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ABSTRACT

CARBON NANOTUBE PRODUCTION

Ho c a ocCarlenu ,
M.Sc., Department of Chemical Engineering
SupervisorAssoc.Prof. DrrNai me Asl|l & Sezgi

CoSupervisor: P¥zolfel gdo& . H. ¥nder

November2011, 188 pages

Carbon nanotubes (CNTSs), allotropes of carbon with a cylindrical nanostructure, are
one of the most attractive research subjéatsscientists and industrigecause of

their extraordinary chemical, electrical, opticalechanical and thermal properties,
and their widerange of potential application areadainly, there are two types of
carbon nanotubes: singlealled carbon nanotubes (SWNTs) and rwislled
carbon nanotubes (MWNTS).

The most commonly usedethodgor carbon nanotube production are arc discharge,
laser ablationand chemical vapor deposition (CVD). In the CVD method, CNTs are
produced from thermal decomposition of the carbontaining molecules on a

suitable transition metal catalyst. CVidethod enableslarge scale production of
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high-quality CNTs with low cost compared to other method&he growth and

morphology of CNTs can be controlled by adjusting the reaction parameters.

In this study,Co andMo impregnatedCaCQ catalystswere synthesized at differe
Co:Mo weightratiosand calcinedht different temperatureXRD results showed that
there vas mainlyCaCQ compoundin the catalyst calcined at5 0 0 Wh@reasthe
catalyss calcined a700 and 750U Qvere mainlycomposed of Ca@nd Ca(OH)
compoundsin additionto these CaMoQ,, CoO, CoMoQ and MaC were the other

solid phases mainly observed in all catadyst

The production of CNTs was performby chemical vapor deposition of acetylene at
a temperature range of 5d00C using CeMo/CaCQ; catalysts The synthesized
nanotubes were purified with a singiep purification process diluted nitric acid

solution.

SEM and TEM results showed that tegnthesizedmaterialswere multiwalled
carbon nanotubewith outer diameteranging from 13 to 138 nmMMWNTs were

mostly closeeend.

The CNT yield was increased with an increase inctitalystcalcination and reaction
temperature The rise in the Co:Mo weight ratio also resulted in higher CNT yields.
The highest CNTyield wasobtained at aeactiontemperature of 7@ usingthe

catalyst with a Co:Moveightratoof6and a cal ci nati on temper ;

An increase in nanotube diatars was observed with an increase in synthesis
temperatureThermal analyses revealed thiaé toxidation temperatures of MWNTSs
werea o u n d a7dhé du@y of MWNTs was generally higher thaé?8. On the

other hand, Raman spectroscopy results showed the presence of structural defects in
CNTs.

Purified MWNTs showed Type Il isothernfer nitrogen adsorptianMulti-point
BET surface ams of purified nanotubes were in the range of -Ba® nf/g.



Keywords: Carbon Nanotuls Chemical Vapor DepositigrCaobalt, Molybdenum,

Calcium Carbonate
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KARBON NANOT! P ! RETKMK

Ho ¢ a oCareru
Y¢ksek Khimyan sM¢ hendi sl i J i BO1l ¢ mg¢
TezY° netDadrsNiai me Asl é& Sezgi
Ortak Tez Y°neticisi: Prof. Dr. H

K a s 20, 188 sayfa

Silindirik , 6 brankpapesé albéeropu ;sléeamd&raa b
ki myasal, el ektriksel, opti k, mesigeh ni kv
uygul amadalharmlodmgnéadaml aré ve endg¢stri [
konul ar & nMBsasmolargkikirtii dgpi rkkar bon nanot ¢p vardeér

nanot ¢pler ve -0k duvarl é karbon nanot ¢pl

Karbon nanotg¢p ¢retimi ark nbcewmadblasgon klud 4 ea
ve kimyasal buhar biriktirmedir. Kimyasal buhéiriktirme metodunda, karbon

nanot, pllear bon i - er euny gaoml egkeiklalkearlmed Cares € z er i
ayréekmaseéndan cretilirler. &Kii Imgras anet dtulh
nazaran ucuz maliyetley ¢ k s e kli kkaarlbhare nammoy ¢k | am ikt ar
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creti |l mesi nearibmkia nn ameortigrp.l eKin ol ukumu v«

parametrelerinin ayarlanmasé il e kontrol

Bu -al eékmadaemdCo CacaikekMobal i z°r | er farkl é
oranl arénda sentezlenmik ve XRisoklué | aééak
5000 &aeadinsiiknat aldrde b @ Kk ICa@Qab i | evarkef) 700 ve

7500 Co6 de e &ddmi kiart al i z°r,ICa@QverlCa(Ha k| Eermi k|l er i n
ol uktag9 sutnairBoniara tk olarak CaMoQ,, CoO,CoMoO;veMo.,Cb ¢t ¢ n

kat aegnadé€rdgodzljernkba el §aa | ar édér .

Kar bon nanCoMgCaQQkeatiamii,z° r | 307 0 0klud | saéncaar kal }
ar al ¢ jasetiethia ki my as al buhar biriktiril mesi
nanot gepréltkni t ri Kk asit ek® axlatmadié is-aiflda«t €1

safl aktee&r @l mécxk

SEM ve TEM s onumblzmekern sdeenk eywdregm-eanpl ar e 1
nméye dejikKken, -ok duvarl é& katdknduwumaarolt &

karbon nanotg¢pler -ojunlukla kapaleée u-1 u:d

Karbon nanotg¢p veri mi, kat akli afe khat mERSA
Co: Mo ajeérl ék oranéndaki arték da daha vy
ol mukEmhury.e ksek kar bon meaksyorts¢iepcjaskg @maMuoi ; 700C

oranmé &alsinasyon sécakléejé 750UC ol an k.

Sent ez sécakll e emamdkti ¢ par-teexl ar énda bir é

nal izl er, -ok dwuvarl e karbon nanotg¢pl oer

a

ol duj unu veka-rakond wmvaanrolté, p| e r 1960 ahs ayf¢l késjeekn e
ol duj unu g¥seerydrmndarm,. Ra man spektroska
n

anot¢plerde yapeéesal bozukl ukl arén ol duj i

Saf |l men@meét ppteoj en addip il bhzeternji g Atse r inH ik i r .
Safl akaéebehamathkot ¢plerin -ok ,889%rnlg BET

aral éejendadeéer.
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CHAPTER 1

INTRODUCTION

Nanotechnology which isn interdisciplinary fieldincluding chemistry, physics,
material science and biologgnables to observe and manufacture structures at
nanometer scal&ince first introduction of nanotechnology as a concept in {859

it has beerconsidered to bene d the revolutionary technologiedue to itsgreat
potential to change the future and impretandards of humanitiNanotechnology
has gained a huge interemtd become one of the most popular reseamasin
recent yearswith its potential to effecevay part of life. Great improvements in
health, agriculturenew materials, electronicgnergy resourcesautomobile and
aerospace industrieandconstructionare possible with the help of nanotaology

[2]. One of the results othe advancemenin nandechnologyis the capability of
manufacturing nanesized materials which have novel chemical, physical and
biological properties due to their small size and large surface area.
Buckministerfullerene () and carbon nanotubes (CNTae examples for these

materials with superior properties.

Carbon nanotubesin allotrope of carbowith a cylindrical shapehave become the
main building block of the entireanotechnology since their discovery in 192]L
The scientific and industrial attention ©NTs grow dramatically due to their
extraordinary mechanical, electil, thermal and chemical properties. Although
CNTs aremore lighter they are muchstrongerthan steel They have a current
capacityl000 times higher than copper while their thermal capacityicetihat of
diamond[2]. Because of these terrific propertibey havea wide rangef potential

application areasome ofwhich areautomotive and aerospace industries, electronics



biotechnology, medical fieldssensorsand fuel cells[3]. However, the use of

nanotubes was limiteidaybecause of thelow production quantity and quality.

Carbon nanotubes are generally produced by three methmusg)yy arc discharge,
laserablation and chemicalvapor deposition (CVD]4]. Arc discharge and laser
ablaion require special equipment and high amount of energy which limits the large
scale production of CNTs. On the contra@yD seems to béhe most promising
method for the production of high quality nanotubes in large quantities.
considered asn eay andreldively cheapproduction method for CNTSCVD
method involves the decomposition of a cadsontaining gas over suitable catalysts

at high temperatureshe reaction parameters such sgnthesistemperatureand

time, pressure,gaseouscarbon source catalyst, can be controlled irnthe CVD

technique

In this study,an experimental setup for the production of carbon nanotubes by CVD
method wasdesigned anatonstructedThe catalysts used for the CNT production
were synthesized with different Co:Moeight ratios and calcination temperatures.
Carbon nanotubes were produaaeer Co:Mo binary metal catalyst suppartover
calcium carbonat€CaCQ) from thethermaldecompositiorof acetylene which was
the carborprecursor The reaction temperatuifor thenanotube growth was the
range of500-100@C. The synthesized nanotubes were purifiedomme singlestep
purification with diluted nitric acid Finally, purified carbon nanotubes and
synthesized catalysts were characterized in order to understandldtiensaip
between the catalyst and carbon nanotube grolith.effect ofCo:Mo weight ratio

in catalysts,reaction andcatalyst calcination temperatgren the CNTyield was
investigated. Additionallythe effectof the acetylene inlecompositionin argan was

alsoobserved.



CHAPTER 2

CARBON NANOTUBES

2.1 Nanotechnology

Nanotechnology is one of the key technologies of tfiec2htury and considered to
be a revolutionary technologyt is an interdisiplinary field includingchemistry,

physics, biology, material science, mediciaed engineering.

Nanotechnologyis the term used fothe research and development of materials,
devices, and systems at nanometaale [2]. It enables the observation,
measurement, manipulation and manufacture thingsmoleculars cal e i n t od.
world. The prefix finanod originates from th
dwarf and corresponds to 1@neters. A nanometer (nm) is eh#lionth of a meter

(m) [5]. As a conceptnanotechnologyvas first mentioned by Richard Feynman in

1959 withhisf amous wor d: AThere i g[l]l.pd enty of roa

The area of interest of nanotechnologymaterialshaving a sizen the range of 1
100 nm at least in one dimensioMhese materials are called nanomaterials.
Nanomaterials haveunique and extraordinary chemical, mechanical, electrical,
optical, thermal and magnetic propertidse to heir size and surface effect
propertieswhich makethemideal for the use in conmgite matdals, drug delivery,

chemical energy storagg].

Nanotechnology has a great potential to change the future and to improve the life of

humanity. It is able to impactthe key scientific and technological activities

3



positively. Additionally, it has a promisig potential to solve the problems related to
other science and technology. According to the predictions of the US National
Science Foundatigmanotechnology will becomelag industly for many countries

and he worth of nanotechnology market can be oi®n dollars by 20152].

Some of the major application areas of nanotechnology are elestramd
semiconductor industry, autonotive and aerospace industriesgriculture,
biotechnology and bioengineeringplar energy, materials science medical fietls,
pharmaceuticalanilitary science and technology, fuel cedled batteries, and sport

equipment

2.2 Carbon Materials

Carbon indifferent forms has been used in the science and technology throughout
history. Carbon in the solid phase has several rafjes which have different
molecular structuregind propertiesThe mostly known allotropes of carbon are
graphite, diamond and amorphous carbon. There are also new discovered forms of
carbon, namely fullerenes and carbon nanotubes (CNTs). The propértiadon
allotropes vary according to the arrangement of carbon atoms. Some properties of the

allotropes of carbon are briefly mentioned below.

Diamond which is known to bethe hardest substande purely composed of

sp’ hybridized bondsin the crystallie structure of diamondeach sp hybridized

carbon atom is bonded to other four carbon atoms in a tetrahedral arrangement. The
hardness and excellent heat conduction properties of diamond result from this
crystalline network.Furhermore, these $phybridized bondsare associated with
electrically insulating property and optical transparency of diam[8jd The

structure of diamond is represented in Figure 2.1.



Figure 2.1 Structure of camand [2].

The structure ofgraphite Figure 2.3 consists of layered planar sheets of sp
hybridized carbon atoms which are bonded to only three other carbon atoms in a
hexagonal network. Due to this different bond geometry graphite is soft, opaque and
slippery. It is a semimetal and electrically conductive because of the electrons
moving freely. Graphite consists of graphene sheets with an interplanar spacing of
3.354; . Theseshees scan slide upon each other due to the weak interplanar bond
spaced athis distancg6].

The structve of graphends oneatomthick planar sheets of $gonded carbon
atoms. These atoms are densely packed in a honeycomb crystal lattice. Some carbon
allotropes like graphite, fullerenes and carbon nanotubes have graphaeebasit

structural elemer(?].



1.421 A

Figure 2.2 Structureof graphite[6].

Amorphous carbon (Figure 2.3) which is another allotrope of carbon does not have
any crystalline structurde he tmomplM@auso has a meaning
form or having no specific shape. Amorphous carbon is generally abbreviated to aC
and is composed of a highly disordered network of carbon atoms which mostly have
spf bonding[8].



Figure 2.3 Amorphous carbof8].

Only three allotropes of carbon whialre diamond, graphite, and amorphous carbon
were known i n 1980 06 swere didtaveredy Krotol Srtalley f ul |
and Curl[1]. For this discoverytheywere awarded the Nobel Prize in Chemistry in
1996.FullerenegqFigure 2.4)are spheroidal molecule®mposed of entirelgarbon
atom The most common fullerenes are &C and Go Cgo fullerene
(Buckminsterfullerenewas the first fullerene discovered. It is a hollow, chke
fullerene moleculevith 60 carbon atoms arranged irs@herical shape. The bonding
in Cgo is actually spand each carbon is joined to thmeeighbours. However, there
are also a small amount of *dponded atoms because of the curvat{B
Buckminsterfulleree molecules are one of the most popular discoveries in
nanotechnologynd subjected to intense research due to their unique chenmdtry a
potential technological applicationtater on, tillerenes with larger number of

carbon atoms (g, Cso, Co40, €tC.) Were also discover§s].


http://www.cheaptubes.com/fullerenes.htm

Covalent Carban atom

bond

Figure 24 Structure of adllerene[9].

2.3 Carbon Nanotubes(CNTSs)

Carbon nanotubes are edenensional nanomaterials with a high aspect ratio which
were discovered by lijima in 1991 using an electron microscope while he was
producing fullerenes in an electric acaporation reactor. With the dmeery of

CNTs a new era in nanotechnology has started. After the discovery of CNTs, carbon
nanotechnology can be thought as the main building block of the entire
nanotechnology{1]. There have been plenty of studies and a large number of

researches carriamlit on the carbon nanotubes since their discovery.

Carbon nanotubes (Figure 2.5) are the cylindrical forms of fullerenes. Hrey
hollow cylinders consisting of rolled graphite sheefs. CNTs are quasbne
dimensional structures arwhn be considereds single molecel The diameters of
CNTs are innanometersvhile their lengthscan reach centimetefg, 3]. A carbon
nanotube consists of graphene sheets appropriately rolled into a cywitdea
diameterin nanometesize. Therefore, it can be expedtéhat the planar $fponding

which is the characteristic of graphite plays a significant role in GM]s



Covalent bond

Carbon atom

Figure 25 lllustration of acarbon nanotubf].

There are numerous experint@rnand theoretical studies about CNTs since they have
extraordinary mechanical strength, stiffnemsd elasticity characteristics, electronic
properties ranging from semiconductors to mettlesrmaland chemical properties.
Carbon nanotubes have greaitemtial for a wide range of applications, such as
nanoelectronic devices, high performance composite materials, field emission

displays[11].

2.3.1The Structure of Carbon Nanotubes

The structure of an individual nanotube can be conceptualizedllmg a layer of
graphite with a thickness of one atormto a hollow cylinder Hence, arbon

nanotubes can be classifiedterms ofthe way how the graphene sheet is rolled.
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Figure 2.6 Schematic representation of a graphenetghgg

Graphene lattice vector§igure 2.6)are mostly usedor specifying theexact
structure of an individuahanotubebecause of the fact that CNTs have microscopic

structure similar to that of graphenthe way of wrapped graphene shessin be
descibed by a single vecta? which is called chiral vector. Two atoms in a planar

graphene sheet one of which is used as origin are selected. As the chirabvisctor

pointed from the origin toward the second atom the relation isetkés

=

C = na,+ma,

where n and m are integers wheraaanda, are unit vectors of the twdimensional
lattice which is generated by the graphene sheets. The angle between the chiral
vector and the tube axisgalledh e chi r@2. angl e d

There are three different types ©NTs because of the different rolling ways of

graphene sheet$ n=m ( d = 3 fanbjubes are called armchair tubes while m=0
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( d = @Ball zigzag nanotubes. All other nanotubes are chirdl < dU<[3].0
Armchair, zigzag and chiral configurations of carbon nanotubes are illustrated in

Figure 2.7.

| (n,0)/ ZIG ZAG

Figure 2.7 Armchair, zigzag and chiral configurations of CNJL1].

These different structures of CN{agzag, armchair, and chijatan be understood

by analyzing the pattern across the diametenasfotubesand their crossectional
structure. Armchair and zgag terms correspond to the arrangement of hexagons
around the circumferences. These structhe® a high degree of symmetry. On the
other hand, chiral which is the most common one can exist in two maladed
forms. The properties of CNTs such as mechanical strength and electrical
conductivity differ because of these different chiral vecdib2s.

Carbon nanotubescan also be classified with respect ttee number of walls.
According to the number of concentric cylindrical walls, there are mainly tpesty

of carbon nanotubes: singlelled nanotubes (SWNTs) or mulwalled nanotubes
11



(MWNTSs). There are also twoeatomthick CNTs called doublevalled carbon
nanotubes (DWNTS).

2.3.1.1Single-walled Nanotubes (SWNTSs)

Single-walled carbon nanotubgBigure 2.8)discovered in 1993 are a class of carbon
nanotubes with only a single layer of graphithich is wrapped into ahollow
cylindrical structure[3]. They have one dimensional structure wim axial
symmetry.Most SWNTshave a diameter of close to one nanometer whereas their

length can reach the value of centimeters

Figure 2.8 A singlewalled carbon nanotulg].

Specific types of SWNTs are essential for more advance usenotubs. SWNTs
are potentially appropriate candidates for a variety of applications especrathefo

electrical nanodevices.

2.3.1.2Multi -walled Nanotubes (MWNTS)

Multi-walled carbon nanotubéBigure 2.9)discovered in 199by lijima are a class
of carbon nanotubed3]. MWNTSs havesimilar properties to that of graphite and

12



same distance betwedwo graphene sheetwhich is 3.354B as the interlayer
distance in graphitgs]. MWNTSs have similar lengths to SWNTSs; on the other hand,
the diameters of MWNTSs are much larger than that of SWNfiey have inner and
outer diameters of around 5 and 100 magpectively.Their propertes also differ

from those of SWNTsMulti-walled carbon naotubes are more complex than
SWNTSs due to the number of walls and the interaction between them, nonuniformity
and disorderlines$].

Figure 2.9 A multi-walled carbon nanotulj&3].

Most of the manufacturers prefer to produce MWNTS since it is easier to synthesize
them when compared to SWNTs. Although MWNTSs differ in length, widtid
number of walls they are mostly added in bulk to have stronger polymers in products

such as vehicle chassis and sport goods.
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2.3.2Properties of Carbon Nanotubes

The properties of CNTs including density, lattice structure, electnoathanical

and thermal conductivity are dependable on their structure. Type and diawfeter
nanotubesare also important factoffecting their structuresCNTs having wider
diameters behave like graphitks the diameter of a nanotull®comes smallats
characteristigproperties depenanore on its specific type. Carbon nanotubes have
high surface area and high aspect ratio (i.e., length/diameter). The aspect ratio of
CNTs ismore than1000:1. Additionally, the density of nanotubes with a value of
1.33 g/cni is lower than tht of aluminum (2.7g/cnt). Furthermore, carbon
nanotules are almost chemically inertherefore they do not react with other

materialg2].

Other important and extraordinary properties of nanotubes are briefly explained

below:

2.3.2.1Electrical Properties:

Carbon nanotubes have outstanding eledtpgoaperties. Depending on theaipecific
structure they can be metallic or semiconducting. Whereas some CNTs can be
semiconducting and behave like silicothers can be metallic with a conductivity of
higher than that of copper. The electrons in nanotubes can travel much faster than in
metalssuch as copper, and they do not dissipate or scatter. A copper wire has a
current capacity of 1 MAmps/cin on the other handthis value can reach

1 GAmps/cni for carbon nanotubes. This makes nanotulesl candidates to

replace copper wirdg].

There is great interest for constructing nanoscale electronic devices from nanotubes,
and some progress is being made in this area. The electrical conductivitg
nanotubes could be useful in absorbing static noise, storing energy, or in replacing

silicon circuits in computer chigg].
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2.3.2.2Thermal Properties:

The highest measured thermal conducgtigmong all known materials belositp
crystalline cabpon. Heat capacity and thermal conductivity of graphite and diamond
are remarkableThe value of the thermal conductivity is 269800 W m'K™ for
pure diamond whereasist2000 W niK * for graphite]5].

CNTs have a better thermal conductivity when cared to that of diamond.
Nanotubetest results showed thi$ thermal conductivity is at least as twice as that
of diamond.It wasalsofound that CNTs have a thermal conductivity of about 6000
WmK™ at room temperature whereas copper well known fogatsd conductivig

has a thermal conductivity &85 Wm™K™. The exceptional thermal properties of

nanotubes are based on their graphitic nature and their unique structure §htl size

The ther mal stability of CNTs iisert 750AC
atmosphere. SWNTs and MWNTs have different thermal behaviors. SWNTs are
more stable than MWNTSsAlthough carbon nanotubes are very good thermal

conductors along the tube, they are good insulators laterally to the tulpg] axis

2.3.2.3Mechanical Properties:

As well as their electronic and thermal propertiearbon nanotubes have also
attracted much interest owing to egtienal mechanical properties. ltasknown fact

that CNTs are the stiffest, strongest, and toughest fiber known and evercechdu
They have extraordinary mechanical properties because of the strength of the

s pcarboncarbon bonds presentiis structure5].

The Youngbés modulus represents the stiff
changewith applied strainBoth theoretical calculationand experimental studies
showed that MWNTs have higherTheYighestgds n
Youngo6s rmnecarhoh nasotulze fwas recordedla3 TPa[l11]. This value is
approximatelyfive hundredtimes higher tharhat of steel. CNTs aremuch more
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stronger than steel atigh they aresix times lighter[2]. They can have a tensile
strength ofl50 GPawith an extraordinary elastic response to deformabibh5%
When these properties are combined with the lightness of CNiEspdssible for

themto have a terrific potential in applications such as aerodpate

Thanks to their exceptional mechanical properties carbon nandtakesa notable
potential to replace copper wires or to create superstrong plagtiese is alsca

great amount of research to produce composite materials containing CNTSs.
Nanotube/polymer composites having extraordinary mechanical properties were

produced by several researchigis

2.3.3 Application Areas of Carbon Nanotubes

Carbon nanotubes hava variety of potential application areadue to their
remarkable and uniquelectical, magnetic, mecharad therma) and chemical
properties.It can be said that CNTwith their nano sies and lightnessre able to
replace plenty of materials an amaing range oflifferent areasBecause of the fact
that dfferent types of carbon nanotubes have distinct propetties application

areasalso differ

Today, carbon nanotubes are commercially available and already being used in
several technologicalreas some of which are flpanel displays, scanning probe
microscopes, AFM tip§2]. In order to increase the range of their application areas
some improvements in the growth and purification techniques of nanotubes must be
fulfilled.

Due to their amang properties thegan be used in chemiehiological separation
and purification, biomedical applications, energy and hydrogen storage, fuel cells,
probe and sensors, transistors, field emission device, caygamitors, battery
electrodes,membrane filtes, artificial muscles,drug delivery and biosensors

Furthermore, carbon nanotubes goedcandidates for structural applications due to
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their stiffness. They can be used as reinforcements in high strength, low weight and
high performance compositeSNTs are alsa@onsidered to be ide&dr applications

in automative and aerospace industtieanks to their mechanical properties and
lightnesq2].

2.4 Production Methods of Carbon Nanotubes

There are three main methods for the CNT production with a yigJd and quality,
namely arc discharge, laser ablati@amd chemical vapor deposition (CVDJhe

generaprinciples of these techniques are briefly described below.

2.4.1 Arc Discharge

The arc discharge technique which was initially used for the prasuct G
fullerenes is a widely used method for the growth of carbon nanotubes. It is possible
to produce both SWNTs and MWNTSs with a high quality usimg technique

In the arc discharge method, a power supply with a low voltage%22) and a high
current having a vake between 50 and 120A is utdid to create a high temperature
discharge between two higlurity graphite electrodes with a diameter e2% mm

and a separation distance of 1 mm. He or Ar are usadiasrt gas for the reaction
atmosplere at a pressure between 100 and 1000 torr. The high temperature
( >3 0 0@ehke@ded by the arc vaporizes carbon from the anode during the
discharge and plasma of carbon is produced. At the end, carbon nanotubes are
produced from the condensation and dmm of carbon on the cathod&he length

of the anode reduces during the CNT synthgsls15]. A schematic represertian

of arc discharge is illustradl in Figure 2.10.
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Figure 2.10 Schenaticdrawingof setup for arcdischargd4].

Although lijima was the first person who observed MWNTSs during the production of
fullerenes by arc discharge method in 1991, the first CNT production in large
guantities was achieved by Ajayan and Ebbesen in 1888 this technique. In

1998, Bethune and coworkers reported the first synthesized SWNTs by arc
discharge. In their experiments, a carbon anode containing cobalt catalysts was used
[16]. In arc discharge method, no catalyst is required for the syntheSI8VdITSs.

On the contrary, mal catalysts are necessary for the formation of SWiNfiEh

can be synthesized using transition metals such as Fe, Ni, Co and rare earth metals
such as Y and Gd. The binary catalysts such alliF€o-Ni and CoePt can be
employed for the production of SWINopeg17].

2.4.2 Laser Ablation

Another method for the CNT production is laser ablation which utilizes a focused
laser beanwith high energy to generate carbon vapor speceg. G, C; and C)

[17]. This technique has been used for the productidinlErene clusters. In 1995,
Smalley and coworkers reported the synthesis of SWNTs by laser aljlHtioh
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schematiadrawing ofsetup for laser ablation is represented in Figure 2Alaser
ablation apparatus is made up of an oven in which a quargézisupresent. This
internal quartz tube possea cooling device where carbon nanotubes are collected
[4]. In the laser ablation method, a higbwer laser is used to vaporize carlabthe
graphite target in an ovemhich is helda t 1 2v0ile gnGnert gagAr or He)is

fed into the chambeiThen, vaporized carbon species are carried by the flowery

gas from the high temperature zone to the cooler surface the location of which is at
the exitof the ovenThe condensation dhe vaporized carbon on the cooler surface

of the reactor results in the formation of carbon nanot[iE45].

In the laser ablationmethod MWNTs can besynthesizedwithout catalyst. The
presence of the pure graphide electrodesufficient for theirgrowth. On the
contrary for the synthesis of SWNTa mixture of Fe, Ni, Co or Y metals with the
graphite target is requiretllo catalys$ particle or amorphous carbon is present in the
resulting SWNTsThe disadvantage dhis techniquas its high costHowever, the
purity of CNTs produced by this method is higldren compared tarc discharge
techniqug13].

argon siream oven nanotubes

Y,

! — . | |
X E— by )_;‘
laser | Jyf_ cooling finger

-~

graphite target

Figure 2.11 Schematiadrawing ofsetup for laser ablatiorapparatu$4].

19



2.4.3 Chemical Vapor Deposition

Chemical vapor depositioris a widely used method for the production of carbon
fiber, filament and nanotubes. Nowadays, most of @NT manufacturing
companies use CVD method which a gaseousarbon sourcgpassever metal

catalyst particle§l8].

During the @emical vapor deposition method which is a heterogeneous catalyst
processthe solid catalyst is heated @aohigh temperaturi a tube furnacenderan

inert atmospherelhen,a carbon precursohfdrocarbon gasr CO)flows througha

tube reactor for aappropriate time required for CNT growtBarbon source in the

gas phase decomposes on the metal catalyst in the reatdterhigh temperature.
Products which are grown over the catalyst are collected after the cooling of the
system toa room temperaturg¢l9]. A schematic experimental sep of CVD is

shown in Figure 2.12.

Carbon

source Furnace
——— Catalyst Substrate
Y
500—-1200°C
|| ||

Figure 2.12 Schematidrawing ofexperimental sewip for CVD [3].

In recent years, different CVD techniques for the productiamaabtubes have been
developed whe keeping the basic principlesame. Some of them are plasma
enhanced CVD(PECVD), laserassisted thermal CVD and vapor phase growth

CVD [1]. In the plasma enhanced CVD, a glow discharge is genebgtedhigh
20



frequencypower sourcen a reaction chambevhich is applied tdwo electrodesA
substrate (Si, Sifor glass) is present on a grounded electrbbktal particlegFe,

Ni or Co) are placed on the substrate. During the discharge, a crbare(C,H,,

CH,4, GH4 0or CO)is fed into the chamber from the opposite electraai@ CNTs are
formed on the metal particles over the substratethe lasefassised CVD, a CQ
laserwith a medium power and continuous waveaigetedio a substateand used

to pyrdyse a mixtue of metal precursoand carbon source in a flow reactdhe
growth of nanotubetakes place on metal particlds.the vapoiphase growth, also
known as the floating talyst methodmetal nanoparticles in gas phase are generated
when volatile organomete precursors are fed into a higamperaturereaction
zone.The decomposition of hydrocarbons on these metal nanoparticles leads to the
formation on CNTs. Then, nanotubes are transported from the reaction zone with the

help of a gas flow and collected a cold platg1].

Metal catalyst particles are very crucial in CNT production since thegctiresites
for the growth of CNTs. Therefore, catalyst preparation is an importanbpére
CVD synthesis of CNTsThe metalsupport interaction, metal pade size and
morphology are key factors affecting the catalytic properties of a{aé&il

Catalysts used fahe CNT growth are generally transition metals such as Ni, Fe, Co;
and other metals such as Mo, Cu, etc. In order to increase the yield apalibeof
carbon nanotubdsmetallic particles aresedsuch as F€o, FeNi, FeMo, Co-Mo.

The reasosifor theuseof these metalas catalysarethat carbon is highly soluble in
these metals at high temperatures and the diffusion rate of carborhighigese
metals[20, 21].

Metal particles are generally deposited on the surface of the sumadetials
Supports are mostly poroumaterials with high surface area. Theye also
thermostable. The mostommonly usedsupport materials for CNT synthesare
silica (Si0,), alumina (AbOs), magnesium oxide (MgQ)and zeolites. The
advantages of these supports are high surface area, porosityancbgigh thermal
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stability. Their main disadvantage is that they laaedly removed from the product
becaus®f theirinsolubility problemd20, 22].

The support materials play a key role the activity of the catalys The
decomposition temperature and the surface area of the supportpargaim factors

for the ONT growth processThe interaction between mét@nd support materigis

also important since this interaction controls the size of the catalyst particle and the
sintering potential of the catalyst. The removalsapportmaterials is critical for

pure carbon nanotubeSupports with high surface arsach as Sig) Al,Os;, MgO

and zeolites camot be easily removed because of their nature. Therefore, several
acidic/oxidation steps are essential for complete purification of CNTs. These steps
cause damage in the structures of Cf#3. On the other handalcium carbonate
(CaCQ) is a good support for transition metal parsotiie to the catalyst activitin
addition, it is environmentsl friendly. Around the temperature of 7D, calcium
carbonate decomposes ititme (CaO and carbon dioxide (CQ CaO can easily be
dissolved in dilute acids such as HN@nhd HCI. As a conclusion, CaG@s a
support can be easily removed together with metal catalyst particles from the
products. Furthermore, Ca@@ cheap. The use of this support leadprmduction

of CNTswith a high quality, high yieldand high purity{19, 21, 24].

Methane, acetylene, ethylene, carbon monoxide, benzene, toluene, and short chain
alcohols are commonly useaks carbon precursorsor the formation of carbon
nanotubes byhe chemical vapr deposition method. Thesempoundsare cracked

into reactive carbon atoms by an energy souftés energy source is generally a

high temperature furnagél, 25].

Acetylene (GH,) is most widely used as carbon precursor for MWNT synthesis
whereas methree (CH;) is mostly used for SWNTs and DWNTs production.
Acetylene is able to decompose at lower temperatures which makes it a good
candidatdor the growth of MWNTSs. Additionally, it can be concluded that there is a
relationship between the graphitic layef CNTs and hydrocarbon gas. SWNTs or
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DWNTSs can be favorably synthesized using short chain molecules likeLGRger
chain molecules such asH; and GH,4 lead to MWNT growth in CVJ19].

Reaction parameters affecting CNT growtich ageaction(synthesis)temperature
andtime, carbon precursordlow rate of gasesnetal particlesand support material
can be easily controlled in the CVD method when comparéuktarc discharge and
laser ablatioomethods The yield and type of CNTs can be controllgdoptimizing
these parametergadditionally, the properties of synthesized CNTs such as length,

orientation and diameter caalsobe controlled f changing reaction conditiof$9].

The temperature range for CNT production is between 5002008 depending on

the type of support materiand carbon sourceMelting point of supports and the
stability of hydrocarbons used are main major factors affecting the optimum
temperature range. Additionally, the quality of carbon nanotubes changes with the
synthegs time. In the case of long reaction times, the formation of other carbon

species may take place and the quality of CNTs dses§® 19].

Both aredischarge and laser ablation methods need for special equipment for CNT
synthesis. Furthermore, becausdanfe energy consumption and less control on the
reaction parameters in these methods they are not appropriate candidates for large
scale CNT production. Hence, they are restricted to be used in laboratories only. On
the contrary, CVDwhich enables a comtl over reaction parametelis a very
promising method forthe production of higlguality carbon nanotubes in large
quantities.In order to achieve this goal, there must be some improvements in the
growth and purification techniqug®, 19, 20].

The priceof carbon nanotubes producesingchemical vapor deposition decreased
dramatically because of thm@provementsn largescale productionThis results in a
decrease in CNT price®ther methods (arc discharge, laser ablation) are not able to
produce CNTsin such large quantities. Currently, manufacturers focus on the
developing more efficient CVD methods and also on the better control over the
nanotube types. Furthermore, CNTs can be synthesized in desired arrangements by

catalytic CVD method5].
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2.4.4 Gowth Mechanism of CNTs

There are several mechanisms suggested for the CNT growth from the pyrolysis of
carbon sourcesver metal particlesA schematic representatiari the CNT growth
mechanism is illustrated in Figure 2.118. the first step reactive peciessuch as
carbon monoxide (CO) or hydrocarbonsH) in the gas phasare transportetb
thereaction zoneln the secod step, arbon containing moleculeiecompose on the
metal surface. These moleculaie cracked into reactive carbon atowisen trey
contact with the hot metaurface In the third step carbondiffuses through the
metal particleIn the last step, carbon precipitates aftér carbon solubility limit in
the metal is reached’he precipitation of carbon from the saturated metalgbart
results in the formation of tubular carbon solidish spf structure. The reason why
tubular formation is favored instead of othearbonforms such as graphitic sheets
with open edges is that a tubmontains no dangling bonds, therefoig,is
energécally stable[1, 3, 4].

ﬁ I: Mass Transport

Il: Adsorption and
Surface Reaction

|ll: Bulk Diffusion

IV: Precipitaion

l</

Substrate

Figure 2.13 Schematic representatiofthe CNT growth mechanisf@6].
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Depending on the metalubstrate interaction the growth of nanotubes can occur
either below or above the metatalyst.In the case of weak metal partidabsrate
interaction, the decomposition of carbon precursors occurs on the top surface of the
metal particle. Then, the diffusion of carbon through the metal takes place. The metal
bottom serves as a place whenanotubes precipitate out and the whole metal
particle is pushed up which causes the separation of metal and substrate. The
nanotube end remains stuck to the metal surface whileobgxon continues to
decompose.The nanotube lengtlextends as long ashdé top of the metal is
appropriate for further hydrocarbon decomposit When the metal particle is
compeletely covered, the activity wietal catalyst stops and the growth of nanotubes
finishes[27]. Thi s i s -gkmowrh amo dfetliop ( Fi gure 2. 14

\C Hy \E”H,/
\.C!H.,’/ H_-T M

Figure 2.14 An illustration of thetip-growth mechanisr27].

In the case of strong metal partidebstrate interaction, the initial decomposition of
hydrocarbon and the diffusion of carbon through the metal is similar tonthie
tip-growth model. On the contrary, the precipitation of carbon nanotubes can not
push the metal particle up. The metal particle remains attached to the substrate
surface In the first step, hydrocarboprecipitates at metal top anfbrms a
hemisplerical structure which is a favdi@ closed carbon structure anspherical

nanoparticle. Then, it continues to extend up as a graphitic cylinder. The lower
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peripheral surface of the metal particle serves as a place for the next decomposition

of carbon pecursor as carbon diffuses upwd&¥]. Meanwhile, a metal particle
becomes a base for a nanotube, -grdwthr ef or e
mo d €Higore2.15).

GH, .=

\CHy/ \Hy

—
I Substrate

Figure 2.15An illustration of thebasegrowth mechanis [27].

Tip-growth mechanism is found to be dominant during MWNT growth while-base
growth is dominant for SWNT formatidd].

2.5 Purification of Carbon Nanotubes

All methods for the CNT productiosuchasarc discharge, laser ablaticand CVD
technques mostly contain various impurities such as resiohehl particlessupport
material, carbon amoparticles, amorphous carbcemnd other undesired particles
[13, 15]. Theseimpurities present in CNT sample depend on the growth method and
reaction @rameters. The performance of CNTs can be influenced by these
impurities. It is important to remove these impurities completely froamotubes
using appropriate purification techniques for a high quality CNT sample. To achieve

a complete purification, a atbination of some chemical and physical techniques is
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essential depending on the nature of impurities. The important techniques for the
purification of CNTs are oxidation, lttasonication, acid treatment, annealing,

magnetic purificationfiltration, functionalization andcentrifugation13].

Oxidation: Oxidative treatment can be usedemowe carbonaceous impuritiessich
as amorphous carbdrom carbon nanotubes atal cleanthe metal surfacelhe dry
oxidation can be performed under an oxidative aphese such as air at high
temperatures (50050 U C )iquid-phase(wet) oxidation of nanotubes istrong
acids such as HN@ H,O,, HCIO;, HNO;+H.SOy, H,SO+KMNO, is another
oxidation method In wet oxidation,CNTs areusually refluxed in concentrated
HNOj3, H,SOy or KMnO, solutiors at mom temperature for 24 hour$he strong
oxidation inHNOs+ H,SO, is also possild[1, 13, 27 .

The impurities present in the product have more defects or a more open structure
compared tonanotubestherefore,the damage inmpurities is more than that in
CNTsduringoxidative treatmentThere aresomeparametergffecting the efficiency

and yield of the purification such as metal content, oxidation time and environment,

temperaturgand oxidizing agentL3].

Ultrasonication: In this purification method, products are placed into an acid
solution toluene or distilled wateand vibrated in an ultrasonic bathJltrasonic
vibrations separate nanotubes from othmarticles. After agglomerates of different
nanoparticles are vibratethey become moredispersd. The purity of CNTs is
dependable on the exposure time when using acid as a solvent. The nanotubes are
also affected when exposing to the acid for a long time, on the other hand, only metal

particles solvate in a short expostime[13].

Acid treatment: In this technique, metal particlesid support material are removed
by an acid treatmentafter themetal surface i€xposed to oxidation or sonication.
Metal particles present in the catalyst are exposed to acid and solvateelasv
nanotubes remain ia suspended formMostly used acids are nitric acid (HNQO
hydrofluoric acid (HF)and hydrochloric acid (HC)\When products are treated in

nitric acid only metal particles are affected while there is no effect on the nanotubes
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and other carbon particle$he use of nitric acid is an inexpensive and effectice
method for removing metal particles. On the other hael,acid slightly affects
CNTs and other carbon particles when hydrochloric mcigsed13].

Annealing: In this mehod, high temperatures9q0-160@C) result in the
rearrangement of CNTs and themovalof defects. The graphitic carbon and short
fullerenes also decompose due to high temperafdditionally, vacuum treatment

at high temperature can melt the metal particles and removeg18¢m

Magnetic Purification: This method is used for removing ferromagnetic catalytic
particles from theigraphitic shells. The CNT suspension is mixed with inorganic
nanoparticles which are generally Zr@HCl;, or CaCQ in an ultrasonic bath. The
ferromagnetigarticles are then trapped with permanent magnetic poles. Nanotubes
with a high purity can be obtained after a chemical treatid&ht

Filtration : This separation technique is based on the size or particle separation. A
filter can trap nanotubes and a amquantities of carbon nanopartisleOther
nanoparticles such ametal nangarticles nanospheres, anfillerenesare able to

pass through the filtgf.3].

Functionalization: In this technique, other groups are attached to carbon nanotubes
and CNTs are made more soluble than the impurities such as metal parfidies.
results in the easy separation of nanotubes femssoluble impurities by filtration.

The remaining nanoparticles armmorphous carbon can be removed by a slow
precipitation process whicincludes the addition of diethyl ether to a chloroform
solution of nanotubesThis leads to He precipitation of impuritiesThe purified
CNTs can be easilyecoveredby removing the functional groups using thermal
treatmentat 35@C and subsequeannedng to 90GC [13].

Centrifugation: Low-speed centrifugation is effective in the suspending of
amorphous carbon which leaves nanotubes in the sediment. On the other hand, high
speed centrifugation is effective in sedimenting carbon nanoparticles whereas it

leaves nanotubes suspended in aqueous rfig]ia
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2.6 Literature Survey

In the study of Kibriaet al. [28], carbon nanotubes were synthesized using Co

Mo/ MgO catalyst at three different react
Thesecatalysts were al ci ned at 400UGatmas piheme ratd u4
The synthesized nanotubes were muwtiled carbon nanotubes which were grown

from the decomposition of &, for 30 minutes bythe chemical vapor deposition

method.It was observed that the gridwtemperature influenced the growth density

and diameter of nanotubéekhe highest yield and the lowest diameter of CNTs were
observed at 700e¢ C .duartthermdre, Gthee Gighest aat@vpse c t | v e
densites of nanotubesvere synthesized at0 0 e C and 500et@as r espe
reportecdthat the origins of Co particleshich play an important role in the growth of
nanotubes at 500e¢eC, 3;O,0C0M00Q, andnChOMgO Dl C wer e
solution respectively. It was also realized that carbon yielcdreasedwith an

increase in reaction tim&EM imagesndicated cason nanotubesvith white spots

at ther endswhich were attributed to catalytic metal particldhese white spots

were a indicatorfor the tip growth nechanism

In the study of Shajahan et §9], MgO supported catalysts including Co and Mo
metals(5-40 wt.%) with a ratio of 1:1 were prepardxy usingimpregnation method.
The synthesized catalysts wer gatmosptheei ned
at 4 BNITEWere synthesized over these catalysts usjklg & carbon source at
800e C f oResulssshowedthat.the amount of metal loading highly affected
the production of SWNTs and MWNTBroductssynthesizedising5 and 10 wt.%
Co-Mo/MgO catalysts were SWNTs whereas-Mo/MgO catalystawvith 20, 30 and

40 wt.% produced MWNTSs. It was also found that Mo/MgO catalyst was inactive
for CNT synthesis whereas @#o/MgO catalysts yieldd a large amount of carbon
nanotubes. The yield of MWNTs grown over 40 wt.%-M@o/MgO catalyst was
576%.In Co-Mo/MgO catalyst, &arge cobalt clusters originated from {0g phase
during nanotube growth stage produced MWNTSs. On the other hand, SWNTs were
grown over small clusters of cobalt which may be generated from decomposition of

CoMoQO, during the nanotube growth stage
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In the $udy of Couteau et a[30], CaCQ was used as a catalyst support for the
growth of multiwalled carbon nanotubes. MWNTs were produced in a fbext
flow reactor at 728C from the decomposition of acetylehg CVD. In addition to
monometallic salt of Cd(), Fe(ll) and Fe(lll) they also used bimetallic
combinatiors of Fe(ll), Co(ll) and Fe(lll),Co(ll) asa catalyst over CaC@support
with a total catalyst concentration of 5 wt.%. Except for Fe(ll)/CaC@&mnarkable
amounts of CNTs were obtained using edltalysts. TEM mages showed that
samples containedanotubescatalyst and support material. No amorphous carbon
or carbonaceous particles were found in the products. MWNTs produced had well
graphitized wall structure with a few defects which are charistic for the growth
by chemical vapor deposition. One of the advantages of gaUfport was the
ability to be removed in orstep purification. Both metallic particles and catalyst
support were dissolved in diluted nitric acid (8% % HNOg3) which prevented

multi-steppurification processes

Kitiyanan et al.[31] synthesized SWNTs using @do catalysts with a high
selectvity depending on Cdo ratio. They used CO as a carbon precursor to
produce SWNTs at a t ke study itwas reortenl that théd 0 e C .
reaction time and temperature were important parameters affecting the selectivity
towards SWNTs. The GCblo/SiO; catalyst with a total metal loading of 6 wt % and a
Co:Mo molar rain of 1:2 showed a hig selectivity towards SWNTsOn the
contrary,Co metalalonewas not selective for SWNT production. A considerable
amount of MWNTs was produced over the catalyst including only Ccatmsyst

metal particles. On the other hand, theabyast including only Mo metal particles
could not produce any carbon nanotubkswas concludedthat the synergism
between Co and Mweesulted in higkyield CNT synthesisas they were present

together in the catalyst

Alvarez and his coworker$32] studial the effects of the change in catalyst

composition and reaction conditioits orderto increase the selectivity for SWNTs

using CO as carbosource The support material used for the catalyst was 8@

the reacti on t e mphercacinatio emparawe for h® eat@lysts
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wa s 5000C. Met al |l i c Co and Mo particle
investigatedIn the case osimultaneous presence bbth metals, especially in the
excess amount of Mo, the catalyss very effective for nanotulsynthesisAs only

Mo was present in the catalyst it was inactive for the production of nanotuoag. X
absorption spectroscopgvealedhat Co was reduced to the metallic form with time
although it was in the oxidic state at the beginning of Gdfmaion. In addition,

Mo was converted to the carbidic fomharing the formationlt was also concluded

that the reaction temperature and the CO concentration in the gas phase strongly
influenced the yield anthe selectivityof SWNTs. Furthermore, it was readd that

the carbon yieldledined with a risein reaction temperaturdue torapid deactivation

of the catalystat higher temperature§he amount of carbon deposit at lower
temperatures was higher than that of carbon depositgher temperaturett was

also observed that the main product was amorphous carbon at low CO
concentrations. The formation of SWNTs started with an increase in the CO

concentratiorandwas observed at longer reaction times.

Li and his coworkers[21] investigated the effects ofctve gecies FeCo
composition on the formation of nanotubeSNTs were synthesized from the
pyrolytic decomposition of g4, over FeCo/CaCQ catalysts at a temperature of
72086e catalyst was calcined at 500U0C ir
from the catalystlt was concludedhat carbon deposition rate and the characteristics
of nanotube crystallinity were greatly affected by tbatalysts stoichiometry.
Nanotubs synthesized over catalysts containing rietals had less amorphous
carbon when compared to nanotubes produced by monometallic Co/Cata{ysts.

It was also reportedhat he bimetallic FECo/CaCQ catalyst had higherigid of
high-quality CNTs when compared to Fe or Co monometallic catalyst under the
same reaction conditions. The maximum yield was achieved at the Fe/Co atomic
ratio of 2:1.No encapsulated particlegere observedn the nanotubeghich were
synthesized o the bimetallic catalyst F&€0/CaCQ whereas thenandubes grown

over monometallic catalysts often included encapsdipteticles. In additionthe

crystallinity of CNTs also increased wiéim increasé the Feamountof catalyst.
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In the study of Snjda and coworkerg33], a rotary tube furnace is used for a
continuous mass production of high quality CNTa ktw cost. Multiwalled carbon
nanotubes were produced at 66@ 0 e C by chemi cal vapor de
and carbon dioxide over supported Fe, Co, Ni catalysts alloysder to decrease

the cost naturally occurring calcite was used as a supdobrvas reported that
bimetallic FeNi and FeCo alloys showed a higher activity than mono metallic Fe,
Co or Ni foralarge scale CNT production. The reaction yield fosNteand FeCo
catalysts was 4 times higher than that for Ni and Co catalysts. Theycpodbout

1.2 kg of CNTs per day with a cost of less than $1 per gram. They synthesized CNTs
using sea urchin shell collected in Bodrumaasipport materialCarbon nanotubes
synthesized had a diameter smaller than 10 nm. It was concluded that CNTs had

good mechanical properties with a Youngds

Li et al. [25] produced MWNT bundles with N\Mo/MgO catalystusing methane
hydrogen mixturein a CVD process. The operation temperatioe nanotube
synthesiswa s 1 0 0 0 e;@Qvaswsed hse ineltl gas. The yield was 80 times
more than the amount of the catalyst before the synthiRsssiltsindicated thathe
purity of asprepared MWNTs was over 97% as the reaction time was over 60
minutes. The diameters of CNTs weanethe range 0D-20 nm.It was alsareported
thatthe main reason for the high yield was the synergism between Ni and Mo. Ni
Mo/MgO catalyst increased carbon diffusion the catalystmetal particles and
resulted ina high yield. This catalyst was found to be suitabletlierlargescale
CVD production of MWNTSs with high quality.

Dervishi et al.[34] produced higkguality MWNTs on FeCo catalystusing CVD

method. They used CaG@nd acetylene as a support material and carbon precursor,
respectively. Carbon nanotubes were synthesiced@ 20e C i n a nitroge
It was reported that partial decomposition of CgQG6€sulted in two groups of

MWNTs with different outer diameter distributions. Cagd®composednto CaO

and @O, at the temperaturehich wasclose to the growth tempera¢uof MWNTS.

Due to thisthermal decompositigrFeCo/CaCQ and FeCo/CaO were together in

the synthesis process. Since the surface areas of CaO and WexeQ@lifferent from
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each other metal clustersitiv two different sizes formedCNTs with smaller
diameder were synthesized overfa®/CaO whereas nanotubegh larger diameter
were grown over F€o/CaCQ catalyst. Furthermore, only a singdeep acid
washing required for highurity MWNTs made F&€o/CaCQ catalyst veryeffective

for alarge scale produan of highquality MWNTS at low cost.

Qingwen et al[22] studiedtheimportance of the catalyst asdpportinteractionfor

the CNT production bythe CVD method They used porous MgO as a catalyst
support forthes ynt hesi s of SWNTs tradaspheBe5 Megh@he under
hydrocarbonsource was fed into the system for 30 miDifferent metal particles
(Co, Fe, Cu, Mo, Mn and Ni) were used instetudy SWNTs could be produced
with desired diameters, less impurities and higher yields by contrdiengynthesis
conditionssuch as temperature, gas flow rate, and catalyst and support malterials
was reported thahe quality of SWNTs synthesized over MgO support was higher
than other support materials such as ;SIEXO,, Al,O0;3 and CaO, etcWith the
treatment of products in 4 M HCI, high purity CNTs were obtained (9086)his
study, MgO was found to be a promising suppadrt terms of low cost and easy

purification in mild acid which resulédin less damage iIGNTs

Colomer and his coworkef85] repoted a largescale production of singlealled
carbon nanotubes by catalytic decomposition of mettatn@00@C over well
dispersed metal particl¢€o, Fe and Cd-e) supported on MgOHydrogen was the
carrier gas in this catalytic chemical vapor deposition (CCVD). In order to obtain
high-purity SWNTs the support material was easily removed by a simple acidic
treatment After purification procesghe purity of SWNTs wafound to be 7680%.

In the experimentsl g of SWNTs was produced per da&mall amounts of
impurities like MWNTs, amorphous carboand metal particles encapsulated in
nanotubesvere observed iISWNTs The diameters of SWNTs were in the range of
1-5 nm.

In the study of Murakami et .gB6], catalytic activities of Co and Fe in the formation

of SWNTs usingthe®WDMtechniquewnere analyzed and compared. Ethanol
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and 30, werethe carbon source and support material, respectively. The synthesis
time was 30 mintes The changes in catalystggursors (Coand Fe acetate) were
anal yzed at three different stages. The
but before the synthesis temperature (80
the synthesis temperature in Ar angfléws, but before starting the CNT synthesis.

The last stage was after the growth of CNXRD results revealed tha€Co and Fe
precursors converted to ¢ and FgOs at the first stage, respectivebjt the

second stage t hey wer e i-Co andhiCeO, mdhaGs. At thedihal b
stage, t h e yCo ard &g5iQ.e réspectively.tRamanand TEM results
revealed thafFe catalyst had a poor yield of SWNTs while Co catalyst was very
effective in the production of SWNTs with a high yield. The catalytic dgtwias
prevented as Fe reacted with the supporting material ®8i@orm the silicate. In
addition, both Co and Fe catalysts were able to synthesize SWNTs with high yield
when catalyst support was MgO. In the light of titigould be said that the catéty

ability was influenced by the reactions between catalyst precursors and support

materials.

Gulino et al.[37] reporteda large scale production of higjuality CNTs by CVD

method using ethane acarbon source over Fe/f); catalyst.Synthesized catysts

were <calcined in air at moferm lofetheecatadyst 4 50 U
precursorThe metal loading was 20t.% and the synthesis temperature wée @ C .

It was reported that 20 grams of CNTs were synthesized per one gram of catalyst in

one hour. These products did not contaiany other impurities such as amorphous

carbon and consisted of only MWNTs having homages diameters between 20

and 40 nm. The lengths of CNTs were several hundred nanomaténss study, ti

was observedthat ethanewas an active carbon precursor for the production of
MWNTs with a high yield and selectivity at relatively low temperatu(@s0-
750eCAs the reaction temperature was hig
soot and carbon nanoparticles present together agithon nanotubedt was also
observedthat H, was an important factor in thi@rmation of nanotubebecause

graphite cold not encapsulate the catalytic site in the presence of hydrelgieh
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prevented deactivation of catalytic sites during the synthesis. A mixture of
metastable iron carbide ()  a-Redwastdund to bethe active phase for CNT
production. Furthermoreh¢ specific surface area of MWNTSs after purification was
in the range 0100-160 nfg™.

Magrez et al.[38] synthesized mukwal | ed car bon nanotubes
acetylene and argon as carbon source and inert gas, respedtiweyg. concluded

that FeCo and FeNi were the most effective catalysts among the family ofMe

(M = Co and Ni) alloys. The growth of CNTs was significantly affected by the CO
produced by the thermal decomposition of Cag@ich was used as a support
material. The growth of anotubes was enhanced by the interaction betwgkn C

and CQ. This interaction als@wausedthe growth of nanotubes over unfavorable
substrate materials and @latively lower temperaturedn the lack of CQ, only
amorphous carbon wadbservedn the themal decomposition of #,b el ow 600 ¢ C.
In this study, tiwas also reported that catalytic efficiency wabasted by water

assisted growthThe watefrassisted growth resulted in dense CNWih narrower

diameter distribution and thus in a higher averageding modulus. It was also

reported that CaC{s an appropriatsupport material for both higfield MWNTs

and SWNTSs.

Mortazavi et al[39] studied the effects of the reaction temperature and Pd addition
to Fe as a ceoatalsyton the CNT production.Carlon nanotubesvere produced at

920 and 978C using methane as carbon sourcewdis observedhat as Pd was
added to Fe as a -<matalyst the yield of CNTs increased whereas the quality
decreased. It was also realized that nanotubes and fibers in different types were
synthesized with an increasethre Pd/Fe ratio. Moreover, TEM imag&isowedthat

the addition of Pdinto the catalst led to the tipgrowth of nanotubesRaman
spectroscopyesultsrevealedthat the &/Ip ratio of the products which indicated the
structural quality of sample increased the reaction temperature decreased. The
productswere SWNTswhich wereproduced at 928 at higher concentration of Fe

metal
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In the study of Lyu andhis coworkers[40], high-quality SWNTs were produced in
large quantitiesusing FeMo/MgO bimetallic catalyst byhe CVD method. Ethylene
was the carbon precursor and decomposed at a tenmeecat80@C. The products
were mainly composed of SWNTs with a diameter of22& nm, a few DWNTs and
a small amount of amorphous carbon. The vyield of theyathesized SWNTs was
high with a value of 550%Tl heseresultsrevealed thaethylene was an apmpriate
candidate for the synthesismdnotubs with a high quality. Furthermore, they could
not achievea high yield of SWNTs usinfe or Mometalsseparatelyas acatalyst at
the same reaction conditions. It waentionedthat Fe and Mo mixture was muc
more effective in the SWNTgrowth The weight ratio of Fe:Man the catalyst
structurewas 1:0.1. XRD resultsxdicatedthat metal oxide catalysts were effective

in thelargescale SWNT production.

In the study of Lee antis coworkers[41], the effecs of the catalyst onthe CNT
production by chemical vapor depositiorens studied. Thecatalyst influence the
grow rate,nanotubediameter and crystallinity. As a result, it could be said that the
activity of catalyss was in the order of Ni>Co>Fe wherethe average diameter of
synthesized CNTs was in the order of Fe>Co>Ni. The crystallinitycavzbon
nanotubse were significantly affected bythe catalyst used while nanotubes had
almost the same morphology. CNTs synthesized bgdr¢ainingcatalyst had a
higher crystallinity than that by Ni or Co catalysks.addition, he size of catalyst
particles and especially the diffusion rate of carbonthe catalystwere two

importantfactorsdetermining the growth rate of CNTSs.

Liu andhis coworkerg42] synthegzed highquality SWNTs using Fdo bimetallic
catalyst supported over MgO by the catalytic decomposition of acetylene at a
temperature range of 8@500C. The CNTs produced included few defects and
small amount of amorphous carbon coating. The yield was aboutT2@86liameters

of SWNTs were in the range of 0-2043 nm. Compared to &D; support the large
scale and higiyuality synthesis of SWNTs withmsller diameters was possible with

the use of MgO support by the decomposition of acetylene. In addition, it was
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concluded that the increase in the temperature slightly increased the yield of SWNTSs;
on the other hand, it did not affect the morphology efdabsynthesized SWNTSs.

In the study of Kathyayini anklis coworkerg43], a mixture of FeCo catalysts over
aluminum hydroxide support was used to find out the right combination of catalyst
and support to produce CNTstiwhigh quality and quantityl'he activity of catalyst

and support material was investigated in the synthesis of nanotubes by catalytic
chemical vapor deposition. They producethotubs in a horizontal tubular furnace

at 70@C. Nitrogen was used as a carrier gas while acetylene wasathen
containing gasResults showed thathe preparationmethod of the support and
catalystsupport mixture significantly affected the yield and the nature of nanotubes
grown Also, the surface properties of the support played an important role in the
qualty of CNTSs. It was realized that a large surface area for catsuygiort mixture

is not sufficient to synthesize higtuality CNTs. The yield of carbon products was
between the values of 24 and 319 % with respect to the initial weight of the catalyst.
TEM images showed that CNTs produced were MWNTs. Furthermore, they
suggested that commercial crystalline Al(Qldying low surface area and porosity
could be an appropriate candidate as a support material for Fe and Co salts for

large-scale highquality ONT production.

In the study of Kathyayini et aj44], the role of Ca and Mg oxides, hydroxides and
carbonates as catalyst suppdysthe catalytic chemical vapor deposition (CCVD)
was studied fora largescale CNT synthesis. Fe, Co and-Ge@ mixture wee
catalystsusedin this study Ethylene and acetylene were two different carbon
sources while Blwas used as a carrier gas in a horizontal tubular furnace. The
reaction temperature was @ Resultsshowedthat almost all of catalystupport
combinationswere active for CNT synthesis. On the other hand, diffe@NT
synthesis conditions such as carbon source, the nature of interaction between metal
particles and support resulted in different quantity and quality of nanotubdse Co
metal particles supptad eithetCaCQ or MgO gavethe highest yieldHowever,the
yield of Femetal particlesupported on thesaipportsvasverylow. It was observed
that Cowasmore active than Fé\fter the experimentshe productsontained only
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MWNTSs. The support matexi and metal particles could be easily removed from the

sample byasimple HCI treatmenfor pure CNTs

Li et al. [45] compared different catalyst systemrsd hydrocarbon® optimizethe

production of carbon nanotubgstheir study They used CaC{supmrted FeMo,

Co-Mo or Ni-Mo metabas catalystSy nt hesi zed catalysts wer
remove nitrates from the catalysts. In this wahie highest CNT yieldvasobtained

by chemical vapor deposition f acetyl ene &b mata Pagicles usi ng
supported orCaCQ. On the other hand, catalysts containingMi@ metalsgave a

better crystallinity of nanotubes. It was also reported that higher CNT yields were
achieved by unsaturated hydrocarbonshaag acetylene whereas highly graphitized
nanotubes having fewer walls wefermed by saturated hydrocarbons such as
methaneThe purification of the aproduced MWNTSs was carried out by one single

step using diluted HCI solution with sonicatioAdditionally, phenomenological

growth mechanisms for CNTs were suggesiefore reactionCo and Mo existed

in their oxide forms. Aftehydrocarborwas fed into the reacto€o became metallic

while Mo became carbiddhe large Co metal particlgmrticipatein the formation

of MWNTs. Co was the active metal etteasMo played two different roles in the

nanotube formatianlt took part inthe breakup of hydrocarbon moleculédso, it

behaved likea secondary support for active mei@o, Fe or Ni).
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2.7 Objectives of the PresentStudy

In most of the literature studigd variety of production methods for the synthesis of
CNTswere utilizied In addition, different types of metals and support materials are
used for the preparation of catalysts which are employethégrowth of carbon
nanotubes bythe CVD method. However, studieeelated with Co-Mo/CaCQ
catalystand the effect of the @ilo weight ratio on the CNT productioare very
rare in the literatureAlso, there is not any published information in the litara
related to the effects of the catalyst calcination temperature on thehgema
morphology of nanotubedMoreover, surface characteristics of CNTs are barely
studied in the literature.

The objectives of this study were:

1 Todesign anatonstruct an gxerimental setup to produce carbon nanotubes

1 To synthesize Gdo/CaCQ catalyss at different calcinationtemperatures
andCo:Mo weightratios

1 To producecarbon nanotubessing acetylene gas as a carlsmurce over
Co-Mo/CaCQ; catalysts
To purify thesyrnthesizedCNTs

1 To investigate the effects of reaction temperature, catalyst calcination
temperatureCo:Mo weightratio in catalyst andnlet acetylenecomposition
in argonon the yield and thenorphologyof nanotubes

1 To characterizeCo-Mo/CaCQ; catalysts ad synthesized carbon netubes
using X-ray Diffraction (XRD), Energy Dispersive Xay Spectroscopy
(EDS), Scanning Electron MicroscopySEM), Transmission Electron
Microscopy TEM), X-ray Photoelectron Spectroscopy (XPS), muplbint

BET, Thermogravimetd Analysis TGA) and Raman spectroscopy methods
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CHAPTER 3

EXPERIMENTAL

The ains of this study were to synthesize -®wn/CaCQ binary catalyshat different
Co:Mo weight ratios and calcination temperaturescharacterize theynthesized
catalyss, to produce carbon nanotubes using-Ko/CaCQ catalyst from chemical
vapor deposition of acetylengas at different reaction temperatures and inlet
acetylene compositions, to purify the synthesiZ&l's and to characterize purified

CNTs. The experimental parof this studyweresummarized in 4 groups

i.  The synthesis of GdMo/CaCQ catalyss
ii.  The production of CNTs
iii.  The purification of CNTs
iv.  The characterization of purified CNasd synthazed catalysts

In the first part of the experimental worketleatalyst for the CNT production were
synthesized at different Co:Mo weight ratios and calcination temperatarékse
secondpart, carbon nanotubegere producedover the synthesized @do/CaCQ

binary catalysts from the catalytic decomipios of acetylene atiflerent reaction
temperatures and inlet acetylene conipass. The third part of the experimental
work covered the purification of the synthesized nanotubes. The last part focused on
the characterization of the purified CNTs with XRD, SHDS, TGADTA, TEM,
Raman spectroscopy and migbint BET surface measuremeand the synthesized
catalysts with XRD, SEMEDS, TGADTA and XPS.
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3.1 Catalyst Preparation

Catalyst preparation is one of the most important parts of the carbon nanotube
production since theatalyst greatly affects the nature and the yield of CNTs. The
type, the morphology, the lengténd the diameter afanotubs significantly depend

on the catalyst used for synthesis.

In our study, bimetallic GéMo catalyst over calcium carbonate (Caff(5igma
Aldrich, P99.0% support was chosen b usedfor the CNT productionThe source
of cobalt was cobalt (I) acetate tetrahydrate [{CBO)C o L ®JHSigmaAldrich,
98%) whereas ammonium molybdate tetrahydrate [ho,O.4L 4,6 (Fluka,

P99.0%) was sed as a molybdenum source.

An impregnation method was usem prepare bimetallic GMo/CaCQ catalysts in

which the CoMo weight ratio was kept at three desired ratidgl4, 2.30 and 6)

whereas total metal loading whept at9.29 wt.%. According to thedesired Co:Mo

weight ratis, determined amounts (CH;COO)C o L 20 ldnd (NH)sM0;O,4 4,6
wereseparatelyissolved in 10 ml distilled water and stirrled a magnetic stirreat

500 rpmand 300C for 30 minutesThe amounts of th¢CH;COO)C o L0 knd
(NH4)sM07024= 4,8 compoundausedare given in Appendix AAfter this step, the

solutions were mixed drop by drop and stirred together for 60 minutes to have a
homogeneousmixture. Then, this mixtw was added into a beaker in whith g of

CaCQ was dissolved in 80 ml distilled water and stirred at 500 rpm atd 8% 2

hours. The resulting mixture was placed
continuous stiing at a rate of 500 rpm fdrday. Moreover, he catalyst was further

driedin an ovena t 120eC overnight in order to re
was calcined at three diff erCalonatiotveasnper at
performed in a tubular furnace. The catalystsvheated from room temperature to

the calcination temperature withaad heat.i
kept at this temperature for 8 hours at dry air atmosplsstehesis parameters for

Co-Mo/CaCQ; catalyst are given in Table 3.1.
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Table 31 Synthesis parameters for Gto/CaCQ; catalyst

Cowt% | Mo wt.% Tea (6C)
2.82 6.47 500
2.82 6.47 700
2.82 6.47 750
6.47 5 82 500
6.47 582 700
6.47 2.82 750
7.96 1.33 500
7.96 1.33 700
7.96 1.33 750
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3.2 Experimental SetUp

The production of carbon nanotubes was carried out in the experimental setup shown
in Figure3.1 In the CNT synthesis,rgon (OksanP99.99 wasusedas aninert gas

while C;H, (Oksan P99.9) was the hydrocarb@ource The inlet flow rates of these
gases were adjusted using mass flow controllers which were calibrated and related
calibraton curves were given in AppendB To measure the actual inlet and outlet
volumetric flow rates of argon and acetylene two soap bubble meters were located in
the system before and after the quartz readbese gases were connected to a
vertical quartz ube through copper tubing with a diameten of iThe. pressure of
argon and acetylengaseswere adjusted taesired pressurassing regulators.The

CNT growth took place on a porous glass located at the centlee wértical quartz
reactor The length 6the quartz reactavas 14 cm while its diameter was 22 mm.

The catalystvas placed on the porous glasghe desired reaction temperatwvas
reached with the help of thebularfurnace (ProthermPTF 16/50/450 The inner
temperature of the reactor wameasuredisinga ceramicthermocouple plasd at the

center of the reactor. Through a temperature readout connected to the thermocouple
the temperaturevas observed A 3-way valve wasused to by-pass andadjust the

inlet volumetricflow rate of acetyleneas just before the reacti@tarted A water

bath was utilized to cool both ends of the reactor.
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Figure 3.1 Schematic representationtbi experimental setup

3.3 Experimental Procedure

In this work, carbon nanotubes wergnthesized using Cbo/CaCQ binary
catalyss by the chemical vapor deposition. The CVD growth of nanotubes was
carried out in a temperature range of 0 0 e C f or 150 minutes

pressure.

For the CNT synthesi®0 mg of catalyst waweighed andiniformly placed orthe
porous glassBefore and after each run, the experimental system was purged with
high-purity argon gasvith a flow rate of 100 #min in order to remove oxygen from

the systenuntil the reaction temperature was reachdue pressure of the argon and
acetylene gasesassd to 3 barwith the help of the regulatorddeanwhile, the
furnace was heated tthe desiredreaction temperatue with a heating rate of

80C/min. The acetylene gas was fed into teactorwith the help of the threway
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valve at desired volumetric flow rates as the furnace temperature reached the reaction
temperature. The argon flow rate was decreased to ensure a total inlet flow rate of
100 ml/min during the reaction. After a reaction time of 150 minutes, the acetylene
gas wasshut offand argon was fed into the systagainwith a volumetric flow rate

of 100 ml/min in order to purge the system after the reaction. Then, the furnace was
cooled down to the room temperature with a rate @E/min. Finally, the products

werecollected andveighted.

Experimental condition®r thesynthesiof carbon nanotubesegiven in Table.2.

Table 32 Experimental condition®or CNT synthesis

Inlet acetylene

Run No. CO:M? w Ta( eC) Twm( eC)| composition

ratio in argon (%)
1 0.44 750 750 20
2 0.44 750 750 50
3 0.44 750 750 30
4 0.44 750 700 25
5 0.44 750 800 25
6 0.44 750 1000 25
7 0.44 750 500 25
8 0.44 750 600 25
9 0.44 500 700 25
10 0.44 700 500 25
11 044 700 600 25
12 0.44 700 650 25
13 0.44 700 700 25

45



Table 32 Experimental conditions for CNT synthests@ n)t 6 d

Inlet acetylene
Run No. Co:M.o w Tea( € C) Txn( € C)| composition
ratio in argon (%)
14 2.30 500 700 25
15 2.30 700 500 25
16 2.30 700 600 25
17 2.30 700 650 25
18 2.30 700 700 25
19 2.30 750 500 25
20 2.30 750 600 25
21 2.30 750 650 25
22 2.30 750 700 25
23 6 500 700 25
24 6 700 700 25
25 6 750 500 25
26 6 750 600 25
27 6 750 650 25
28 6 750 700 25
29 6 750 700 10
30 6 750 700 15
31 6 750 700 20
32 6 750 700 30
33 6 750 700 25

Blank experiments were also carried out in order to determine the actual weight loss
of the catalyst These experiments were performed under the argon atmosphere
without a carbon source by folling the procedure given above.
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34 Purification of CNTs

The assynthesized carbon nanotubes were purifirdone singlestep purification
processaccording to the procedure described byt al.[21] to remove impurities
such as metal particles and sagpmaterial.This purification process was modified.
CNT samplewas placed in a diluted nitric acid (HNp[Merck, 65% ext@ puré
solutionand sonicatedor 1 hourat room temperaturdhe concentration of HNO
was kept atiround20 (v/v) % by adding 100ml of HNO; solution into200 ml of
distilled water The mixture was then filteredhd washed with distilled watelcastly,

it was dried ail200C overnight.

3.5 Characterization of Carbon Nanotubesand Synthesized Catalysts

Characterization techniqueseawery significant for carbon nanotechnology to
investigate the physical and chemical properties of materials and to evaluate their

potential in applications.

The synthesized catalysts and CNTs were characterized using XRD;ESBM

TEM, TGA, XPS multi-point BET and Ramaspectroscopy analyses to determine
the crystalline structures, chemical compositions, the shapes and dimensions of
nanotubesthermal behaviors, surface areas, pore size distributions and nitrogen

adsorptiordesorption isotherms of tHeNTs.

3.5.1 X-Ray Diffraction (XRD)

The crystal structure of synthesized catalysts and carbon nanotubes before and after
purification was identified using XRD. Is also very useful to determine sample
purity. The successafy nt h e s i pugfidatiofislalse @nderstood by XRD.

XRD analyses of purified CNTs and synthesized catalysts were performed in a Bragg
angle range of X100 eusing Rigaku D/M\X2200 diffractometer with a Gy

47



radiaton source and a scanspee@oA/ mi n. The voltage and

and 40 mA during the analysis, respectively.

3.5.2 Scanning ElectronMicroscope (SEM)and Energy Dispersive Xray
Spectroscopy (EDS)

SEM analyses were performed for imaging purified CNTs and synthesized catalysts.
Moreover, morphological properties of carbon nanotubes and their dimensions were
studied using SEMEnergy Dispersive Xay Spectroscopy (EDS or EDX) is a

chemical analysis technique used for the elemental analysis or ch¢@tcab].

SEM and EDS analyses of thpurified carbon nanotubeand synthesized catalysts
were conductedusing a QUANTA 400F Field Emision SEM instrument. The
samplesvereuniformly placed on a carbon tape acohted with AuPd alloybefore
the analysigo have an electrically conductive surfabeameterrangeof CNTs was

found by using a set of 20 CNT diameter data

3.53 Transmission Electron Microscope (TEM)

TEM analysis endlksto determine théype,structure andsize ofcarbonnanotubes
TEM images of the purified CNTs webtained usingEOL JEM 2100F 200kV
HRTEM instrument. Before the analysis, CNTs &atispersed in ethanol and
sonicated for 15 minuteShen, a few dropsf suspensionvere placed on thieoley
carboncoatedcopper grid and dried.
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3.5.4 Thermal Analysis (TGA and DTA)

TGA measures the change in the mass of a sample as a function of temperature or
time. In differential thermal analysis (DTA), the sample ardinert reference are
exposed to the same thermal cycles. Then, temperature difference between the
sample and the reference are recorddée amount of impurities, i.e. residual tale
catalysts, amorphous carbopresent in carbon nanotube samples care
quantitatively determined using TGA. In additidhermal analysesan be used to
obtain the thermal behavior and thermal stability of the purified Cldid
synthesized catalysf&1].

Thermal analyse®f purified carbon nanotubesind synthesized catatgswere

carried outusingShimadzu DTGOH instrument.Under an air flow of 100 ml/min,
nanotubesvere heated t800 A €om room temperaturaith ar at e o f 8AC/ 1
Thermal analyses of the catalystere performedunderair atmosphere with a flow
ratcof DO ml / mi n. The temperature was raise

with a temperature rate of 10eC/ min.

3.5.5X-ray photoelectron spectroscopy (XPS)

The chemical state of the catalysts and the compounds present on the catalyst surface
after calcinationwere characterized using-pay photoelectron spectoscopy. XPS

data of synthesized catalysts were recorded orCSPEA 300 with monochromatic
AlKgX-r ays. The spot size used was 100 Om
117.40 eV.

49



3.56 Multi -point BET Surface Analysis

Physical properties of the CNTs, such as pore size distribution,-poutti BET
surface area, nitrogen adsorptidesorption isotherms, average pore diameter and

pore volumeareobtained withnitrogen adsorption techniq(i47].

Multi-point BET surface analyses ofrban nanotubes were conducted using
Quantachrome Autosoi® instrument. Before the analysis, 50 mg of sample was
driedat120C over ni ght and degas sovamoistorefromd hour
sample poresNitrogen adsoption/desorption were obtained in a relative pressure

range of 1d to 0.99 at liquid nitrogen temperature of 77K.

3.5.7 Raman Spectroscopy

Raman is frequely used for the determination of the presence of different carbon
types (diamond, graphite, amorphous carbon, nanotubes, etc.) and their relative
proportions.It is a qualitative tool used for the detection of CNTs in bulk samples
and for the study of theanotube structure. All allotropes of carbon are such as
diamond, amorphous carbon, fullerenes and CNTs are Raman active. The vibrational
frequency of molecular allotropes of carbon can be determined using Raman
spectroscopy. According to the3sand sp configurations of carbon the position,

width and relative intensity of Raman peaks are modj2€d22, 25, 28, 48].

Three spectral regions are important to characterize CNTs. These regions are the
radial breathing mael (RBM), the tangential mode {nd) and the disorder
induced mode (Bband). The RBM peals characteristic peator the SWNTs and
correspond to tube diameter of 0-:8.2 nm. Radial Breathing Mode is usually
located between 75 and 300 tmiThe D-band corresponds to the defects and
impurities in the CNTs while the Band is associated with the stretching mode of
the GC bond in the graphite plane. Theb@nd is usually located between 1280 and
1360 cnt whereas the ®@and is usually present between 1500 and 160% &y
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deconvoluting theG peakanot her band (DO0) can be obs
1610 cm. The origins of the D6 band are di ¢
structure and the finite size of the crystalline domains. In the Raman spectrum of
MWNTSs, another observed band loed between 250 and 800 cmi' is 2D band

which is secod-order harmonic of the band The 2D band is highly dispersive and
attributed to nanot.utlisemddeed & de oharacterifticaf r y s t
MWNTs [20,22,24,29, 49].

The ratio letween Gband and Eband (b/lg) is a good indicator of the quality of
carbon products and it can be considered as a direct measure -Gtructlired
morphology of CNTs. In the case of similar intensity values of these two bands it can
be said that therés a high quantity of structural defects. The low/ld value
represents a wetiraphitic structure of CNTOn the other hand, the presence of
well-graphitized CNTs can be observed in the case of a higien@ intensity than

that of D-band.The presencef a strong Dband is either associated with amplaous
carbon on the CNT surface or relatively low crystallization degree of CNT arrays
[20,28].

In this study,Raman spectroscopy anatgf purified nanotubesvere performed
using FRA 106/S Ramanscopé équippedwith a laser 632 nm) as excitation

source
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CHAPTER 4

RESULTS AND DISCUSSION

In this study, bimetallic Gdo loaded CaCe@ catalysts weresynthesizedusing
impregnation method and characterized using XRD, $HM, thermal analyses
(TGA-DTA) and XPS techniques. Carbon nanotubes waeproduced at different
reaction temperatures and acetylene iotehpositionsn argonover CeMo/CaCQ
catalysts The synthesized nanotubes were purified and characterized using XRD,
SEM-EDS, TEM, themal analyses (TGADTA), multi-point BET and Raman

spectroscopy techniques.

4.1 Characterization Resultsof Catalysts

4.1.1 Thermal Analysis Results

The thermal behavior and stability of pure andtal loaded CaCf{catalystswere
characterized using TGAnd DTA techniques in order to determiappropriate

calcination temperatures ftire synthesized catalysts.

Figure 4.lillustrates the weig loss profile of pure CaC@ as a function of
temperatureAt lower temperaturesa minor weight loss wasbserve. This weight
|l oss starting at a temperature of around
water present in the CaGQmaterial. This corresponded to a wadidlss of
approximately 3.1vt.%. A majorweight loss between 600 and 6@was attributed
to the thermal decomposition of the CaZe products of which were G@nd CaO
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[30]. The weight loss profile indicates that the malsp in the catalyst is

approximately 44vt.%.
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Figure 41 TGA andDTA profiles of the pur€€aCQ (red: TGA; blue: DTA)

Figure 4.2givesthe weight loss profile of the catalyst synthesized at a Co:Mo ratio
of 6 which was calcined at 5080. It showed a similar weight loss profile to that of
the pure CaCe@ The minor drop in the weight of the catalyst corresponding to the
water removal was observed up to a temperature cdG3(®4]. The main weight
loss of the catalyst occurred between tdmaperatures of ® and A00C because of
the decomposition of CaG0nto CaO and C@ This decomposition resulted in a

weight loss 0f39.3wt.%.
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Figure 42 TGA andDTA profiles of the catalyst with a Co:Mo ratio ®and a
calcination temperature of 580 (black: TGA; red: DTA)

The weight loss profile ahe catalyst with a Co:Mo ratio of 6 which was calcined at
700C is illustratedin Figure 4.3 An additionalweight loss was present between
330C and4200C. Thisweight loss in thecatalyst was associated witbmoval of
acetate from Co source and nitrates from Mo so[#4¢ This led a weight loss of
approximately 85 wt.%. Furthermore, the weight loss profile indicatthat the
weight of the catalst wasreduced by 3.5vt.% between 500 and 660. This was

due to decomposition of CaGO
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Figure 43 TGA andDTA profiles of the catalyst with a Co:Mo ratio obéd a
calcination temperature of 780 (black: TGA; red DTA).

Figure 4.4reveals the weight loss profile of tlvatalyst with a Co:Mo ratio of 6
which was calcined at5PoC. This catalyst has a weight loss profile similar to the
catalys$ with a Co:Mo ratio of 6 which was calcined at @30The firstweightloss
originating from the evaporation of watap to 30@C was about 1.5wt.%. The
second peak attributed to the weight lopsto410e @vasduethe acetate and nitrate
exhaustion from the catalyst. The mass of the catalyst is decreased by approximately
18.5wt.%.

TGA and DTA profiles of the other synthesized catalysts are given in Appéndix
Similar weight loss profiles were observédr these materials with the same

calcination temperatures
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Based on these results, the synthesized catalysts with dtfi@éceMo weightratios

were calcined at three temperatures (500

effect of catalyst calcination temperature on the yield of CNTSs.

DX oA TGA OTA
g W v

Xl

00 -

Temp [C]

Figure 44 TGA andDTA profiles of the catalyst wita Co:Mo ratio of &nd a
calcination temperature of 780 (black: TGA; red: DTA)

4.1.2 XRDAnalysis Results

X-ray diffraction patterrand dateof pure calcium carbonatEre givenin Appendix
D.1.1 and D.3.10 get information about its crydtstructure and compare it with the
catalysts synthesized tiree different Co:Mo ratioand calcined athree different
temperaturesXRD patterns of the Co and Mo impregnateédCQ catalysts are

given inFigures4.54.8.

In Figure 45, XRD pattern ofthe catalyst having a Co:Mo ratio 6fwhich was
cal ci ned shown 5He eaks ati Bsagg angle values of228., 56 9 .
3614e, 789 3B 3 .65¢ 7 .664e¢thd all the peaks after the Bragg angle values
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of Ierigedto CaC® The peaks observed at Br ag:
2890e , 33b aAnd 58180 was attributed to the presence of CaMd29-035]) in

the catalyst structure. CoO (D419) which wasconsideredto be one ofthe Co
sourcecandidates n t hi s catal yst wa3s4.(BOS%gand ed at
5757¢[36]. The peak appearing at 28e might be associated with the presence of

CoMoO, (25-1434 [50]. Moreover, M@C (71-0242) might have a peak at a Bragg

angle of 3.57¢[28, 32]. XRD data ofCaMoQ,, CoO, CoMoQ, andMo,C aregiven

in AppendixD.3.
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E . CaMoQ4
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Figure 45 XRD pattern of theatalyst with a Co:Mo ratio @ and a calcination
temperature of 5QC.

The Figure 4.6epresents the XRD pattern of the catalyst with a Co:Mo ratio of 0.44

whi ch was cal T™e peakd aRadt v7a0 QueeG o f 23. 08¢,

39. 42¢, 43.20¢, 57.1a¢, 608 X OR%e @UTFQ e,
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somepeaksin Bragg angle range &0-1 0 @otresponded to CaG@eaks Besides

CaCQ; Ca(OH) (04-0733) the origin of which is the maformation of CaO due to

easy water absroption of CaO inairas observed at Bragg ang
28. 74¢, 34.12¢, 47. 10e¢e, e, B4BANU3. GMMe 40¢,
9 9 .. D6 the other hand;aO (481467) might bealso present 8373 6[PI1, 30,

38]. The peaks observed at Bragg angl@.16 6 ¢ , 31281 37244 d 2 ¢ , 39. 4
45. 481649287 . 54 . 12¢, 5578 @andey 9 . 54 e5Wer e7 ass
with CaMoQ, (290351) The peaks appearing 4@and2d val
57.44e¢e corresponde q750409)ir tieeatatyst. énsadditianéo o f C
cobalt oxides, metallic C§39-4308) might be presentat 474 6 [d4]. Mo,C (71

0242)might have a peak at a Bragg angle valug%42J The peakappearingata 2 d

value of 23.8e might be attributed toMoO3; (89-1554) [28, 50]. XRD data of

Ca(OH), CaQ and MoQ are given in Appendip.3.
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Figure 4.6 XRD pattern of the catalyst with a Co:Mo ratio of 0.44 and a calcination
temperature of 7@C.
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In Figure 4.7 XRD pattern of the catalyst with a Co:Mo ratio of 2.30 which was
calcined at 700eC i s meq Braggamgke ealues off he p
23.0(k 29.4% 35.98 39.42 43.18 47.12 47.4024 8 . 5 2 ¢ ,60.56e764.665 ¢ ,

84.8®& 94.8@&andsome peaks in Bragg angle range ofl60 0 U wer e assocCi &
CaCQ peaksCa(OH) (04-0733) wasalsoobserved at Bragg angle values of #8.0Q

28.74 3414 eA7.12e 50.82 54.3% 62.62 64.04 71.7& 93.06and 9868 The

peaks belonging to CaMa(Q29-0351) were observed at e , 42 8 .1483¢4,.

39.42 4712 ,4.328 ,8.048 and 5.96¢ . @619 mighthavea peak at 2
value of 3414¢e 39.42and 57.3& Cobaltmightalso exist in the form of metallic Co

(89-4308) which had a peak a#740e The peak observed at 287 mi g h't be
associated with the presence of CoM@25b-1434).The peak at a Bragg angle value

of 39.42¢ might be attributed tothe presence oMo,C (893014)in the catalyst
structureThepeake ppear i ng at OamightdbeassaciatadewitidoO; 2 3. 0
(89-1554).
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5000 [ o Ca(OH).
L . CaMoQ4
L o CoO
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‘;:‘ C 8 #CoMoO4
& 3000 - " '
L 5 x MozC
-y
c r o MoO3
E 2000 |
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10 20 30 40 50 60 70 80 90 100
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Figure 4.7 XRD pattern of the catalyst with a Co:Mo ratio of 2.30 and a calcination
temperature of 700e¢C.
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In Figure 48, XRD pattern of thecatalyst with a Co:Mo ratio of 6 which was
calcined at 750eC is indilcuaetse daf ThZ. 2p8eea, k
53. %BMe ,22¢, 67.44¢, 79.72¢, 8 8(4%6186¢) and
compoundIn addition to CaOCa(OH) (04-0733)peakswer e observed at
of 18.02¢, 28. 76¢, 34. 1.end BDB. AR &H.MDE
0351) had peaks all 8 . 2BU,B6le , UaU,UBe , 26 5 The P&k

which appeal ad afcoddde2réldieg withCoMoO, (251434)
compound.Furthermore,CoO (7504199 was observed at 34. 16¢
Bragg value of 47.14e¢e c o0 (894308pAdditsallyoci at e
Mo,C (89-2669)might havea peakat 3.60U .
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Figure 4.8 XRD pattern of the catalyst with a Co:Mo ratio of 6 and a calcination
temperature of 75iC.

XRD patternsof the other synthesized catalgsare given in AppendipD.1. The
catalystsshowedsimilar XRD patters to the patterns givem Figures4.54.8. They

were mainly composed @aCQ, CaO andor Ca(OH) compoundsin addition to
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these,CaMoQ,, CoO, CoMoQ and MaC were the other solid phases mainly

observed in all catalysts.

4.1.3 SEM and EDSAnalysis Results

SEM imags of caalyst with a Co:Mo ratio of 6 and a calcination temperature of
7 0 OiBillustrated in Figure4.9. From this figure, uniform distribution of materials

andlarge metal clusters formed during catalyst synthezsisbe seen.

@) (b)

Figure 4.9 SEM imags of the synthesized catalysith a Co:Mo ratioof 6anda
cal cination t e(ap,eikard (b)24000af 700UC
magnification

The succesof the metal loadingvas verified by the ED@&nalyss. EDS spectrum
for the catalystvith a Co:Mo ratio of 0.44 and a calcination temperature obZ%®
illustrated in the Figurd.10.
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0.30 1.80 2.70 3.80 4.50 5.40 6.30 7.20 8.10 keV

Figure 410EDS spectrum of the catalyst with a Co:Mo ratio of 0.44 and a
calcination temperature of 750eC

EDS analysisshowed that the elements present in thelysttavere carbon, oxygen,
calcium, molybdenum and cobalEDS analysis results of @do impregnated
CaCQ materials are given in Table 4.1. It was observed that metdintpavas
successfully donelhe values of Co:Mo weight ratio were found to be clostab
of the calculated Co:Mo weight ratio of 0.4Ahe weight concerdition of Ca was
close to 90wt.%.
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Table 41 Weight concentrationsf Ca, Co and Moand Co:Mo weight ratio for the
catalystwith a Co:Mo ratio 00.44.

Co:Mo wit.
N Co:Mo wt. o
Ta(0C) | Cawt% | Cowt.% | Mo wt.% _ ratio (in the
ratio (EDS) | .
initial solution)

500 88.43 3.12 8.45 0.37 0.44
700 90.51 3.28 6.21 0.53 0.44
750 90.13 2.98 6.89 0.43 0.44

Figure 411 illustrates EDSpectunfor the catalyst vih a Co:Mo ratio of 2.30 and a
cal cination t e ntp® reeebladrthat Co ind M& €emEnts were
successfully incorporated into the CagDpport.
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Figure 411 EDS spectrum of the catalyst with a Co:Mo ratio of 280 a
calcination temperature of 750eC

Table 4.2 giveshe weight concentrations for the elements Ca, Co, and Mo and the
Co:Mo ratios of the catalyst at three calcination temperatures. From Table 4.2, it was
observed thaEDS results were caistent with the value of Co:Mo ratio of 2.80

the initial solution It could be concluded that Co and Mo elements were successfully

incorporated into the CaGBupport.
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Table 42 Weight concentrations of Ca, Co and MogaCo:Mo weight ratio for the

catalyst with a Co:Mo ratio of 2.30.

Co:Mo wit.
R Co:Mo wt. ratio (in the
Tca (0C) Cawt.% Co wt.% Mo wt.% _ o

ratio (EDS) initial

solution)
500 90.21 6.71 3.08 2.18 2.30
700 88.74 8.16 3.09 2.64 2.30
750 88.75 7.37 3.88 1.90 2.30

In Figure 412, EDSspectruntor the catalyst with a calculated CooMatio of 6 and

a cal ci

nati on

elements in the catalystasverified by theEDS analysis.
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Ca

Ca

Figure 412EDS spectrum of the catalyst with a Co:Mo ratio cdn@ a calcination
temperature of 750e¢C

Table 4.3 shows the weight concentrations for the elements Ca, Co, and Mo and the
Co:Mo ratios of the catalyst different calcination temperatures. From Tabl8,4t
wasobservedhat EDS results wereonsistent with the value of Co:Mo raiio the

initial solution
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Table 43 Weight concentrations of Ca, Co and Mo, and Co:Mo weight ratio for the
catalyst with a Co:Mo ratio of 6.

Co:Mo wt. ratio
- Co:Mo wt. . o
Tecal (6C) Cawt.% | Cowt.% | Mo wt.% . (in the initial
ratio (EDS) )
solution)
700 84.95 13 2.05 6.34 6
750 91.24 7.15 1.61 4.44 6

Thedifference betweeweight values for Co, Mo and Ca elements in all synthesized
catalystsobtained from EDS anthe initial solution might be because of random

analysis of different parts of the sample.

The remaining EDS spectra fthie catalysts synthesized at three different Co:Mo
ratios andcalcined atifferent temperatureare given in AppendiE.

4.1.4XPS Analysis Results

To get information abouthe chemical state ahe catalystsand the compounds
present on the catalyst surfasgnthesized catalystgere characterizedising XPS.
The XPS spectrum for the catalystith a Co:Mo ratio of 0.44 and a calcination
temperature 05 0 0i¥)shown in Figurd.13.
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Figure 413 XPS specuim of the catalystvith a Co:Mo ratio of 0.44 and a
calcination temperature of 5000C

XPS spectrungFigure 4.13)showedthat cobalt, molybdenupand calcium elments
were presendn the surfacef the catalyst. In addition to these elements, there were

also carbon and oxygetements on the catalyst surface.

In the XPS analysief the catalyststhe C1s peak at a binding energy value of 284.5
eV was taken aareference. Th&E shifts werecorrectedaccordingo this BE value
of C 1s.XPS analysis showed that Co was present in the form of Co oxide jhase.
Figure 4.8, Co 28 peakobserved aa BE value of B0.5 eV andCo 3ppeak at a
BE value 0f60.5 eV wereattributed to the presence CoXRD results showed that
Co mostly had a CoOofm in the catalystThe peak appeangnatthe Mo 3d5/Mo
3d3/Mo 3d BE value of 232.5 eV\ight beassociated with the formation §foOg,
CaMoQ, and/or CoMoQ compoundsMo 3p3 peakat a BE value of 398.5 eV and
Mo 3pl peak at 415.5 eV might correspond to the preddio¢a. Furthermore, the
peakof O 1sat531.5 eV BE alsoverified the formation ofMoO3z;, CaMoQ, andor
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CoMoQ.. In the light of these results,ntaybe concluded that éhdecomposition of
Mo nitrates led to formation of M& in the form of MoQ@, CaMoQ, andCoMoQ; in
the catalys{51]. No metallic Co or Mo was detected during XPS measuremients.
addition the Ca 2@8/Ca 2@/Ca2p BE at 346.5 eV waassigned to thpresenceof
CaCQ. These results agree well with XRD results.

In Figure 4.14 XPS spectrum of the catalyst with a Co:Mo ratio of 0.44 and a

caci nati on t empgsgvemt ure of 700eC
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Figure 414 XPS spectrum of the catalyst with a Co:Mo ratio of 0.44 and a
cal cination temperature of 700ecC.

In Figure 4.4, Co 28 peakobserved ah BE value of B0.5 andCo 3ppeak at 8BE
value of60.5wereassignedo the presence Co&RD results showed that CoO was

preent in synthesized catalysbo. The peak appearing at the Nd5/Mo 3d3/Mo
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3d BE value of 232.5 eWnight corespond tahe presencef MoO;, CaMoQ, and/or
CoMoO, compoundsMo 3p3 peak at a BE value of 398.5 axd Mo 3pl peak at
415.5 eVmight be associated wittioOs. Furthermore, the peak of O 1s atl58eV
BE alsoshowedthe formation ofMoO;, CaMoQ andor CoMoQOs. Futhermore the
Ca 2[8/Ca 2@/Ca2p BE at 346.5 eV waattributedto the C§OH), and CaOThese
results agree well with XRD resultShe XPS spectim for the catalystalcined at
7 0 O wit@ Co:Mo ratio 2.30s given in Appendix-.

4.2 Synthesisof Carbon Nanotubes

4.2.1 XRDAnalysis Resuts

XRD pattern ofthe assynthesizedCNT at 7 @ver ¢h€ cataist with a Co:Mo
ratoof6and a calcination temper albSuForghisof 75
nonpurified samplejt was seen from the figure thabrrespnding peaksto carbon

were dservedaRl d v al ue of a e[B4u28]dAddiiGnallg, ¢he meaksl 4 3
around 53 ere a@so dssoci®tegl with carbdhh e peaks appear.i
values of 32.ke , 32 7 .88 3 . 88 4 .3%e7,.54e7,9 448¢Bnd 9140e emww
associated with &0 (48-1467)which originated from the decomposition of CaCO

at acalcinationt e mper at ur e of around 700e¢C. The
val ues @870e1 8 .3d6 &4aa d &ddrre§onded to the presence of
CaMoQ, (29-0351)compound. Frthermore, Co(d75-0419)had a small peak ats2

value of 34.2d. The peak at a Bragg angle value of 339enight beattributed to the

presence of MgC (89-3014) in the catalyst structure.
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Figure 415XRD patternof synthezedCNTspr o d u c e d nthe catZlydt0 e C o0
with a Co: Mo ratio of 6 anb#fora cal ci
purification

In Figure 416, XRD pattern ofthe purified CNTs which wes synthesized over the
catalyst with a CoMovaue of 6 and a cal ciisishdwhon t e
After a single step purification process, all peaksrespondingto the cataltic

impurities were diminished Peaks at & values of 26.110 and 43140 were
characteristic peaks of nanotubes. Otlaay $mall peak observed around 4&XJand

77.8%0 were also attributed to carboXRD patterns of the CNTs synthesized at

different temperaturesand inlet GH, compositions in Arover Co-Mo/CaCQ

catalyst with different Co:Mo ratios and calcination tempeestuare given in
AppendixD.2.
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Figure 416 XRD pattern of puriied CNTpr oduced at 700eC on th
Co: Mo ratio of 6 and a calcinati on

4.2.2 SEM and EDS Analysis Results

In Figure4.17, SEM images opurified CNTs synthesized t 6 0 Ghe €atalpsn

with a Co: Mo ratio of 0. 44 aaecshoanAs al ci n:
seen fromfigure, purified nanotubes producedddnot containimpurities or other
carboneousian@articles. CNTswere agglomerated ardhd noodldike shapes with

random orientationsThey had diameters in the range 28-36 nm. EDS results

showed only C (94.94vt.%) and O (5.06wt.%) elements in the produc{&igure

E.6).
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() (b)

Figure 417 SEM images of carbon nanotubes pragluc a t vérthéoatalysto
with a Co: Mo ratio of 0.44 aand a <c a
inlet C,H, composition o25%in Ar (a) 50,000x magnification (b)
200,000x magnification.

SEMimages 6carbon nanotubes producead a synt hesi s temper at
catalyst with a Co: Mo ratio of a®shdwn and ¢
in Figure 4.18. It was observed that purified products mostly contained CNTs with

large amourgof impurities(shown in circlg¢. XRD results (Figure D.2.1) showed that

these impurities were mostly composed of Cate diameter®f nanotubes varied

from 80 nm to 125 nm. The shape of CNTs was not alignedafdmmly oriented.
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(@) (b)

Figure 418 SEM images of carbon nanotubesprode d at 700eC on t he
with a Co: Mo ratio of O0.44 @and a ca
inlet CoH, composition of 25% in A¢a) 50,000x magnification
(b) 150,000x magnification

As theinlet composition of acetyleni@ argonwas reduced to a value of 2% 7 00 UC
the products wera nanotube structuré he purified nanotubesvere thick and short

some of which were opeended. Theuterdiametersof nanotubs were in the range

of 5585 nm. As seen from Figure @1 nanotubes were highly agglomerated. No
other particles were observed in the sample. The inner and outer deofetee
carbonnanotube circled in Figure 21b) were 28 and 8Bm, respectively.
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(a) (b)

Figure 419SEM i mages of <carbon nanotubes prod:!
with a Co: Mo ratio of 0.44 aand a ca
inlet acetyene composition of 20% in Ar) 80,000x magnification (b)
300,000x magnification.

At a relatively higher inlet composition of acetylene (30%) in argon, different
structures(Figure 4.20 were observed in the sample. Whereas globular tates
(Figure 420-a) with an average diameter a6370m we r e there vees a@lsot
highly agglomerate@NTs (Figure 420-b) having diameters varying from 124 nm to
205 nm.

As the inletacetylene composin in argonwas further increased to & prodicts
were only carbon nanospheres (Figurel}l.Z'he diameter of nanospheres was

approximately uniform with a value of around 550 nm.
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(@) (b)

Figure 420SEMimages of car bon products produced
a Co: Mo ratio of O0.44 and aninletal ci na
acetylene composition of 30& Ar (a) 5,000x magnification (b)
80,000x magnification.

(@) (b)

Figure 421SEM i mages of carbon nanospheres pr
with a Co: Mo ratio of O0.44 aand a ca
inlet acetylene composition of 50bAr (a) 6,000x magfication (b)
100,000x magnificain.
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Figure4.22 shows the products t 8 0 01000 (Gaemihe catalyst with a Co:Mo

ratio of O0.44 and a c aTheinlehaétyleoencompasitope r at L
in argon was 25%SEM results revealed that the products contained notabes at

relatively higher temperature8 0 0 a n d). INLRgOré&4e23a) and (b) globular

carbon nanoparticles were observétie average dianers of globular particles at

800 and 1000U0UC weespectivBl\8Tiie glabuldr stBi&uBes produced

at 1 0 0 ;ddeSwhishandight resultfrom the blow out (exposion) of globular

structures at higher temperatuselsen compared to that produd at GBluarU C .
structures might resultrdm the rapid rate of carbon nucleation at high reaction
temperatures leading to the encapsulation of catalytic metal pafti®le&DS results
showed that the sampl e pr oithpudtiesdssuchasMa 0 00 UC
(2.86 wt.%), Co (0.40 wt.%) and Ca (1.33wt.%) elements in addition to C (94.61

wt.%0).

(@) (b)

Figure 422 SBEM images of carbon products produceda800 e (€0,000x
magnification)and(b) 1 0 0 {4€,@00xmagnification)on the catalyst
with a Co: Mo ratio of O0.44C@%%d a ca
CoH, in Ar)
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In Figure 4.3, SEM images of the nanotubegn at a synthesis temperature of
700eC over the catalyst with a Co: Mo r at
7 0 0 erC illustrated. It could be seen from the figure that CNTs were highly
agglomeratedFigure 4.23a). The diameter of nanotubes meesd ranged from 78

to 137 nm.Moreover, deposition of asmall amount of amorphous carborasv

observedn the outer surface of nanotubes.

() (b)

Figure 423SEM images of CNTsgmmn at 700eC over the cat a
ratio of O0.44 and a c&b%GHimAr) on tem
(a) 20,000x magnification (l80,000x magnification

SEM images of the carbon nanotubes produced over the catalyst @itva ratio

of 0.44 and calcined at 780 at different reaction temperatures (500, 600 and
650C) are indicated inFigures G.1-G.3. All products synthesizedat different
reaction temperatures contained entangled CNTs. The average dianwdter

nanotubes syhesized at 500, 600 and @0were21,26 and 47 nm, respectively.
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was observed that diameters of nanotubes a@serk with an increase in reaction
temperature.EDS results(Figure E.7) r eveal ed t hat CNTs pro
contained a small amount ahpurities such 2 Co (1.23wt.%) and O (4.20wnt.%)

elements. The weilgt percentof C was determined as 94.57%was also observed

from FigureG.3 (a) that the length of CNTs synthesized at @50eacled a length

value of6 O m.

In Figure 4.2, carbonnaot ubes grown at a synthesis te
catal yst with a Co: Mo ratio of Oaed 4 and
shown.In addition tohighly agglomerated nanotubes witlhodlelike shapessome

catalyst residuewere alsoobservedn SEM imagesecause the products were not

purified. However, no other carbon particles were present in the saiip& results

(FigureE.8) revealed that the products containegburities such as Ca (8.7#t.%)

and O (6.95nt.%) elements. The weight penat of C element was determined as

84.31%. CNTdad a diameter range of-438 nm.

(@) (b)

Figure 424SEM images otinpurifiedCNTs gr own at 700eC over
a Co: Mo ratio of 0.44 and(®o cal cina
C,H2 in Ar) (a) 25,000x magnification (l§0,000x magnification.
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In Figure 4.3, high density of nanotubes grovat 70® #over the catéyst with a

Co:Mo ratio of 2.30 and a calcination temperature ofoZatan be observeid SEM
images. Purified nanotubes were entangled and higly agglomerated. The diameters of
nanotubes changed from 38 nm to 100 nm. No catalytic impurities or other

carboraceous paticles were observed in products.

(@) (b)

Figure 425SEM i mages of CNTs synthesized at 71
Co: Mo ratio of 2.30 and &5%@H,ci nat.
in Ar) (a) 16,000x magnification (b) 60,000x magnification.

SEM images of carbon nanotubes produoadthe catalyst with a Co:Mo ratio of
2.30 and a calcination temparee of 75@C at a synthesis temperature of 500, 600
and 65@C are illustrated in Figure G.4-G.6. The purified samples containeshly
noodlelike CNTs. EDS result§ Figure E.S9E.11)showed thaho element other than

C (100 wt.%) was present in all pordtec The nanotubes synthesized at these

temperatures haaveragediameters close to each otlethe range of 385 nm
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SEM images of CNTs produced 70@C onthe catalysts with a Co:Mo ratio 8f30
which was calcined at 708C are indicated in Figure 26. The diameters of these

nanotubes were measured between 81 and 136 nm.

() (b)

Figure 426SEM i mages of CNTs synthesazed at 7!
Co:Mo ratio of 2.30 and a calcination temperanfré 0 0 (5% GH
in Ar) (a) 20,000x magnification (b%0,000x magnification.

FromFigures G.7-G.9, it was observed that CNTs synthesiz&¢00600and 650 UC
overthe catalystwh a Co: Mo ratio of 2.30 and a c
contained a small amount amorphous carbon. Furthermo&EM images revealed

that the diameter of nanotubes reaseé with the increasing reaction temperature.

The diameter distribution of nanob e s g r own |letweeddadE2Tnmw a s
whil e that of CNTs grown at 600eC was b

diametes of nanotubegrown at650C ranged from26 nm to 8 nm. Therefore,it

81



was concluded that the diameters of carbon nanotubesdrsed with a rise in

reaction temperatutgecause of an increase in carbon deposition

SEM images of CNTs produced at 8d0on the catalysts with a Co:Mo ratio of 2.30

which was calcined at5000C are indicated in Figure 42SEM images revealed

thick CNTs with a diameter range of @25 nm. Some of nanotubes were longer
than 3.6 Om. At hi gher magnifications, [
CNTs was roughThe reason athis might be the deposition of amorphous carbon on

the outer surface afandubes.

(a) (b)

Figure 427SEM I mages of CNTs synthesized at 7/
Co: Mo ratio of 2.30 and &5%@H,ci nat:.
in Ar) (a) 40,000x magnification (b) 160,000x magration.

In Figure4.28, SEM images of nanotubegrghesized at 73X on the catalyst with a

Co:Mo ratio of 6 and a calcinaticlemperaturef 7500C are shownThe sample did
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not contain any other carbon nanoparticlesly dense carbon nanotube regions
were observed. The diameters of nanotubes varied 42to 106 nm. The length of

some nanotubes was around 4 Om.

() (b)

Figure 428SEM i mages of CNTs gr owihalobM& 00e C o0
ratio of 6 and a cal @3%CHitinA)n t emper
(a) 30,000x magnification (10,000x magnification

SEM images of carbon nanotubes produsedhe catalyst with a Co:Mo ratio of 6

and a calcination teperature of 758C at a synthesis temperatsi& 500, 600 and

650C are illustrated in Figure G.10-G.12. All CNTs synthaized at these three
temperaturesvere agglomerated and had random orientations. Besides nanotubes,
some impurities were observed inetsample g nt hesi z e &DSarésults 0 0 UC
(Figure E.12)showed that these impties composed of Co (0.88t.%), Mo (0.31

wt.%) ard O (11.14wt.%) elements. Thaveight percentof C in this sample was
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87.72%. On the other hand, the products bgsized at600 and 658C included

only carbon nanotubes without catalytic impurities.

Figure 4.® indicates SEM images of nanotubes grown atdZO6ver the catalyst

with a CoMo ratio of 6 and a calcinatiotemperatureof 7000C. Intensive CNT

formation with a noodkike shage was observed in this sampléhe diameter of
nanotubes varied from 52 to 82 nm whil e
correspondedo a calculated aspect ratio of 85. Agaimandom orientation of
nanotubes was observed. There was no unwanted produttenly CNTswith high
agglomerabn. However, EDS results revealed small amount of impurities with a

weightpercentof 1.96% in the sample.

(@) (b)

Figure 429SEM I mages of CNTs grown at 700eC o
ratio of 6 and a cal @3%CHitinA)n t emper
(a) 10,000x magnification (k80,000x magnificaon.
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SEM image of CNTs produced at 780 on the catalyst with a Co:Mo ratio of 6 and

a calcination temperature of 5Dare shown in Figure 80. SEM images revealed

that the longest nanotubes were produced on this catalyst with a length of
approxi mat el ynet@dfth@seCNTsTwarein thtkiraage of 8112 nm.

The aspect ratio was calculated as 400. In the sample, no other azasnor
catalyst particles were observed which suggested a high selectivity to CNTs. The
purified carbon nanotubes were noatike and randomly entangled

(a) (b)

Figure 430SEM images of CNTsgrow at 700eC over the cat a
ratio of 6 and a cal @3%CHitinA)n t emper
(a) 6,000x magnification (b) 40,000x magnification.

As a result, itwas observed thahe reaction temperature wasalan important
factor on nanotube diameserAn increasein the nanotube diametegould be
observed as the reaction temperature increased. On thehatit it was concluded

that the calcination temperature of catalyst did not have a significant effebeon
nanotube diameter. The diameters of CNTs synthesized over the catalysts with

different calcination temperatures were close to each other.
85



Figure 4.3 shows the morphological changes in CNTs synthesized &C76@:r

the catalyst with a Co:Mo ratio of 6 and a calcination temperature aC758t
different compositions of acetylene. It was observed that all samples only included
entangledcarbon nanotube€DS results(Figure E.13E.14) showed thasamples
contaned only carbon (100 wt.%). No metallic particles or support material were
present in theesamples. On the contrary, a little amount of amorphous carbon could
be observed on the outer surface of nanotubes. The digme@&NXTs synthesized at

an acetylea composition of 10% ranged between 21 and 39 nm. The range of
nanotube diameter produtat a composition of 25 and 206 was 3845 nm and
39-71 nm, respectivelyA nanotube was observed at the inlet acetylene composition
of 15% in argon withts huge sie compared to that ¢fie other CNTs presénn the
sample. The diameter of this nanotube was 344 nm in average while its length was
| onger t (Figute 48W). Thimmeans an aspect ratio of greater than 186.
Additionally, the diameter of carbon r@nbes growntaa acetylene composition of
30% varied from 71 to 119 nnfrrom SEM measurementswisconcluded that the

diametersof nanotubes increased wiln increase iacetylene composition.

All SEM images showed that CNTed noodldike shapes. fieywere not straight,

but bended. Thi®endingmight result from relatively low synthesis temperature in
chemical vapor deposition method when compared to physical methods such as arc
discharge or laser ablation. Low synthesis temperature in CVD leé#us fiarmation

of structural defects in nanotubes. These defects may cause bending or twisting of
nanotube$19]. It could be clearly seen that CNTs were not damaged after the-single

step purification in diluted HN©

XRD analysis aren agreement with th&EM results. Only carbon element was in
the products There were no other elements detected. This also proved the

effectiveness of the single step purification.

SEM images of CNTs produced over -@m/CaCQ catalysts were given in
AppendixG.
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(©) (d)

Figure 431SEM images of CNTgr own at 700eC over the ca
ratio of 6 and a cal cdflerant@Hon t emper
compositios in Ar :(a) 10%, (b) 15%, (c) 20%, and (d)30%.
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4.2.3Carbon Deposition Rate andYield of CNTs

The production of carbon nanotubesasaperformed at different reactionover
Co-Mo/CaCQ catalysts with different calcination temperatures. Weights of
materials after the CNT synthesis experiments and the catalysts after the blank
experiments are gan in AppendixH. Carbon deposition rate was calculated using
the following equation:

Mt — Mgg

t?"‘l’?’!

where m is the total weighof materialafter CNT synthesis, g3 is the mass of the

catalyst after thermal decomposition reaction apdstthe reaction time.

In Figure4.32, the carbon depositionratest a r eacti on temperat
the synthesized catalystat different calcination temperatures and Co:Meight

ratios are given. Itwas seen fromthe figure thatcarbondeposition rate increased

with an ncrease ircatalyst calcination temperatutewas also observed that carbon
deposition rate increased with an increase in Co:Mo weight fdtehighestcarbon
deposition rate was observed atCwthacat al y
Co/Mo ratb of 6 whereas the lowest ratgasd et e r mi n ewith a€o/M&0 0 UC
ratio of 0.44.
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Figure 4.32 Changeof carbon deposition rate with respto catalyst calcination
temperatur@and CoMo weight ratio (Tx»= 7 0 0 B% GH, i Ar).

In Figure4.33, carbon deposition rated different reaction temperaturasingthe
catalystsynthesizedwvith a Co:Mo ratio of 0.44 and a calcination temperature of
750U0C a it eas ghservedthat carbon dejtios rate increasednut i | 700U0C
with an increase in reaction temperatubef t e r 7000C, the 1 ncrec
temperature resulted indecreasén deposition rates because deposition occurred as
amorphous carbon as it was observed in SEM imdgess also observed ththe

CNT yield increased with an increase in:®&o weight ratio. This showed that Co

was moreactivethan Mofor carbon deposition
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Figure 4.33 Effect of reaction temperature on carbon deposition rate (Co/Mo: 0.44;
Tam750U0C,H,BY% C

Figure 4.3 shows carbon deposition rat@sdifferent reaction temperatureger the
synthesized catalyss with different Co:Mo weight ratds. The calcination
temperature f or dtwasobseavedhdt thes tvasan maease h0 0 U C.
carbon deposition ra@@s the reaction temperature increaastexpectedrhe highest
deposition rate was obtained using the catalyst with a Co:Mo ratio of 6 whereas the
lowest deposition rate was obtained using the catalyst with:Blc&ratio of 0.44.
Moreover, deposition rates dhe catalyst with a Co:Mo ratio of 0.44 werlese to

each other at different reaction temperatutesother words, it did not change as

reaction tempeture increased.
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Figure 4.34 Change of carbon deposition rate as a function of reaction temperature
and Co:Mo weight ratigTca= 7 Q 6% GH, in Ar).

Carbon deposition rateat different reaction temperaturewer the synthesized

catalyss at differentCo:Mo weight ratiosare given in Figure 453 The calcination
temperature for aFrom the figtiraitvas seensthatwdapssitiah5 0 U C .
rates increased with an increase in the reaction tempeestuepectedlhe highest
deposition rate was obtainedt 700U using the catalyst w
the catalyst with a Co: Mo ratio of 2.30,
to each other. fie lowest carbon depdisn ratewasobtained using the catalyst with

a Co:Mo ratio of 0.44. lvas observedhat there was amcreasdn deposition rates

as the Co:Mo weight ratio increased
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Figure 4.35 Carbon deposition rates at different reaction temperatures over the
synthesized catalysts with different:®m weight ratiogTca= 7 50 UC
25% GHzin Ar).

In Figure 436, carbon deposition ta@s obtained using the catalyst with a Co:Mo ratio

of 6 and a <cal ci n ataie givenat difierpné acetyenerirdet o f
compositionsnargonThe synt hesi s temperature was
figure that here was a slight rise itarbondeposition rate betweeninlet acatylene
compositions ofL0% and 286. Then, deposition rate dramatically increased at inlet
acetylenecompositionsof 25% and 3@4. It could be concluded that carbon

deposition rate increased with an increase in adetylene composition in argon.
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Figure 4.36 Effect of inlet acetylene composition in Ar on the carbon deposition rate
(CooMo=6;Tac 7504 E€; 7T.0UC)

The weight of the catalysifter the blank experimemtasused to calculate the yietd
the carbon nanotubes after each CNT synthdsis. yield of CNTs was calculated

according to the formula given below:

I+ — IT1,
Y(%) = %le
.

where m is thetotal weightof the materiakfter synthesismeg is the mass of the
catalyst aftethermal decomposition reactigblank experimentand nt is theinitial
amount of catalyst used in the CNT synth@4tg.

Yields of CNTs synhesized over @4o/CaCQ catalysts at different reaction

temperatures, calcination temperatures and inlet laoetycompositions in Ar are
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given in Figure<t.37-4.40. Theyields of CNTs synthesizedt a reaction temperature

of 7 6ver@EMo/CaCQ catalysts withdifferent calcinationtemperaturs and

Co:Mo weight ratios are shown in Figure 4.37For all catalystssynthesized at

different Co:Mo weight ratigsthe highest yields were obtained at a calcination
temperature o7 50U0UC. An increase in the CNT vyi
increase in catalyst calcination temperature. The lowest yigébvib s er ve@ at 50
In addition, the increase in Co:Mo weight ratio led to an increase in the CNT yield

which showed that Co was more active than Mo for the CNT syntHewmisthe

catalsyts synthesized with Co:Mo ratios of 2.30 and 6, there was a small difference in

the CNT yields at a calcination temperatwfes00 U C

There was an increase in the yields of CNjfewn over the catalyst with a Co/Mo
ratio of 2.30as the reaction temperaturereases (Figure 4.38The vyields of the
catalyst with a Co:Moweight ratio of 0.4 were low anddid not change with
reaction temperaturggnificantly. The catalyst with a higher Co:Mo ratio resulted in
higher yieldsThis revealed that Co was more active than Mo for the CNT growth.

Yields of CNTs synthesizedt different reaction taperatures over CMo/CaCQ
catalystswith a cal ci nati on t e ndifferena CouMo eatiosafe 7 5 0 U (
illustrated in Fgure 4.39. The lowest CNT yield wasb s er ved at 500 U
catalysts. The increase in the reaction temperature resultedimcraase in CNT

yields. There was a sharp in@se in yields for the catalysts with a Co:Mo ratio of

2.30 and 6 wuntil the reaction temperatu!
increase was slowMoreover, there was also an increase in the CNT yielthas

Co:Mo weight ratio increased.

In Figure 4.40, the change in the yields of CNTs synthesized at a reaction
temper at ur ever €6Mo/GaC@ UWatalyst (Co:Mo=6; T.a= 7 5 @GtUC)
different acetylene inlet compositions in Ar is shown. A slight incraasthe CNT

yield was observed between inlet acetylene compositions of 10 and 20% in Ar. After
20%, there was a sharp increase in yields of nanotubes. The highest CNT yield was

achieved at 30%.
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The yieldresultsrevealed that the CNT yield increased aswreight percent of Co

increased with respect to Mo. Therefore, it can be concluded that Co is more active

than Mo for the CNT growth4p].
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Figure 437 Yields of CNTs synthesizeaver Co-Mo/CaCQ catalysts withdifferent
calcination temperatures a@b:Mo ratios(Tx.= 7 Q Z6% GH, in
Ar).
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Figure 439 Yields of CNTs synthesizedt different reaction temperatureger
Co-Mo/CaCQ catalystswith different Co:Mo ratio§Tca= 7 5 0 UC

25%C,H> in Ar).
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Figure 440 Yieldsof CNTs synthesizedt a reacti on overmper atur
Co-Mo/CaCQ catalyst (Co:Mo=6; = 750UC) at di fferei
inlet compositions in Ar.

4.2A4 TEM Analysis Resuts

The high resolution TEM image in the Figurd3illustrates a typical tubular wall
structure of a MWNT with a central channel. The central channel is an evidence for
the CNT structure and used to distinguish them fimarbon nanofibers (CNFs)

which ae alsographitic structures

As seen from Figure 41 the graphitic structure of the CNT was not affected by the
purification process. However, there were some defects in the structure of nanotubes.
The nner diameter was approximatelynm while the outediameter is 14 nm in
average. In addition, high resolution TEM images revealed that MWNT was
composed of 8 walls at the left side and 12 walls at the right side. The distance

between the graphene sheets measured as approximately 0.340 nm. This value
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close to the interplanar distance between two adjacent graplemes in graphite
which is 033%4 nm. Interlayerdistance determines the degree of graphitization for
graphitelike carbonsIn this sample, the graphitization degrees low becauseof

its interlayer distance valu@&he reason of the low graphitization levepht be the

curvature of the graphene lay¢s3].

Figure 441 High Resolution TEM image ofmulti-walled nanotubgrown at 700C
over the catalyst with a Co:Mo ratio of 6 and a calcination temperature
of 75@C.

In Figure 442, a TEM image of a multwalled carbon nanotube with a hollow
cylindrical shape which was synthesizatla temperature of 700 overthe catalst

with a Co:Mo ratio of 6 and a calcination temperature ofoZ58 illustrated.lt was
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clearly seen that a significant amount of amorphous carbon was deposited on the
outer surface of the carbon nanotube. The hollow shape of thewn@NTlosed tip
was also observedThe nanotubéias an outer diameter of 11 nm and an inner
diameter of 6 nm. The further dejiamn of carbon on alreadiprmed CNTs may
result in the formation of amorphous carbon regions. This depositight cause
thickening and fragmeniah of nanotube$19]. The nanotubediameterwas 35 nm

in average withamorphous regioin Figure 4.42 In this study, the prevention of
amorphous carbon and other undesired species formation was aimed usinga€aCO
a support material which is nguorous.Moreover, itwaseasily dissolved in diluted
acids and removed from the sample. Besides, the amount of support nvadsrial
reduced by the decomposition of CaCito CaO and C@ at the reaction
temperatures a b o v simplifiél Otlge Cpurificdion cplocesadf s o

nanotubes

Figure 442 TEM image of a MWNTgrown at 700C over the catalyst with a
Co:Mo ratio of 6 and a calcination temperature ofds0
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In Figure 443, some CNTs grown over the catalyf€o/Mo:6; Tea= 7 5 041 @)
relatively lower temperature of 600 are shown It was observed that products
contained largamounts of MWNTSs in bundlesNo SWNT was observed in the
sample. In additioyother carbonaceous particles were not present in the sarhple.
inner cavities of CNTswere clearly seen.The origin of the dark spotsmay be
nanotube endings seen with the talxés parallel to the beam directi{80].

Figure 443 TEM image of CNT bundles grown at GiDover the catlyst with a
Co:Mo ratio of 6 and a calcination temperature ofas0

The Figured 44 illustrates a High Resolution TEMhageof the internal structure of
a MWNT the walls of which were defectiv&he walls of tis CNT were not weH

graphitized The inner and outer diameteasf the nanotube were 3 nm and 16 nm in
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average, respectively. TEMnage revealed that no metal catalyst particles were
encapsulated in the MWNTwhich had a closed tipThis might suggestthe
formation of CNTs by the base gwth mechanism.

Figure 445 indicates a MWNT with an outer diameter of about 20 nm and an inner
diameter of 4nm. It can be clearly seen th&e nanotube had a closed. t{pn the

outer surface of the nanotube some defects were observed. The central ahdnne
amorphous carbon deposited on the outer surface of the nanotube were clearly seen.

TEM images of CNTs are given in Appendix I.

Figure 444 High Resolution TEM image of IWNT grown at 600C over
the catalystvith a Co:Mo ratio of 6 and a calcination temperature
of 750C.
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Figure 445 TEM image of a MWNTwith a close endrown at 600C over
the catalyst with a Co:Mo ratio of 6 and a calcination
temperaturef 7500C.

4.25 Thermal Analysis Results

The oxidation behavior in air and tleeerall purity of the CNTswere evaluated by
thermogravimetric analyse#n Figure 4.4, TGA and DTA profiles of MWNTs
synthesizedt a temperature of 780 on the catalyst with a Co:Mo ratio of 6 and a
calcination temperatureof 5000C are illustrated. The weight loss at lower
temperatures up to around 4@0was1.8 wt% and attributed to the oxidation of the
amorphous carbon whichas present together with CNTs in the sample. On the
ot her hand, carbon nanotubes oxiThezes
higher thermal stability of MWNTSs than that of SWNTs might result from the strong

interaction between graphene layers in MWNTRe oxidation of the nanotubes in
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this sample started around 40@nd finished at 751 @Qvhich was in agreement with
the studies in literatur20, 28, 30]. A significant weight loss was observed between
400 and 750C which originates from the decompasit of MWNTs. This
corresponded to a weight loss &.&%. According to tis quantitative analysjghe
purity of MWNTs was determined amound 966. TGA curve indicated that the
amount of amarphous carbon was negligibl[€he accumulation of large amourit o
amorphous carbon was prevented by the use ofpooous CaCe@ in catalysts
instead of porous supports. Therefore, the selective formatiohd§was favored.
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Figure 446 TGAandDTA profil es of M@EBAGH,igArO wn at
over the catalyst with a Odo ratio of 6 and a calcinatiammperature
of 5 0 O (bl&k: TGA,; red: DTA)

Figure 4.47 indicates the weight loss profile of the MWNTs produced at a
tempeature of 700C on the catalyst with a Co:Mo ratio of 6 and a calcination

temperature 7@C. The weight losslue to combustion of amorphous carhgnto
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400 0C was determined as 1v&.%. The weight loss betweetD0and 76570C was
attributed to a decrease the massaround 97% which might correspond tthe

overall purity of CNTs.

Figure 4.8 shows the oxidation curve for MWNTs produced at d@®n the
catalyst with a Cdvlo ratio of 6 and a calcinaticlemperaturef 7500C. A slight loss
(1.8 wt.%) in product weight was observed before 430which might be attributed
to the combustion of amorphous carbtircould bealsoseenfrom Figure 4.8 that
there was aonsiderableweight loss betweed00 and 738C. This loss in mass
corresponded to A3 wt.%. The TGA result revealed that the overall purity of
MWNTs was approximatel97 %.
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Figure 447TGAandDTA profil es of M@ESAGH,igArp wn
over the catalyst with a Odo ratio of 6 and a calcinatidempeature
of 7 0 O (bl&k: TGA,; red: DTA)
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Figure 448TGAandDTA profil es of MW@WBRAGH,igAro wn at
over the catalyst with a Co:Mo ratio of 6 and a calcination temperature
of 7 5 0 (bl&k: TGA,; red: DTA)

In the light of thermal analysgs wasconcluded that the weight logsthe samples
was increased with an increasecatalystcalcination temperaturdt was also said
that the overall purity of namubes increased witlan ircrease in thereaction

temperature.

The TGA and DTAprofiles (Figure 4.49) of carbonnanotubesynthesized at 6@C

over the catalyst with a Odpo ratio of 6 and a calcinatioremperatureof 7500C
indicateda decline in the mass up to 400 This weight loss was determined as 5.8
wt.% and associated with the amount of amorphous carbon in the sample.
Additionally, the weight loss betweed00 and 682C was 8.3 wt%. Thus, the

purity was determined as aral®3%.
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Figure 449TGAandDTA profil es of MY@ESAGH,igArp wn
over the catalyst with a Co:Mo ratio of 6caa calcination temperature
of 7 5 0 (bl&k: TGA; red: DTA)

The weight loss profile for CNTs grown at 580 over the catalyst with a Co:Mo
ratio of 6 and a calcinatioremperatureof 7500C is illustrated in Figurel.50. The
weight lossup to4000C is around 2.9wt.% because of the oxidation of amorphous
carbon. There was also @mificant weight loss between 4@mhd 709C with a value

of 93.8wt.% which was attributed tthe oxidation of MWNTsThis concluded that
the purity of theCNTswas aproximately 91%.
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over the catalyst with a Co:Mo ratio of 6 and a calcination temperature
of 7 5 0 (bl&k: TGA,; red: DTA)

TGA resultsindicatedthat the oxidation temperatuoé nanotubesncreased withan
increase in the synthesis temperaturevds also observedthat the purity of CNTs
produced alower temperatures such &)0 and 60@C was lower than #t of
nanotubes produceat a relativdy higher reaction temperature @00C using the

same catalyst

4.2 6 BET Analysis Results

In Figure 451, nitrogen adsorption/desorption isotherms of MWNTSs produced at
different reaction temperatures over-8o/CaCQ catalyst with a Co:Maatio of 6
and a calcinatiot e mp er at urae shown Cartko0 gaBotubegxhibited
isotherm of Type Il according to the Braun&emingDemingTeller (BDDT)
classification. This behavior is observed when the adsorption occurs on the non
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porous powder®r on the powders having pore diameters larger than micropores

[47].
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Figure 451 Nitrogen adsorption/desorption isotherms of MWNTSs produced at
different reaction temperatureg25% GH, in Ar) over the
Co-Mo/CaCQ catalysts with a Co:Mo ratio of 6 and calcination
temper at ur @ileddsymbalss Adgsofption; empty symbols:
desorption).

The volume of the adsorbed nitroggnor MWNTs produced at 700
with a Co: Mo ratio of 6 anwered22andll10.l nat i o
cc/g at P/PO value of 0.0and 0.96, respectivelyThe adsorbed gas volume at
microporous region watl.1% of the adsodal gas volumeat P/R of 0.96.For the

MWNTs produced at 6%, a sharp increase in the adsorbed volume at a relative
pressure value adround 0.90 wasbserved andttributed to macroporosity range.

Theamount of nitrogen adsorption the relative pressure range of 0.99 exhibits
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a dramatic rise from 103.89 cc/g to 1013.39 cc/g. This can be a result of the
enhanced condensation in dar aggregated pores which corresponds to
approximately 89.75% of the total amount of adsorpfidre volume of the adsorbed

nitrogen forMWNTSs producedat 5000C was determined as 125 cc/g at P/BRlue of

0.95 whereas the volume of the adsorbed nitrogen waxigsat P/Rvalue of 0.01.

Thus, adsorbed gas volume at microporous region wasBEs&ept for MWNTs
produced at 500U0C, t haearelativewmssuresof 0s9B whiclp i nc
revealed the macroporestime synthesized materialBhese macropores might result

from aggregated pores among MWNTS.

Figure4.52 indicatesnitrogen adsorptiofdesorption isotherms of MWNTSs produced
at 700e C eMo/€aCQ tcdtatysts Qvah different Co:Mo ratioand a
calcination temperature of 5 0. ¢r6m Figure 4.52, the volume of the adsorbed
nitrogen was determined as 37.3 cc/g at RéRue of 0.95 whereas the volume of the
adsorbed nitrogen was X8/g at P/pvalue of 0.01 for MWNTSs grown ovéne Co
Mo/CaCQ catalysts witha Co:Mo ratioof 0.44. This corresponded to an adsorbed
gas volume of 8.8% at microporous region (R{PO1).
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Figure 452 Nitrogen adsorptiafdesorption isottrms of MWNTSs produced at
7 0 0 eveftheoCeMo/CaCQ; catalysts with differentCo:Mo ratics
(Tca= 7 5 0) éFlled symiols: adsorption; empty symboldesorption)

In all isotherms, a sharp increase in adsorbed nitrogdume after the relative

pressure of 0.96 veaobserved. This showed the presence of macropores in materials.

BET analysisrevealed thathe purified multiwalled carbon nanotubeynthesized at
500, 650 and 708C had a specific surface area 065.4 89.9 and 59.3 m?/g,
respectively. The highestsurface area of purified nanotub&gs observedat a
reaction t e mp ©n the otherdand) fhe sirfaeh@a decreased to a
value of24.8m?/g as the Co:Mo ratio in the catalyst declined to OTde surface
areas of purified MWNTSs in all samples mgaletermined to be close that of MWNTSs

in the literaturd37].

The pore size distribution for MWNTs grown at 70@C over the catalyst with a

Co:Mo ratio of0.44and a calcination temperature of @0s given inFigure4.53.
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Most of the pores liha dianeter in the mes@orous region. There were also

macrgores (50 nnO Ywhich might beaggregated pores among MWNTs
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Figure 453Por e size distribution of MWNTs pro
a Co: Mo ratio of 0.44 and a calcina

TheFigures 4.54-4 56 illustrate the porasizedistributiors for MWNTSs grown at750,
650 and 50@C over the catalyst with a Co:Mo ratio of 6 and a calcination
temper at ur é&or alfsampglds,Oie @resence of macroporesasvalso

observed
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4.27 Raman SpectroscopyResuls

Figure 457 indicates the Raman specatm for the multiwalled carbon nanotubes
grown overthe catalyst with a Co:Mo ratio of 6 and a calcination temperature of
7505C. Two narrow peaksvere observedn the specum at 1339 and 159 cm™.
These peaksvere attributed to thedisordered carbonaceous productsb@d@nd) and
tangential graphitized products {iand) respectively The peak observed at 1339
cm’ reveals the existence of defective graphitic layers on the wall surfaces of
nanotubesAnother peak at @6 cmi’ was associated witAD band.Thesewere
characteristics peaks of MWNTRBM bandwhich indicates presence sfngle
walled carbon nanotubegasnot observedn this sample This was an evidence for

no SWNT formation.

10000 -

1339

9000 [
8000 F
7000

6000 F

Counts

5000 F

4000 F

3000 :
: 2666

2000 |

1000 F

0 C T T T T T T T T S T T S T SO T RSN SO S |
0 500 1000 1500 2000 2500 3000 3500

Raman shift {em™)

Figure 457Ramanspeaoimo f t he MWNTs produced at 700
a Co: Mo ratio of 6 and @G(25&HLCc i nat i o
in Ar).
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The Raman spectra dENTs produced at different reaction temperatures over the
catalyst wih different Co/Mo weight ratios and different calcination temperaanes
given in Appendix J.Similar spectra were observed for all samplBaman

spectroscopy results were in agreement with TEM and SEM results.

To get information abouhe quality of nanotubesRaman activd-band ands-band

intensity ratio (b/lIc) wascalculated Intensity ratio of D to G bands was found to be

1.06 for MWNTs grown at 700UC over the
calcination temper at udthee prefencé & fabolubes Withi s v
high disorder and lesgraphitic structureln other words, this shows existence of

high defect level in the carbon structure of CN2S, 28]. The Ip/lg ratios for

MWNTs are tabulated in Tabke4. It was observed that CNTwere not in a good

crystalline quality.
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Table 44 1p/1 ratio values fopurified CNTs

Co:Mo Inlet CoH»
wt. ratio in Tcal (6C) Txn (6C) composition | Ip/lgratio
Run No. .

catalyst in Ar (%)
4 0.44 750 700 25 0.99
22 2.30 750 700 25 0.97
25 6 750 500 25 0.84
26 6 750 600 25 1.12
28 6 750 700 25 1.06
29 6 750 700 10 0.83

Raman results revealed that tla@d ratio decreased dke reaction temperatureas
decreased. Moreover, a decrease in the composition of acetglesrgon led to
decrease in thepllg ratio. The effect of Co:Moweight ratio in the catalyst
composition was also investigatéthe effect of Co:Mo weight rationothe b/lg ratio

was not observed.
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4.2 8 Reproducibility Results

In order to check the reliability of the experimental data theroducibility
experiments are essenti&lomeexperiments were carried out at the same conditions

to examine theeproduciliity of the experimental results{RD and yield results

were used to check the reproducibilty of experimeXRD patterns of CNTs

produced athe same reaction temperature7of 0 U C the saieatagalyst with a

Co:Mo ratio of 6 and a calcinationtemperar e of 750UC 4858.|m gi ven
Figure4.58 (a), peaks appearingt Br agg angl e values of 2¢
77.98U wer e atOnthé dherthandhesame peaksrcdrrespanding to

carbon were also observed2ati vafuéé. 140, 43. 5iBAigure 53. 09
4.58 (b). As a result,the formation of carbon productsvas observed for the
reproducibility experimentdhe CNT yields werd444.2 and 1430.1 %.
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Figure 458XRDpatt erns of CNTs produced at 700U
Co: Mo ratio of 6 and a andatdiffererdat i on t
days (a) and (b).
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

An experimental setup for CNT production was desigaed constructed. Co

Mo/CaCQ binarycatalysts wersuccessfully prepared using impregnation method.

CNTs were successfully synthesized in the temperature range af 600 U C . XRD
results showed that carbon was the only solid phase. No catalytic metelepanti

support material were present in almost all samples.

All sampleswere purified well Purified CNTscontainedentangleccarbon nanotubes

to a large extenfThey had random orientatioasnd noodldike shapeOnly a small

amount of amorphous carborembsited on the outer surfacé nanotubes. The
synhesized CNTs were muliialled with variable outer diameters between 13 and

138 nm. At reaction temperatureigher than 80T, no formation of nanotubes over

the catalyst with a Co/Mo ratio of 0.44 andalcci nati on t e€mpser at ur
observed. In additiomo nanotube was grown at an inlet acetylene composition of

50%. Products synthesized were only carbon nanospheres.

The yield of CNTs and carbon deposition rate increased when there was a rese in th
reaction temperature. The catalyst calcination temperatsoeenhanced CNT vyield

and carbon deposition rate. Futhermore, there was an increase in the yield and
deposition rate with increasirgo:Mo ratia This showed that Co was more active

than Mo forthe CNT growth.The highest yieldand carbon deposition rate were
observetat reaction temperature of 700UC wusi:

of 6 and a calcination temperature of 751
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The oxidation temperature @NTswasa r o u n d He 0xdatlad temperature of
nanotubes increased witin increase in the synthesis temperaturke purity of

CNTswas generally higher than 96%.wasalsoobservedhat the purity of CNTs
produced attemperaturedower than 6500C was lower than #t of nanotubes

produced atemperaturghigher thar6500C.

Purified MWNTSs exhibited Type Il isotherms. Multpoint BET surface areas of
purified nanotubes were in the range of 28989 nf/g. Mesopores and macropores

were observed irhe structure of CNTSs.

Raman results showed tpeesence of structural defects in CNared no formation
of SWNTSs. It was also observed thatpfls ratio decreased with a decrease in the

reaction temperature amaet C,H, composition in Ar.

In the light of & results above, it is recommended thae €o-Mo/CaCQ; catalyss
used for CNTproductioncan be reduced in Hatmosphere before the nanotubes
growth reactionin order to obtain metallic Co particles in catalybhe synthesis
time can be shorter than oheur to prevent the formation of amorphous carbon on
the outer surface on nanotubdaurthermore different carbon precursorge.g.
propane, cyclohexan&nd/or catalysts metal particlés.g. Cu, PtW, Ti, Cr,) and
support material (e.g. MCM41) can e studied.
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APPENDIX A

CALCULATION OF COBALT (Il) ACETATE TETRAHYDR ATE
AND AMMONIUM MOLYBDATE TETRAHYDRATE
AMOUNTS

For impregnation19 g of CaC@was weighed and the amount of Ca in catalyst was

calculated using equations A&LA.2.

Ncaca= Mcaca/ MWcaca (A.1)
Mca= Ncaca ™ MW ca (A.2)

where MWE,co= 100.09 g/mol and M\34&= 40.078 g/mol

Then, 1 g of CH;COO)C o L0 nd 1 g ofNH4)sM070,41:4H,0 were weighed
and the amount of Co and Mo in catalysts was calallagag equationé\.3-A.4 &

A.5-A.6, respectively.

N(CHCOOKC o L 20 F M(CHCOOKC o L 20 MW (CHacoopc o a0 H (A.3)
Mco= NicHacoopc o Laof MW ¢ (A.4)
where MWchscooyc o 1208 249.08 g/mol anMW = 58.93 g/mol

N(NHa)sMo7024: 42681 = M(NHa)sMo7024t: 426 | MW (NHa)eMo702a1: 408 (A.5)
MMo= N(NH4)sMo7024: 426 * 7* MW Mo (A.6)
where MWnHasmoroza: 4.6= 1235.86 g/mol and M\y= 95.94 g/mol
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Thereafter, the weight percemtf Ca, Co and Mo were calculated using equation A.7

Wx = M / (Mca+tMegtMuo) (A.7)

where X = Ca, Co or Mo

The amount of Mo and Co sources used for the catalyst preparation is tabulated in
Table A.1.

Table A.1 The amount of congqunds used for the catalyst preparation

The amount of The amount of
Co wt. % Mo wt.% (CH3COO0).C 0 L OH (NH4)sM0o7024L 4,8
(9) (@)
2.82 6.47 1 1
6.47 2.82 2.30 044
6 1 2.82 0.20
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APPENDIX B

VOLUMETRIC FLOW RATE CA LIBRATION CURVES FOR
ARGON AND ACETYLENE MASS FLOW CONTROLLERS

B.1 Calibration Curve for Argon Mass Flow Controller
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Figure B.1 Volumetric flow rate calibration curve for argon mass flow
controller.
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Actual flow rate (ml/min)

B.2 Calibration Curve for Acetylene Mass Flow Controller

200
180
160
140
120
100
80
60
40
20

- »

- 7

- e y = 0.4698x
2 P R2 = 0.9996
- *

E */""

2 e

E 1 I 1 I I I 1 I I 1 I 1 I I I I 1 I I 1
0 100 200 300 400

Mass flow controller reading (ml/min)

500

Figure B.2 Volumetric flow rate alibration curve for acetylemaass flow

controller
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APPENDIX C

TGA AND DTA PROFILES OF THE SYNTHESIZED
CATALYST S

Thermogravimetricanalysis is a thermal analysis technique used to measure the
weight change in a material as a function of temperature and time in inert or
oxidative atmospheres, ar vacuum Kitrogen, helium, air)TGA analysis is carried

out by increasing the tempereguof the material gradually and plotting weight
percentagainst temperaturdt is widely used for both qualitative and quantitative
analys of all types of solid materials (organic or inorgap2] .

TGA measurements are generally used to deterrhenedmposition of materials and
to predict their ther mal stability 1in
characterization of materials showing weight loss or gain due to decomposition,
oxidation, or dehydratioms done by this techniquéilso, it is used to distinguish

different carbon species according to their combustion temper§@2ijes

130



DITGA, TG DTa
i

mginln N
e o000 Wielghl Lo
1 S0.00
an.oo f
an.00f
oo 0.00
FURITE
B0.00 f
1 -a0.00
B S0.00 | fsaz c
0.0o 200.00 400,00 BO0.00 20000 100000

Temp [C]

Figure C.1 TGA and DTA profiles of the uncalcined catalyst with a Co:Mo ratio of
0.44(red: TGA; blue: DTA)
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Figure C2 TGA andDTA profiles of the catalyst with a Co:Mo ratio of 0.44 and a
calcination temperature of 580 (red: TGA; blue: DTA)
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Figure C.3 TGA andDTA profiles of the catalyst with a Co:Mo ratio of 0.44 and a
calcination t e(mpEGAabiuar DT®A) of 700eC
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Figure C.4 TGA andDTA profiles of the catalyst with a Co:Mo ratio of 0.44 and a
calcination t e(mpEAabiuar DPT®A) of 750¢eC
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Figure C.5 TGA andDTA profiles of the catalyst with a Co:Mo ratio of 2.30 and a
calcinatim t e mp er at (ted: €GApblue: BTAD e C
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Figure C.6 TGA andDTA profiles of the catalyst with a Co:Mo ratio of 2.30 and a
calcination tC&mpEAZDuear DT®A) of 700e¢
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APPENDIX D

X-RAY DIFFRACTION

X-ray Diffraction is a rapid and nestestructive surface analysis providing
information on structures, phases, crystal orientations, and other structural
parameters, such as average grain size, crystallisitgin, and crystal defects.

gives detailed information about the chemical composition and crystallographic
structure ofmaterials and thin films. In addition, the interlayer spacing, the structural
strain and impuritieare determined with the help of XRD. Unknown solidse
usually identified by Xray diffraction which is vital to studies in geology,
environmental sciem; material science, engineering and biologys klso used to
measure sample purifg2].

The basis of XRD is the observation of gwatteredntensityof anX-ray beam that
hits a sample as a function of incident and scattered angle, polarization, and

wavelength or energ2].
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D.1 XRD Patternsfor Pure and Co-Mo Impregnated CaCO3; Materials
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Figure D.1.1 XRD pattern of pure CaGO
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Figure D.12 XRD patterns of the catalystvith differentCo:Mo ratics: (a) 0.44,
(b) 2.30, (c) 6vhichwerec al ci ned at 500eC
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Figure D.14 XRD patterns of the catalyswith differentCo:Mo ratics: (a) 0.44,
(b) 2.30, (c) 6which werecalcined a750 e. C
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D.2 XRD Patterns for the SynthesizedCNTs
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Figure D.2.1 XRD pattern of purified CNTs produced@atO 0 ¢ C CeMokLaCQ
catalyst (Co:Mo=0.44; k= 7 5 6% GH, in Ar).
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Figure D.22XRD patternro f pur i fi ed CNT sverorMo/CaCce d

catalyst(Co:Mo=6; T.a= 7 Q 6% GHy in Ar).
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Figure D.23XRD pattern of purified -NMoWCBGQ produc
catalyst (Co:Mo=6; o= 7 5 Z6% GH.in Ar).
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Figure D.24 XRD pattern of purified CN§ pr oduced aMo/GaG6@® ¢ C ove
catalyst(Co:Mo=6; Tea= 7 5 Z6% GH. in Ar).
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Figure D25 XRD pattern of purified -MoWCBGQ produc
catalyst (Co:Mo=6; = 7 § ZBWC,H, in Ar).
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Figure D26 XRD pattern of purified -MoWCBGQ produc
catalyst(Co:Mo= 6; T.a= 7 5 10% GH, in Ar).
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Figure D.2.7 XRD pattern of purified @ Ts produced Mb/CaLG0egC oV
catalyst (Co:Mo= 6; Ja= 750 U 80% GH. in Ar).
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D.3 XRD Data of Synthesized Materialsand Reference Compounds

Table D.3.1 XRD data for pure CaC9

2d d /1o
23.10 3.8471 8
29.46 3.0294 100
31.52 2.8360 3
36.00 2.4927 17
39.44 2.2828 26
43.18 2.0934 24
47.12 1.9271 10
47.56 1.9103 28
48.54 1.8740 31
56.54 1.6263 7
57.38 1.6045 15
58.10 1.5863 3
60.68 1.5249 10
61.04 1.5168 6
61.40 1.5087 6
63.04 1.4734 5
64.62 1.4411 11
65.68 1.4204 7
69.18 1.3568 3
70.26 1.3386 4
72.88 1.2968 6
73.68 1.2847 3
76.22 1.2481 3
77.20 1.2347 5
81.54 1.1796 5
83.68 1.1548 7
84.78 1.1426 5
94.90 1.0456 8
96.16 1.0352 4
99.14 1.0119 5
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Table D.3.2 XRD data for the catalyst with a Co:Mo ratio of 0.44 and a calcination
temperature of 500eC

2d d I/l
18.54 4.7814 3
23.14 3.8406 8
28.76 3.1016 8
29.48 3.0274 100
31.46 2.8413 4
34.00 2.6347 3
36.06 2.4887 17
39.50 2.2795 27
43.26 2.0897 25
47.18 1.9248 15
47.54 1.9111 27
48.56 1.8733 31
56.66 1.6232 7
57.48 1.6020 15
58.06 1.5873 5
60.76 1.5231 12
61.06 1.5163 6
61.42 1.5083 5
63.14 1.4713 4
64.76 1.4383 12
65.62 1.4216 6
70.26 1.3386 4
72.94 1.2959 6
76.36 1.2461 4
77.16 1.2352 4
81.56 1.1793 5
83.86 1.1527 8
84.86 1.1417 4
94.82 1.0463 8
95.04 1.0444 8
99.20 1.0115 6
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Table D.3.3 XRD data for the catalyst with a Co:Mo ratio of 0.44 and a calcination
temperature of 7QC

2d d I/l
18.00 4.9240 44
18.66 4.7513 13
23.08 3.8504 9
28.74 3.1037 73
29.40 3.0355 91
3124 2.8554 10
34.12 2.6256 100
36.02 2.4913 19
37.36 2.4050 12
39.42 2.2839 31
43.20 2.0924 28
45.48 1.9928 5
47.10 1.9279 74
47.46 1.9141 53
48.9 1.8754 33
49.28 1.8476 15
50.80 1.7958 54
54.12 1.6932 35
54.40 1.6852 28
56.62 1.6242 10
57.44 1.6030 18
58.04 1.5878 24
59.50 1.5523 15
60.70 1.5245 14
62.60 1.4827 20
62.98 1.4746 17
64.10 1.4516 16
64.72 1.4391 23
71.60 1.3168 12
71.90 1.3121 13
72.18 1.3077 12
75.78 1.2542 10
76.18 1.2486 14
79.54 1.2041 10
83.84 1.1530 13
84.54 1.1452 18
84.82 1.1421 20
85.92 1.1303 11
93.00 1.0619 13
94.96 1.0451 13
99.16 1.0118 14
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Table D.3.4 XRD data for he catalyst with a Co:Mo ratio of 0.44 and a calcination
temperature of 75iC

2d d I/l
18.06 4.9078 40
18.72 4.7362 12
28.80 3.0974 76
29.46 3.0294 27
31.32 2.8536 10
32.84 2.7250 7
34.18 2.6211 100
36.02 2.4913 8
39.40 2.2851 14
43.22 2.0915 10
45.52 1.9910 8
47.12 1.9271 66
48.56 1.873 12
49.32 1.8462 15
50.84 1.7945 54
54.16 1.6921 32
54.42 1.6846 30
56.26 1.6338 9
58.06 1.5873 23
59.54 1.5514 15
62.64 1.4818 21
63.98 1.4540 13
64.30 1.4475 16
64.54 1.4427 14
6482 1.4372 12
71.66 1.3159 12
72.24 1.3067 11
75.80 1.2539 9
76.18 1.2486 13
79.54 1.2041 9
80.82 1.1882 8
81.94 1.1748 7
82.46 1.1687 9
84.02 1.1509 8
84.66 1.1439 17
84.96 1.1406 14
85.90 1.1305 10
90.84 1.0814 8
93.18 1.0603 12
93.62 1.056 9
98.96 1.0133 11
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Table D.35 XRD data for the catalyst with a Co:Mo ratio of 2.30 and a calcination
temperature of 5G{C

2d d I/l
22.97 3.8687 7
28.66 3.1122 5
29.33 3.0427 100
31.30 2.8555 3
35.93 2.4974 18
39.35 2.2879 28
43.12 2.0962 26
47.38 1.9172 32
47.43 1.9153 30
48.43 1.8780 34
56.68 1.6227 4
57.36 1.6051 18
58.05 1.5876 3
60.59 1.5270 13
61.13 1.5148 6
61.38 1.5092 4
63.05 1.4732 3
64.59 1.4418 13
65.47 1.4245 6
70.16 1.3403 4
72.78 1.2984 6
76.23 1.2480 3
77.08 1.2363 5
81.44 1.1808 5
83.69 1.1547 9
84.84 1.1419 3
94.89 1.0457 11
96.14 1.0354 3
99.01 1.0129 4
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Table D.3.6 XRD data for the catalyst with a Co:Mdimof 2.30 and a calcination
temperature of 7QC

2d d I/l
18.4 4.9132 45
18.52 4.7870 8
23.00 3.8637 6
28.74 3.1037 39
29.44 3.0315 36
34.14 2.6241 100
35.98 2.4940 9
39.42 2.289 14
43.18 2.0934 12
47.12 19271 52
47.40 19164 39
48.52 1.8747 15
50.82 1.7951 54
54.32 16874 27
57.36 1.6051 8
58.04 1.5878 9
59.48 15528 9
60.56 1.5277 8
62.62 1.4823 20
64.04 1.4528 14
64.30 1.4475 17
64.66 1.4403 14
71.44 1.3194 10
71.76 1.3143 13
71.92 1.3117 12
75.96 1.2517 8
8480 1.1423 17
86.16 1.1278 9
92.80 1.0637 10
93.06 1.0614 11
93.54 1.0572 10
94.86 1.0460 7
96.02 1.0364 9
98.86 1.0140 10
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Table D.3.7 XRD data for the catalyst with a Co:Mo ratio of 2.30 and a calcination
temperature of 75

2d d I/l
17.94 4.9404 33
28.61 3.1176 39
32.12 2.7844 10
33.92 2.6407 100
37.23 2.4132 30
39.26 2.2929 6
42.96 2.1036 5
46.97 1.9330 46
49.96 1.8241 4
50.63 1.8015 50
53.74 1.7043 29
55.18 1.6632 3
59.27 1.558 6
62.41 1.4868 16
64.07 1.4522 15
67.19 1.3921 6
71.68 1.3156 9
79.42 1.2057 4
84.49 1.1458 12
85.26 1.1374 7
85.73 1.1323 5
91.44 1.0759 5
92.95 1.0624 6
95.76 1.0385 4
98.90 1.0138 5
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Table D.3.8 XRD data fa the catalyst with a CMo ratio of 6 and a calcination
temperature of 5QC

2d d I/l
18.54 4.7819 3
23.22 3.8687 8
28.90 3.1122 3
29.56 3.0427 100
31.58 2.8555 3
34.00 2.6347 3
36.14 2.4974 15
39.57 2.2879 23
43.33 2.0962 22
47.33 1.9172 11
47.65 1.9153 24
48.66 1.8780 27
56.72 1.6227 5
57.57 1.6051 13
58.18 15876 3
60.82 1.5270 8
61.14 1.5148 5
61.36 1.5092 3
64.84 1.4418 9
65.65 1.4245 4
70.34 1.3403 3
73.00 1.2984 4
77.29 1.2363 3
81.63 1.1808 3
83.93 1.1547 5
84.96 1.1419 3
95.18 1.0457 7
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Table D.3.9 XRD data fa the catalyst with a Co:Mo ratio of 6 and a calcination
temperature of 7QC

2d d I/l
18.06 4.9079 33
28.86 3.0911 13
32.35 2.7652 34
34.17 2.6219 37
37.50 2.3964 100
39.78 2.2642 2
43.49 2.0792 2
47.25 1.9222 14
50.91 1.7922 19
53.99 1.6970 64
59.49 1.5526 2
62.70 1.4806 6
64.30 1.4476 20
67.50 1.3865 17
71.76 1.3143 3
72.07 1.3094 3
79.79 1.2010 8
84.71 1.1433 4
85.47 1.1351 3
88.63 1.1026 6
91.57 1.0747 18
92.88 1.0630 2
93.50 1.0576 2
95.98 1.0367 2
98.90 1.0138 2
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Table D.3.10 XRD data for the catalyst with a Co:Matio of 6 and a calcination
temperature of 75

2d d I/l
17.94 4.9404 34
28.76 3.1016 20
32.28 2.7709 35
34.16 2.6226 55
37.44 2.4000 100
39.60 2.2740 6
42.90 2.1064 5
43.42 2.0824 5
47.14 1.9263 25
49.26 1.8483 5
50.86 1.7938 31
53.94 1.6984 74
55.44 1.6460 6
59.50 1.5523 6
62.60 1.4827 12
64.22 1.4491 28
67.44 1.3876 24
71.50 1.3184 7
72.04 1.3098 7
79.72 1.2018 12
84.66 1.1439 9
85.22 1.1378 8
85.78 1.1318 7
88.58 1.1031 10
91.54 1.0750 24
92.82 1.0635 6
93.66 1.0562 6
96.04 1.0362 6
08.42 1.0174 6
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Table D.3.11 XRD data for asynthesized CNTs grown at @D over the catalyst
with a Co:Mo ratio o6 and a calcination temperature of 60

2d d I/l
18.660 4.7513 20
20.980 4.2308 22
22.000 4.0369 27
24.780 3.5900 40
25.420 3.5010 39
26.360 3.3783 33
28.180 3.1641 32
28.700 3.1079 36
31.200 2.8643 16
32.160 2.7810 42
34.240 2.6167 16
37.320 2.4075 100
41.180 2.1903 16
43.880 2.0616 21
46.940 1.9341 39
49.240 1.8490 19
53.800 1.7025 80
55.640 1.6505 21
57.960 1.5898 21
59.640 1.5561 16
64.080 1.4520 34
67.320 1.3897 31
75.800 1.2539 19
79.540 1.2041 25
87.160 1.1174 15
88.440 1.1045 21
91.400 1.0763 35
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Table D.3.12 XRD data for purified CNTs produced at 760 grown over the
catalyst with a Co:Mo ratio of 6 and a calcination temperature of
7000C at inlet acetylene composition of 25%

2d d I/l
26.14 3.407 100
43.58 2.075 17
53.09 1.724 11
78.38 1219 3

Table D.3.13 XRD data for purified CNTs produced &80 6C grown over the
catalyst with a Co:Mo ratio of 6 and a calcination temperature of

7500C at inlet acetylene composition of 25%

2d d I/l
25.96 3429 100
45.68 1.984 20
52.22 1.750 11
7900 1211 6

Table D.3.14 XRD data for purified CNTs produced &0 6C grown over the
catalyst with a Co:Mo ratio of 6 and a calcination temperature of

7500C at inlet acetylene composition of 25%

2d d I/l o
26.11 3411 100
43.14 2.095 19
53.40 1.714 4
77.98 1224 2
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Table D.3.15 XRD data for purified CNTs produced &0 6C grown over the
catalyst with a Co:Mo ratio of 6 and a calcination temperature of
7500C at inlet aetylene composition df0%

2d d I/l
25.84 3445 100
43.18 2.093 13
53.82 1.702 3
78.13 1222 3

Table D.3.16 XRD data for purified CNTs produced &0 oC grown over the
catalyst with a Co:Mo ratio of 6 and a caldioa temperature
of 750C at inlet acetylene composition 8%

2d d I/l
25.54 3485 100
43.23 2.001 21
53.50 1.710 4
78.81 1235 2
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Table D.3.17 XRD data for cubic CaO

Catalog No: 481467

CaO (Cubic)
Rad: CuKal
Lambda: 1.5406
2d d I/l o h Kk I
32.200 2.7777 40 1 1 1
37.360 2.4051 100 2 0 0
53.860 1.7008 51 2 2 0
64.160 1.4504 17 3 1 1
67.380 1.3887 14 2 2 2
79.660 1.2026 5 4 0 0
88.530 1.1036 7 3 3 1
91.470 1.0757 14 4 2 0
Table D.3.18 XRD data for hexagonal Ca(OH)
Catalog No: 040733
Ca(OH), (Hexagonal)
Rad: CuKal
Lambda: 1.5406
2d d I/1g* h Kk I
18.089 4.9001 74 0 0 1
28.662 3.1120 23 1 0 0
34.088 2.6281 100 1 0 1
47.123 1.9270 42 1 0 2
50.794 1.7960 36 1 1 0
54.336 1.6870 21 1 1 1
62.538 1.4840 13 2 0 1
64.226 1.4490 13 1 1 2
71777 1.3140 8 2 0 2
84.721 1.1432 11 2 1 1
93.229 1.0599 12 2 1 2
98.826 1.0143 7 3 0 1

* |/lg values less than 7 were not included.
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Table D.3.19 XRD data for hexagonal Co

Catalog No: 894308

Co(Hexagonal)

Rad: CuKal

Lambda: 1.5406

2d d I/l h k I

41.589 2.1698 27 1 0 0
44.264 2.0446 29 0 0 2
47.394 1.9166 100 1 0 1
62.351 1.4880 11 1 0 2
75.891 1.2527 10 1 1 0
83.729 1.1542 10 1 0 3

Table D.3.20 XRD data for cubic CoO

Catalog No: 750419
CoO(Cubic)

Rad: CuKal
Lambda: 1.5406

2d d I/l h Kk |
34.103 2.6269 100 1 1 1
39.582 2.2750 22 2 0 0
57.220 1.6087 34 2 2 0
68.318 1.3719 22 3 1 1
71813 1.3135 3 2 2 2
85.248 1.1375 3 4 0 0
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Table D.3.21 XRD data for maoclinic CoMoQ

Catalog No0:25-1434
CoMo0O4 (Monoclinic)
Rad: CuKal

Lambda: 1.5406

2d d /lo* h K I
14.159 6.2501 70 1 1 0
16.014 5.5300 20 1 1 1
18.906 4.6901 10 2 0 1
21.498 4.1301 10 1 1 1
23.707 3.7501 20 0 2 1
25.063 3.5502 60 0 0 2
28.512 3.1281 100 2 2 0
32.267 2.7721 55 2 2 2
32.852 2.7241 40 1 3 1
38.302 2.3481 25 1 3 2
40.777 2.2111 25 4 0 0
42.780 2.1121 12 0 4 1
43.340 2.0861 60 3 3 0
43.670 2.0711 10 2 2 2
45.837 1.9781 10 4 2 0
46.993 1.9321 40 1 3 3
52.714 1.7351 30 5 1 0
55.476 1.6550 15 1 5 1
55.658 1.6501 25 4 2 4
56.515 1.6270 20 4 4 1
56.935 1.6160 25 0 4 3
57.84 1.5920 12 1 1 4
59.555 1.5510 35 3 5 1
61.209 1.5130 35 1 5 2
62.821 1.4780 25 6 2 3

* |/l1o values less than 10 were not included.
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Table D.3.22 XRD data for tetragonal CaMqO

Catalog No: 290351

CaMoO, (Tetragonal)

Rad: CuKal

Lambda: 1.5406

2d d I/lg* h k [

18.625 4.7603 25 1 0 1
28.774 3.1002 100 1 1 2
31.247 2.8602 14 0 0 4
34.329 2.6102 16 2 0 0
39.310 2.2901 10 2 1 1
39.817 2.2621 6 1 1 4
45.471 1.9931 6 2 1 3
47.069 1.9291 30 2 0 4
49.266 1.8481 14 2 2 0
54.090 1.6941 14 1 1 6
56.212 1.6351 6 2 1 5
58.031 1.5881 20 3 1 2
59.510 1.5521 10 2 2 4
75.793 1.2541 8 2 0 8
76.150 1.2491 12 3 1 6
79.545 1.2041 6 3 3 2
80.836 1.1881 6 4 0 4

* |/l values less than 6 were not included.
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Table D.3.23 XRD data for monoclinic Mo

Catalog No: 891554
MoO 3 (Monoclinic)
Rad: CuKal
Lambda: 1.5406

2d d /lo* h K I
23101 3.8470 100 0 1 1
24.998 3.5592 51 2 0 0
33.369 2.6830 9 0 2 0
33.802 2.6496 15 2 1 1
34.658 2.5861 12 2 1 1
42.144 2.0499 6 2 2 0
47.019 19311 5 0 2 2
51.297 1.7796 5 4 0 0
53.376 1.7151 5 2 2 2

* |/lg valuesless than 5 were not included.

Table D.3.24 XRD data for hexagonal MG

Catalog No: 893014
Mo,C (Hexagonal)
Rad: CuKal
Lambda: 1.5406

2d d o* h Kk I
34.459 2.6006 100 1 0 0
38.026 2.3645 23 0 0 2
52.247 1.7495 54 1 0 2
61.732 1.5015 15 1 1 0
72.655 1.3003 7 2 0 0
74.851 1.2675 12 1 1 2
85.075 1.1394 9 2 0 2

* |/1o values less than 7 were not included.
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Table D.3.25 XRD data for orthorhombic M€ (89-2669)

Catalog No: 892669

Mo,C (Orthorhombic)

Rad: CuKal

Lambda: 1.5406

2d d I/lg* h k I

34471 2.5997 21 0 2 1
38.067 2.3620 23 2 0 0
39535 2.2776 100 1 2 1
52.288 1.7482 15 2 2 1
61.759 1.5009 15 0 4 0
69.769 1.3469 14 3 0 2
74.903 1.2668 14 2 2 3
75.203 1.2624 7 1 3 3
75.849 1.2533 10 1 0 4

* |/lg values less thm7 were not included.

Table D.3.26 XRD data for orthorhombic M€ (71-0242)

Catalog No: 7£0242
Mo,C (Orthorhombic)
Rad: CuKal
Lambda: 1.5406

2d d o* h Kk I
34.317 2.6110 20 0 2 1
34.440 2.6020 17 0 0 2
38.000 2.3680 32 2 0 0
39.491 2.2801 100 1 0 2
52.125 1.7533 16 2 2 1
61.379 1.5093 8 0 4 0
61.617 1.5040 15 0 2 3
69.577 1.3501 14 3 2 1
74.513 12724 6 2 4 0
74.729 1.2693 15 2 2 3
74.956 1.2660 7 1 3 3
75.479 1.2585 10 1 4 2
75.766 1.2545 7 1 0 4
75.766 1.2545 7 1 0 4

* |/lg values less than 6 were not included.
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APPENDIX E

EDS RESULTS FOR THE SYNTHESIZED CATALYSTS AND
CNTS

In order to characterize the elemental composition the sample is bombarded by an
electron beam and-Kays emitted from the sampége detected. Xays which are
characteristic of the elements present on the sample are produced because of the
effect of the electron beam on the sample. The characteristayys<of different
elements are separated by an EDS detector. Qualitative amditgtive analysis
elemental mappingand line profile analysis are possible with E[&3]. EDS
spectra of the synthesized catalysts are given in Fidtileg.5. EDS spectt of the

carbon nanotubes produceder CeMo/CaCQ catalysts are given in FigleeE.6

E.14.
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Figure E.1 EDS spectrum of the catalyst with a Co:Mo ratio of 0.44 and a
calcination temperature of 500eC.

Ca
Element Wt % At %
C K 9,58 18,66
oK 34.25 50.08
Mol 3.489 0.85
Cak 50.84 29.68
Cok 1.34 0.73
Total 100.00 100.00
Ca
O Mo Mo
Mo
c Co
Co
.—‘_‘ —
0.90 1.80 2.70 3.60 4.50 5.40 6.30 7.20 8.10 keV

Figure E.2 EDS spectrum of the catalyst with a Co:kétio of 0.44 and a
calcination temperature of 700eC.
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Figure E.3 EDS spectrum of the catalyst with a Co:Mo ratio of 2.30 and a
calcination temperature of 500eC.
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Figure E.4 EDSspectrum of the catalyst with@o:Mo ratio 0f2.30 and a
calcination temperature of 700eC.
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Ca

Element Wt % At %
C K 9.74 18.59
oK 36.54 52.34
MoL 1.10 0.28
CaK 15.63 26 .09
CoK &.928 2.72
Total 100.00 100.00
C
o a
Mo Mo Co
i e A
0.80 1.50 2.20 2.90 3.60 4.30 5.00 5.70 6.40

Figure E.5 EDS $ectrum of the catalyst with@o:Mo ratio of 6 and a calcination

temperature of 700e¢eC.
¢ Element Wt & At %
CEK 94.94  96.16
0K 5.06 3.84
Total 100.00 100.00
J‘tiﬂ‘ﬂﬂ..‘.*h.ﬂ.
7.00 8.00 9.00 10.00 kaV

1.00 2.00 3.00 4.00 5.00 6.00

Figure E.6 EDS spectrum ofthe ar b o n

nanot ubesverfhe oduced
catalystwith a Co:Mo ratio of 0.44 and a calcination temperature of

7 5 0 & &hinlet C;H, composition o25%in Ar.
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C K 94.57 96.53
O K 4.20 .21
CoK 1.23 0.26
Total 100.00 100.00

Co
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4.00 6.00 8.00 10.00 12.00 keV
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Figure E.7 EDS spectrum of thearbon nanotubes producedbat0 e verthe
catalystwith a Co:Mo ratio of 0.44 and a calcination temperature of

700 e & aninlet C;H, composition o25%in Ar.

q
Element Tt % AL
C K 8d4.31 91.50
o K 6.95 5.66
CaK g.74 z2.84
Total 100.00 100.00
Ca
Ca
o]
e sk
2.00 4.00 6.00 8.00 10.00 12.00 keVv

Figure E.8 EDS spectrum of thearbon nanotubes produced’@tO e v@rthe
catalystwith a Co:Mo ratio of 0.44 and a calcination temperature of

500 e 4T aninlet C;H, composition o25%in Ar.
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Figure E.9 EDS spectrunof thecarbon nanotubes producedbat0 e \verthe

catalystwith a Co:Mo ratio 0f2.30 and a calcination temperature of
750 e 4&F aninlet C;H, composition o25%in Ar.
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Figure E.10EDS spectrum of thearbon nanotoes produced &0 O e v@rthe

catalystwith a Co:Mo ratio oR2.30and a calcination temperature of
750 e 4&F aninlet C;H, composition o25%in Ar.
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Element Wt % At %
C K 100.00 100.00
Total 100.00 100.00
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 keV

Figure E.11EDS spectrum of thearbon nanotubes produced&0e Cverdhe
catalystwith a Co:Mo ratio oR.30and a calcination temperature of
750 e & aninlet C,H, composition o25%in Ar.

Zlement Wt % At %
C K 87.72 @
0 K 11
MaL 0.31
CoK 0
Total 100.00 100.00
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Figure E.12EDS spectrum of thearbon nanotubes producedb80 e @erthe
catalystwith a Co:Mo ratio ob and a calcination temperature# e C

at aninlet CoH, composition o25%in Ar.
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Element Wt % At %

C K 100.00 100.00
Total 100.00 100.00

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 kaV

Figure E.13 EDS spectrum of thearbon nanotubes produced’80 ¢ @Qertbe
catalystwith a Co:Moratio of 6 and a calcination temperature® e C
at aninlet CoH, composition 020% in Ar.

Element Wt % At %

C K 100.00 100.00
Total 100.00 100.00

1.00 2.00 3.00 4.00 5.00 6.00 7.00 B8.00 9.00 10.00 keV

Figure E.14 EDS spectrum of thearbon nanotubes produced’80 ¢ @ertbe
catalystwith a Co:Mo ratio o6 and acalcination temperature G60 ¢ C
at aninlet C;H, composition 0f30% in Ar.
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APPENDIX F

X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) is a quantitative surface chemical analysis
technique used to obtain the elearcomposition of the surface (toplD nm)
chemical and electronic state of the elements present at the surface of the material.

To investigate the chemical composition of surfacesy)photons are used as the
primary beam. In this techniquthe mateial to be analyzed is irradiated by a beam
of X-rays. At the same timéhe kinetic energy of collected electrons and the number
of electrons escaping from the surface of the material are me4Sg@yed

Each element has a unique binding energy wisalsed to identify the elemental
composition of the sample. Binding energies which are experimentally determined
are characteristics of specific elements. Therefore these enargiasedor the
identification of the characteristic peaks belonging to a nahterith unknown
elemental composition. Hendble presence of a specific element within the material
is proved by the presence of peaks at specific energies. Moydlogeroncentration

of the element is associated with the intensity of the peaks whmVidps a
guantitative analysis of the surface composition. AdditionalkPS also
distinguistesdifferent chemical bonding configurations as well as different elements
[52].
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Figure F.1 XPS spectrum of the catalysttiva Co:Mo ratio of 2.30 and a
calcination temperature of 700eC
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APPENDIX G

SEM IMAGES OF THE SYNTHESIZED CNTS

SEM is one of the most widely used analysis technique in academic and industrial
areas since it provideapid and higkresolution imaging with extreme detailsis a
crucial technique for the investigation and the analysis of hanomatdtalgo its
capability of direct imaginglt is commonly used because of its versatilitg
various modes of imagingasy sample preparatioand easy interpretation of the
images. &M which utilizes secondary electrons and backttered electrons to
investigate the sample is useful for imaging the surface and subsurface ofanitro
nanostructures. Moreovemorphological properties of carbon nanotubes can be
studied using SEM52, 53]. SEM images of CNTs grown over @#o/CaCQ
catalysts are given in Figu1-G.16.
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(a) (b)

Figure G.1 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of
0.44 and a <cal ci nat i onthesisetemperatueet ur e
of 500eC at an inlet ace(ay20Q0Ox c o mp
magnificdion (b) 240,000x magnifi¢an.

(a) (b)

Figure G.2 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of
O44anda cal cination temperature of 70
of 600eC at an inlet acet(@ 60000 comp
magnificaion (b)120,000x magnificaon.
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(a) (b)

Figure G.3 SEM images of CNTs grown over thatalyst with a Co:Mo ratio of
0.44 and a calcination temperature
of 650eC at an inlet acet(@5boOOr c o mp
magnification (b) 200,000x magnification.

(@) (b)

Figure G.4 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of
2.30 and a calcination temperature
of 500eC at an inlet acet(@60D00r comp
magnification (b) 100,000x magnification
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@ (b)

Figure G.5 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of
2.30 and a calcination temperature
of 600eC at an inlet acet(@5boddOr c omp
magnification (b) 200,000x magnification

(a) (b)

Figure G.6 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of
2.30 and a calcination temperature
of 650eC at aampositioh ¢ 25% an@rgdfay 126000
magnification(b) 154,000x magnificatian
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(a) (b)

Figure G.7 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of
2.30 and a calcination t empgerturat ur e
of 500eC at an inlet acet(@ 8O comp
magnification (b) 150,000x magnification.

(a) (b)

Figure G.8 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of
230 and acalcimai on temperature of 700eC at
of 600eC at an inlet acet(@40O00e c o mp
magnification (b) 160,000x magnification.
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(@) (b)

Figure G.9 SEM images of CNTs grown over the catalygtva Co:Mo ratio of
2.30 and a calcination temperature
of 650eC at an inlet acet(@®60db00r comp
magnification (b) 120,000x magnification.

(b)

Figure G.10 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of 6
and a calcination temperature of 7
500eC at an inl et acetyl(@m@&000x0o mpos |
magnification (b) 80,000x magnification.
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(@) (b)

Figure G.11 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of 6
and a calcination temperature of 7
600eC at aeme compbsiidn ofe28% ih srdon (a) 80,000x
magnification ) 160,000x magnification.

Figure G.12 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of 6
and a calcination temperature of 7
650eC at an inl et 2a8% ie argoha H06,008xo mp 0 S |
magnification(b) 100,000x magnification.
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(@) (b)

Figure G.13 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of 6
and a calcination temperature of 7
706 C at an inl et acetyl efaplo0dxmposit
magnification (b) 80,000x magnification.

(@) (b)

Figure G.14 SEM images of CNTs grown over the catalyst with a Co:Mo ratio of 6
and a calcination temperature 6f5 0 e C a't a synthesis
700eC at an inlet acetyl(aB&000x0o mpos.
magnification (b) 150,000x magnification
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(@) (b)

Figure G.15 SEM images of CNTs grown over the catalyst with a Co:Mo rdté® o
and a calcination temperature of 7
700eC at an inlet acet yl (a)8x0008 0o mpos |
magnification (b) 100,000x magnification.

(a) (b)

Figure G.16 SEM images of CNTs gwn over the catalyst with a Co:Mo ratio of 6
and a calcination temperature of 7
700eC at an inlet acetyl(ar24000x0 mpo s |
magnification (b) 50,000x magnification.
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