91]
Ferrocene 9.6 Quartz Toluene 850 60 MWCNT 75 [91]
Ferrocene 9.6 Quartz Toluene 940 60 MWCNT <75 [91]
0.5- SWCNT
Fe&Mo 2.5-15 Al,0O; aerogel Isopentane  450-800 40 SMWCNT 0.9-2.7 [92]
Fe - Si0,/Si Acetyene ? 386 30 MWCNT <25 [93]
Ni - Ti&Sodalimeglass Acetylene  850&550 10 - 10-20 [94]

3.2.1 Catalyst preparation

Although there are some studies reporting that CNT synthesis could be managed
without catalysts, it is widely known that catalysts are required especially for CVD
method. There are many methods to combine catalyst and substrate such as sol-gel,
coreduction of precursors, impregnation and incubation, ion-exchange precipitation,
ion-adsorption precipitation, reverse micelle, thermal decomposition, and physical

deposition.

A porous precursor of the active component is impregnated with the precursor of a
textural promoter in the heterogeneous sol—gel method. The textural promoter is

needed to stabilize the active component structure and to prevent its sintering in the
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course of post-treatments [95]. To get a catalyst precursor textural promoter is
mixed with aqueous solution of precursor of the active component. The mixture is
then gelated, and then dried to get rid of the excess water and solvent and at last
calcinated [95]. In coreduction of precursor, nitrates of a catalyst and of a metal
oxide support, are mixed with an organic compounds and water [96, 97]. The
mixture is then heated to reduce the precursors to have mixed oxide particles. In the
impregnation, incubation method a catalyst precursor is first dissolved in a solution
and then contacted to a support with this solution. In this method, the whole
precursor deposits onto or into the substrate. The solution is then evaporated and the

catalyst is dried.

Ion-exchange—precipitation is formation of a solution of a catalyst precursor is also
used and brought in contact with a zeolite support. The main point of this method is
the anion exchange of the precursor with anion of the zeolite. Thermal
decomposition id allowed by the calcinations and that forms a catalyst in an oxidized
form. In ion adsorption and precipitation the support is put in a catalyst precursor
solution. As a result of an acid base reaction, the catalyst precursor precipitates. An
acid—base reaction takes place and then the sample is calcinated to have only the
catalyst element in an oxidized form. In the reverse micelle method, a cationic
surfactant is dissolved. Then metal salt is added to the solution followed by a
reductor agent in order to reduce the oxidized metal to its neutral form. The colloidal
solution formed is then placed on a substrate and dried at room temperature. In
thermal decomposition of carbonyl complexes a metal is synthesised in the form of
nanoclusters as a result of thermal decomposition of carbonyl complexes. When a
metalorganic precursor is vaporized and then carried to the reactor zone by a gas it is
metalorganic chemical vapour deposition which allows the precursor to decompose
and to depose onto the substrate by heat. If the metal is evaporated in order to be
deposited onto a substrate then it is called physical deposition. Depending on the heat

treatment applied, the equilibrium shape is maintained.

3.3 Growth Mechanism

CNT growth by CVD method can be separated into two basic types as gas phase
growth, and substrate growth depending on the location of the catalyst. In gas phase

growth, the catalyst formation and the nanotube growth occurs in mid-air (tip
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growth). In substrate growth (base growth), the catalyst is deposited on the substrate
before the growth, as shown in Figure 3.1 [41].

Two mechanisms can be considered for both type of CNT growth. First one is
surface carbon diffusion in which the metal particle remains a solid and the cracked
carbon diffuses around the surface, and CNT nucleates on the side of the metal
particle. The tube grows continuously as the carbon breaks down. Second mechanism
is bulk carbon diffusion in which the carbon feedstock is “cracked” on the surface of
the metal particle. The metal the carbon until it reaches saturation. From that point on
a CNT with one or more walls grows from the outer surface. In this situation, the
metal can either remain as a solid or become a liquid nano-droplet. In the 1960s this
model was proposed to explain the formation of silicon and germanium whiskers and
then used to explain formation of CNT by Saito et al [15, 16]. It is expected for a
catalyst particle of unchanging size to continue CNT growth as soon as hydrocarbon

gas is fed to the system.

CxHy E H-

Tip-growth Bage-growth

Figure 3.1 : Growth mechanism of CNTs
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4. EXPERIMENTAL STUDIES

4.1 Catalyst Preparation

Metal catalysts of V, Ni, Fe, Co, were impregnated in MgO substrate. For Ni, Fe, Co
catalysts nitrates of the metals ((Ni(NO;3),.6H,0), (Fe(NO3);.9H,0),
(Co(NO;),.6H,0)) were separately mixed with MgO substrate in ethanol solution by
ultrasonic mixer with metal to MgO weight ratios of 1:100, 5:100 and 10:100. The
amount of nitrates in the metal nitrate, MgO and ethanol solution was calculated
according to the molecule ratios of metals in the compound. For V-MgO catalyst
preparation V,0s was mixed with MgO in ethanol solution with weight ratios of
5:100 and 10:100. As low quality products were observed with 5:100 and 10:100
weight ratios of V:MgO, 1:100 weight ratio was not experimented.

The metal nitrate, substrate and ethanol solution was mixed for 30 minutes in
“Bandelin Sonoplus” ultrasonic mixer then kept in oven at 80 °C for 18 hours. The
dried catalyst-substrate mixture was than grinded to avoid any agglomeration that

may affect the interaction between acetylene gas and the surface of mixture.

4.2  Binary Catalyst Preparation

In order to evaluate interaction between metal catalysts during CNT production
binary catalysts of Fe and Co couple was chosen. Fe&Co:MgO weight ratio of 5:100
and 10:100 were chosen to be experimented. Fe&Co:MgO weight ratio catalyst of
5:100 was prepared by mixing 2.5:100 Fe:MgO and 2.5:100 Co:MgO. The amount
of Fe(NO3).9H,0 and Co(NOs3),.6H,0 to be in the metal nitrate, MgO and ethanol
solution was calculated according to the molecule ratios in the compound.
Accordingly for catalyst of 10:100 Fe&Co:MgO weight ratio, 5:100 weight ratios of
Fe:MgO and Co:MgO were mixed homogeneously.

The binary catalyst solution was also mixed for 30 minutes in “Bandelin Sonoplus”

ultrasonic mixer then kept in oven at 80 °C for 18 hours. The dried catalyst-substrate
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mixture was than grinded to avoid any agglomeration that may affect the interaction

between acetylene and the surface of catalyst.

4.3 Carbon Nanotube Production

There was a fluidized bed system for CNT production with CCVD method in
Material Production and Preparation Laboratory of Energy Institute in Istanbul
Technical University. The system was composed of a “Protherm” furnace that can
operate up to 1100 °C and a quartz reactor with a diameter of 2.5 cm and length of
94.5 cm. In the middle of the reactor is a nano porous silica disc allowing gas flow
but not the produced CNTs. As fluidized bed system was used in production, the
furnace was placed vertically and the quartz reactor is placed in it with the nano
porous silica disc placed in the middle of hot region of the furnace. CNT production
was held on the 5 to 10 cm length region around the quartz disc of the reactor on the
quartz reactor. To fluidize the bed a certain flow rate of gas was necessary for a
given substrate catalyst mixture. For this purpose argon was used as carrier and inert
gas and acetylene was used as carbon source. The gas was fed to the system through
the bottom of the reactor and it leaves the system from the top. Schematic view of

CNT production is given in Figure 4.1[98].

high surface area MgQ powder (A=100 m®g'7)

impregnatien in a Fe(NO,), ethanol solution

drying

heating {450-850 °C)
=3 = formation of Fe,0, cluster

pyrolysis of C_H, in Ar atmosphere

= MNanotubes grow on powdear surface

Figure 4.1 : The precursor powder preparation and CNT growth on powder grains
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The catalyst and substrate mixture was placed homogeneously on the disc. For
MWCNT and SWCNT production while heating the system to 500°C and 800°C
respectively, 100 ml/min argon was fed to the system to maintain inert atmosphere
and/or to make flow of other gases existing in the system. As the temperature
reached 500°C for MWCNT and 800°C for SWCNT, acetylene flow started with a
rate of 42 ml/min and the argon flow rate was increased to 368 ml/min to make
acetylene flow easier. A vacuum pump was used to assist the gas flow during
acetylene feeding. The reaction time was chosen as 30 and 60 minutes for MWCNT

and 35 and 60 minutes for SWCNT production.

When the temperature of the furnace reached around 125°C the iron in iron nitrate
decomposes and forms Fe,O3; Then Fe,O; and MgO form the substrate and catalyst
combination. At around 360°C cobalt nitrate and nickel nitrate decomposes and
forms CoO and NiO, respectively. Then they form substrate and catalyst combination

with MgO.
4.3.1 Characterization of carbon nanotubes

4.3.1.1 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is necessary to characterize the total carbon
loading and to determine the residual metallic catalyst. The amorphous carbon is
completely oxidized at temperatures below 350°C and graphite burns above 750°C,
the oxidation temperatures of the CNTs depend on the type of nanotube. The carbon
yield of the as-synthesized CNTs were calculated depending on the mass loss of the

analysed samples [66].

In this study, the TGA of synthesized CNTs were conducted by the TGA system of
TA Q600 SDT in dry air atmosphere with an increase of 5°C/min between 25 and
800°C. The maximum operating temperature of the existing system is 1500°C. The
thermal couple in the system is Pt-Rh alloy. The system is designed to work in
various atmospheric conditions. The ultimate gas flow rate is 50 ml/min. It is
possible to work under vacuum conditions up to 7 Pa and 0.05 Torr. The range of
operating temperature increase is 0.1 to 100°C/min. The maximum amount of
material to be analysed is 200 mg and the sensitivity of the system is 0.1 mg. TGA
graphs of all synthesised CNTs are shown in Appendix A.2. The specifications of the
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device are given in Table 4.1 and the TGA system used in analysis is shown in

Figure 4.2.

Table 4.1: The specifications of the TGA system

Specification Value
System design Horizontal balance and furnace
Balance design Dual beam (growth compensated
Sample capacity 200 mg (350 mg including sample holder)
Balance sensitivity 0.1pg
Furnace type Bifilar wound
Temperature range Ambient to 1773 K

Heating rate — Ambient to 1273 K 0.1 to 100 K/minute
Heating rate — Ambient to 1773 K 0.1 to 25 K/minute

Furnace cooling Forced air 1773 to 50 K in < 30 minutes
1000 to 50 K in < 20 minutes

Thermocouples Platinum/Platinum-Rhodium (type R)

Figure 4.2 : TGA system
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4.3.1.2 Raman spectroscopy

The Raman spectroscopy measurements of the samples were analysed by Horiba
Jobin YVON HR 800UV and with 632.88 nm of He-Ne laser light. In Figure 4.3 a

picture of Raman spectra is seen.

Raman spectra of CNTs are quite interesting because of resonance phenomena and
sensitivity to tube structure. That is, there is very strong excitation wavelength
dependence of the spectra resulting from the electronic band structure. The features
in the Raman spectra are diagnostic of the CNT type. Raman is a reliable diagnosis
and a non destructive method to determine structure of CNT and requires a very little

amount of sample preparation.

Figure 4.3 : Raman spectroscopy

4.3.1.3 Transmission electron microscope

20 kV Tecnai-G2 F-20 model of FEI was used for TEM measurements. The
resolution of the device is ranging from 0.14 to 0.18 nm and the maximum thermal
current is greater than 100 nA. There is 0.5 nA or larger current in 1 nm probe. The

energy distribution is around 0.7 eV.

In order to have the TEM image the sample in a solution of 50% ethanol and 50%

pure water was mixed with ultrasonic mixer. The formed homogeneous mixture

37



poured on copper grids and dried in oven at 45°C. Figure 4.4 shows a view

electron microscopes used for measurements.

Figure 4.4 : Transmission electron microscope
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S. RESULTS AND DISCUSSION

CNT production generally requires existence of a catalyst. The selection of a proper
metallic catalyst may affect the morphology amount of the synthesised product, the
quality of the product (i.e. electrical, physical, mechanical etc.). All these parameters
in addition to economic factors should be taken into account to improve the
efficiency of CNT production by catalyst. In this research the effects of time and
weight percent of different catalysts (iron, nickel, cobalt, vanadium) to the substrate
(magnesium-oxide) on production of CNTS in decomposition of acetylene were
investigated. Thermogravimetric analysis (TGA), raman, and transmission electron

microscope (TEM) measurements were used for characterization.

The carbon efficiencies of the as-synthesized CNTs were calculated according to
TGA measurements shown in Appendix A.l1. As different catalysts were examined
during the experiments in order to eliminate any differences which may be caused
due to moisture content of the as-synthesized samples, in the calculations the initial
temperature was selected as 200°C to have the dry weight percent and the final
temperature was taken as 796°C to have the same temperature value for all samples.

The formula of carbon efficiency is:

Weight%o(200°C) — Weight%(796°C)

Carbonefficiency(%) = x100
Hictency(%) Weight%(200°C) (5.1)

5.1 CNT synthesis by Fe catalyst

There are many researches on iron as catalyst on different substrates for CNT
synthesis in the literature [78,99]. Fe(NOs)3).9H,0 that is selected as catalyst is
mixed with MgO substrate and ethanol by ultrasonic mixer for 30 minutes and then
dried in the oven for 18 hours. The formed catalyst is used for synthesis of CNT as
a result of decomposition of acetylene by CCVD method. Fe catalyst with different
weight ratios to MgO substrate (1:100, 5:100 and 10:100) is used for synthesis of
MWCNT and SWCNT at 500 and 800°C respectively. The reaction times were 30
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and 60 minutes for 500°C and 35 and 60 minutes for 800°C. As a result of the
experiments the effect of time, temperature and weight ratio of the Fe to MgO were

analysed.

5.1.1 Effect of temperature

The effect of temperature is analysed for weight ratios of 1:100, 5:100 and 10:100 for
two synthesis times. The selected synthesis temperatures were 500 and 800°C
Temperature is an important parameter in CNT synthesis as with temperature change
the type of nanotubes. TEM images of these synthesized materials are given in
Figure 5.1. It is evident that the structures synthesized by chemical vapour deposition
method are CNTs. In Figure 5.1 (a), the diameter of the CNTs is nearly 10 nm and
their appearance is darker in the picture. The CNTs in Figure 5.1 (b) have diameters
between 1.5-5 nm and also are transparent. One possible explanation for the dark
parts in both two figures is a result of the impurities within the structures. These
observations lead to a conclusion such that in the temperature of 500°C MWCNTs

were grown and at the temperature of 800°C SWCNTs were synthesized.

(a) (b)

Figure 5.1 : TEM images of CNTs synthesized at (a) 500°C (b) 800°C

The change of the nanotube type as a function of temperature is also clearly seen in
the Raman spectra. Raman spectroscopy is a powerful technique for the
characterization of the structure of carbon nanotubes. Figure 5.2 shows Raman

spectrum for carbon deposits excited by 633 nm laser. The spectra of MWCNT and



that of SWCNT show a clear difference at the G band (around 1580 cm™). The
intensity of the G band for SWCNT, which is synthesized at 800°C, is considerably
higher than MWCNT, which is synthesized at 500°C. Furthermore, at 500°C, the D-
band (around 1350 cm™) is more intense than the G-band. At the temperature of
800°C, the intensity of the G-band becomes higher. The absolute intensities of the
bands are increased at 800°C compared to 500°C. The ratio between the D band and
the G band and the radial breathing mode (RBM) and its relation with diameter
distribution are very important factors in the way that allows us to distinguish
between the three variants of nanotubes with one single analysis, which is a probe of
the high performance of Raman spectrometer. As seen from Figure 5.2, the spectrum
in RBM band which is a characteristic of SWCNT is observed in the two samples.
The reason of this spectrum which is observed at MWCNTs is that the innermost
tube diameter is below 2 nm and this result is consistent with other studies found in
literature [100]. If nanotube diameter is greater than 2 nm, RBM spectrum becomes

difficult to be observed.
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Figure 5.2 : Raman spectra of CNTs

It is determined that peaks seen on RBM bands have different intensity and
appearance of CNTs synthesized at 500 and 800 C. While RBM peak of sample
synthesized at 800°C is higher and narrow shape, peak of sample synthesized at
500°C have more wide and scattered shape and it is stated that intensity of this peak
is much low. Moreover, it is seen that peak of sample synthesized at 500°C shifted
upwards to peak of sample synthesized at 800°C. This shift is explained nearly 5% in
the literature [101]. At Raman spectra, the intensity ratio of D and G band (Ip/lg)
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express the quality of CNTs. The higher ratio explains the higher amorphous carbon
content and defect formation. As seen from Figure 5.2, the Ip/Ig ratio of MWCNT is
much higher than that of SWCNT and amorphous carbon content and defect
formation is much higher. This observation was consistent with that of Mauron, who
reported that with existence of 5% Fe catalyst MWCNT synthesis is observed in a
temperature range of 500-650 °C and SWCNT synthesis is observed in temperature
range of 650-850 °C [98].

In Figure 5.3 the effect of temperature on carbon efficiency for synthesis of 30
minutes (for MWCNT) and 35 minutes (for SWCNT) is shown. It is seen that there
is a tremendous increase in carbon efficiency (from 9.74 to 18.76%) of 1:100 Fe to
MgO weight ratio with temperature whereas there exists a decrease in efficiency of
5:100 (from 57.52 to 41.63%) and a drastic decrease in the efficiency of 10:100
(from 54.75 to 19.53%) Fe to MgO weight ratios. With this result it can be said that
with the increase in Fe weight ratio there becomes a decrease in the carbon
efficiency. In summary the order the carbon efficiency of given temperature of 500°C
for 30 and 35 minutes is 5:100=10:100>1:100, whereas for 800°C it is
5:100>1:100=10:100.

Effect of Temperature in Synthesis with Fe (at 30 & 35 min)
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Figure 5.3 : Temperature vs. carbon efficiency graph of Fe for 30&35min

When we consider CNT synthesis for 60 minutes at 500 and 800°C as shown in
Figure 5.4, it is seen that there is also a tremendous incerase (from 9.97 to 51.02%)

for 1:100 Fe to MgO ratio for 60 minutes synthesis. There is a slight increase in
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effiency (from 53.3 to 54.2%) of 5:100 weight ratio with increasing temperature.
10:100 Fe to MgO weight ratio again shows a drastic decrease in efficiency (from
70.61 to 23.75%) with the incerasing temperature which may be related to
insufficient contact of acetylene to catalsyt due to low fluidization. In summary the
order the carbon efficiency of given temperature of 500°C for 60 minutes is

10:100>5:100>1:100, whereas for 800°C it is 5:100=1:100>10:100.
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Figure 5.4 : Temperature vs. carbon efficiency graph of Fe for 60 min
5.1.2 Effect of time

The effect of time is analysed for SWCNT and MWCNT synthesis at 800°C and
500°C respectively. It is observed that for MWCNT synthesis at 500°C in low Fe to
MgO ratio (1:100) there is no change in the carbon efficiency (9.74 to 9.79%) with
respect to synthesis time (30 and 60 minutes) as shown in Figure 5.5. With Fe to
MgO ratio of 5:100 there is a slight decrease in the carbon efficiency (57.52 to
53.3%) as the synthesis time increases whereas, with weight ratio of 10:100 there is a
remarkable rise (54.75 to 70.61%) as a result of time increase. In summary the order
the carbon efficiency of given weight ratios for 30 minutes is 5:100=10:100>1:100,
and for 60 minutes is 10:100>5:100>1:100.
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Figure 5.5 : Time vs. carbon efficiency graph of Fe at 500°C

It is observed for SWCNT synthesis at 800°C for 35 minutes Fe to MgO ratio of
1:100 and 10:100 have the same percentage of carbon efficiency (18.76 and 19.53%

respectively) whereas 5:100 weight ratio of Fe has twice as much carbon efficiency

(41.63%) than the others. When the synthesis time is increased to 60 minutes it is

observed that there is a tremendous rise in the efficiency (51.02%) of 1:100 weight

ratio.
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Figure 5.6 : Time vs. carbon efficiency graph of Fe 800°C

For 60 minutes synthesis time of 10:100 Fe to MgO ratio has the lowest carbon

efficiency (23.75%). In summary the order the carbon efficiency of given weight

ratios for 35 minutes is 5:100>1:100=10:100,
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5:100=1:100>10:100. When SWCNT synthesis at 800°C is considered as shown in
Figure 5.6 it is seen that the carbon efficiency of the catalysts show different

behaviour with changing temperature.

5.1.3 Effect of weight ratio

The effect of weight ratio is analysed for SWCNT and MWCNT synthesis at 800°C
and 500°C respectively. As it is shown in Figure 5.7 at 500°C for a synthesis time of
30 minutes there is a considerable increase in the carbon efficiency from 1:100
(9.74%) to 5:100 Fe to MgO weight ratio (57.52%) whereas 10:100 has lower carbon
efficiency (54.74%) than 5:100 weight ratio. When synthesis time is 60 minutes the
carbon efficiency increases with increasing weight ratio (9.79, 53.3 and 70.61%
respectively). In summary at 500°C the order of the carbon efficiency of given
weight ratios for 30 minutes is 5:100=10:100>1:100 whereas for 60 minutes it is

10:100>5:100>1:100.
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Figure 5.7 : Weight ratio vs. carbon efficiency graph of Fe at 500°C

As it can be seen in Figure 5.8, at 800°C the effect of weight ratio to carbon
efiiciency shows identical behaviour for both 35 minutes and 60 minutes of synthesis
times. It can be obsserved from the graph that for a synthesis time of 35 minutes, the
carbon efficiency increases from 1:100 (18.76%) weight ratio to 5:100 (41.63%) and
makes a climax at this point. Then decreases to almost the same efficiency value with
1:100 when the weight ratio is increased to 10:100 (19.53%). Whereas it is seen that

for a synthesis time of 60 minutes there is an increase of approximately 10% in the
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carbon efficiency with an increase of 5:100 weight ratio. However weight ratio
reaching 10:100 results with a drastic decrease in the carbon efficiency. In summary
at 800°C the order of the carbon efficiency of given weight ratios for 35 minutes is

5:100>10:100=1:100 whereas for 60 minutes it is 1:100=5:100>10:100.
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Figure 5.8 : Weight ratio vs. carbon efficiency graph of Fe at 800°C

5.1.4 Statistical results

In this thesis, a statistical design technique was also applied by use of a two level
factorial design matrix to interpret the CNTs synthesis with Fe catalyst experimental
results [102]. A major advantage of the statistical model over the analytical ones is
that they do not use rough approximations and allow for a greater number of factors.
In two level factorial design experiments, process variables were selected as
synthesis temperature (T) (500 and 800°C), synthesis time (t) (30 and 60 min) and
Fe:MgO weight ratio (R) (5 and 10). The carbon efficiency of as-synthesized CNTs

was selected as the objective function.

The number of trials required for this purpose is given by the following equation

[102]:
N=2" (5.2)
where, N and n are the numbers of trials and variables, respectively.

Since the number of variables in the present case are three, the number of

experiments required is 8, excluding replicates. If ay represents the variables, then
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Ay = (A T pin )/ 2 5.3)
where; a, , = base level

Ay max = upper level

a; min = lower level

It is customary to convert the ax coordinates to a new dimensionless system of

coordinates as follows:
X,=(a, —a,,)! Aa, (5.4)
where,

Aak = (a/c,max - ak,min )/2 (5'5)

and x stands for coded factors. Thus the upper level of xi becomes +1 and lower

level -1 in the coded form. At the base level, the value of x, becomes zero.

The actual and coded values of the variables of experiments are shown in Table 5.1.
The design matrix and results of experiments are listed in Table 5.2. The regression
equation developed to predict the carbon efficiency of the synthesized sample and

optimize the process conditions using a multi-factor linear model as follows:

Y=A,+AX +AX, +AX, +A, XX, +AX X, +A X, X, +A X X X, (5.6)

The variance test of the parameters for the sample showed that one of the variables is
not statistically significant. Therefore, its respective terms can be rejected in the

following proposed model:

Y =10941-74.63X, +57.75X, - 58.95X, - 70.89X,X, —6 103X, X, +63.14XX, (5.7)

The correlation coefficient of Eq. 5.7 was determined as 0.89. The relationship

between the coded values (X) and actual values can be given as follows:

X, =(T-650)/37.5 (5.8)
X, =(R-7.5)/2.5 (5.9)
X, =(t-45)/15 (5.10)
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Table 5.1: Actual and coded values of the variables

Level Upper Level Lower Level Base Level
a (T)
Synthesis Temperature (°C) 500 800 650
X +1 -1 0
a (R

2 () 10 5 7.5
Fe:MgO weight ratio
X
Coded +1 -1 0
a3 (1)

3 - . 30 60 45
Synthesis time (min)
X3

+1 -1 0

Coded

Table 5.2: Design matrix and results of Fe catalyst experiments

Trial No X X5 X3 Y
: 1 1 | 57.52
) 1 1 1 53.30
3 1 1 1 54.75
4 1 1 1 70.61
s 1 . . 41.63
6 1 . 1 54.2
7 1 1 -1 19.53
" 1 1 . 2375

The regression equation clearly show that since the coefficient of synthesis
temperature is the highest among all the coefficients, the effect of this parameter on
the carbon efficiency of the CNT sample is the strongest. Nevertheless, the carbon
efficiency of the CNT was affected negatively by this variable. Synthesis time and
Fe:MgO weight ratio are also effective parameters on the carbon efficiency.
Increasing the Fe:MgO weight ratio effectively enhance the carbon efficiency.
However, carbon efficiency decreases with increasing synthesis time. It may also
concluded from the regression model that the interactional effects such as (synthesis
temperature x Fe:MgO weight ratio) (X;.X5), (Fe:MgO weight ratio x synthesis time)
(X»2X3) and (synthesis temperature x synthesis time) (X;.X3) influence the carbon

efficiency of the CNTs positively and negatively respectively, at 89 % confidence
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level. In other words, if one of the variables is changed with respect to another one, it

will have a considerable effect on the carbon efficiency.

5.2 CNT synthesis by Co catalyst

Cobalt is considered to be one of the best resulting catalysts in CNT synthesis in the
previous researches [69, 103, 104]. Co(NOs),).6H,O that is selected as catalyst is
mixed with MgO substrate and ethanol by ultrasonic mixer for 30 minutes and then
dried in the oven for 18 hours. The formed catalyst is used for synthesis of CNT as
a result of decomposition of acetylene by CCVD method. Co catalyst with different
weight ratios to MgO substrate (1:100, 5:100 and 10:100) is used for synthesis of
MWCNT and SWCNT at 500°C and 800°C respectively. The reaction times were 30
minutes and 60 minutes. As a result of the experiments the effect of time,

temperature and weight ratio of the Co to MgO were analysed.

5.2.1 Effect of temperature

In Figure 5.9 the effect of temperature on carbon efficiency of Co catalyst for
synthesis of 30 minutes (for MWCNT) and 35 minutes (for SWCNT) is shown. It is
seen that there is a tremendous decrease in carbon efficiencies with increase in
temperatures. For 5:100 weight ratio of Co to MgO the carbon efficiency decreases
from 53.14 to 17.38% and it decreases from 68.05 to 24.21% for 10:100 weight ratio
with increase of temperature from 500 to 800°C. In summary the order the carbon
efficiency of given temperature of 500°C for 30 and 35 minutes is

10:100>5:100>1:100, and for 800°C it is 10:100>5:100.

When CNT synthesis for 60 minutes at 500°C and 800°C is considered as shown in
Figure 5.10, it is seen that there is also a decerase in carbon efficiency of Co catalyst
with increase in temperature. For 5:100 weight ratio of Co to MgO, the carbon
efficiency decresaes from it decreases from 54.69 to 43.69% and it decreaes from
68.94 to 53.77% for 10:100 weight ratio with increase of temperature from 500 to
800°C. In summary the order the carbon efficiency of given temperature of 500°C
and 800 °C for 60 minutes is 10:100>5:100.
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Effect of Temperature in Synthesis with Co (at 30 & 35 min)
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Figure 5.9 : Temperature vs. carbon efficiency graph of Co for 30&35 min
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Figure 5.10 : Temperature vs. carbon efficiency graph of Co for 60 min
5.2.2 Effect of time for Co catalyst

The effect of time is analysed for MWCNT synthesised with Co catalyst at 500 and
800°C. It is observed at 500°C that for all Co to MgO ratios there is a slight change
in the carbon efficiency with respect to the synthesis time. As it can be seen Figure
5.11 there is a slight change in the carbon efficiency with respect to synthesis time
(30 and 60 minutes) with all weight ratios. When the carbon efficiencies of three
weight ratios are compared it is seen that 1:100 has the lowest carbon efficiency
(10.51 and 11.95%), it is followed by 5:100 (53.14 and 54.69%) and 10:100 has the
highest carbon efficiency (68.15 and 68.94%) at both synthesis times (30 and 60 min
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respectively). As-synthesized CNTs with a cobalt weight ratio of 10:100 have very
considerable carbon efficiency reaching 70%. It shows when cobalt is used as
catalyst synthesis time does not affect the carbon efficiency. In summary at 500 °C
the order of the carbon efficiency of given weight ratios for 30 and 60 minutes is

10:100>5:100>1:100.
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Figure 5.11 : Time vs. carbon efficiency graph of Co at 500°C
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Figure 5.12 : Time vs. carbon efficiency graph of Co at 800°C

As 1:100 weight ratio had very low carbon efficiency for MWCNT synthesis, we
ignored it for SWCNT synthesis. It is observed that at 800 °C for 5:100 and 10:100
weight ratios of Co to MgO there is a remarkable increase in the carbon efficiency

with respect to the synthesis time. As it can be seen Figure 5.12 with increase of time
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from 30 to 60 minutes the carbon efficiency of 5:100 weight ratio increases from
17.38 to 43.69%. and for 10:100 weight ratio increases from 24.21 to 53.77%. As-
synthesized SWCNTs with a cobalt catalyst do not have very high carbon
efficiencies. In summary at 800 °C the order of the carbon efficiency of given weight

ratios for 30 and 60 minutes is 10:100>5:100.

5.2.3 Effect of weight ratio

The effect of weight ratio is analysed for MWCNT synthesised with Co catalyst at
500 °C. As it can be seen in Figure 5.13 that the carbon efficiency increases with
increasing weight ratio. The blue and red lines representing synthesis times of 30 and
60 minutes respectively show the same behaviour. Cobalt has carbon efficiency
changing from 10% to 70% as a result of increasing weight percentages with
synthesis times having almost no effect on the efficiency. In summary at 500 °C the

order of the carbon efficiency of given weight ratios is 10:100>5:100>1:100.
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Figure 5.13 : Weight ratio vs. carbon efficiency graph of Co at 500°C

The effect of weight ratio is also analysed for SWCNT synthesised with Co catalyst
at 800 °C. As it is also seen in Figure 5.14 that the carbon efficiency increases with
increasing weight ratio. The blue and red lines representing synthesis times of 35 and
60 minutes respectively show the same behaviour. Cobalt has carbon efficiency
increasing from 17.38 to 24.21% for 35 minutes and 43.69 to 53.77 for 60 minutes of
synthesis time. In summary at 800 °C the order of the carbon efficiency of given

weight ratios is 10:100>5:100.
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Figure 5.14 : Weight ratio vs. carbon efficiency graph of Co at 800°C
5.2.4 Statistical results

Table 5.3 summarizes interpretation of the results for Co catalyst achieved by use of
the statistical design technique which is described in detail in Chapter 5.1.4
Experimental tests were performed using a 2° factorial design by considering the
temperature, time and siliceous Co:MgO weight ratio as variables. The data given in

Table 5.3 show the design matrix and results of experiments.

Table 5.3: Design matrix and results of Co catalyst experiments

Trial No X X, X3 Y
1 -1 -1 -1 53.14
5 1 1 1 54.69
3 1 1 1 68.05
4 1 1 1 68.94
s 1 1 1 17.38
6 1 . 1 43.69
7 1 1 -1 24.21
g 1 1 1 53.77

The regression equation developed to predict the carbon efficiency of the synthesized
sample and optimize the process conditions using a multi-factor linear model as

follows:
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Y =47.98-13.22X, +5.76X, +7.29X, -1.53X,X, +6.68X X, (5.11)

The correlation coefficient of Eq. 5.11 was determined as 0.99. The relationship
between the coded values (Xi) and actual values can be given as follows where T is

synthesis temperature, R is Co:MgO weight ratio and t is synthesis time:

X, =(T-650)/37.5 (5.12)
X, =(R-7.5)/2.5 (5.13)
X, =(t-45)/15 (5.14)

The regression equation clearly show that since the coefficient of synthesis
temperature is the highest among all the coefficients, the effect of this parameter on
the carbon efficiency of the CNT sample is the strongest. Nevertheless, the carbon
efficiency of the CNT was affected negatively by this variable. Synthesis time and
Co:MgO weight ratio are also effective parameters on the carbon efficiency.
Increasing the Co:MgO weight ratio effectively enhance the carbon efficiency.
Carbon efficiency also increases with increasing synthesis time. It may also
concluded from the regression model that the interactional effects such as (synthesis
time x Co:MgO weight ratio) (X1.X2), and (synthesis temperature x synthesis time)
(X1.X3) influence the carbon efficiency of the CNTs positively and negatively
respectively, at 99 % confidence level. In other words, if one of the variables is
changed with respect to another one, it will have a considerable effect on the carbon

efficiency.

5.3  CNT synthesis by Ni catalyst

Nickel is another most commonly used transition metal catalyst in CNT synthesis. Ni
based catalyst are generally used to produce MWCNTs. There are variety of Ni and
substrate combinations which resulted with different quality of CNTs [105-116].
(Ni(NO3),).6H,0 that is selected as catalyst is mixed with MgO substrate and ethanol
by ultrasonic mixer for 30 minutes and then dried in the oven for 18 hours. The
formed catalyst is used for synthesis of CNT as a result of decomposition of
acetylene by CCVD method. Co catalyst with different weight ratios to MgO
substrate (1:100, 5:100 and 10:100) is used for synthesis of MWCNT and SWCNT at

500°C and 800°C respectively. The reaction times were 30 and 60 minutes. As a
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result of the experiments the effect of time, temperature and weight ratio of the Ni to

MgO were analysed.

5.3.1 Effect of temperature

In Figure 5.15 the effect of temperature on carbon efficiency of Ni catalyst for
synthesis of 30 minutes (for MWCNT) and 35 minutes (for SWCNT) is shown. It is
seen that there is an increase in carbon efficiencies with increase in temperature. For
5:100 weight ratio of Ni to MgO carbon efficiency increases from 18.54 to 36.83%
and it increase from 26.37 to 34.27% and for 10:100 weight ratio with increase of
temperature from 500 to 800°C. In summary the order the carbon efficiency of given
temperature of 500°C for 30 and 35 minutes is 10:100>5:100, whereas for 800°C it is
5:100>10:100.

Effect of Temperature in Synthesis with Ni (at 30 & 35 min)
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Figure 5.15 : Temperature vs. carbon efficiency graph of Ni for 30&35 min

In Figure 5.16 the effect of temperature on carbon efficiency of Ni catalyst for
synthesis of 60 minutes for MWCNT and SWCNT is shown. It is seen that there is
an increase in carbon efficiencies with increase in temperatures. With these
experimental parameters both weight ratios have almost the same carbon efficiencies.
For 5:100 weight ratio of Ni to MgO carbon efficiency increases from 19.37 to
51.82% and it increase from 23.2 to 48.74% for 10:100 weight ratio with increase of
temperature from 500 to 800°C. In summary the order the carbon efficiency of given
temperature of 500°C is 10:100>5:100, whereas for 800°C it is 5:100>10:100 for 60

minutes of synthesis time.
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Effect of Temperature in Synthesis with Ni (at 60 min)
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Figure 5.16 : Temperature vs. carbon efficiency graph of Ni for 60 min
5.3.2 Effect of time

The effect of time is analysed for MWCNT synthesized with Ni catalyst at 500 and
800 °C. It is seen from Figure 5.17 that with increasing synthesis time the carbon
efficiency of 1:100 (12.34 to 14.21%) and 5:100 (18.54 to 19.37%) Ni to MgO
weight ratios slightly increases. However 10:100 weight ratio of Ni:MgO slightly
decreases (26.37 to 23.2%). In summary at 500 °C the order of the carbon efficiency
of given weight ratios is 10:100>5:100>1:100.

It is seen from Figure 5.18 that at 800 °C with increasing synthesis time the carbon
efficiency of both 5:100 (36.83 to 51.82%) and 10:100 (34.27 to 48.74%) Ni to MgO
weight ratios show the similar increasing behaviour. It was seen from Figure 5.17 at
500 °C there was almost no change in the carbon efficiency with respect to time.
However, at 800 °C with increasing time of synthesis there is an increase in the
carbon efficiency of Ni catalyst. In summary at 800 °C the order of the carbon
efficiency of given weight ratios is 5:100>10:100 for both 30 and 60 minutes of

synthesis time.
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Figure 5.17 : Time vs. carbon efficiency graph of Ni at 500°C
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Figure 5.18 : Time vs. carbon efficiency graph of Ni at 800°C

5.3.3 Effect of weight ratio

The effect of weight ratio is analysed for both MWCNT and SWCNT synthesised
with Ni catalyst at 500 and 800°C respectively. It is seen from Figure 5.19 that at
500°C the carbon efficiency of Ni shows a linear increase with increasing weight
ratio. The maximum efficiency of Ni is found only about 26%. However, in some
studies it is suggested that Ni and its alloys or compounds have high catalytic activity
as a result of different catalyst preparation methods [107]. The difference in carbon
efficiency of synthesis times for 30 and 60 minutes is negligible. In summary at

500°C the order of the carbon efficiency of given weight ratios is
10:100>5:100>1:100.
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Figure 5.20 that at 800°C the carbon efficiency of Ni shows a linear increase with
increasing weight ratio. As it is seen from the graph that Ni catalyst shows higher
carbon efficiency at 800 °C than it does at 500°C. Ni catalyst has higher carbon
efficiency at 60 minutes than 30 minutes at 800°C for both 5:100 and 10:100 weight

ratios.
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Figure 5.19 : Weight ratio vs. carbon efficiency graph of Ni at 500°C
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Figure 5.20 : Weight ratio vs. carbon efficiency graph of Ni at 800°C
5.3.4 Statistical Results

Table 5.4 summarizes interpretation of the results for Ni catalyst achieved by use of
the statistical design technique which is described in detail in Chapter 5.1.4

Experimental tests were performed using a 2° factorial design by considering the
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temperature, time and siliceous Ni:MgO weight ratio as variables. The data given in

Table 5.4 show the design matrix and results of experiments.

Table 5.4: Design matrix and results of Ni catalyst experiments

Trial No Xi X2 X3 Y
1 -1 -1 -1 18.54
2 -1 -1 1 19.37
3 -1 1 -1 26.37
4 -1 1 1 23.20
5 1 -1 -1 36.83
6 1 -1 1 51.82
7 1 1 -1 34.27
8 1 1 1 48.74

The regression equation developed to predict the carbon efficiency of the synthesized
sample and optimize the process conditions using a multi-factor linear model as

follows:

Y =3239+10.52X +0.75X, +3.39X -2.16X, X, +3.98X X, (5.15)

The correlation coefficient of Eq. 5.15 was determined as 0.99. The relationship
between the coded values (Xk) and actual values can be given as follows where T is

synthesis temperature, R is Ni:MgO weight ratio and t is synthesis time:

X, = (T-650)/37.5 (5.16)
X, =(R-7.5)/2.5 (5.17)
X, =(t-45)/15 (5.18)

The regression equation clearly show that since the coefficient of synthesis
temperature is the highest among all the coefficients, the effect of this parameter on
the carbon efficiency of the CNT sample is the strongest. Nevertheless, the carbon
efficiency of the CNT was affected positively by this variable. Synthesis time and
Ni:MgO weight ratio are also effective parameters on the carbon efficiency.
Increasing the Ni:MgO weight ratio effectively enhance the carbon efficiency.
Carbon efficiency also increases with increasing synthesis time. It may also

concluded from the regression model that the interactional effects such as (synthesis
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time x Ni:MgO weight ratio) (X1.X2), and (synthesis temperature x synthesis time)
(X1.X3) influence the carbon efficiency of the CNTs positively and negatively
respectively, at 99 % confidence level. In other words, if one of the variables is
changed with respect to another one, it will have a considerable effect on the carbon

efficiency.

5.4  CNT synthesis by V catalyst

Vanadium catalyst is not very commonly used in CNT synthesis due to its high price
and low efficiency. There are some studies in which V is pre-treated to overcome
low efficiency. In a research conducted by Seo et al. V catalyst is used in CNT
synthesis after a laser treatment to increase the surface are and therefore the
interaction of the vanadium with the carbon source [99]. In this research V,0s that is
selected as catalyst is mixed with MgO substrate and ethanol by ultrasonic mixer for
30 minutes and then dried in the oven for 18 hours. The formed catalyst is used for
synthesis of CNT as a result of decomposition of acetylene by CCVD method. V
catalyst with different weight ratios to MgO substrate (5:100 and 10:100) is used for
synthesis of MWCNT at 500 °C. The reaction times were 30 minutes and 60
minutes. Also SWCNT was synthesised at 800°C with 5:100 weight ratio of V with a
synthesis time of 60 minutes. As a result of the experiments the effect of time,

temperature and weight ratio of the V to MgO were analysed.

5.4.1 Effect of temperature

In Figure 5.21 the effect of temperature on carbon efficiency of V catalyst for
synthesis of 60 minutes for both MWCNT and SWCNT for 5:100 weight ratio of
V:MgO is shown. It is seen that there is an increase in carbon efficiency of V catalyst
with increase in temperature. For 5:100 weight ratio of V to MgO carbon efficiency

increases from 11.46 to 34.83%.
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Effect of Temperature in Synthesis with V (at 60 min)
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Figure 5.21 : Temperature vs. carbon efficiency graph of V for 60 min
5.4.2 Effect of time

The effect of time is analysed for MWCNT synthesized with V catalyst at 500 °C. As
it is shown in Figure 5.22, 5:100 (9.78 to 11.46 %) and 10:100 (8.3 to 9.88%) weight
ratios of V:MgO have low carbon efficiency with synthesis times of 30 and 60
minutes respectively. Regarding to this results 1:100 weight ratio of V was not
experimented. For both of the weight ratios there is a slight increase with increasing
synthesis time. As it is also shown in Figure 5.22 synthesis time does not affect the
carbon efficiency of vanadium catalyst for MWCNT. In summary at 500 °C the
order of the carbon efficiency of given weight ratios is 5:100=10:100.

Synthesis with V at 500 °C
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Figure 5.22 : Time vs. carbon efficiency graph of V at 500 °C
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5.4.3 Effect of weight ratio

The effect of weight ratio is analysed for MWCNT synthesized with V catalyst at
500 °C. As it is seen from Figure 5.23 that when weight ratio of V increases from
weight ratio of 5:100 to 10:100 there becomes a slight decrease in the carbon
efficiency. It is also observed that the change in weight ratio does not affect the
carbon efficiency of vanadium catalyst. In summary at 500°C the order of the carbon

efficiency of given weight ratios is 5:100=10:100.
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Figure 5.23 : Weight ratio vs. carbon efficiency graph of V at 500 °C
5.5  CNT synthesis by Fe&Co binary catalyst

Fe and Co are most commonly used catalysts in the literature [69, 98,117]. In this
study, Co and Fe were found to be the most efficient catalysts whereas V and Ni
were the least efficient catalysts. Therefore Co&Fe were selected as binary catalyst
and the carbon efficiency on CNT synthesis was investigated. The experiments of Fe
& Co binary catalyst were carried out with weight ratios of 5:100 and 10:100 to MgO
since higher carbon efficiency than 1:100 weight ratio was observed with 5:100 and
10:100 weight ratios. While preparing the binary catalyst with ratio of 5:100, Fe to
MgO weight ratio of 2.5:100 is added to Co amount satisfying Co to MgO weight
ratio of 2.5:100 and then mixed with MgO substrate and ethanol by ultrasonic mixer
for 30 minutes. Afterwards the mixture was dried in the oven for 18 hours. The
prepared catalyst is used for CNT synthesis by CCVD method with decomposition of

acetylene. The reaction times were 30 minutes and 60 minutes for MWCNT and
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SWCNT synthesis at 500 and 800°C respectively. As a result of the experiments the
effect of time, temperature and weight ratio of the Fe & Co to MgO were analysed.

5.5.1 Effect of temperature

In Figure 5.24 the effect of temperature on carbon efficiency of Fe&Co catalyst for
synthesis of 30 minutes (for MWCNT) and 35 minutes (for SWCNT) is shown. It
can be observed from the graph that the carbon efficiency of Fe&Co binary catalyst
shows a mixture of Fe and Co catalysts. For 5:100 weight ratio of Fe&Co to MgO
the carbon efficiency increases from 45.32 to 50.77% whereas it decreases from
80.61 to 43.97% for 10:100 weight ratio with increase of temperature from 500 to
800°C. In summary the order the carbon efficiency of given temperature of 500°C for
30 and 35 minutes is 10:100>5:100, whereas for 800°C it is 5:100>10:100.

Effect of Temperature in Synthesis with Fe&Co (at 30 & 35 min)
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Figure 5.24 : Temperature vs. carbon efficiency graph of Fe&Co for 30&35 min

Figure 5.25 the effect of temperature on carbon efficiency of Fe&Co catalyst for
synthesis of 60 minutes for MWCNT and SWCNT is shown. It can be observed from
the graph that the carbon efficiency of Fe&Co binary catalyst also shows a mixture
of Fe and Co catalysts for 60 minutes of synthesis time. For 5:100 weight ratio of
Fe&Co to MgO the carbon efficiency increases from 47.22 to 52.21% whereas it
decreases from 81.45 to 54.3% for 10:100 weight ratio with increase of temperature
from 500 to 800°C. In summary the order the carbon efficiency of given temperature
of 500°C for 30 and 35 minutes is 10:100>5:100, whereas for 800°C it is
5:100~10:100.
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Effect of Temperature in Synthesis with Fe&Co (at 60 min)
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Figure 5.25 : Temperature vs. carbon efficiency graph of Fe&Co for 60 min
5.5.2 Effect of time

The effect of time is analysed for MWCNT synthesized with binary Fe & Co catalyst
at 500 °C. As it is seen from Figure 5.26 the Fe & Co binary catalyst has extremely
high carbon efficiency. Weight ratio of 5:100 for 30 minutes has carbon efficiency of
approximately 45% and 10:100 has carbon efficiency of 80%. With synthesis time
increasing from 30 minutes to 60 minutes does not make a considerable change in
the carbon efficiency. Therefore we can suggest that the increasing synthesis time
does not make a substantial gain in the carbon efficiency. In summary at 500°C the

order of the carbon efficiency of given weight ratios is 10:100>5:100.

Synthesis with Fe&Co at 500 °C
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Figure 5.26 : Time vs. efficiency graph of Fe&Co catalyst at 500 °C
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It can be seen from Figure 5.27 that the Fe & Co binary catalyst has high carbon
efficiency at 800 °C as well. Weight ratio of 5:100 for 30 minutes has carbon
efficiency of approximately 35.50% and 10:100 has carbon efficiency of 35.44%.
With synthesis time increasing from 30 minutes to 60 minutes increases the carbon
efficiency. Therefore it can be suggested that the increasing synthesis time affects the
carbon efficiency in positive manner. In summary at 800°C the order of the carbon
efficiency of given weight ratios is 5:100>10:100 for 35 and 60 minutes of synthesis

time.

Synthesis with Fe&Co at 800 °C
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Figure 5.27 : Time vs. efficiency graph of Fe&Co catalyst at 800 °C
5.5.3 Effect of weight ratio

The effect of weight ratio is analysed for MWCNT synthesized with binary Fe & Co
catalyst at 500 °C. As it is shown in Figure 5.28 with weight ratio increasing from
5:100 to 10:100, carbon efficiency increases from 45% to 81%. The increase in the
carbon efficiency with increasing weight ratio is 44.44%. In summary at 500°C the

order of the carbon efficiency of given weight ratios is 10:100>5:100.
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Figure 5.28 : Weight ratio vs. carbon efficiency graph of Fe&Co at 500 °C

The effect of weight ratio is also analysed for SWCNT synthesized with binary Fe &

Co catalyst at 800 °C. As it is shown in Figure 5.29 with weight ratio increasing from

5:100 to 10:100, carbon efficiency decreases from 50.77% to 43.97% for 35 minutes

of synthesis time and it decreases from 54.3 to 52.1% with increase of weight ratio

from 5:100 to 10:100 for 60 minutes of synthesis time at 800°C. In summary at

800°C the order of the carbon efficiency of given weight ratios is 10:100>5:100.

60

50

40

30

20

Carbon Efficiency (%)

10

Synthesis with Fe&Co at 800 °C

4!%

0 5 10 15

Weight ratio

== Fe&Co, 35 min
== Fe&Co, 60 min

Figure 5.29 : Weight ratio vs. carbon efficiency graph of Fe&Co at 500 °C

5.5.4 Statistical results

Table 5.5 summarizes interpretation of the results for Fe&Co binary catalyst

achieved by use of the statistical design technique which is described in detail in
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Chapter 5.1.4 Experimental tests were performed using a 2° factorial design by
considering the temperature, time and siliceous Fe&Co:MgO weight ratio as
variables. The data given in Table 5.5 show the design matrix and results of

experiments.

The regression equation developed to predict the carbon efficiency of the synthesized
sample and optimize the process conditions using a multi-factor linear model as

follows:

Y =56.98-6.67X, +7.58X, +1.81X; -9.80X,X, +1.13X, X +0.72X,X, X, (5.19)

The correlation coefficient of Eq. 5.19 was determined as 0.99. The relationship
between the coded values (Xi) and actual values can be given as follows where T is

synthesis temperature, R is Fe&Co:MgO weight ratio and t is synthesis time:

X, = (T-650)/37.5 (5.20)
X, =(R-7.5)/2.5 (5.21)
X, =(t-45)/15 (5.22)

The regression equation clearly show that since the coefficient of synthesis
temperature is the highest among all the coefficients, the effect of this parameter on
the carbon efficiency of the CNT sample is the strongest. Nevertheless, the carbon
efficiency of the CNT was affected negatively by this variable. Synthesis time and
Fe&Co:MgO weight ratio are also effective parameters on the carbon efficiency.
Increasing the Fe&Co:MgO weight ratio effectively enhance the carbon efficiency.
Carbon efficiency also increases with increasing synthesis time. It may also
concluded from the regression model that the interactional effects such as (synthesis
time x Fe&Co:MgO weight ratio) (X;.X3), (synthesis temperature x synthesis time)
(X1.X3), and (synthesis temperature x Fe&Co:MgO weight ratio x synthesis time)
(X1.X,.X3) influence the carbon efficiency of the CNTs positively and negatively
respectively, at 99 % confidence level. In other words, if one of the variables is
changed with respect to another one, it will have a considerable effect on the carbon

efficiency.
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Table 5.5: Design matrix and results of Fe&Co catalyst experiments

Trial No X Xz X3 Y
: 1 1 1 45.32
2 -1 -1 1 47.22
3 1 1 1 80.61
4 -1 1 1 81.45
5 1 -1 -1 50.77
6 1 . 1 54.30
7 1 1 -1 43.97
g 1 1 1 5221

5.6  Comparison of different catalysts

The carbon efficiency of each catalyst was examined separately in previous sections.
Furthermore, the comparison of carbon efficiencies of all examined catalysts is
discussed in this section. The effect of weight ratio on carbon efficiency for CNT
synthesis at 500°C for 30 and 60 minutes is given in Figure 5.30 and 5.31. Weight
ratio of 1:100 is experimented with only Fe, Co and Ni catalysts. It can be observed
that the carbon efficiencies of these three metals were found close to 10% for 1:100
weight ratio for synthesis times of both 30 and 60 minutes. The catalysts have
different carbon efficiencies for 5:100 weight ratio. For this weight ratio with
synthesis time of 30 minutes Fe has the highest carbon efficiency whereas V has the
lowest carbon efficiency. The order of carbon efficiencies for weight ratio of 5:100
with 30 minutes of synthesis time is Fe>Co>Fe&Co>Ni>V. When the synthesis
time is increased to 60 minutes, Fe and Co have the highest efficiency but the order

of the efficiencies of the other catalysts does not change.
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Figure 5.30 : Weight ratio vs. carbon efficiency graph at 500 °C and 30 min

Synthesis at 500 °C and 60 min
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Figure 5.31 : Weight ratio vs. carbon efficiency graph at 500 °C and 60 min

As it can be seen from the graphs the catalysts also have changing carbon
efficiencies for 10:100 weight ratio. For this weight ratio with synthesis time of 60
minutes Fe&Co binary catalyst has the highest carbon efficiency whereas V has the
lowest carbon efficiency. The order of carbon efficiencies for weight ratio of 10:100
with synthesis time of 30 minutes were in the order of Fe&Co>Co>Fe>Ni>V. It is
suggested that increasing synthesis time increases the carbon efficiency of Fe catalyst

whereas there is not a difference in efficiency of Co catalyst. In summary, the order

69



of the efficiencies for 10:100 weight ratio with synthesis time of 60 minutes is

Fe&Co>Co~Fe>Ni>V.

The effect of weight ratio on carbon efficiency for CNT synthesis at 800°C for 35
and 60 minutes is given in Figure 5.32 and 5.33. Weight ratio of 1:100 is
experimented with only Fe catalysts. It can be observed from Figure 5.32 that for 35
minutes of synthesis time for 5:100 weight ratio Fe&Co binary catalyst has the
highest carbon efficiency whereas Co has the lowest carbon efficiency. The order of
carbon efficiencies for weight ratio of 5:100 with 35 minutes of synthesis time at
800°C is Fe&Co>Fe>Ni>Co. When the synthesis time is increased to 60 minutes, Fe
and Fe&Co have the highest efficiency with almost the same carbon efficiencies and

the efficiencies of Ni and Co also increase with increasing synthesis time.
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Figure 5.32: Weight ratio vs. carbon efficiency graph at 800 °C and 35 min

For 10:100 weight ratio with synthesis time of 30 minutes Fe&Co binary catalyst has
the highest carbon efficiency whereas Fe has the lowest carbon efficiency. The order
of carbon efficiencies for weight ratio of 10:100 with synthesis time of 30 minutes
were in the order of Fe&Co>Ni>Co>Fe. All of the catalysts have an increase in the
carbon eeficiency. In summary, the order of the efficiencies for 10:100 weight ratio

at 800 °C with synthesis time of 60 minutes is Co>Fe&Co>Ni>Fe.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this study, CNT synthesis with different catalysts by using CCVD method was
performed. The effect of temperature (500 and 800°C), time (30 and 60 minutes),
and weight ratio of catalyst (Fe, Co, Ni, V) to MgO (1:100, 5:100, and 10:100) on
carbon efficiency was investigated. Furthermore, binary catalyst of Fe&Co for
weight ratios of 5:100 and 10:100 with synthesis times of 30 and 60 minutes at
500°C was examined. The carbon efficiencies of synthesized CNTs with all catalysts

were determined and compared.

6.1  Concluding Remarks

1. Fe was found to be one of the most efficient catalysts in CNT synthesis.

2. TItis observed that with the change of the synthesis temperature for Fe catalyst
the type of the synthesised CNTs were changed. In the temperature of 500°C
MWCNTs were grown and at the temperature of 800°C SWCNTs were

synthesized.

3. Asaresult of TEM images the diameter of MWCNTs were nearly 10 nm and
their appearance was darker whereas diameters of SWCNTs were between

1.5-5 nm and also were transparent.

4. The spectra of MWCNT and that of SWCNT show a clear difference at the G
band (around 1580 cm™). The intensity of the G band for SWCNT is
considerably higher than MWCNT. The spectrum in RBM band which is a
characteristic of SWCNT was observed in the two samples. The Ip/Ig ratio of
MWNT was much higher than that of SWNT and amorphous carbon content

and defect formation was much higher.

5. There was a tremendous increase in carbon efficiency of 1:100 weight ratio
with temperature whereas a drastic decrease in efficiency of 5:100 and 10:100

weight ratios was observed for synthesis time of 30 minutes. In summary the
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10.

11.

12.

order the carbon efficiency of 500 °C for 30 minutes is 5:100=10:100>1:100,
whereas for 800 °C it is 5:100>1:100=10:100.

There was also a tremendous increase in carbon efficiency of 1:100 weight
ratio with temperature and slightly increase in efficiency of 5:100 whereas a
drastic decrease 10:100 weight ratios was observed for synthesis time of 60
minutes. In summary the order the carbon efficiency of 500 °C for 60 minutes

is 10:100>5:100>1:100, whereas for 800 °C it is 5:100=1:100>10:100.

A statistical design technique was applied by use of a two level factorial
design matrix to interpret the CNTs synthesis with Fe catalyst experimental
results. Multi-linear mathematical model developed to predict the carbon
efficiency of CNTs was found to be successful with correlation coefficient of
0.89.

Co was also found to be one of the most efficient catalysts in MWCNT

synthesis.

It was observed that for all Co to MgO ratios there was a slight change in the
carbon efficiency with respect to the synthesis time. At 500 °C the order of
the carbon efficiency of given weight ratios for 30 and 60 minutes is

10:100>5:100>1:100 and for 800°C it is 10:100>5:100.

A statistical design technique was also applied by use of a two level factorial
design matrix to interpret the CNTs synthesis with Co catalyst experimental
results. Multi-linear mathematical model developed to predict the carbon
efficiency of CNTs was found to be successful with correlation coefficient of
0.99.

Ni was found to be one of the least efficient catalysts in MWCNT synthesis.

With increasing synthesis time for Ni catalyst the carbon efficiency of 1:100
and 5:100 weight ratios slightly increases. However the carbon efficiency of
10:100 weight ratio slightly decreases. At 500 °C the order of the carbon
efficiency of given weight ratios was 10:100>5:100>1:100. The difference in
carbon efficiency of synthesis times for 30 and 60 minutes was negligible.
For 800°C the carbon efficiency is 5:100>10:100 and it increases with

increasing synthesis time.
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13. A statistical design technique was applied by use of a two level factorial
design matrix to interpret the CNTs synthesis with Ni catalyst experimental
results. Multi-linear mathematical model developed to predict the carbon
efficiency of CNTs was found to be successful with correlation coefficient of

0.99.
14. V was found to be the lowest efficient catalyst in CNT synthesis.

15. For the weight ratios of 5:100 and 10:100 there was a slight increase with
increasing synthesis time. At 500°C the order of the carbon efficiency of
given weight ratios is 5:100=10:100. It was also observed that the change in
weight ratio does not affect the carbon efficiency of vanadium catalyst.
However with increase in synthesis temperature from 500 to 800 °C for 5:100
weight ratio of V:MgO there is a considerable increase in the carbon

efficiency.

16. Co and Fe were found to be the most efficient catalysts whereas V and Ni
were the least efficient catalysts for CNT. Therefore Co&Fe were selected as

binary catalyst and the carbon efficiency on CNT synthesis was investigated.

17. The Fe&Co binary catalyst had extremely high carbon efficiency. Weight
ratio of 5:100 for 30 minutes had carbon efficiency of approximately 45%
and 10:100 had carbon efficiency of 80%. At 500°C with synthesis time
increasing from 30 minutes to 60 minutes did not make a considerable change
in the carbon efficiency. With increase in temperature from 500 to 800 °C the
carbon efficiency of 5:100 increases whereas 10:100 weight ratio of Fe&Co

catalyst decreases drastically.

18. With weight ratio increasing from 5:100 to 10:100, carbon efficiency Fe&Co
binary catalyst increased from 45% to 81% at 500 °C.

19. A statistical design technique was also applied by use of a two level factorial
design matrix to interpret the CNTs synthesis with Fe&Co binary catalyst
experimental results. Multi-linear mathematical model developed to predict
the carbon efficiency of CNTs was found to be successful with correlation

coefficient of 0.99.

20. The carbon efficiencies of all examined catalysts were compared.
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6.2

21.

22.

23.

24.

For 5:100 weight ratio with synthesis time of 30 minutes at 500°C Fe has the
highest carbon efficiency whereas V has the lowest carbon efficiency. The
order of carbon efficiencies for this ratio was Fe>Co>Fe&Co>Ni>V. When
the synthesis time was increased to 60 minutes, Fe and Co have the highest
efficiency but the order of the efficiencies of the other catalysts did not

change.

The order of carbon efficiencies for weight ratio of 5:100 with 35 minutes of
synthesis time at 800°C is Fe&Co>Fe>Ni>Co. When the synthesis time is
increased to 60 minutes, Fe and Fe&Co have the highest efficiency with
almost the same carbon efficiencies and the efficiencies of Ni and Co also

increase with increasing synthesis time.

For 10:100 weight ratio with synthesis time of 30 minutes Fe&Co binary
catalyst has the highest carbon efficiency whereas V has the lowest carbon
efficiency. The order of carbon efficiencies for this ratio was
Fe&Co>Co>Fe>Ni>V. It is suggested that increasing synthesis time
increases the carbon efficiency of Fe catalyst whereas there is not a difference
in efficiency of Co catalyst. The order of the efficiencies for 10:100 weight

ratio with synthesis time of 60 minutes was Fe& Co>Co~Fe>Ni>V.

At 800 °C the order of carbon efficiencies for weight ratio of 10:100 with
synthesis time of 30 minutes were in the order of Fe&Co>Ni>Co>Fe. All of
the catalysts have an increase in the carbon efficiency. In summary, the order
of the efficiencies for 10:100 weight ratio at 800 °C with synthesis time of 60

minutes is Co>Fe&Co>Ni>Fe.

Recommendations

The carbon efficiencies of the CNTs for various metal catalysts used in this study

shows differences from the previously conducted researches in the literature. These

differences are mainly due to catalyst preparation method, and the substrate material

used. In the further studies:

The different catalyst preparation methods (insipient wetness impregnation,
ion-exchange, sol-gel technique and organometallic grafting) except the

method applied in this thesis can be conducted in the future.
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The different substrate materials (silica, alumina, zeolite, nickel plates,

quartz, conductive glass) other than MgO can be examined in the future.

The different catalysts (Al, Mg, Mn, Cu, Zn, Mo, Au etc.) can be used in the
CNT synthesis by CCVD method.

The different hydrocarbon source (methane, ethylene, propane etc.) can be

used in the CNT synthesis by the CCVD method.

In CNT synthesis by CCVD method, the catalyst decomposition can be
conducted in the reductant gas atmosphere to improve the carbon efficiency

of the metal catalyst.
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APPENDIX A.1

Table A.1: Experimental data of all catalysts

weight % weight%
Catalyst | x:100 T(C) min (200°C) (796°C) %efficiency
Co 1 500 30 98.75 88.24 10.51
Co 1 500 60 98.79 86.84 11.95
Co 5 500 30 99.54 46.4 53.14
Co 5 500 60 99.43 4474 54.69
Co 10 500 30 99.41 31.36 68.05
Co 10 500 60 99.38 30.44 68.94
Co 1 800 35 0 0 0
Co 1 800 60 0 0 0
Co 5 800 35 99.21 81.83 17.38
Co 5 800 60 100.8 57.11 43.69
Co 10 800 35 98.56 74.35 24.21
Co 10 800 60 99.48 45.71 53.77
Fe 1 500 30 98.58 88.84 9.74
Fe 1 500 60 100 90.21 9.79
Fe 5 500 30 98.37 40.85 57.52
Fe 5 500 60 98.5 45.2 53.3
Fe 10 500 30 97.78 43.03 54.75
Fe 10 500 60 99.56 28.95 70.61
Fe 800 35 99.04 80.28 18.76
Fe 800 60 99.57 48.55 51.02
Fe 800 35 99.21 57.58 41.63
Fe 800 60 99.47 45.27 54.2
Fe 10 800 35 99.47 79.94 19.53
Fe 10 800 60 99.1 75.35 23.75
Fe+Co 1 500 30 0 0 0
Fe+Co 1 500 60 0 0 0
Fe+Co 5 500 30 98.52 53.2 45.32
Fe+Co 5 500 60 98.99 51.77 47.22
Fe+Co 10 500 30 99.5 18.89 80.61
Fe+Co 10 500 60 99.37 17.92 81.45
Fe+Co 1 800 35 0 0 0
Fe+Co 1 800 60 0 0 0
Fe+Co 5 800 35 99.83 49.06 50.77
Fe+Co 5 800 60 100.4 46.1 543
Fe+Co 10 800 35 99.94 55.97 43.97
Fe+Co 10 800 60 99.45 47.24 52.21
Ni 1 500 30 98.71 86.37 12.34
Ni 1 500 60 98.55 84.34 14.21
Ni 5 500 30 98.78 80.24 18.54
Ni 5 500 60 98.09 78.72 19.37
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weight % weight%
Catalyst | x:100 T(C) min (200°C) (796°C) %efficiency
Ni 10 500 30 98.48 72.11 26.37
Ni 10 500 60 98.48 75.28 23.2
Ni 5 800 35 99.39 62.56 36.83
Ni 5 800 60 100.2 48.38 51.82
Ni 10 800 35 99.46 65.19 34.27
Ni 10 800 60 99.86 51.12 48.74
Vv 500 30 0 0 0
Vv 500 60 0 0 0
Vv 500 30 98.44 88.66 9.78
Vv 500 60 98.49 87.03 11.46
Vv 10 500 30 98.34 90.04 8.3
Vv 10 500 60 99.27 89.39 9.88
Vv 5 800 60 99.82 64.99 34.83

*x: the weight of the catalsyt
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APPENDIX A.2

1:100 Fe:Mg0O, 500°C, 30 min
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Figure A.1:TG,DTG curves of CNT synt. at 1:100 Fe:Mg0,500°C,30 min

1:100 Fe:MgO, 500 °C, 60 min
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Figure A.2:TG,DTG curves of CNT synt. at 1:100 Fe:Mg0O,500°C,60 min

1:100 Fe:MgO, 800°C, 35 min
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Figure A.3:TG,DTG curves of CNT synt. at 1:100 Fe:Mg0,800°C,35 min
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1:100 Fe:Mg0, 800°C, 60 min
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Figure A.4:TG,DTG curves of CNT synt. at 1:100 Fe:Mg0,800°C,60 min
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Figure A.5:TG,DTG curves of CNT synt. at 5:100 Fe:Mg0,500°C,30 min

5:100 Fe:Mg0, 500°C, 60 min
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Figure A.6:TG,DTG curves of CNT synt. at 5:100 Fe:Mg0,500°C,60 min
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Figure A.7:TG,DTG curves of CNT synt.at 5:100 Fe:Mg0O,800°C,35 min
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Figure A.8:TG,DTG curves of CNT synt. at 5:100 Fe:Mg0,800°C,60 min
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Figure A.9:TG,DTG curves of CNT synt. at 5:100 Fe:Mg0O,800°C,60 min
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Figure A.10:TG,DTG curves of CNT synt. at 10:100 Fe:Mg0,500°C,30 min
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Figure A.11:TG,DTG curves of CNT synt. at 10:100 Fe:Mg0,500°C,60 min
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Figure A.12:TG,DTG curves of CNT synt. at 10:100 Fe:Mg0,800°C,35 min
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Figure A.13:TG,DTG curves of CNT synt. at 10:100 Fe:Mg0O,800°C,60 min
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Figure A.14:TG,DTG curves of CNT synt. at 1:100

Co0:MgO0,500°C,30 min
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Figure A.15:TG,DTG curves of CNT synt. at 1:100 Co:Mg0,500°C,60 min
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Figure A.16:TG,DTG curves of CNT synt. at 5:100 Co:Mg0,500°C,30 min
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Figure A.17:TG,DTG curves of CNT synt. at 5:100 Co:Mg0,500°C,60 min

5:100 Co:MgO, 800°C, 35 min
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Figure A.18:TG,DTG curves of CNT synt. at 5:100 Co:Mg0,800°C,35 min
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5:100 Co:Mg0, 800°C, 60 min
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Figure A.19:TG,DTG curves of CNT synt. at 5:100 Co:Mg0O,800°C,60 min
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Figure A.20:TG,DTG curves of CNT synt. at 10:100 Co:Mg0,500°C,30 min
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Figure A.21:TG,DTG curves of CNT synt. at 1:100 Co:Mg0,500°C,30 min
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10:100 Co:MgO, 800°C, 35 min
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Figure A.22:TG,DTG curves of CNT synt. at 10:100 Co:Mg0,800°C,35 min

10:100 Co:Mg0, 800°C, 60 min
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Figure A.23:TG,DTG curves of CNT synt. at 10:100 Co:Mg0,800°C,60 min

5:100 Fe&Co:Mg0, 500°C, 30 min
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Figure A.24:TG,DTG curves of CNT synt. at 5:100 Fe&Co0:Mg0,500°C,30 min
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Figure A.25:TG, DTG curves of CNT synt. at 5:100 Fe&Co:Mg0O,500°C,60 min
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Figure A.26:TG,DTG curves of CNT synt.at 5:100 Fe&Co0:Mg0,800°C,35 min
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Figure A.27:TG,DTG curves of CNT synt. at 5:100 Fe&Co:Mg0,800°C,60 min
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Figure A.28:TG,DTG curves of CNT synt. at 10:100 Fe&Co:MgO,500°C,30 min
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Figure A.29:TG,DTG curves of CNT synt. at 10:100 Fe&Co:Mg0O,500°C,60 min
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Figure A.30:TG,DTG curves of CNT synt. at 10:100 Fe&Co:MgO,800°C,35 min
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10:100 Fe&Co:MgO, 800°C, 60 min
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Figure A.31:TG,DTG curves of CNT synt. at 10:100 Fe&Co:Mg0,800°C,60 min

1:100 Ni:Mg0, 500°C, 30 min
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Figure A.32:TG,DTG curves of CNT synt. at 1:100 Ni:MgO,500°C,30 min

1:100 Ni:MgO, 500°C, 60 min
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Figure A.33:TG,DTG curves of CNT synt. at 1:100 Ni:MgO,500°C,60 min
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Figure A.34:TG,DTG curves of CNT synt. at 5:100 Ni:MgO,500°C,30 min
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Figure A.35:TG,DTG curves of CNT synt. at 5:100 Ni:MgO,500°C,60 min
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Figure A.36:TG,DTG curves of CNT synt. at 5:100 Ni:MgO,800°C,35 min
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Figure A.37:TG,DTG curves of CNT synt. at 5:100 Ni:MgO,800°C,60 min
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Figure A.38:TG,DTG curves of CNT synt. at 10:100 Ni:Mg0O,500°C,30 min
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Figure A.39:TG,DTG curves of CNT synt. at 10:100 Ni:Mg0O,500°C,60 min

104




10:100 Ni:MgQ, 800°C, 35 min
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Figure A.40:TG,DTG curves of CNT synt. at 10:100 Ni:MgO,800°C,35 min
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Figure A.41:TG,DTG curves of CNT synt. at 10:100 Ni:Mg0O,800°C,60 min

5:100 V:Mg0, 500°C, 30 min
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Figure A.42:TG,DTG curves of CNT synt. at 5:100 V:Mg0,500°C,30 min
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Figure A.43:TG,DTG curves of CNT synt. at 5:100 V:Mg0,500°C,60 min
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Figure A.44:TG,DTG curves of CNT synt. at 5:100 V:Mg0O,800°C,60 min
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Figure A.45:TG,DTG curves of CNT synt. at 10:100 V:Mg0,500°C,30 min
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Figure A.46:TG,DTG curves of CNT synt. at 10:100 V:Mg0,500°C,60 min
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