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ABSTRACT

In this study, high-temperature acetylene gas was detivio the reactive
sites of matrix-supported transition metal catalysts by sx@hra chemical vapor
deposition (CVD) apparatus, yielding carbon nanofb€ENF) and nanotubes
(CNT). A principle feature that delineated this pysis-induced polymerization
from prior studies lay in the method used to supporntrescale transition metal
catalysts. In particular, sodium chloride, a byprodcafcthe catalyst synthesis, was
deliberately retained and exploited in subsequentpoéations for the reason that it
performed remarkably well as a support medium. In compatsdypical silica and
alumina-based support media, a non-porous sodium chlonddium clearly
revealed major operational advantages in the mattéaboicating carbon species
such as nanorods and nanotubes. In particular, pyrotgsikl be conducted at
temperatures spanning 500°C to 700°C without obseraimgagglomeration and
subsequent sintering of the catalyst. The root caugheohigh stability of these
catalytic nanoparticles was not elucidated conclisgibat it appeared to be related
to the segregating effect of the support matrix, whaohld arise initially by the



direct interaction between mobile chloride ions ahé tatalyst surface, and
subsequently via encapsulation of each catalyst f@rby the growing polymeric
species.

The other noteworthy peculiarity of sodium chloridesasupport material lay
in its markedly different morphology, which could behacacterized as
microcrystalline and non-porous, with catalytic paescdispersed throughout the
medium as opposed to remaining surface-pendent. While dumhewounter-
intuitive, the zero-porosity of this matrix did notggoany apparent drawbacks in the
matter of fabricating carbon nanofibers or nanotubles.fact, the catalytic
effectiveness of many transition metals particles was cabf@or better than those
of the prior art, whose effectiveness typically restautlizing a highly-porous and
high-surface support medium with an interconnected nubogly.

High catalytic activity appeared to be promoted gy fact that the sodium
chloride matrix became mobile and acetylene-permedbitesated temperatures,
the most important evidence originating from electroeragraphs, which clearly
indicated carbon-coated catalysts encased entiredgdium chloride. In comparing
several transition metal oxides, the most active catalgst clearly nickel-based.
The activity of the nickel catalyst did not appearstrongly depend on the ligand
used in its fabrication but there was certainly algatadependency on the size of
the particle. Kinetic analyses of catalysts indicatédt tcarbon-carbon bond
formation was not reaction limited. Rather, the masstearof carbon units within
the bulk or its chemisorption dynamics was in fact fiaéing, in agreement with
literature studies on related systems. It followed tasoe that the superior
performance of nickel over other transition metal esidvas directly related to its
stronger chemisorptivity of carbon species. Reactiore ragrsus flow rate
measurements yielded a pseudo rate constant of zert datayst types, implying
that acetylene was saturating under the conditiomsaattion. At prolonged reaction
times, all catalysts lost their activity. While the po##ibof catalyst poisoning
could not be ruled out, other indications suggestat gbor mass transfer of either
the feedstock or the growing product were the Yilaguse.

The morphology of carbon nanotubes were relativepicy whereas the
morphology of nanofibers were subject to great vdrtgpioften ranging from
straight rods to nanocoils to Y-junction or second onunotubes on nanofiber
structures. A hierarchy of the rules that governed dherse of growth was not
clearly established in this study but the major caudbisfdiversity appeared to be
directly related to the shape, surface propertiesthe chemistry of the catalyst.
Two other important parameters appeared to be thelgagdte and the pyrolysis
temperature.

A final merit of employing the sodium chloride supptethnology was
related to its preparative generality and practigaparticularly in view that it could
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enable the synthesis of metal catalysts and polymeriboraspecies while
precluding some common drawbacks such as toxicity, hargberiemental
manipulations, and high cost. Even the quantitatie®wery of catalyst could be
facilitated by dissolution of the salt support in watellowed by filtration. It
follows to reason that further development and fimerigy of this novel and non-
porous support technology can instigate a new classpposumaterials and can
potentially open the door to the synthesis of carbased nanostructures with truly
unusual physico-chemical traits.



KARBON NANOFIBER VE KARBON NANOTUPLERN CVD YONTEMIYLE
SEQMLI BUYUTULMESI ve METAL KATALiZORUN ETKISI

Ahu Gumrah Dumanli
Malzeme Bilimi ve Muhendis#i Bélumu, Doktora Tezi, 2008

Tez Dangmani: Prof. Dr. Yuda Yurim

Anahtar Kelimeler: Karbon Nanofiber, Karbon NanotGy,D, kataliz

OZET

Bu calsmada asetilen gazi, kimyasal buhar depolanmasi (CVDjewin
kullanilarak yiksek sicakliklarda desteklemrgeck periyodu elementleri Gzerinde
karbon nanofiber (CNF) ve karbon nanotiip (CNT) leten donigttraimisttr. Bu
calsmada gercekigirilen piroliz kaynakh polimerizasyonun daha 6ncek
calismalardan ayrilan en onemli 6zglligeck elementleri icin kullanilan destek
malzemesinden kaynaklanmaktadir. Aslinda katalizér sewlezyan Uriin olarak
elde edilen sodyum Kklorlr, nanoboyuttaki katalizéretaklerini desteklemek igin
kullaniimistir. Sodyum klortiriin substrat malzemesi olarak yagnathanipilasyon
kabiliyeti bu proses i¢in uygun bir katalizor olarkldlanilabilecgini gostermgtir.
Silika ve alumina bazli katalizér destek malzemelerkdeilastirildiginda, sodyum
klortr porsuz yapisina gmen karbon nanofiber ve nanotlp Uretiminde kullanim
acisindan bariz avantajlar ortaya kowtow. Ozellikle, 500°C ile 700°C arasinda
gerceklatirilen piroliz deneylerinde katalizér tanecikledie@ kiimelenme ya da
sinterlenme olmamasi destek malzemesingahsi acisindan énemli bir sonuctur.
Bu katalizor sisteminin kararlg@inin yiksek olmasi tam olarak agiklamamisa da,
bu kararlilgin destek matriksinin CVD kaollarinda sahip oldgu mobilitenin
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oncelikle katalizor parcaciklarn ile destek yapiskidhareketli klorlr iyonlariyla
direk temasi ve buna Bla olarak katalizor parcaciklarinin enkapsuile olmaasmnd
ileri geldigi ongoralmigtar.

Sodyum Kloruriin gostergii baska bir orjinallik de mikro kristalik ve porsuz
morfolojisiyle diger katalizor destek malzemelerinden oldukga farkl cloha,
katalizor pargalari da yuzeyde olmak yerine bu destelzemesinin icerisinde
homojen olarak dalmis durumdadiristenilenin tam tersine, porsuz bir matriks elde
edilmis olmasina rgmen sodyum klorir karbon nanofiber ve nanotiplerin
Uretiminde herhangi bir problem vyaratmatm Hatta olgturulan Kkatalizér
sistemlerinin katalitik etkisi daha 6nceki gatialarda kullanilan yiksek poroziteye
ve yuzey alanina sahip olan destek sistemlerle eldeenedgonuclarla
karsilastinlabilirdir hatta bazi durumlarda daha tstun glddahi sdylenebilir.

Sodyum klortrtn yiksek sicaklarda hareketli bir fapigana kavgmasi ve
asetilen gecirgeniinin artmasi suphesiz, yuksek katalitik aktiviteye katkida
bulunmaktadir. Bunun en 6nemli kaniti, Uzerinde karlioin olgan katalizor
parcalarinin matriks icerisinde gldiginin ve kaplanginin goézlemlendii elektron
mikroskobu goriuntileriyle elde edilgtir. Elde edilen katalizor sistemleri kendi
aralarinda karlastirildiginda katalitik aktivitesi en ylksek sistem nikel bazh
sistemlerdir. Nikel bazli sistemler s6z konusu @lthda nikelin aktivitesinin
kullanilan ligandin Ozelliklerinden ziyade, ¢hn katalizor pargaciklarinigekil ve
boyutlarina bgl oldugu gorulmigtir. Katalizorlerin kinetik analizleri karbon-
karbon b& olusumunun reaksiyon limitli olmagdini gostermytir. Karbon-karbon
bag olusumunda 6nceki ¢aimalara parallel olarak daha ziyade karbon gruplarini
katalizor icerisine kitle transferi yada kimyasal-agsion dinamginin reaksiyon
hizini etkiledgi gorulmistir. Bununla beraber nikelin gir katalizorlere oranla
daha etkili olmasi daha etkin kimyasal-adsorpsiyonsushw gerceklenmesiyle
aciklanmgtir.  Asetilenin  aky hizina kagilik reaksiyon hizinin incelengli
calismalarda tim katalizor tipleri icin pseudo “0” hiz sablte edilmgtir, bu sonuc
asetilenin  reaksiyon kallarinda  doygunluk  noktasinda  bulurgdiu
vurgulamaktadir. Reaksiyon suresi uzagidda, katalizorler aktivitelerini
yitirmektedirler. Bunun nedeni olarak katalizoriin hzkenmesi olasifii  yok
sayllamayacak olsa da, elde edilen sonuglar reaksiyesislerledikge asetilen ya
da buyumekte olan Urinun kutle transfer hizinda meydgglen yavdamanin
oldukca etkili oldgunu gostermektedir.

Olusan karbon nanotuplerin morfolojileri oldukca tipikn@sina rgmen
karbon nanofiberler lineer cubuklardan, yay yapissahip fiberlere ya da Y-
baglantili fiberlerden nanofiber tzerinde ¢&un ikinci dereceden nanotiplere kadar
oldukca farkl tiplerde Griin meydana getigtiti Bu ¢alsmada karbon nanottplerin
ve nanofiberlerin biyume prensiplerine dair etkin galsma gerceklgiriimemis
olsa dahi, olgan bu ceitlili gin direk olarak katalizoériigekiline, boyutlarina, ytzey
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Ozelliklerine ve kimyasal 6zelliklerine pl oldugu gdzlemlenmtir. Katalizérin
Ozelliklerine ek olarak gaz akihizi ve sicaklik da Grin morfolojisine etkili iki
onemli parametredir.

Son olarak sodyum kloruriin katalizor desteolarak kullaniimasinin
teknolojik acidan nanoboyutta katalizorlerin veip@rik karbon nanomalzemelerin
elde edilmesi siurecinde kullanim kolgylkazandirmasi ve sireci pratigiemesi
acsindan faydasi oldiu kadar bu teknolojide zehirli madde kullanimi, Zarar
kimyasal streclerin uygulanmasi ya da deneysel manymiisda meydana gelen
sikintilar ve yuksek maliyet gibi bazi sakincalari ddadan kaldird icin
deserlidir. Diger sistemlere kar bir avantaji da katalizortin bir kisminin suda ¢c6zme
ve filtrasyon gibi basit yontemlerle yoluyla geri kazlabilmesidir. Sodyum
klorirtin kullanimina dair daha ileri seviyede galalar yapildgl ve ozellikleri ince
bir sekilde ayarlandy takdirde, bu malzemenin katalizor dgstelarak yeni bir
sinif yaratac@ sUphesizdir ve devaminda fiziko-kimyasal 0Ozellikleokgfarkli
karbon bazli malzemelerin sentezi igin yeni bir kapiagilmasi kaginiimaz
olacaktir.
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All truths are easy to understand once they asealiered; the point is to discover them.

Galileo Galilei

CHAPTER 1. INTRODUCTION

Carbon is a very interesting element that its all@sopan exist in many
forms, but also by using various kinds of artificial #esis methods, its
morphology and structure can be tailored accordingptxific needs and potential
applications such as; their dimensions, texture, mecHastreagth [1]. Particularly,
nanostructured carbon based materials (for exampledn#e, carbon nanofibers
and carbon nanotubes) became the materials of cedugayto their exceptional
mechanical properties such as high stability, strength stiffness, low density,
elastic deformability combined with special surface props such as selectivity

and chemical resistance and electronic properties.

The interest of this study is concentrated on the mtimlu of carbon
nanofibers (CNF) and carbon nanotubes (CNT) throdmgimacal vapor deposition
(CVD) method. The most important issue regarding théorarnanomaterials
research is to tailor the properties of the materiatsrdithe production, whatever

the production method is. Many methods have been peapfor carbon nanofiber
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and carbon nanotube production, such as, CVD [2ftrelepinning followed by
thermal processing [3], laser ablation process [4] amddécharging [5]. The
ultimate goal in synthesizing CNFs is to control diameteorphology, electronic
and mechanical properties at the same time. There isgwto say that such control
on growth of those structures needs intensive study. @€ihod is preferred in this
study for CNF and CNT production, since it is possiblproduce high quantities of
CNF and CNT by using this method and it is possiblailor the properties of the
CNF/CNT formed by controlling the parameters of theDCwethod, which brings
us one step closer to the ultimate goal. CVD productbiCNF/CNT materials
involves heating a catalyst material to high tempeeat in a tube furnace and a
flowing hydrocarbon gas through the tube reactorafqreriod of time. Therefore,
optimizing the catalyst properties is very importantgoyducing the desired CNFs.
Optimization the catalyst requires gaining an undedstgn of the chemistry
involved in the catalyst and nanofiber growth proc&s.that one can be able to
produce defectless, property controlled CNF/CNTs. Agsitfor all catalytic
reactions, good catalyst for CNF/CNT synthesis shoxitib@ high activity, thermal
stability and high selectivity towards the structuf¢he product.

Although there are not much systematic studies on hio&ce of effective
parameters for CVD production of CNF/CNTSs, it is possiisifiound numerous
independent studies. Previous studies showed that bdthenand structural
properties of the catalyst and hydrocarbon source &figets on the CNF structure
[2, 6, 7] . Most studied metals for CVD process are icobalt, nickel and copper as
the major component and chromium, vanadium and molybdexsuthe additive.
The carbon source used in CVD syntheses can be dmyncaontaining gas such as

methane, ethane, ethylene, acetylene, carbon monamdibenzene.

In the present study it was aimed to acquire correlatibetween the
characteristics of the CNF/CNT product and the strattand chemical properties
of the catalyst on CVD process. In addition to thisadied investigation, we
proposed utilization of a novel catalyst system in Wtsodium chloride (NaCl) was
used as the catalyst support and different compositioriean$ition metals were
used as nanosized catalysts precursors. A number of casayet including
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tartrates, oxalates and hydroxides of certain tramsitietals were synthesized and
characterized. These catalysts were employed inrbatuption of CNF/CNT’s via
thermal chemical vapor deposition (CVD) method, usingtydene as the carbon
source. The relation between the properties of obthoarbon nanostructure and the
nature of the catalyst were investigated by usingunstntal analytical chemistry

techniques.



All men by nature desire knowledge.

Avristotle

CHAPTER 2. STATE OF THE ART

Carbon is the 5most abundant element that exists in earth’s crust @me th
are about sixteen million compounds of carbon, basicaltye than any other
element’'s compounds. Thus, a large part of chemistrynserned with interactions
of carbon. Moreover, carbon is more essential thanotimgr element, since it can
form strong single bond to itself which are very staloheler ambient conditions.
This gives carbon the ability to form macro chains angd structures, and these
structures are the basic forms of the compounds in almiganism [8]. There are
three major allotropes of carbon as well as other estétms. Starting with
amorphous carbon, the three dimensional form is thechiandond, whereas the two
dimensional graphite and in the one dimension nanotexkiss Figure 2-1. Finally,
there are fullerenes, which are in the zero dimensiGagbon can form sp, §psp’

and sp™ [9] hybridizations giving the chance of forming veitsetypes of bonds.

Carbon nanofibers (CNF) (diameter range, 3—100 nngthenange, 0.1-—

1000 mm) have been known for a long time [10]. From idsntification



approximately 80 years, carbon nanofibers were regaats an undesired entity
until it was used as a reinforcement material for com@a@giplications. There is an
increasing interest upon these materials originating ftileeir potential for unique
applications as well as their chemical similarity todt#ihes and carbon nanotubes.
These nanofibers have extraordinarily high tensile fusdand tensile strength. In
particular, these nanoscale diameter fibers can caay ¢f 2 kg, whereas a steel
wire of the same thickness endures only 200 g [11,M@jeover, high performance
carbon fibers are expected to be excellent matenalke construction of vehicles
that can save energy because of their outstanding meahand thermal properties
[13]. Other important properties of carbon nanofibare their high electrical
conductivity, very good corrosion resistance, invalitgbof mechanical properties
over a very wide temperature range both minus anddiestion and compatibility
with living tissues [11]. It is fair to say that carboanofibers are closely related to
ordinary micron-sized carbon fibers, which are widaeked in industry and are
produced at an annual rate above ten thousand todsia@ carbon fibers are also
relatively new materials themselves, especially witlir ingproved properties, such
as strength. However, nanofibers, even at presensugeior to ordinary fibers in

many parameters and still have room for improvement [11].

Carbon nanotubes were discovered in 1991 as a mindugrof fullerene
synthesis [14] and became one of the most popular nmateriaork within the
materials science, physics and chemistry. Soon afteriskevery of CNTs it was
found that there were two types of CNTs existed; siaglt carbon nanotubes
(SWNTSs) [15, 16] with small diameters (~1 nm) and multivealrbon nanotubes
(MWNTSs) that may have outer shell diameter >30 nm wittaaous number of
shells. MWNTs can be considered as a collection of cariceSWNTs with
different diameters. The length and diameter of the W&/ differ a lot from those
of SWNTs and, of course, their properties are also défgrent [17]. It is fair to
say that the discovery of research and developmenamotechnology and rapid
evolution of CNT research has played a major roleriggéring the explosive

growth of the nanoscience and technology.



2.1 Structure and Properties of Carbon Nanofibers

Carbon Nanofiber structure can be classified accorirte angle between

fiber axis and alignment of the graphitic sheets 2.
Parallel-tubular type — alignment parallel to thesggarbon nanotubes)
Platelet type — alignment perpendicular to the fdoas

Fishbone (Herringbone) type — planes have an angleeimange 0° to 90°

with the axis of carbon nanofiber

a,= 3.574

Diamond

€]
2456 A

Graphite Carbon Nanotube

Figure 2-1 Allotropes of Carbon (Adapted from [18320]



Typical properties of carbon materials are given ihl@&-1. There seems to
exist significant differences between the three dimeasialiamond and two
dimensional graphite, and new carbon allotropes mdesf their thermal, electrical
and tensile properties. One dimensional nanotubes opeewdexpansions with

their excellent thermal, electrical and strength proes.

Y/ Direction of Direction of
I ; ; . raphene
Fiber ;E'aragrl;e“e Fiber Direction of Fiber ?aygrs
axis y axis [#=120° ;E'aragr};e“e axis |0—
= -
="T=s p" ey N2
I 1 Angle between
—_ s/ fiber axis and
N — \//// graphene layers
——— [
! ——— [
= == N
- WLV N ~J-
Parallel /Tubular Platelet Fishbone/Herringbone

Figure 2-2 Carbon Nanofiber structures according to the angteden fiber axis

and graphitic layers

Carbon nanotubes with their almost excellent structake the interest of many
researchers all over the world since their discoverylijpoma [14]. The physical
reason of the formation of the CNTs can be explainethb rolling of graphene
sheets on themselves. A graphene layer which is a 2-diomahsingle layer of 3-
dimensional graphite, with a finite size of 30 to J#1@ms has many edge atoms
with dangling bonds and index dangling bonds. Thesglaey bonds correspond to
high energy states. The high energy of the graphemet stan be reduced by
eliminating dangling bonds, even though at the expefis@creasing the strain
energy, thereby promoting the formation of close cageictures [21]. This

phenomenon is illustrated in Figure 2-3.



Table 2-1Properties of carbon allotropes

Hexagonal side walls and Hexagonal graphene

Structure Hexagonal 2H Cubic Cubic(fc)  curved hemispherical end  layers stacked with a
caps preferential angle
Density (g/cr) 2.26 3.52 1.72 1.33-1.4[17]  2.1[23] 1.05-1.44[2
Thermal Conductivity 7.4 7.2 7.4 1.75-5.8 >3.0 > 3.0[25]
(W cmi*K™
Elastic Moduli (GPa) 1060  36.5 107.6 15.9 1000 10R00 2-600[26]
a-axis c-axis
Resistivity  cm) 5x10° 1 1x16° 1x10+ 10%[27] 10°
9.7x10*  4.2x10°
Thermal Expansion (K) -1x10°  2.9x10 1x10° 6.1x10°




Formation of curvature,

increasing the
i Al R\ strain energy
with dangling
bonds with
high energy

Formation of close cage
{CNT) structure

Figure 2-3lllustration of the physical reason of the formatiorired CNT:

2.2 Carbon Nanotube Structure and Propertie:

The single carbon nanotube can fcdifferent types, which can be descrit
by thechiral vector (n, m), where n and m are integers efuwctor equatic and

between the chiral vector and the zigzag dire;
Ch=nd + mé

Armchair - 6 = 3¢ (n,n)

Zigzag -0 = @ (n,0)

Chiral - 0 <0 < 3¢ (n,m)

Nanotubes can form by rolling a grite sheet with cylindrical geometry. /
the resulting structure is cylindrically symmetricjstpossible to roll the nanotul
only in a discreet set of directions in order to famlosed cylinder. Two atoms
the graphene sheet are chosen, one ofh serves the role as origin. The shee
rolled until the two atoms coincide. The vector pimigtirom the first atom towarc
the other is called the chiral vector and its lengtbqual to the circumference of t
nanotubeFigure 2-4 According to the rolling direction and tichiral angl 6 it is

10



possible to form zigzag (indicated with red line) amehair (indicated with green

line) or chiral (indicated with blue line) confiqation of nanotubes.

Electronic, molecular and structural properties ofboa nanotubes are
determined to a large extent by their nearly one dgwmal structure. SWCNTs
having different chirality show different optical tadty, mechanical strength and

electrical conductivity from each other.

2.2.1 Chemical reactivity

The small radius of the CNT/CNF structure, large spec#furface ando-n
rehybridization (sp®) makes these structures very attractive in chemical and
biological applications because of their strong sesisiti to chemical or
environmental interactions [28]. If the chemical reaist of a CNT is, compared
with a graphene sheet, as a result of the curvattoetie cylindrical form it is
expected to increase. Additional increased reactiaitthe end caps of CNT is
observed directly related to the pi-orbital mismatalsea by an increased curvature
[29] Therefore, a distinction must be made betweersithmvall and the end caps of
a nanotube. For the same reason, as the nanotube eligygist smaller the reactivity
increases. By attaching functional group to theegitidewalls or end caps chemical
modification of to nanotubes has to be possible [29-8Hing this chemical
modification method, it is possible to control the sdltpiof CNTs in different
solvents. Because the nanotube samples obtained byediffenethods have
different degrees of purity, direct investigation dfemical modifications on
behavior nanotube is still a difficult issue. The chehiproperties of interest
include opening, wetting filling adsorption, chargansfer, doping, intercalation

and many more...
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Figure 2-4.Relation between the hexagonal carbon latticetlamahirality of
carbon nanotubes; the construction of a carbon nbeadtam a single graphene
sheet. Adapted from [32, 33]

2.2.2 Electrical conductivity

Electronic properties of nanotubes have received eatgattention in
CNT/CNF research. Extremely small size and highly symmstructure allow for
remarkable quantum effects and electronic, magnetit,lattice properties of the
nanotubes. Depending on the chiral vector, carlsmoitubes can be either semi-
conducting or metallidrigure 2-5 The differences in conducting properties are
caused by the molecular structure that results in ardiit band structure and thus a
different band gap. The study by Wildoer et al.[8Bpwed that nanotubes having
chiral vector with n-m=3l, where | is zero or any piesi integer, were metallic and
therefore conducting. The fundamental gap (Eg) betweonduction band and
valence band (HOMO-LUMO) would therefore be 0.0 @&¥ius, we can count all
the other nanotubes as semi-conductor, where tharugmtal gap was in between
0.4 eV and 0.7 eV. In their work, Wildoer et &2] concluded that the fundamental
gap of semi-conducting nanotubes was determined by sraaktions of the
diameter and bonding angle In additidgnwas suggested that a small gap would
exist at the Fermi level in metallic nanotubes. This ldlcaccur because of the
mixing of bonding orbitals and anti-bonding orbitalsedto the curvature in the

12



graphene sheet of a SWNT. The resistance to condustietermined by quantum

mechanical aspects and was proved to be independigt whnotube length.

2.2.3 Optical activity

Optical properties of single wall carbon nanotubesrel@ed to their quasi
one-dimensional nature. Their absorption spectra cansisset of lines in the near
infrared, the lowest one corresponding to the tramstibetween the first pair of
Van Hove singularities in the semiconducting tubes. Hewnedor standard samples
consisting in deposited nanotubes on a glass substraghatoluminescence is

observed.

Defect free nanotubes, especially SWNTSs, are ideabtical applications
since they offer direct band gaps and the band andasdbstructures are well
defined [28]. Theoretical studies have revealed thatoptical activity of chiral
nanotubes disappeared if the nanotubes became larfgerefore, it might be
expected that other physical properties would bei@mited by these parameters too.
Use of the optical activity might result in opticalvd®es in which CNTs play an

important role.
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Figure 2-5 Density of States corresponding to (a) Conductivearananotubes and
(b) Semiconductor carbon nanotubes. Metallic tubes han-zero electron density
at the Fermi level. Semiconducting tubes have zersityesnd exhibit a band gap
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2.2.4 Mechanical strength

o bond is the strongest bond in nature, thus CNTs aN&sChaving
structured with allc bonding can be regarded as the ultimate fibers. thdaath
theoretical and experimental studies agree that cambootubes have very large
Young moduli in their axial direction. But one shduonsider that the theoretical
calculations are based on the perfect nanotube stegctixperimental results show
great discrepancies even for similar structures such alNWM8NThe amount of
defect in MWNTs may change depending on growth condit [34-36]. The
nanotube as a whole is very flexible because of itgeHangth with respect to its
diameter. Both nanotubes and nanofibers have verye lagpect ratios, which
described as the ratio of length to diameter of a mahtefherefore, these
compounds are potentially suitable for applicationgomposite materials where

anisotropic properties are needed.
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2.3 Carbon Nanofiber and Nanotube Production Methods

Many methods have been explored for CNT and CNF mtoxu
Essentially, CNT and CNF form in by the same mechanisnthkeytrocesses which
cause the formation differ in each case. Moreovekrallvn production techniques
involve a carbon source, a metal catalyst and heat.pfdduction methods which

can be found in literature are as the following:

2.3.1 Laser ablation

Laser ablation is one of the best ways to produce-dpigtity SWNTs. A
pulsed or a continuous laser system is used to vapogeapaite target in an oven
at 1200 °C [37-41]. The closed chamber is filled viighium or argon gas in order
to keep the pressure at 500 Torr. A very hot vapampl forms, then expands and
cools rapidly. From these initial clusters, tubular moles grow into single-wall
carbon nanotubes until the catalyst particles becomdarge, or until conditions
have cooled sufficiently that carbon no longer cdffuske through or over the
surface of the catalyst particles. A representativer laddation chamber was
sketched in Figure 2-6. Unlike continuous productioethods of CNTs such as the
arc-discharge and CVD-deposition the pulsed laser wzagimn (PLV) method is
open to time-resolved measurements of nanotube formatidngeowth. This is
because the plume of starting material is created agigly using a short (~10 ns)
laser pulse that gives well defined initial conditidmisthe conversion of the starting

material into clusters and for nanotube growth.
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Figure 2-6 Laser Ablation production set-up for CNT production.

2.3.2 Arc Discharge

In this method, two graphite electrodes which arequaend to end, with
approximately 1 mm separation are used in a chamberichvahdirect current is
passed under an inert He or Ar atmosphere [42-44]cliamber pressure is usually
kept down between 50 and 700 mbar. The study of duab[45] have shown that it
is possible to create nanotubes with the arc methodurdInitrogen as well. The
direct current between 50 and 100 A driven by appmately 20 V creates a high
temperature discharge between the two electrodesreFigw shows an arc-
discharge set-up. The discharge vaporizes one afattion rods and forms a small
rod shaped deposit on the other rod. Production mbétodes in high yield depends
on the uniformity of the plasma arc and the temperaititee deposit form on the
carbon electrode. Investigations on the growth mesharand selectivity of this
process and measurements have shown that distributdifiesEnt diameter can be
achieved depending on the composition of helium agdramixture. These mixture
of gases have different diffusions coefficients andnifa conductivities. These
properties affect the diffusion kinetics of the carlaonl catalyst molecules and the
nanotube diameter in the arc process. This implies thglesiayer tubules nucleate
and grow on metal particles in different sizes dependim the cooling rate in the
plasma and it suggests that temperature and carbon aadl cattlyst densities
affect the diameter distribution of nanotube. It ifdwed that SWNTs synthesized
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by arc discharge show more superiority, such as thduehigrystallinity and purity
[46]. Using the arc-discharge method, it is possibleréalyice double walled carbon

nanotubes (DWNTSs) selectively as well [47].

Depending on the exact technique, it is possible &cBetly grow SWNTs
or MWNTSs, Figure 2-8.
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He, &r Vacuwn

Figure 2-7 Arc discharge production set-up for CNT production

Figure 2-8 Multiwall carbon nanotubes (A) and Single wall carmanotubes (B)
produced by arc discharge method. (Taken from Réf. [7]

2.3.3 lon beam irradiation

A single wall carbon nanotube, SWNT is a single shégraphene layer
rolled into a cylinder. The typical diameters of $engyall nanotubes are in the range
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of 1 nm, while the multi-wall nanotubes, MWNTSs built tgncapsulating” one into
to other several single wall tubes of increasing diaméh a way that the distance
between the concentric walls is 3.35 A (i.e., the slikeebetween the ¢ planes of
graphite) may have exterior diameters up to 100 nm. dreeiously described
methods yield with the entangled, single-, or multilwarbon nanotubes other
forms of carbon: fullerenes, bucky-onions, amorphousotarigraphitic material,
etc. Achievement of pure forms of single or multiwalhntubes requires separation
of these structures by tedious chemical procedures.eBirdl.[39] proposed a new
method for the production of carbon nanotubes [48pjckv is based on the
irradiation of highly oriented pyrolytic graphitélQPG) targets with high energy
(E>100 MeV) heavy ions. In their work, Bir6 et.aligre irradiated the HOPG with
low dose, high energy, heavy ions!46m?, 215 MeV Ne or 246 MeV Kr, or with
10"* cm? 156 MeV Xe. In the case of heavier ions like Kr axel large area,
shallow surface craters were found from which freqyeeatherge one or several
nanotubes. The formation of carbon nanotubes from #neon atoms sputtered
from the shallow craters is proposed in the work. Theszsectional examination of
carbon nanotubes and surface folds of HOPG was shoiffecent structures for
these two kinds of features. The main advantage ofntkihod is that amorphous
deposits are not observed, which means that the mete is useful to produce
carbon nanotubes without producing other, unwantetenaés like, amorphous

carbon.

2.3.4 Template method

CNTs and CNFs produced by using catalytic methods afbetain catalyst
particles and other undesired carbon by-products.rdieroto get rid of catalyst
particles and unwanted carbon structures, purificgtimtesses are necessary. The
purification processes are usually harsh and harms tAHeadN CNF structure. By
using template method it is possible to produce the GMTGINF structures without
using a catalyst. This method entails synthesizing tls&redte material within the

pores of a template membrane with cylindrical poresnifiorm diameter. An ideal
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template commonly used for the CNT and CNF growth byoGiethod is porous
alumina oxide, PAOX [49]. It represents a thermally astmically resistant
template membrane with arrays of mostly parallel, stragjigned. Template
method was used for production of the tubules anddibomposed of polymers,
metals, semiconductors, metal oxides, carbon, and compuoaiterials. Methods
used to synthesize such materials within the pores oftaimplate membranes
include electroless metal deposition, electrochemicahthegis, in situ

polymerization, and sol-gel methods. In non-catal@ti¢D processes within PAOX
membranes, carbon precursors are directly depositece@otk walls of the PAOX
template by decomposition of hydrocarbons [49]. Tlmvtjn of CNTs is controlled

by the size and shape of the PAOX template pores. Hawa\catalytic influence of
the PAOX template membrane in this type of CVD procesdban investigated by
using nickel, cobalt and iron as the catalyst metal @ls[®0, 51]. The major steps

of template production was given in Figure 2-9.

Material Coated

Alumina Membrane Membrane
Mechanical Removal of the
Silica Sol-Gel

Pores = O SS =, polishing membrane

~ Nanotubes
Cl'oss.-sectiona] @BB ﬂﬂﬁ
view

Figure 2-9 Template production scheme for CNT production

2.3.5 Electrochemical synthesis

Electrochemical deposition technique take interessdgntists for manufacturing
especially thin films and devices due to the simplidibyy capital equipment cost,
and the ability to be scale up the production @ technique [52, 53]. Zhou et.al.
[54] proposed an electrochemical deposition technigueoduce carbon nanotubes

from organic solvents (methanol (gBH) and benzyl alcohol ElsCH,OH)
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mixture) at room temperature, in which Ni and/or Faaparticles were coated on
the electrodes to provide the nucleation sites fofdhmation and growth of carbon
nanotubes. In this study MWNTs were produced by usirecteichemical

deposition technique and they found that the eleb#mical deposition conditions

have a strong influence on the growth morphologyefdarbon nanotubes.

2.3.6 Thermal conversion of electrospun polymer based nandder

For the production of 1-D structures electrospinniegnss to provide a very
simple approach by using a drawing process based ozlg@biostatic interactions.
By using this method it is possible to produce nanofiltieas have both solid and
hollow interiors, exceptional long length, uniformanieter and diversified
composition. Formation of a nanoscale fiber by usingteepinning is based on the
uniaxial stretching of a viscoelastic jet derivednir@ polymer solution or melt.
Since the electrostatic repulsion forces between surfdtarges are used in
electrospinning, it is possible to generate fibers wihy thin diameters i.e. 20 to
300 nm and because of the continuous nature of treegsat is suitable for high
volume productions. In electrospinning, a solid fiteigenerated as the electrified
jet is continuously stretched due to the electrostaflsions between the surface

charges and the evaporation of solvent [55].

In Figure 2-10 , a schematic illustration of the bastup for electrospinning
was given. It consists of three main parts; first one gh-lbltage power supply
(usually a DC power source is used), a spinneret {ojec needle) and a collector

(a grounded conductor).
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Figure 2-10Basic experimental setup for electrospinning.

The main electrospinning equipment is very simple; tloegeit is easy to
build this system in the research laboratories. On therdand, controlling the
specifically the process by means of tailoring thecstime of the resultant fibers, the
setup, especially the collector and the spinneretbeamodified in various ways.
Some of the appreciable variations include; using tating drum to collect
electrospun fibers as relatively uniform mats, colleei@ctrode modification for
controlling the orientation of the fibers, using nuiki needles in order to increase
the efficiency or use of capillaries having hollowteimors in order to produce

hollow fibers.

Nanofibers obtained by using electrospinning have werique properties.
For example, the electrospun nanofiber is highly didhrafter it has been ejected
from the nozzle, and therefore it is possible to cdntiteeir alignment
electrostatically by applying an external electrgd. In addition to this, production
of extremely long fibers having high surface area pmsity are the other features
of the electrospinning. Carbon nanofiber structurexiygpeced by Kim et. al. was

given in Figure 2-11.
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Studies on production of carbon fibers by pyrolysi®lettrospun nanofibers from
poly acrylonitrile (PAN) [3, 56, 57] , polyimide (PJ58] and from pitch with a few
hundreds of diameters have been done in those studies

i
5.00um

Figure 2-11 PAN-based carbon nanofibers obtained from electrasminwith
different heat treatments: (a) 700°C and (b) 800T@kén from Ref.[56] by
permission)

However, the details of the structure and the mechhproperties of carbon
nanofibers produced from an electrospun polymer psecuare still a subject of

importance.
2.3.7 Chemical vapor deposition (CVD)

Among many methods of preparing CNT and CNFs, a respeaaipunt of
work has been done by using catalytic chemical vapposition, CVD [44, 59-61].
This is due to this process offers a higher rate of ©NIF growth and it is easy to
control reaction conditions and the product propsrtas well. It is believed that
scaling up this process is the most promising method foduptmn of great
amounts of CNT/CNF products. In the present study, CVBEhotewas chosen
because of its easy applicability, and traceabilityus, detailed information on the
properties of this process and variables will be ghemreafter.
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2.3.7.A. Effect of Catalyst

The most significant effects of catalyst used in CVD potidn comes from
the nature of the catalyst and the preparation ndetfiche catalyst. The specific
effects related to those two basic effects will be diesdrin this section.

2.3.7.A. Catalysts prepared on substrates

Size and dispersion of the catalyst particles are thgrnw@ncepts in
catalytic chemical vapor deposition process. Thereftre, primary step is to
prepare the nanosized catalyst on a substrate. Acttialysize of the catalyst
particles is a very important parameter since the csdtpbrticles can determine the
diameter of the nanofiber/nanotube and even theaafithe product as MWNT or
SWNT according to the growth conditions [61-64]. ffere, it is necessary to
control this parameter. There are many methods folysatpreparation such as
supported catalysts, wet catalyst preparation methodgebsteéchnique. Depending

on the final application of the nanostructure, thepparation method can be selected.

There are three reasons to use substrate growth. Fissirés that, for some
applications, it is desirable to coat CNFs and CNTsctlyeonto a particular
surface. Second for the large-scale production obstamctures, it is desirable to
anchor the metal catalyst firmly to a support to irthtbie formation of larger
catalyst clusters and the third one is the contributiotne substrate material on the
formation of specific morphologies such as SWNT or MWK TG5].

Large catalyst clusters are the result of the sinteaimdjcoalescence of the
metal particles due to the high surface mobility of iiietal atoms and their strong
cohesive forces. At the growth temperature these metalyst particles have
sufficient mobility to coalesce into larger particleBhis effect is especially

unwanted if structures of a particular diameter or bdaimeter are required.

Two different growth modes can result based on theraatien of the
catalyst with its support [59], The interaction of gaalyst with the support can be
characterized by its contact angle at the growth &atpre, analogous to
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“hydrophobic” and “hydrophilic” surfaces. Usually hygihobic-like metal particles

gives rise to tip growth and the hydrophilic-like metarticles on the substrate ones
prefers root growth. For example, Ni on silica (§i@as a large contact angle at
700°C, thus tip growth is favored in this system [66h the other hand, it is

reported that Co and Fe on silicon favor the basevilr as a result of the strong
interaction of the metal particles with the surfacé, [68].Therefore, the surface
interaction between the catalyst and its support isngortant parameter which has

an important effect on the growth mode.

Furthermore, the chemical interaction between thalysitand its support
material might differ according to the temperature afi.\Basically, the support or
substrate should not react or alloy with the catalysthergrowth temperature. This
is because of the fact that catalyst can be deadiuatethe support or substrate
interaction, if such reaction occurs. The typical suppnaterials, alumina (MP=
2030°C) [69] and silica (MP= 1710°C) [70] are stahtethe growth temperature
range (500-1000°C). However, recently there is asierable amount of work
concentrated on the use of silicon substrate in oadering in the benefits of silicon
processing to create nanoelectronic devices. Co, éF&laare known to diffuse into
silicon at temperatures near those used for nanotuettyf71-73]. For example,
poor growth yield or in some cases no growth was obdemreen Ni catalyst is
deposited directly on Si and reacted with acetylen@00°C. This is because Ni
diffuses into the Si to form Nigat temperatures above 450°C. In order to achieve a
high and uniform growth on Si substrate with a proteclayer of SiQ (~8 nm) or
titanium nitride (TiN) layer (~20 nm) was used to supploe Ni [74]. Even though
the Co and Fe have higher diffusion temperature draamd they can be directly
used in Si substrate, use of a layer of St TiN increases the nanotube yield
considerably [75]. Again in the case of using a mietalipport material may result

in alloying of support and catalyst which will cauaédure in CVD process.

On the contrary, in some cases it is desired that suppdrtatalyst would
react in order to control the yield and density feé product. A good example for
this is the production of CNTs for the field emissiomplagations; if the nanotubes
are packed densely, the applied electric would beesed from the adjacent
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nanotubes and this reduces the overall field enhandeasea result of the high
aspect ratio of the nanotubes. To overcome this scigeaffect, seldom spread

structures are used [76].
2.3.7.A.ii Wet Catalyst Preparation Methods

In the wet catalyst method, a liquid solution contagnthe catalyst in salt
form is applied to the substrate via spray coating [F]7-8pin coating [80-82], or
microcontact printing [83]. Soluble salts of metals wesed as catalyst precursor
such as, nitrates, chlorides, acetates or tartratesopf~€ or Ni [84]. After the
surface coating, the salt solution is reduced to oxigleoparticles by calcination
(i.e., heating under oxidative atmosphere) [85-8%pSE metal oxides are stable and
improve the catalyst support interaction at growth emaures, and even in some
cases metal oxides are directly used as the catalystiahg88]. Generally, metal
oxides reduced to metallic nanoparticles during tleevtr by using hydrogen gas.
The formation of the metal oxide and reduction to atliet nanoparticle can be
performed at growth conditions even. Density of theF@NT product can be
controlled by the adjusting the catalyst concentmatin order to grow the
CNF/CNT on the substrate selectively, wet coatingsj@tkprinting [89, 90] or use
of inked stamps/molds preferred by using wet catalysts9@1,

Two or more metals can be used together in the CVDedd98-97]. These
multi-metal catalyst systems can enhance the yield &edptoperties of the
nanotubes. However optimization the CVD conditions ikaad issue since the
combination possibilities of two metals are pretty muahkjelt printing and
microarray printing can be used to overcome this diltfycof working with different
gradients of metals [96, 97]. Microarray printing meths more advantageous
because of its relatively low cost, high spot densitg. (LG spots/crf) and

experimental flexibility with different mixtures of tyst solutions.

Electrochemical deposition of metal salt solution is l@otvay to deposit
the wet catalysts on the substrate.[98, 99]. Compaitd the other wet catalyst

preparation methods, electrochemical deposition was denesi as an effective,
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cheap and simple technique [98]. By changing either turrent density or
deposition time, it is possible to control both thesity of the catalyst particles and

the density of the nanotubes.

The support material could also be in the powder fdrmaao particles such
as; alumina, silica and graphite. In the wet catatysthod, the nanosized support
material is impregnated with the catalyst [100]. SWCNas be achieved by using
impregnated powderous catalysts as well. Resasco etatloged the CoMoCAT
catalyst system which is a very promising catalyst fer phoduction of SWNTs

having narrow distribution of diameters (by meansgai() [60, 101, 102].

Another wet catalyst preparation technique is coipitation. In this technique
metal salt solutions react with ammonium bicarbonate tm fmetal carbonates
[103]. Again, by following calcinations and reducti@perations it is possible to

obtain metal oxide and metallic forms of the catalyst.

Working with wet catalysts is advantageous especially doating non-linear
structures. Tips or fibers can be coated by wet casalystt by dipping these
structures into the catalyst solution [104, 105] dutson can be spin-coated [106].

2.3.7.A.ii Sol-gel methods

Sol-gel processes represent a flexible method for c¢a&talyaterial
preparation as: i) high purity materials are produd@gd,is possible to change pore
size distribution, and iii) several components can heduoced in a single step
[107]. The sol-gel method is known for its easy use fabaation of very thin
layers of different thicknesses ranging from 1 to 1060 [@08]. In the sol-gel
method, a porous precursor of the active component isegnpted with the
precursor of a textural promoter. Textural promoteussd for the stabilization of
the active component structure and prevention simgfatiuring the post-treatments
[109].

The sol-gel technique can be used as a catalystnsykie CNF/CNT
synthesis [110]. The special properties of the sol-gskd catalysts such as very
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large surface area, high porosity and low density médeza very good catalysts for

production of high yield nanotubes [111, 112].
2.3.7.A.iv  Thin film deposition on the substrate

The catalyst can be deposited on a substrate using repyt{@13] or
evaporation [114] techniques in a few nm thickness. Wlysuhe thin film
decomposes at high temperatures (in the range of Cdiatigrtemperature) and
nanometer sized metal particles forms on the substrateodbe increased surface
mobility and strong cohesive forces of the metal atom$][1BRy using different
substrates or different layers directly under the gstalt is possible to control the
interaction (i.e. surface tension) of the catalyssteuwith the substrate [115]. The
size of the nanoparticles are depends on the thickneskeo catalyst film,
temperature and annealing time [66, 116-118]. Unfately, the formation of the
nanoparticles on the substrate is a random processthisize of the particles are
not always uniform which has a strong effect on thendiar of the final CNT/CNF

product.

In order to control the size of the nanoparticlested, multilayer deposition
can be used. A layer of Si or Al can be depositeceutite catalyst to control the
surface properties of the metal. Delzeit et.al., [Isl®}wed in their study that single
wall carbon nanotubes can be grow on the catalygesywhich consists of three
layers; silicon substrate, 10 nm Al, 1 nm Fe and 0.2 nm Me final metal
particles were having approximately 2 nm diameter hrdparticles let the growth
of SWNTs with a diameter 2 nm. Additional advantaf¢he deposition technique
is that ease of the patterning by using photolithdgyap electron beam lithography
[120, 121]. In order to obtain the nanotubes freenfeach other the metal film must

be patterned as dots having a size in the range afo2580 nm.

If the metal film thickness is more than a few nanometbes) the catalyst
particle size reaches to micrometer size level and ystedke big particles do not
catalyze the CNT or CNF growth. The carbon absorlis ihe bulk metal and the

CNT/CNF formation occurs at grain boundaries. Acamgydio the observation of
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Baker et.al., [122, 123] carbon filament growth aced only at the edges of
macroscopic Fe foil which indicates the formation of lbrwatalyst particles at the

metal foil edges.

Nanotubes or nanofibers can grow with high yieldtloe bulk metals if only the
surface of the metal was roughened with surface treatmeehniques such as
mechanical roughening, electrochemical etching, plasetahing or ion
bombardment [124]. These surface treatment techniquegeretate the nanoscale
active sites that needed to grow the CNT/CNFs.

Although the large (micrometer sized) catalyst padiclecontinuous metals do not
nucleate the growth of carbon filaments, it is posdiblgrow CNT/CNFs on a bulk
metal by using vapor-phase catalyst delivery. Vaposphaatalyst delivery is an
easy, scalable and versatile technique for obtaimnmgl-organized, three-
dimensional architectures of aligned CNTs, but it is ciele only for non-
conductive substrates (REF). On the other hand, ibssiple to identify suitable
metals on which nanotubes can be grown easily witlavhéable technologies as it
is demonstrated in the work of Ajayan el.al.[125]

2.3.7.B. Effect of the Other Parameters in CVD

The hydrocarbon source for CNT/CNF formation is fet ithe system in
the gaseous state at different conditions dependirntheudesired product. In order
to avoid the oxidation of carbon after dissociatidrir@ hydrocarbon source, the
chamber should kept free of oxygen during the pradngirocess. For this reason, a
continuous inert gas flow is supplied to the reactibantber such as argon or

nitrogen.

Each catalyst system has an optimum temperature valukicl, the yield
and the product quality are at the highest leveb[127]. Usually, carbon formation
increases with increasing temperature [128]. Howewer high temperature values
used during growth cause the catalyst particles touctate and merge, thus
changes the final CNT/CNF diameter distribution [128e methane, ethylene,

acetylene [130, 131] or in some cases carbon monoxiethanol.
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Chemical vapor deposition (CVD) methods have been usedngking
carbon fiber, filament and nanotube materials for reg ltime. Among the many
synthetic routes for obtaining these nanostructubesC/D route is mainly favored
because of its potential for scaling up the productiod low cost [21]. The growth
process involves heating a catalyst material to higipégatures in a tube furnace
under inert conditions and flowing a hydrocarbon seuhrough the reactor for a
certain period of time. Materials grown over the kystaare collected after cooling
the system to room temperature. In Figure 2-12. a §2¢i@ system for carbon
nanostructure formation can be seen. The way in winectotubes are formed is not
exactly known. The growth mechanism is still a subjectaftroversy, and more
than one mechanism was suggested to be effective dinentptmation of CNTs
[132-135]. It is important to mention that all theseducts can be produced using
the same metal catalysts. The way in which nanotube$oared is not exactly
known. The growth mechanism is still a subject of comrsy, and more than one

mechanism might be operative during the formation of &NT
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Figure 2-12CVD process set-up for carbon nanostructure proaiucti

CVD is a catalyst assisted method for producing desirethona
nanomaterials. In fact, catalysis is the key technolégy chemical industry
considering the ability of the very small quantitiestbé catalysts can convert
thousands or millions of times their own weight of cheisic&atalysts bring

reactants together in a way that makes reaction aatetde and selectively
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combined. The success of the catalyst is usually measuri¢sl dwtivity, selectivity
and stability. In this study it was succeeded to synthdsighly active and stable
catalysts for production carbon nanomaterials, whicreveavironmentally friendly
as well. Mentioning the specialty of those catalyste should keep in mind that
catalysis systems used in the CVD process for CNT/CNF famatre not a
classical system which could be used several times intadysiacycle, instead
catalysts could only be used once in the CVD prodoncistem as it demonstrated

in Figure 2-13.
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Figure 2-13A. Classical catalytic cycle B. Catalytic route @arbon material

formation using CVD process.

This work mainly focused on the catalyst production tbe carbon
nanofibers (CNF) and carbon nanotubes (CNT) synth&kis.main ideas for the

production of catalyst were;

« Easy production of the catalytic material while kegpall the desired

properties of a good catalyst for CVD applicatiod an

X/
°e

Easy removal of the support material without damagihg tarbon

product.
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Thus, the industrial production of these carbonaceocatenmals would be
more easier. This is important for the development obndre-based technologies,
which so far have been limited by the lack of avaligtof large quantities of CNTs
at affordable prices. The idea of production of eaghand easily producible catalyst
system would led us to a very uncommon material, in ifld bf catalytic CVD
process for carbon materials production, sodium chi¢N@e&l). NaCl was selected
as the support material which provided easy produei@heasy removal properties
to the catalyst system. NaCl is a water soluble faceepsshcubic crystal salt with a
melting point of 801°C [136]. Novel metal catalysequirsor structures were the
subject of this study as well. The most active metalswkeat used previously in the
catalytic CVD process for carbon materials producti@meniron (Fe), cobalt (Co)
[60], and nickel (Ni) [137].

2.3.7.C. Growth of Carbon Nanofibers and Carbon Nanotubes

Since carbon nanomaterials show very special propeitigs, aimed to
produce special catalysts for the production of varidiorms of carbon
nanomaterials. The CVD process offers an easy contrifleofeaction conditions,
which in turn control the product properties. Oneagmproperty of CCVD method is
that it is possible to produce selectively producdseeiSWNTs, MWNTs of CNFs
by simple adjustments of process conditions [138, 139]. prbduction of other
nanosized carbon materials, including herringbone,[14Q] and spring-like carbon
fibers [142], has also been successfully demonstrategifdirito say that progress in
nanotube research has been built upon the successesmalmayntheses. In order
to achieve such success in CNT/CNF production throOgtd, major process
parameters in the CVD method, such as to chemical prepeftcatalyst, properties

of the support, carbon source and temperature hasittvéstigated

Often the catalysts are the same metals and have the sampesition, but
when used in different experimental conditions thegdldo the formation of

different products. There are several mechanisms thatlesn proposed to explain

31



the formation of these rather different products, thdse mechanisms do not
explain the formation of all varieties of products gsionified theory [143].
Although, there is some conflicts on the growth mechas@NT/CNF formation
there are still common steps and featui@spending on the size of the catalyst
particles, SWNTs, MWNTs or CNFs can grown [7].

Generally the mechanisms consist out of three steps; Fingtdi@carbon
source dissociates in the transition metal, and the gatoons saturates in the metal
particle. These metal particles saturated with carbond a carbide structure on the
surface of the metal catalyst particle. From this metalestaarbide particle, the
carbon precipitates as tubular carbon solids fnsspicture and a rod like carbon is
formed rapidly followed by a slow graphitization & wall. The actual growth of
the nanotube seems to be the same for all techniqguesomemt{7]. Tubule
formation is favored over other forms of carbon suchraphitic sheets with open
edges. This is because a tube contains no danglindharefdre is in a low energy
form. For supported catalysts, filaments can form eifteen base (base growth) in
which the nanotube grows upwards from the metal pestitiat remain attached to
the substrate, or the particles detach and move diethe of the growing nanotube

(tip-growth) depending on the catalyst-support ardlgst-carbon interaction.
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Figure 2-14Binary phase diagram for Carbon-Nickel [144].

The reason for choosing these metals as catalyst for Chtly of
nanotubes was the thermodynamic behavior of the metdiglattemperatures, in
which carbon is soluble in these metals and this solylbdéds to the formation of
metal-carbon solutions and therefore the desired carfamomaterial formation
nucleates. The binary phase diagram for nickel-cagystem can be seen in Figure
2-14 the binary phase diagrams of carbon-cobalt arfltboaron are similar to the
carbon-nickel (See Appendix Al).

To understand the role of the catalyst in CCVD, weukhainderstand the
carbon deposition on the metal surface in terms of altoathon phase diagram.
The decomposition of hydrocarbon on the surface of Inpetdicles, proceeds in
isothermal conditions at moderate temperatures (corresgorithe line &b”-c” in
the region below eutectic temperature in the blue imoFigure 2.12.). For the

growth of SWNTSs, a high degree of carbon supersaturairequired, which can be
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achieved by application of mixture-evaporation @& thetal and carbon preliminary.
At the same time, for the region below eutectic temwoee, high carbon
supersaturation (poimt’) can be reached using a highly dispersed metal |lgar®o
the other hand, usually metal particles melt at the éeatpres below eutectic point
due to their small size or addition of specific prom&td&he most critic problems of
CVD are related with sintering of disperse metal pkasi and carbon diffusion
limitations. In order to avoid sintering of the nandjedes at the reaction
temperatures they are usually deposited on a suppaetiatatn the supported state
the catalytic behavior of the nanoparticles may Iileienced by interferences with
the support material and transport processes may beconti@dirfur the reaction
rate [145]. The organometallic nanoparticles dosuster from these problems and
therefore allow measuring the intrinsic catalytic\attiof the particles alone. Thus,
the decomposition of volatile organometallic compountdsaireaction gas flow
containing hydrocarbon can be used to avoid sinteasgwell [146, 147]. In
addition, the reduction of metal oxide solid soluticharacterized by high reduction
temperature was used to overcome the carbon diffusiatations [148-150]. Both
approaches allow in situ prepared dispersed metal leartigith a high carbon
supersaturation to provide the optimal nucleation itmmd. Thus, metal catalysts
take part in initial reagents activation and sersensdia for carbon dissolution
providing the dramatic decrease of temperature saadin of carbon to form the

metal-carbon interfaces responsible for the formatifferént carbon deposits.

The phase diagram approach and analysis of reactionamisms allows the
proposition that carbon nucleation is a common andskay for the formation of all
type of filamentous carbon deposits. According toghase diagrams it is possible
to determine the critical size of the carbon nucleus the type of carbon deposit
that will form because the size of tubes or graphiggegl cannot be smaller than the
critical size of carbon nucleus. In the case when séverclei form at the same
metal particle, they can grow independently as it esnohstrated in scenario
“octopus-like growth”. Once the nanosize carbon eiudre formed and stable

enough and the nucleation step can determine thercadposit type [143].
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Figure 2-15The growth mechanisms for carbon nanotube and cadouofiber

formations.

It has found that the chemical and textural propeudiethe catalyst materials
could dictate the yield and quality of carbon namefs and CNTs/CNFs [6]. The
challenge is whether it is possible to enable a smalluamaf catalyst producing
kilograms of carbon nanotube/nanofiber. To address dhestion, one needs to
rationally design and create new types of catalysten@d$ with exceptional
catalytic activities, to obtain large number of agtigatalytic sites for nanotube
nucleation with a given amount of catalyst, and trrdehow to grow nanotubes
continuously into macroscopic lengths [21]. Thus, the nmpbrtant factor in the
formation of nanofibers through the CVD process is atinig the properties of
metal catalyst. Catalyst optimization is based on thdirfgn that a good catalyst
material for CNT synthesis should exhibit strong metapsupinteractions; possess

a high surface area and large pore volume. Moredtivese textural characteristics
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should remain intact at high temperatures without bsintered. Among the other
parameters, catalyst preparation method seems to beiveffen the resulting

carbon nanostructure properties [116, 151, 152].

In CVD, the catalytic metal nanoparticles are oft@ated onto a solid
support to prevent sintering at high growth tempeest({600 to 1000°C). Widely
employed supports include silica ($)Q153], alumina (AdOs3) [6], quartz [154],
titania (TiQy) or calcium oxide (CaO) [155] because of their chamitertness and
high-temperature resistance. However, all of theseagtlry materials require
highly concentrated bases (e.g., NaOH) or strong deids, HF) to remove them,
and these reagents may also damage the carbon nanwestréctditionally, strong
acids and bases are less desirable for large-scalecfimddue to environmental
concerns. It is found that alumina materials are gegyefat superior catalyst
supports than silica. The strong metal-support intemastiallow high metal
dispersion and thus a high density of catalytic sitees&hinteractions prevent
metal-species from aggregating and forming unwantee lpagticles High surface
area and large pore volume of the catalyst suppalitdse high-yield CNT growth,
owing to high densities of catalytic sites made possipleaving large surface area
and rapid diffusion and efficient supply of carbordstock to the catalytic sites by

having large pore volume.

Our support material NaCl is a face centered cubistaline material,
which can provide high surface area [156] to the hutalyst as well as prevents
sintering as long as the media was keep away from wa%at].[ Moreover, the
solubility of the support material gives our system itcehy by easy removal of
the support material which provides a great advaritggereventing environmental

or structural damage on support removal step.

Additionally, we used new organometallic catalyséqursors in order to
obtain nanosize metal particles. At all stages; orgarailicetatalyst precursor
preparation, decomposition of the organometallic psmy activation of the
catalyst and carbon product formation our support netdaCl was present in the

system. More interestingly, the support NaCl was pradlugkile producing the
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organometallic catalyst precursor simultaneously. In rorde keep the
catalyst/support ratio in the range of 5% to 30%,itamthl NaCl was used during
the synthesis of catalyst. The final catalyst was obthin the dust form in which
the active metal particles were dispersed throughN&CI structure. The transition
metals used in our study were iron (Fe), cobalt (Ciakeh (Ni), copper (Cu) and
zinc (Zn). This method was easy to operate, finallgsttproduct is well dispersed
and by changing the synthesis parameters of the casalgstas, metal percentage,
activation temperature and organometallic precurgog,tthe character of the final
carbon product could be changed. In this way, itdsspple to produce variable
forms of fibrous carbon structures having different motpgies, electrical and

mechanical properties.

2.4 Characterization Methods for CNF/CNT Research
2.4.1 Electron microscopy

In nanomaterials society proving whether somethingyresdists or does not
is the most important issue, since people believe vilegt tan see. Using different
electron microscopy techniques, it makes able to sthdget CNT and CNF
structures in great detail and even it is able totifiethe growth mechanism, which
in turn helps gain insight into improving the growtiogess or modify the structure.
Scanning electron microscopy (SEM) allows us to see SWbdles or highly
oriented MWNTs or coiled CNFs with a resolution of®% nm. Although, this
resolution is not enough to observe the individual SWkh a SWNT bundle or the
inner walls of MWNTSs or the graphene layer stackingCiNFs, combining with
other techniques it is possible to obtain very impartaformation about the

structures by using SEM method.

Transmission electron microscopy (TEM) is a very powedahnique that
allows us to determine the number of inner walls in aWNIWor imaging individual
SWNTs in a SWNT bundle, the stacking in CNFs and dtendetermination of

chirality of the SWNTs. This means the most correct measmefor any carbon
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nanotube diameter as well as the ability to deterrtiaestructural defects in carbon
nanotubes and inter layer spacing in CNFs. HowevéngifTEM analysis was done
with very high energy electrons i.e. more than 200k\Ws electron beam would

generate damages during TEM observation [158].

Another benefit to use TEM is the use of electronralifion and electron
energy loss spectroscopy (EELS) tools on the nanosckdetrdnh diffraction has
been used to determine average helicity of the iddali SWNTs and EELS has
been a useful tool for investigation for doped CNTs9]1 Additionally, when TEM
is conjunctively used with x-ray energy dispersive spscbpy, the identification of
the catalyst composition responsible for nanotube nticle@an be determined.
Nevertheless, recently there have been in situ studiessing SEM and TEM
techniques, which is very important from the explamatdthe growth mechanism

and investigation of the kinetics of the formatiortladse structures.

Obviously, electron microscopic (EM) techniques areyvspecial and
informative in CNT/CNF research and there is no ddbht electron microscopy

(EM) will continue to play an important role in fueu

2.4.2 Measurement of Ly, L. and dyg2

Graphitic behavior of carbon is an important issuecésbon nanofibers and
multiwall carbon nanotubes. Graphitic refers to a @arlbased material that consists
of element carbon by at least 90% having the allatriggm of graphite irrespective
of the presence of structural defects. By heat tredtrmeund 2800-3000 °C at
atmospheric pressure, carbonaceous structures transform graphite [160].
Structure of the graphitic carbons can simply be desdrias the extent and
perfection of a structural unit. Structure is defir®y the extent of graphene layers
(Ly) and stacking of the layers which is represented bgrlLdy, Spacing, Figure
2-16. For a perfect graphitgegvalue is 3.35 A.
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Figure 2-16 Structural components of graphite

Determination of the coherent lengths; dnd L. and the interlayer spacing
dooz iIs @ major issue for carbonaceous materials. These irtiomtan be obtained
by using a wide angle X-Ray Diffractometer. Severatks on values of Land L
have been published based on the inverse peak widthisct, line-broadening
arises from strain of the structure, defects that exisherattice and from the finite
domain size and their distribution. The apparent eattelength can be calculated

by using Debye-Scherrer equation, using the broagepitactor.

- KA
~ Bcosh

Where L is the apparent coherent lengtls the wavelength (154.18 nm for
CuKa), B is the width at the half peak heightis the Bragg angle of the line, and K
is the Scherrer parameter.
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Figure 2-17lllustration of the X-ray diffraction (XRD) pattewf graphitic carbon

The measurement of the peak-widtB02 from the 002 and 001 reflection,
is used to measure the stack size, Lc. In this case, therr&cparameter (K) is
usually taken as 0.9. The d002 spacing can be catduigt a X-Ray Diffractometer
by measuring theRangle at the maximum of the 002 peak (from 25° to 26
Cu anti-cathode), Figure 2-17. The value at the maximum of the smoothed peak

is used to calculate the mean d002 spacing of the saoyplesing the Bragg
equation:

20hsin Onk) = ML

Where By is the scattering angle angkds the spacing between hkl planes.

2.4.3 Raman Spectroscopy

Over the past 20 years, Raman scattering has prover tety useful
technique for investigation of graphitic material§Il Raman scattering uses the
physical property of graphitic carbons which involdes lattice optical phonons is

very sensitive to all the planar defects and vergatiffe as complementary of X-ray
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(XRD) or electron microscopy techniques [162, 163kiBally, Raman scattering in
nanotubes or nanofibers results from the inelastic stagtef the light from the
nanotubes or nanofibers, after causing an increasieaease in an energy of the
incident light due to an emission or absorption of angim present in the sample
under study. Usually Raman spectra only involve phonerglicitly, being
independent of the electronic structure of the maltand the laser energy used. The
usual Raman scattering signal is weak. However, thigesing efficiency gets larger
when the laser energy matches the energy betweeralgptadlowed electronic
transitions in the material, and this intensity enhancénprocess is called
resonance Raman scattering. The resonance Raman ntaysnds on the density
of electronic states (DOS) available for the opticahsitions, and this property is
very important for one-dimensional (1D) systems.

G-Band

Figure 2-18 Schematic picture showing the atomic vibrations foMRéhd G band
modes. (Adopted from Ref [164])

Raman spectra provide information on the crystallinéepgon of graphite-
based materials because Raman scattering from perfgstalsr is limited to
contributions from Raman-active zone-center modes [16E] well known that the
Raman spectra of single-crystal graphite and highlgnted pyrolytic graphite
(HOPG) show a single band at 158276 mode, Ej,) and another band at 42 tm

'E,0: from inplane modes with § symmetry. Less ordered carbon materials show
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an additioml strong band at about 12 cmi* (D mode) and aveak band at 1620 ¢

! (Do mode), when excited by 488 nm radiat[166].
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Figure 2-19lllustration of Raman spectra of a SWNT. RBM, G anBdhd

characteristic peaks are seen.

The Ramarallowed tangential mode in graphite is observed af165€¢ %,
and is called the @Gode (forgraphite structure). Unlike graphite, the tangerts-
mode in SWNTSs gives rise to a m-peak feature, also named th-band, where
up to six Raman peaks can be observed in a-order Raman process. TIi
characteristic multpeak feature of SWNTs arnd 1582 cri provides diamete
characterization, although the information providedess accurate than the RE
feature, and it gives information about the metall@aracter of the SWNTs

resonance with a given laser li

Additionally Raman spectra SWCNTs and MWCNTs contain ve
important information about the structure and propsrtthe RBM Raman featur
(appearing between 120 ! < wggy < 250 cm® for SWNTSs within 1 nm < dt <
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nm) correspond to the atomic vibration of the C atomihénradial direction, as if
the tube was breathing, Figure 2-18.[164].

For Raman scattering, multi-wall carbon nanotubes lwarsaid to be an
ensemble of carbon nanotubes with diameters rangimg &mall to very large.
Because of the large diameter of the outer tubesyfocal MWNTs, most of the
characteristic differences that distinguish between Rlaenan spectra in carbon
nanotubes from that for graphite are not so evidelMWNTs [167]. In some
researches, the Raman features associated with the sama#tdr inner tubes of a
MWNT can be observed when a good resonance condltiestablished [168], but
this is not the usual case. The RBM from large diamates is usually too weak to
be observable. Figure 2-20shows the G-band for a MVihNiidle sample. The
shoulder at higher frequency-1618 cm?) is typical of defective graphite like
materials and can be smaller in better quality MWNT dasaWhereas the’G G
splitting is large for small diameter tubes, this douldakpG band splitting for large
diameter MWNTs is both small and smeared out because ofdigmaeter
distribution and therefore the G feature predomiryaethibits a weakly asymmetric
characteristic line shape, with a peak appearingeagtaphite frequency 1582 tn
These properties makes it more difficult to differetetidhe Raman signal of
MWNTs from that of graphite.

43



HOPG

T S

MWNT

SWNT
Semiconductor
--—-h.

Raman Intensity

SWNT
Metallic

1450 1500 1550 1600 1650
Frequency (cm)

Figure 2-20lllustration of the G-band for highly ordered pwtit graphite
(HOPG), MWNTbundles, one isolated semiconducting SVENd one isolated
metallic SWNT.

It is clear that a single Raman measurement gives arofdibe tubes that
are in resonance with that laser line, but does et gicomplete characterization of
the diameter distribution of the sample. However, by sueag Raman spectra
using many laser lines, a good characterization oidtameter distribution in the

sample can be obtained.
2.4.4 C-NMR Spectroscopy

Serious researches have been made in order to undethtrstructural,
mechanical, and electronic properties of the carb@motubes and carbon
nanofibers. The electronic properties of CNTs depentheir diameter and chirality
of the individual cylinders. These remarkable propsrthave been found to be
extremely sensitive to tube-tube interactions, chensizde of the tube, i.e. pure or

metal doped or functionalized and mechanical constrain
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Graphite can be considered as a reference materighdostudy of either
carbon nanotubes of derivative structures. In the cBS&-NMR, very local tests
of the electronic structure has been investigatedanadar carbon materials can be
fully considered as being constructed from graphegetstslightly perturbed by 1D
or 2D curvature which results in an intermediate tijbation between $pand sp.
The specific electronic properties of graphite afieen quasi-degeneracy of the
andz* bands at the K-point of the c-parallel edge & Brillouin zone: graphite is a
qguasi-semi metal, with both a very low carrier densitgd a very low density of
states at the Fermi level, while graphene is an id=hl2D model of a perfect
structure [169]. Those properties result from the higplane delocalization aof
electrons. Therefore, a graphene plane is an infngetended aromatic molecule.
Such delocalization of degeneracies results in vergifspeslectronic properties

which are typical to graphite.

« A very high in-plane electronic mobility, relatedvwery small effective

masses of the charge carriers

% A high axial diamagnetic susceptibility (48 ppm, roomperature volume,

or relative, value)

+« A high axial g-shift of the EPR line, resulting irr@ Gauss axial anisotropy
at 10 GHz and room temperature.

The diamagnetic susceptibility (and g-shift) is tempeeatependent, and it
will induce the local fields similarly. This will be aseful criterion in order to
separate local contributions to NMR shifts not coreslatvith the susceptibility
enhancement. Since those properties are closely rétatbd band degeneracy, any
perturbation resulting either in a breaking of degany or in a substantial Fermi-
level shift (.0.2 eV) would reduce these propertiethéostandard low values [170].

Although graphite is an actual reference material f@notubes and
nanofibers, there are strong differences between aphge and single graphene
sheets due to stacking of the planes. Indeed, thedmghagnetic susceptibility of

graphite results in important macroscopic fields resultstiong shifts of the (c)
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component of the shift tensor over hundreds of ppm, rabpge on the sample
shape: the volume or relative diamagnetic susceptibiligf graphite along (c)
amounts to -47.8x1% while the value along (a,b);=-0.8x10° , remains inside the
usual range. The expected range of supplementarys saifsing from these
‘macroscopic’ fields is from O tor , i.e. 600 ppm, which is very wide Moreover,
the demagnetizing field is generally inhomogeneous éngatallel aligned samples,
thus yielding strong broadening. Although such susaéiptienhancement effects
had also initially been suspected in carbon nanotubeg,have been ruled out since
they appear to be completely suppressed by convehiemhal treatment at around
1600°C, and thus are attributed to residual catalgstofnagnetic particles.
Consequently, the best reference system+NMR for carbon nanotubes would
be graphene since the macroscopic effects are cumuédtects due to 3D stacking
of graphene planes and there are neither demagmetiaim_orentz fields in a single

graphene plane.

< Due to the above graphite susceptibility enhancenfésts, the*C-NMR

in graphite is as follows:

< All carbon materials with Spbinding exhibit a main peak around 180 to 185
ppm, a peak considered as typical dfsinding (the spregion lying around
140 ppm)

Various graphite powders or the usual parallel epgpediented samples
such as HOPG, PGCCL, an axial anisotropic distrilbutsorevealed; however, the
(c)|| Ho, component of the shift tensor (which arises at the gsgion in powders)
is could not determined, not only because it is stypobgbadened by the sample-
dependent demagnetizing field inhomogeneity, but atsppwders, generally more
or less smeared out by diamagnetic orientational eftebish favor the (a,de0
field orientation. The typical 13C-NMR spectrum ajraphitic sample was given in
Figure 2-21.
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Figure 2-21Solid Statd*C-NMR spectrum of Graphite

On the other hand, in pristine catalytic MWNT, a mpeak is observed at
the graphene (a,b) position (183 ppm/TMS), associatédarbroad distribution of
over 500 ppm on the diamagnetic side [171]. The maak j usual in all sfike
carbon materials, but the distribution is wider thawal (it should be 200 ppm)
when no susceptibility enhancement is present. Maniwal.ereported wider
distributions in SWNT bundles, which can be the resutiigh susceptibility effects
[172]. Actually, it has further been shown that suddendistributions could be
attributed to residual catalyst impurities, which canrbmoved by suitable heat
treatment [173]. The observed main peaks of some cardoomaterials were given
in Table 2-2.
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Table 2-2Characteristic solid state 13C-NMR peaks of the caabeous materials

Carbon Materials Chemical Shift (ppm)
Diamond 35 [174]
Graphite 108-119 [170]
Polyaromatic turbostratic carbon 123 [175]
structure.

CNTs 124-126 [173, 176]
Carbon nanohorns 116-124 [177]

2.4.5 Atomic Force Microscopy

The atomic force microscopy (AFM) is one of the most Widesed
instruments among recently introduced techniques tosiigate the nanoscience.
The atomic force microscope is one of about two dayees of scanned-proximity
probe microscopes. All of these microscopes work by mewagariocal property -
such as height, optical absorption, or magnetism - wilohe or "tip" placed very
close to the sample. The small probe-sample separatiorth@rorder of the
instrument's resolution) makes it possible to take measurgroeat a small area.
The widespread use of the AFM is attributed to theusate three-dimensional
reconstruction of the sample topography with atomicluéiso for a relatively low
cost and within a short time [178]. Another importaetson for using this
characterization is that there is almost no restriaiothe sample to be analyzed. In
most of the cases, the morphological study is the majpoparof the AFM, since it
can provide almost real three dimensional topograjpifdcrnation. Furthermore, the
AFM data contain important information for structuaaklysis of the surface.

The characterization of CNT/CNFs requires the devet of specific
sample preparation procedures and the use of partinstauments (SEM, HRTEM,
EDX, Micro Raman, AFM, STM). For each kind of anasystpology, it is possible

to obtain specific data relative the morphology & mlanomaterial studied.
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The AFM consists of a cantilever with a sharp tipseitd, Figure 2-22. The
tip is brought into close proximity of a sample surfatlee force between the tip
and the sample leads to a deflection of the cantileeeording to Hooke's law.
Typically, the deflection is measured using a laser sgtscted from the top of the
cantilever. In fact, the interaction forces betwdlea AFM cantilever tip and the
sample, is the fundamental parameter in the acquisifien3D topographic AFM
micrograph. With different distance (d) between theve tip and sample, in the no
contact mode, CNTs show different behaviors. For exarbplow d = 0.30 m the
above interaction forces can modify the CN (samplelatigments, cutting, etc.)
deposited on the substrate. In this case the AFM 3Dgtapby cannot yield a good
characterization of the analyzed sample. Insteadeasang the value of d, the above
interaction force is reduced, and it becomes possibl@eaidorm a complete
CNT/CNF characterization without the occurrencehaf just mentioned problems.
These research activities will be discussed and studiedder to develop a reliable
AFM analysis procedure for CNT/CNF.

Position sensitive
detector & é?LﬂSER

Cantilever A

and T|p/\,_%\_]£\/\

| —1Sample

Figure 2-22 Scheme of AFM microscope.

AFM allows us to realize a 3D nanotopography and mulgglys profiles of
the micro and nanomaterials. Besides, with the cantilgyef this instruments, it is

possible to determine the principal mechanical (Younduhws) and electrical (V-1
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characteristic) nanostructures properties. With the AFMe following

characterizations of the nanomaterials are possible[178]

R/
L X4

X/
°

morphology: evaluation of the nanometric geometry ahdracteristics of

the nanostructures observed

homogeneity: that mean to determine the statistical ilnligiton of the

various nanomaterials/structures present in a sample

dispersability: to determine the capability of the ostructures to form
stable suspension at specific concentration valueifotim of the bundles

or single elements

purity: in each phase of the nanomaterials developmeghthesis,
purification, integration, etc.) the nanomaterialse aconstituted by
nanostructures are amorphous residuals. It is always requestevaluate
the exactly percentage of the each elements typgloggents in the sample
(powders, massive elements, apparatus, etc.). Cleaglytatbet consists in

the maximum possible reduction of the impurities.

2.5 Applications of Carbon Nanofibers and Carbon Nanotibes

Carbon nanofibers and nanotubes have attracted to sw@@ntists due to

their exceptional mechanical properties such as higfilistastrength and stiffness,

low density, elastic deformability, in particular,ibefr as thin as a human hair (i.e.,

50 mm thin) withstands the loads 50-100 times than d stge of the same

thickness [11, 12, 179]. Other important propertiescafbon nanofibers and

nanotubes are special surface properties such as séjeatidi chemical resistance,

their high electrical conductivity, extremely highrmosion resistance, invariability

of mechanical properties over a very wide temperataregge (from cryogenic

temperatures to more than 1000 °C), and excellent ddmija with living tissues
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and electronic properties. Therefore, these compountle been studied in the

following applications;

2.5.1 Efficient support material for heterogeneous catalysis

Carbonaceous materials attract the researchers frompstatsbciety both as
a catalysis support material and as a catalyst itself, [180]. Among the different
types of supports used in heterogeneous catalysis carlienaisaattract a growing
interest due to their special characteristics such)ags{stance to acid/basic media,
(ii) possibility to control, the porosity and surfadeacacteristics of these materials
and (iii) easy recovery of precious metals by just imgrhe support which has a

minimum impact on environment [181]

Activated carbon made from natural materials is a widislyd material in
the use as a catalyst support. The reproducibility dkasethe microporosity of
activated carbon has often held back the catalyseéldpment. Unlike activated
carbon, carbon nanofibers can be produced on asaaje in a reproducible manner
with special properties such as lyophilicity, and textilnat favors the metal-support
interactions. Several methods such as incipient wetmegeegnation [182], ion-
exchange [183], organometallic grafting [184], elest beam evaporation and
deposition/precipitation have been used to preparleonananotubes or graphite
nanofibers supported catalysts with pretreatment totifuradize the CNT/CNF
structure [185] or without pretreatment [186]. In thase of using CNTs as-
produced, it has to be taken in to considerationdhah a material does not possess
an high amount of functional groups on its surfaceraaohly surface defects can be
considered as anchoring sites for metals.

Last 10 years was full of articles related to the possépplications of
CNT/CNF materials including the catalysis. In 1994, ipez and co-workers
[187] published an article in which they used carbanofibers with an active phase
(Fe or FeCu). This FeCu/CNF catalyst displayed anrooflemagnitude higher

activity for ethene hydrogenation. The authors eeldhis activity enhancement to a
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unique metal-support interaction between the FeCticfgw and the basal-plane
regions of the CNF. Planeix and co-workers [182] areg Ru/C catalysts based on
single wall carbon nanotubes with an average Rugbaize of 3.5 nm, which has
a selectivity to cinnamyl alcohol of 92% in the hygenation of cinnamaldehyde
experiments. In 1999, Park and Baker [188] focusetthemse of platelet type fibers
functionalized with phosphorus and deposited with elickarticles active for

hydrogenation of light alkenes reside on the zigzags.

The difference between the interactions of betwd8VNT, SWNT,
activated carbon or layered graphite and catalystalsnegbn, cobalt and nickel was
studied in order to evaluate the role of surfaceasfen the final metal dispersion
by Zhong, et.al.[189]. On SWNT and layered graphtecoating was observed due
to the low density of surface defects. On the otherdh MWNT and activated
carbon, showed a better wetting. Due to their pacsliructure, graphitic CNFs are
the major catalytic supports without any pre-treatmentleed platelets and
herringbone structures present potentially reactiveugg for metal anchoring.
Extensive studies on nanofibers were conducted byrthe@f Baker [190, 191] in
order to deposit metals by the wetness impregnationnigof. Nickel was
deposited on GNF with platelet or ribbon structugarffNi(NOs),-6HQO] solutions
and the results were compared with a similarly activatetbon and alumina
supported catalysts. Results showed that metal is evestiybdied on the GNF
surface and that in general the particles adopteelladefined thin flat hexagonal

shape

Besides their use as supports, CNT or GNF have been sisii@et catalysts
in methane decomposition [192] or oxidative dehydragen of ethyl benzene to
styrene [193]. MWNT samples (containing 10-40% of naloes with 7-12 nm
external diameter) were used to obtain CO and 2€ hydrogen from methane
decomposition. it was found that disordered forms of ararare generally more
active than the ordered ones and that the actigitgtiucture and surface area

dependant.
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2.5.2 Supercapacitors

For the future technology, the most important issue sufiply the energy
demand of the world. Within this respect, fuel celdgts are the major subjects for
portable electronic devices. Supercapacitors ardrigl@cstorage devices that can
deliver a huge amount of energy in a short time. Hiyblectric and fuel-cell
powered vehicles need such a surge of energy to starg, than can be provided by
regular batteries. Supercapacitors are also needgavide range of electronic and
engineering applications, wherever a large, rapldepaf energy is required such as

notebook computers, cellular phones etc [194].

Conventional or "Faraday" capacitors, store eledtabarges between a series of
interleaved conducting plates. Supercapagitoisacapacitors oEDLC (Electric
Double Layer Capacitorsds they are also called, look very much like batteries
[195]. They have double layer construction consistfigwo carbon electrodes
immersed in an organic electrolyte, Figure 2-23. Dumharging, the electrically
charged ions in the electrolyte migrate towards teeteldes of opposite polarity
due to the electric field between the charged eldets created by the applied
voltage. Thus two separate charged layers are produtdite classical batteries,
the double layer capacitor depends on electrosdation. Since no chemical action
is involved during charging, the effect is easily msugde and the typical cycle life is
hundreds of thousands of cycles and a supercapacitohaam 20 times the
capacitance density of conventional capacitors. Gdlgethe dense ion movement
and large surface area of a super capacitor can iadolhg, stable discharge. On
the other hand super capacitors do not dry up liketielcyclic capacitors, have no
discharge effects as in the NiCd batteries, and campraetically charged and
discharged infinitely [196].
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Figure 2-23A double layer supercapacitor

To achieve a high volumetric efficiency, the supepacior must have
extremely high surface area electrodes. At this pdietause of their small size
carbon nanotube seems a good choice for this purpdme.ndturally occurring
double layer created at the interface betweenahgoo and liquid electrolyte at the
interface between the carbon and a liquid elediolyhen a voltage is applied
establishes a thin dielectric layer. This allow foryw#rin plate separations [196].
Carbon containing capacitors which have an effeatimgtact surface area of 2000
m? already achieved capacitance densities of 30 F/qame. Recently various
carbon materials including CNTs and CNFs have beenamenesl for supercapacitor
electrodes and a great attention was also focusednatuciing polymers[197-200].
In many of the reports, it is observed that the condggiolymers formed globular
clusters around the CNTs or CNFs [200, 201]. This siracbf the composite
maintains the high surface area of CNTs/CNFs while gdtiia pseudocapacitance

of conductive polymers such as PPy or PANI.
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2.5.3 Hydrogen storage

The role of hydrogen energy in the future was ulma several times
clearly up to this time. Advantages of using hydrogeergy are numerous; first of
all it has environmentally friendly character bein@-Xree, non-toxic and non-
poisonous. It will not contaminate groundwater, noll w&i release of hydrogen
contribute to atmospheric pollution, furthermore hygno is lighter than air and
diffuses rapidly, which means that when it is releagdedijutes quickly into a non-
flammable concentration. and it can be produced bgweble energy sources [202,
203]. The hydrogen economy spans three functionalapoduction, storage, and
use; each area has its special set of grand technaiiéries. Recent advances in
materials science, chemistry, physics, biology, computateomd nanoscience
provide considerable promise for breaking through mainghese current barriers
[204]. Therefore, hydrogen storage in new materiats davices is a very gripping
research subject worldwide. The limits of hydrogen sgrés determined and
projected by the US Department of Energy (DOE). Tteeget was 6.5 wt % and a
volumetric density of 62 kg #m° for hydrogen storage on-board automobiles by
the year 2010 and 9.0 wt% by the year 2015 [203jer@ are four major
technologies that can be used for hydrogen storagepressed gas, liquefaction,
absorption in metal hydrides and adsorption in carlamostructures such as single
and multiwalled nanotubes (MWNTSs), nanofibers, andratgd carbon but none of

these methods can meet the storage targets.

The compressed gas and liquefaction methods are curveattyin fuel cell
powered automobiles but application issues, such as safetythe need for a
hydrogen supply infrastructure, are problems [206]. Gesged hydrogen is not
considered as suitable for storage due to safety caneétmgher pressures, on the
other hand hydrogen liquefaction involves the inplutelatively large amounts of
energy. Solid-state hydrogen storage systems, such as Inyettéddles, chemical
hydrides, or hydrogen absorbing carbon materials,>xqrected to be simpler for the
engineering design of vehicles and considerably shéar the storage of elemental
hydrogen. Unfortunately these solid-state systems, dirgjuthose forms of carbon
that have been known for a long time, do not meeD®& targets, either. These
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results would lead us to last method, adsorption in carfamostructures, could be
more promising for storing hydrogen, especially onbeatucles. Further, since the
adsorption of hydrogen by carbon nanotube is temperaiependent, this property
can be effectively used for hydrogen uptake andaseleConsiderable research has
been undertaken in recent years to precisely deterthmeaveight percentage of

hydrogen storage in carbon nanostructures.

An ideal solid for hydrogen storage would possess a steicbnsisting of
slit-shaped nanopores having a width slightly highantthe kinetic diameter of
hydrogen, 2.89 A [207]. Experimental and theoretstaidies have indicated that
hydrogen chemisorbed on graphite adopts a symmeti3edB superstructure at sub
monolayer coverage. At near monolayer coverage, timguration disappears and
is replaced by an incommensurate triangular phase [2GTphitic carbon
nanofibers (GCF) have structures as “tubular’, “platel@end “herringbone”,
respectively. In these various conformations, the tayee separated at distances
that are dependent upon the nature of the catahgbthtee gas phase as well as the
reaction conditions, where the minimum value possiblehad of single-crystal
graphite, 3.35 A. The unique conformation of GNFpsisting of platelets having
virtually only edges exposed, bestows this material witlyue properties that are
highly desirable for gas sorption applications. Inddébdse structures comprise an
array of slit shaped pores separated by a distance 338, as such, possess the
ideal configuration for use in the storage of hydmgehose kinetic diameter is
only 2.89 A Figure 2-24.

z Hydrogen molecules catalyzed by
/ : the edge sites /
) : - (]
which allows the atomic H storage o0
/ between the graphite sheets ’//. 000
/ p000000

Figure 2-24Demonstration of atomic hydrogen storage betwegrhgeasheets.
Adapted from Ref.[208].
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Most results showed that hydrogen storage capacity diB\hd MWCT
was less than 1 wt% at ambient temperature and abouPd(®RD9-211] , but
increased significantly to 4.5-8 wt% with loweridgettemperature of adsorption to
77K [209, 212, 213]. Hydrogen storage capacity ofboca materials was
proportional to their special surface area and tHamve of micropores, and the
narrow micropores was preferred to adsorption of hyelmpgndicating that carbon
materials adsorbed hydrogen gas physically [214]. Tedteealso showed that it is
difficult to achieve the target of 6.5 wt% even7atK only by physisorption of
hydrogen. On the other hand, Chambers et al.[207] sthdlnat GNF was capable of
adsorbing hydrogen in excess of 20L (STP)/g at 298& B2MPa. Gupta and
Srivastava reported a very high, reversible adsorptiohydrogen in GNF [215,
216], which was as high as 10-15 wt% at 300K and 8NBPawning et al. [208]
showed Hydrogen storage values, up to 6.5 wt%, is pessiblGNF at 12MPa

pressure and ambient temperature.

Hydrogen storage by CNF and CNT materials is still atbpic although
many conflictions on the experimental results. Measuresnesith small sample
guantities are difficult and this is reflected in tieéative scatter in the data obtained
by such experiments. The variety of methods by whiah shmples of carbon
nanostructures are prepared is an impediment. Depeaditige mode of synthesis,
samples have different purity, composition, and chyalihis is a major reason for

the relative lack of agreement in the experimentllte [217].

There is no doubt that the unique structural confaomaif graphitic carbon
fibers and carbon nanotubes constitutes one of the rffestive media for the
sorption and retention of vast amounts of hydrogemdihition, owing to the small
cross-sectional area of graphite platelets within gtrecture coupled with the
enormous number of edges, diffusion limitations can kdyeavercome. Therefore
hydrogen storage studies on these materials will eviéntigmtinue. Comparing the
results would be possible and trustable only after staiwhtion of the experimental

procedures.
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2.5.4 Electron field emitters for vacuum microelectronic cevices

Field emission is an efficient source for electrons coegpao thermionic

emission. In the field emission, when material subjeet sofficiently high electric

field, electrons near the Fermi level can overcoreeetiergy barrier to escape to the

vacuum level, Figure 2-25. The basic physics of elactraission is well developed

and the emission current from a metal surface can bemdestzl by the Fowler—

Nordheim equation [218];

| = aV 2 exp(-hp*%/BV)

where |, the current
V , applied voltage
@, work function

B, field enhancement factor.

A
(Work Function)

Er

(Fermi Level) \

-
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Vacuum Level

Tunnel \

Distance N

Energy Level (eV)

Y

b

Y

A

\ 4

Distance (A)

Figure 2-25Diagram of the energy-level scheme for field emissiomfa metal at

absolute zero temperature.
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Electron field emission materials have been investigataénsively for
technological applications, such as flat panel displafectron guns in electron
microscopes, microwave amplifiers [218]. For technoldgagplications, electron
emissive materials should have low threshold emission fieldslould be stable at
high current density. A current density of 1-10mA7ésrequired for displays [219]
and more than 500mA/cnfor a microwave amplifier [220]. In order to minimize
the electron emission threshold field, it is desirableawee emitters with a low work
function and a large field enhancement factor. Tlekwunction is an intrinsic
materials property. The field enhancement factor dépemostly on the geometry of

the emitter and can be approximatedfas:1/5r where r is the radius of the emitter

tip.

Carbon nanotubes with their nanometer size diameterctstal integrity,
high electrical conductivity, and chemical stabilityave the most desired
combination to make good electron emitters [218]. Ebectield emission from
carbon nanotubes was first demonstrated in 1995 [221],has since been studied

intensively on various carbon nanotube materials.

SWNTs generally have a higher degree of structundégon than either MWNTs
or CVD-grown materials and have a capability foriegimg higher current densities
and have a longer lifetime [222]. Stable emission ab@@mA/cmi has been
demonstrated in SWNT films deposited on Si substrates.rierdudensity above 4
Alcm? was obtained from SWNTSs produced by the laser ablatiethod [223]. The
current densities observed from the carbon nanotubesigrigicantly higher than
from conventional emitters, such as nano-diamonds whiold te fail below
30mA/cnf current density [224]. Carbon nanotube emitters aaeticolarly

attractive for a variety of applications includinganawave amplifiers.

2.5.5 Field effect transistors

Their interesting electronic structure makes carbomotubes ideal

candidates for novel molecular devices. For exampleallicethanotubes, were
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utilized as Coulomb islands in single-electron transistf#85, 226] and
semiconducting nanotubes were used to built a moledidht-effect transistor
(FET) [227]. Transistors are the basic building blockstegrated circuits. To use
nanotubes in future circuits it is essential to be &blmake transistors from them.
Martel, et.al. fabricated and tested nanotube treorsisising individual multi-wall
or single-wall nanotubes as the channel of a FET [288figure 2-26, a basic FET
device is demonstrated; it consist of either an indsidBWNT or MWNT bridging
two electrodes deposited on a 140 nm thick gate ddideon a doped Si wafer,
which is used as a back gate. The 30 nm thick Aureldes were defined using

electron beam lithography [228, 229].

MWNT or SWNT

Au(source) C_’\ j Au(drain)

Si0;

Si(back gate)

Figure 2-26 Schematic cross-section of a FET device.

Transport in the NTs is dominated by holes and, at reemperature, it
appears to be diffusive. Using the gate electrodectneuctance of a SWNT-FET
could be modulated by more than 5 orders of magnitideanalysis of the transfer
characteristics of the FETs suggests that the NTs haigheartcarrier density than
graphite and a hole mobility comparable to heavijoped silicon. Large-diameter
MWNTSs show typically no gate effect, but structuraladmations can modify their

electronic structure sufficiently to allow FET behavi
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2.5.6 Microelectrodes for electrochemical reactions

Development of new types of electrode as biosensing isahn attractive
research area for many years. Several forms of carban ate suitable for
electroanalytical applications are available. Amotigers, glassy carbon and carbon
paste are the most popular carbon electrode materiaselEctronic properties of
CNT suggest that they might have the ability to effily mediate electron-transfer
reactions with electroactive species in solution wheed as electrodes [230]. The
electrodes employed were composed of randomly distridutses with no control
over the alignment of the nanotubes inside CNT filmsGNT composites.
Moreover, binders and additives are usually presenthese CNT electrode
materials. To benefit fully from the attractive prapes of the CNT and to better
understand their influence on physicochemical behaviaould be preferable to

study electrodes composed solely of CNT.

Viry et.al.,, [231] reported the fabrication, the ngeal electrochemical
characterization, the surface modification for biosenapplications, and the
different ways of performance improvement of CNT filmeicroelectrodes. The
performance of these electrodes has been charact@émizemmparison to classical
carbon fiber microelectrodes (CFM), in the electralyaic oxidation of analytes via
dehydrogenase mediated. They have immobilized mediadtecules that are very
efficient for this purpose on the surface of the CNTHERding finally to a
miniaturized biosensor with promising and more attracix@erties than classic
CFMs. The active electrode surface can be easilynezgted and, in contrast to
CFMs, the performance of CNTFM can be controlled angdroved by several
pretreatments such as CNT alignment inside the fibecheadhical enhancement of
the active surface area.
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2.5.7 Composites

Previously given mechanical and electrical propemiesarbon nanofibers
and nanotubes, strongly indicates that it is possibtedduce an entire new class of
composite materials with the use of these structures.

Incorporation of CNFs and CNTs into plastics can pwéy provide
structural materials with dramatically increased modulu$ strength [232, 233].
The critical challenge is to disperse the nanostrustuneiformly through the
structure and achieving optimum nanotube-matrix adhasianprovides effective
stress transfer [234]. Avoiding interlayer sliding bedweconcentric tubes for
MWNTs and graphene layers for CNFs and intrabundlénglidithin SWNT ropes
is another important issue for the composite structur@s][Studies have shown
also that carbon nanotubes can perform as reinforéemgests with polymer [232],
ceramic [236, 237] and metallic matrices [238], buthaitt alignment their
performance in terms of strength and stiffness fall sHartaditional carbon fibers.
For applications in polymer nanocomposites the elasticfeacture properties of
carbon nanotubes must be understood along with inik@nact the nanotube matrix
interface. The major difference from conventiondlefireinforced composites in
that the scale is narrowed down to nanometers insteadcodmeters. It would be
difficult to replace all carbon fibers with nanostwres, since there has been so
much work done with them. It is better for carbon nabe research to look to a
new market rather replace the old. On the other haodt factors have to be
regarded carefully, i.e. use of multi wall nanotulsemore proper rather than single

wall nanotubes in terms of economy.

Investigations on a fully integrated nanotube compossieg single wall
nanotubes demonstrated dramatic enhancement of medhanigeerties [239].
Rubber compounds reinforced by nanotubes are poteagplications in tire
industry. It has been found in experimental results tbpliacing the carbon black
with carbon nanotubes improved skid resistance and eddalrasion of the tires
[240] Using CNT/CNFs may provide a safer, faster, andnmally cheaper

transportation in the future. Although expectatiormmf these materials are very
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high for their use in composites, there has been sontallatien against the results

they produce when mixed with some polymers and plastics.

Although CNT/CNFs are superior thermal conductors mielves, they
may not exhibit the same level of conductivity whetegnated into other materials.
Experiments have shown that conductivity to increasenthl conductivity by two
or threefold when it was expecting to be close tddid [241]. The problem is that
carbon nanotubes vibrate at much higher frequencasttie atoms in surrounding
material which causes the resistance to be so high¢heal conductivity is limited
[242]. Generating stronger bonds between the nanoarzk the surrounding
material might help in solving the problem. Inside thasting market of carbon
fibers, the partial replacement of polyacrylonitiilased fibers by nanofibers holds
the greatest promise, first and foremost, in the fieldsrevliequirements for high

strength are particularly stringent and due to satsgons [11].

Incorporation of CNTs into ceramics is an interestirggearch area.
However, even in the experimental level the strongregation of CNTs in the
matrix makes these composites difficult to work with .TGNas-prepared) tend to
form bundles due to Van der Waals interactions, aigldifficult to separate them
individually [237]. The effective utilization of matubes in composite applications
depends strongly on the ability to disperse CNTs honmamesty throughout the
matrix. Furthermore, good interfacial bonding is reegh to achieve load transfer
across the CNT-matrix interface. From the colloidalcgssing point of view, these
individual components can be distributed evenly whesy thave similar surface
properties with the surroundings. Successful modificaddnCNTs by using
dispersants or acid treatment proves more homogeneitg imatrix compared with

that of simple mixed samples using pristine CNTs [243,.244]

It seems that, the most widespread use of the CNT/CNF®mpasite
materials is in electrostatic- discharge components. Sa@merting goods
manufacturers of high-end products claim the use of CNF composites for,
tennis rackets, or bicycles to deliver superior perfoicea In the near future, the

biggest markets for these nano-composites will undoubtbdlyfor high-value
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applications that can absorb the added costs sectoraswaarospace (which needs
lightweight, high-strength, high-temperature-resistammposites) and energy (for
example, in nanotube-reinforced rubber seals for lafigecovery platforms)[245].
Aerospace composites that have the required properéedraady being developed.
If the cost of nanotubes become comparable to cosarbbn fibers, (or even to
carbon black which is much more cheap), commodity prizdsuch as nanotube-
filled rubber tires could become a reality. With sttaés falling into place to solve
the problems of their manufacture, commercial succesbdsetmaterials at least in

select, value-added applications can be finally redch

2.5.8 Nanoprobes and sensors

There are many studies that have reported use of Chlseasure, flow,
thermal, gas, and chemical and biological sensors [24iB].INe extremely small
size, high conductivity, high mechanical strength #exiibility of nanotubes, it is
unavoidable to use them as nanoprobes. Use of a singliTVditached to the end
of a scanning probe microscope tip for imaging hasadirdoeen demonstrated by
Dai and co-workers [247]. Since MWNT tips are conohg;tthey can be used in
STM, AFM instruments as well as other scanning prolseruments, such as an
electrostatic force microscope. In addition to the abenanotube tips for high
resolution imaging, it is also possible to use nanotubesctive tools for surface

manipulation.

Since nanotube tips can be selectively modified chdipi¢carough the
attachment of functional groups [248], nanotubes dao be used as molecular

probes, with potential applications in chemistry araldgy.

Recent research has also shown that nanotubes can deasiselvanced
miniaturized chemical sensors [249]. The electrical lggiss of SWNTs were
found to change sensitively on exposure to gaseous armmlmentaining molecules
of NO,, NH; and Q. By monitoring the change in the conductance obhadres, the

presence of gases could be precisely monitored. It wastlsatethe response times
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of nanotube sensors are at least an order of magrfasteyr (a few seconds for a
resistance change of one order of magnitude) than tasssl on presently available

solid-state (metal-oxide and polymers) sensors.

2.5.9 Templates for 1D nanowires

Small channels of the carbon nanotube structure catreeg capillary
forces. These forces are strong enough to hold gasdtuasdin nanotubes. In this
way, it may be possible to fill the cavities of the otabes to create nanowires.
Zhang et.al. reported a simple synthesis method for @e@@tubes by using CNTs
as templates by a liquid phase deposition method [258]cTilical issue here is the
wetting characteristics of nanotubes. Because of #ieeyr small diameter, filling of
SWNTs is more difficult than filling of MWNTSs. If it isnanaged to keep fluids
inside nanotubes, it could be possible to perform chémézections inside their
cavities as well. Relatively, organic solvents wetatabes easily. In this case, it is
possible to define the nanotube as a nanoreactor.irf@patant issue here is that
nanotubes are normally closed structures. Thus, for ar@actor application those
structures have to be opened. Actually, it is s possibtgen the caps of nanotubes
through a simple chemical oxidation reaction, sincepir@agons in the end cap of
the nanotubes are more reactive than the sidewalldamadg oxidation, the caps is
easily removed while the sidewall stays intact.

2.5.10 Biomedical applications

In recent years, micro and nanoscale products havemeeaacreasingly
dominant in our everyday life. The benefits of haviagdevice with smaller
dimensions means enhanced capabilities and functiosaldied smaller systems
tend to move more quickly than larger systems becausevef inertia of mass, the
minute sizes of small devices encounter fewer problembenmial distortion and

vibration, and they consume less power [251]. Therefoeducing the size of
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systems and devices has become an active area of res@arehof the most

promising applications of these micro and nanoscalecds\viechnology is in the
biomedical industry. In the last few years, several stidiave been proposed
indicating potential biomedical applications of CNTs

Radiation Oncology: The conventional X-ray radiation method uses
accelerated electrons that are extracted througimtienic emission and it has
some limitations such as i) it has slow response time; igwoes high energy; and
iii) has limited lifetime. Recent research has repothed field emission is a better
mechanism of extracting electrons compared to thermmiemission [252]. An
optimal cathode material should have high melting tpdow work function, and
high thermal conductivity. CNTs are good candidateensls for field emission
applications is it is explained before and it is nopssing that they can be used as
a cathode material to generate continuous and pulseaysX[253]. The X-ray
intensity was sufficient to image human organs at 14 kvid 180 mAs. The
advantages of CNT-based x-ray devices are fast resparsefine focal spot, low
power consumption, possible miniaturization, longer bied low cost.

Sensors:Sensors are devices that detect a change in physiaeatity or
event. One of the key issues in biosensor design is thblisktnent of a fast
electron-transfer between the enzyme active site lanelectrochemical transducer
[254]. The structure-dependent metallic characteraobon nanotubes should allow
them to promote electron-transfer reactions at low -pegentials. This
characteristic, along with their high surface areayipges the ground for unique
biochemical sensing systems [255]. In fact, carbon nidpeoarrays are a thousand
times more sensitive than current electrochemical bioserssu multiple targets

can be detected at the same time [256].

Probes: Probes are used to investigate and obtain informatioa remote
surface. Carbon nanotubes with their molecular sizecopnpatibility, ability to
easily conduct electrical current and reversible nespoto bio-chemical agents
might become indispensable for a variety of bio-prgland detection applications
[257, 258]. At the same time, CNTs are highly suitabléeneds for AFM probes, as
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the AFM-generated image is dependent upon the shapheofip and surface

structure of the sample of interest [254].

Drug Delivery: An efficient drug delivery system should be ablgésform
controlled and targeted drug delivery. The drugiveey material must be
compatible with the drug and should bind easily withGNTs can be used as a
carrier for drug delivery, as they are adept atrergehe nuclei of cells. It has found
that functionalized CNTs can cross the cell membran®, [260]. Besides, they are
of a size where cells do not recognize them as haintfulders [261]. On the other
hand, CNTs have distinct inner and outer surfacestrabe differentially modified
for functionalization. As a result, the outer surfadeCNTs can be immobilized
with biocompatible materials and inside can be filgth the desired biochemical
payload [262]. Third, CNTs have open mouths, which mtdes inner surface
accessible for insertion of species inside the tube [2B3jthermore, CNTs can
undergo an organic functionalization to make themldelin organic solvents and
agueous solutions. Once the CNTSs solved, they can Ipdecwith amino acids and
bioactive peptides for further derivatization Fuantilized CNTs hold a lot of
promise for applications in the field of medicinal whstry. In particular,
conjugation of bioactive peptides to the externdlsaat the tubes allows to prepare
bioactivematerials endowed of immunological propertiBesdides delivery of
candidate vaccine agents, applications such as drligerge and delivery of
peptidomimetics, proteins and oligonucleotides can hesaed using CNTs [264].
The drug delivery systems may form the basis for anticatreatments, gene
therapies, and vaccines in future, as the carrieeoggr damaged cells and release
enzymes either to initiate an autodestruct sequencelisfor to repair the cell for

normal functioning [265].

Implants: Hydroxyapatite is a biologically active calcium phoatghceramic
that is used in surgery to replace and mimic bone. Aghp the bioactivity of
hydroxyapatite means it has a significant ability tonpote bone growth along its
surface, its mechanical properties are insufficientiajor load bearing devices. In
order to use hydroxyapatite in major load-bearingppses to replace bone, its
mechanical properties such as strength and toughness enugpioved. CNTs with
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extraordinary morphology, chemistry, and mechanicalpgmies are excellent
potential to accomplish this if used as a reinforcingsehin an Hydroxyapatite/CNT
composite. Key considerations in creating these comgoaite CNT dispersion in
the hydroxyapatite matrix, interaction between the tphases, and sintering

parameters [266].

Actuators: Actuators are devices that produce mechanical motipn b
converting various forms of energy into mechanical gneidditionally, Multilayer
piezoelectric ceramic actuators are devices capablapod (<10 ps) micrometer
movements with nanometer precision. The direct converdi@bectrical energy to
mechanical energy is attractive for many biomedicapliegtions such as
microsurgical devices, artificial limbs, artificial oanlmuscles, or pulsating hearts
in addition to robotics, optical fiber devices, angtical displays. The main
technical requirements of these actuators are low Wwedimgl maintenance voltage,
large displacements, high forces, fast response, andjatetlife [267]. Researches
reveal that CNTs can act as actuators and they cak wmder physiological
environment, low voltages, and temperatures as high5@%C3[268]. Nanotube-
based polymer composites have promise as possible artifruigcle devices
because of their incredible strength and stiffness iditiad to relatively low
operating voltage (10V) [269].

There is considerable interest in CNT and CNFs and #dpglications, with
currently over 400 articles published a month in teklf In particular, their role in
composite materials is being increasingly investigateaveder, we should keep in
mind that, before the realization of such applicajoseveral issues for the
fabrication of the CNTs and CNFs remain to be solvett si$ the controlled growth
of these nanostructures at specific locations and inifgpélarections as well as

control of size, helicity, and orientation of theustuures.
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Imagination is more important than knowledge...

Albert Einstein

CHAPTER 3. AIM AND MOTIVATION

As it is stated in the previous chapters, CVD is a goadn@le of conversion
of carbonaceous gases to crystalline graphitic carbensfor carbon nanotubes by
using metal catalysts. Scientists such as Endo and OHW&ib], Baker [59],
Rodriguez [271], Dresselhaus [272], and Smalley [2@Bbrted detailed studies on
the formation of CNFs and CNTs using a variety of megdhlysts and different
types of hydrocarbon sources. Following these studigf) @ethod began to be a
popular research subject for the production of criggealCNFs and CNTs. In many
studies, CNFs and CNTs were produced by using nanosizd paeticles such as
Fe, Co, Ni, Mo or alloys of these as supported @u@port material. Due to these
studies, now we have the preliminary basic informatiorihe production of CNFs
and CNTs through CVD and on the effect of the pararsednd a general idea on
the growth process.

It is fair to say that progress in nanotube researchbbas built upon the
successes in materials syntheses. The ultimate goal in sigimigeCNTs is to

control diameter and the other properties such asuh@er of walls in MWNTS,
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conductivity and density of the defects at the same. tizohieving such control

would require significant effort, but when this camtis achieved, revolutionary
opportunities in carbon nanofiber and nanotube seiand technology will be true.
The beginning step to accomplish such control is to gairunderstanding of the
catalytic chemistry involved and CNF/CNT growth pregebecause there is a

beautiful chemistry lying beneath in the productié€dTs through CVD method.

One of the major aims of the present study was to eligcttie influence of
the nature of the metal catalyst on the formationaob@n nanomaterial in the CVD
process. The catalyst composition and conditions fortnheogrowth that has been
published are usually determined by trial and errded#gous and time consuming
process [96]. As a result of those efforts, very lith@kledge was gained. We have
chosen to evaluate the catalyst activity of the loggmeous catalyst precursors due
to the ease of varying the catalyst content using isoktased preparation.
Additionally, the effect of the preparation of tkatalyst using different starting
materials and methods, on the carbon nanomaterial fammadnd structure
especially from the thermodynamic, kinetic and eleatr@ffect points of view by
using CVD method was investigated. Working with CVbgass offered potential
advantages such as low synthesis temperature, simplioitgl geld, and allowed

obtaining high-quality and uniform structures.

The starting point was to begin with selection of ¢h&alytic metals for the
CNF/CNT production. In Figure 3-1, the first row thfe transition metals of the
periodic table were demonstrated, among them, lIronE@)alt (Co), Nickel (Ni),

Copper (Cu) and Zinc (Zn) were chosen to be usedtalysts in the CVD process.

Transition elements

d-block
B

Figure 3-1First row of the transition metals of the periodideab
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In the CVD experiments, the catalytic metal nanopagicwere often
deposited onto a solid support to prevent sinterinfpeigrowth temperatures (600
to 1000°C). Widely employed supports included silid®¢p[153], alumina (AJO3)
[6], quartz [154], titania (Tig)[274] or calcium oxide (CaO) [155] because of their
chemical inertness and temperature resistance. Howelvesf these refractory
materials require highly concentrated bases (e.g., Na®dtrong acids (e.g., HF)
to remove them at the end of experiments, and thegentamay also damage the
carbon nanostructure. Additionally, strong acids andeb are less desirable for
large-scale production due to environmental conceékhsnina supports have been
found superior to silica [275]. The strong metal-suppoteractions allow high
metal dispersion and thus a high density of catalytssikhese interactions prevent
metal-species from aggregating and forming unwantee lpegticles High surface
area and large pore volume of the catalyst suppadlitdée high-yield CNT growth,
owing to high densities of catalytic sites made possipleadving large surface area
and rapid diffusion and efficient supply of carbordstock to the catalytic sites by

having large pore volume.

Our support material NaCl is a face centered cubistaliine, and selected
because of its properties that are providing highaserfarea to the metal catalyst
and preventing sintering. Moreover, the solubilitytieé support material in water
gives our system its specialty of easy removal of thep@wpmaterial which
provides a great advantage during purification steg prevention of structural
damage of the product. Although use of soluble andremwentally friendly
catalyst supports has been proposed in some of the psa@parts [276, 277], use
of those support materials and their effect on the @uizess and final product has

never been investigated in detalil.

Organometallic catalyst precursors were also used im toddbtain nanosize
metal particles dispersed in the NaCl matrix homogengolmsimost of the research
conducted previously on production of supported gats| conventional approaches
were used to prepare catalysts that include impregn§2io8, 279], ion-exchange
[280] and co-precipitation [281] methods, in whictsagbtion, drying, calcination
and reduction steps were involved. These productiomadst cause a significant
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change in the catalyst structure and morphology, whrelsults in the
inhomogeneous dispersion of metal particles. Howeveticlgasize and dispersion
are very important parameters for the success of theugiiod of the supported
catalysts. Preparing the nanosized metal catalyst froganometallic catalyst
precursors is a known method which has been used botheirproduction of
CNF/CNTs and other catalytic purposes [152]. During ttroduction of the
organometallic catalyst precursors in this study NaCl pvasent at all stages such
as, decomposition of the organometallic precursor, @oiv of the catalyst and
carbon product formation. More interestingly, the supplaCl was produced while
producing the organometallic catalyst precursor simatiasly. In order to keep the
catalyst/support ratio in the range of 5% to 30% taltal NaCl was used during the
synthesis of catalyst. The final catalyst was obtainethé dust form in which the

active metal particles were dispersed through the Na@iture.

Preparation of the nanosized catalysts by using thisadetlas very easy to
make and the obtained catalysts were well dispersedhyaetianging the synthesis
parameters of the catalyst such as, percentage of tla, @metivation temperature
and organometallic precursor type, the charactehefihal carbon product can be
modified selectively. In this way, it is possible to pwod variable forms of fibrous
carbon structures having different morphologies, etadtrand mechanical

properties.
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If the facts don't fit the theory, change the facts

Albert Einstein

CHAPTER 4. EXPERIMENTAL

In this chapter, the procedures for preparationasfosized catalyst/support
system and use of these catalyst systems for the prepas&tiarbon nanotubes and
carbon nanofibers are presented. For the charadtenzaf the catalysts, X-ray
diffraction (XRD), scanning electron microscopy (SEkHmbined with energy
dispersive spectroscopy (EDS), fourier transform inttaspectroscopy (FTIR),
dynamic light scattering (DLS), BET surface analysis dnermal gravimetric
methods (TGA) were used. Followingly, XRD, SEM-EDE Bsurface analysis,
and carbon E-NMR, transmission electron microscopy (TEM) and thermal
gravimetric methods (TGA) were used for the characaéon of CNT/CNF

samples.

4.1 Materials

Three types of catalyst precursors were prepared dkigldr, tartrate, and
oxalate) by starting from chloride forms of metal saltse Ppurity of the catalysts
were regarded as an important parameter, thus cobaftideh (CoC}.6H,0), iron
chloride (FeCGl.4H,O), nickel chloride (NiGL.6H,O), cupper chloride
(CuCh.2H,0), and anhydrous zinc chloride ZnGlalts were supplied from Merck
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in analytical grade. Sodium hydroxide, sodium chlgraealic acid and tartaric acid

were used in this study in analytical grades of adfseaas well.

The carrier gas used in CVD was selected as higlypamgon (99.998%)
and high purity acetylene was used as the carbonesouthe CVD system.

Experimental studies are basically divided into fiveups.
1. Catalyst preparation
2. Catalyst characterization
3.  Carbon nanofiber and nanotube production
a. Optimization the growth conditions
b. Kinetic Studies
4. Characterization of carbon nanostructures
a. Characterization of the product as produced.

b. Characterization after purification and functiomation of the product.

4.2 Catalyst preparation

A series of 3-d block metal based catalyst precursors \eepared
(hydroxide, tartrate, and oxalate) by starting framoride forms of metal salts were
prepared both in the organometallic and oxide fogmmwdifying the previously
described methods [152] using Iron (Fe), Cobalt (Cak® (Ni), Copper (Cu) and
Zinc (Zn) as the catalyst metal.

The chloride salts of the metals were selected as thengtanaterial and
basic character of the solution was obtained by adtNa@H to the solution.
Presence of the chloride and sodium ion in the saturstdution results with

production of the NaCl, as a side product Eq 4.1.
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Metal-Cl + NaOH + Organic Acid———» Metal-organic acid complex +NaCl +,®
Eq 4.1.

Therefore, the support NaCl was produced while prioducthe
organometallic or metal hydroxide catalyst precursor kanaously. In order to
keep the metal/support ratio in the range of 1/28/10, additional NaCl was added
to the synthesis media during the synthesis of catalyst. metal salt-sodium
chloride mixture was exposed to vigorous mixing for ddrks at room temperature,
and then it is slowly evaporated at 50°C in 6 hrse Tihal catalyst system was
obtained in the pulverized form in which the actimetal precursor particles were
dispersed through the NacCl structure. The productiberse of the catalysts can be

seen in Figure 4-1.

Dehydration
&
Pulverization Solid catalyst

Liquid phase
reactions; Metal

Thermal reactions;
Conversion of
metal hydroxide

- and organometallic - catalyst dispersed in

complexes to metal NaCl matrix

hydroxide or
Organometallic

system; Metal oxide

complex
oxide

& S
TN

Heat treatment (200°C) for 24 hrs

precipitation

Figure 4-1 Production scheme of the catalysts

In order to obtain a mono dispersed and stable sizediysatthe catalyst-
NaCl support system was exposed to mechanical actiiagioveen 12-24 hrs using
a ball-mill system with 125 ml vial together with zirdom balls 10 mm in
diameter. The effect of mechanical mixing on the simkdispersion of the metallic
particles has been investigated for different purposesviqusly [282-284].
Mechanical activation using a ball-mill system redudas particle size of the

catalyst and gives the catalyst a uniform particle diandistribution.

Other than chloride salts, nitrate and sulfate saltmefials were used as
starting material for the preparation of the catalyst well. The same procedures

were applied for the preparation of the catalystd @re differences between the
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catalysts which were prepared starting chloride saliisthe nitrate or sulfate salts
such as the particle size, dispersion and the effed€H/CNF formation were

compared.

4.3 Carbon nanofiber and nanotube production
4.3.1 Optimization of the growth conditions

Carbon nanofiber and carbon nanotube productioemaits have been
performed by using conventional CVD set-up Figure 442 catalyst system was
placed in to the quartz tube reactor with a diama&ber 30 mm and length, L= 90
cm. The system was kept at 500°C for 30 min under Av ftr the stabilization of
the catalysts, and then hydrogen gas was passed thteugkbtilar reactor in order
to reduce the catalyst into the metallic form. Aftee tatalyst system prepared for
the production of carbonaceous material, high pwadgtylene was started to flow

for the formation of the carbon nanostructures.

In order to optimize the growth conditions, a serieC¥'D experiments
were performed. In the CNT synthesis process, four a@britictors (growth

parameters) were examined;
1. Furnace temperature (between 500 and 700°C),
2. Flow rate of the acetylene (between 1.0 and 3.0ymi
3. Metal catalyst concentration (between 1 and 30 wt%)
4. Nature of the catalyst (Fe, Co, Ni, Cu and Zn)

Subsequently, the performance of the catalysts wasagdlaccording to the three

criteria;
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1. Total mass of the product
2. Diameter of the fibers/tubes
3. Length of the fibers/tubes

The change in the parameters and CVD conditions sterenarized in Table 4-1.

Catalyst

Mass
Flowmeter

Acetylene ¥,
an

AR
AR

Vacuum

Argon \J

Tube Furnace

Figure 4-2 CVD process set-up for carbon nanostructure productio

4.3.2 Kinetic Studies

Many researches on carbon nanotubes have beeadcaut to understand
the growth mechanism of carbon nanotubes [285-288. grbwth process for the
CCVD method starts with the dissolution of carbon atommétal nanoparticles.
When carbon is saturated in the metal, it precipitates the metal and leads to the
formation of tubular carbon solids which are in a l@mergy form [289].
Furthermore, the oxidation state of the active catalg.in reduced metallic form
[290] or in metal oxide form [291, 292] is still a dission topic which continues in
the favor of metallic form of the catalyst has the mzartalytic effect for carbon
nanotube synthesis and growth [139]. These show th&t/CNF research still
needs effort to put added value especially deternoimabf the sequence of
elementary steps involved in carbon nanotube and wambaofiber synthesis has

still not been the subject of many researches and wadibe explored [293].
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In the kinetic studies section, an experimental warktlee kinetics of the
CNT/CNF growth was performed that determines genesadtian rate of carbon
nanotube synthesis from acetylene as carbon source e@nor@nometallic
catalyst/NaCl system as a function of operating camuhtin the CVD reactor. First,
temperature dependent growth of the CNT/CNF was tigaged and an efficieny
curve for each catalyst obtained, Table 4-2, summatirse experiments. After
determination the most efficient temperature for eahlgst, the time dependent
kinetic studies were performed at the most efficient sradpre for each catalyst.
The yield of the reaction was calculated accordmghte equation 4.2., and the
performance of the catalysts was compared with the igaslequation 4.3. The
experimental founding was obtained by the use of a nhassnkter and ideal gas

equation and comparing the reaction yield with @lewated yields.

. _ (Wg —W,)
Product yield = —w x100% Eq4.2

Where;
W; = final weight of the product and catalyst together

W, = weight of the catalyst after reduction step

PV = nRT Eq 4.3.

In equation 4.3., the “n” value was calculated drevariables were used as;

P = pressure (760 mmHgQ)

V = volume was calculated according to the reaciioe tatnd mass spectrometer
n = moles of gas 0.082 L atm mtk™*

R = gas constant

T = temperature (K)
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4.4 Characterization Techniques

The chemical structure, morphology, the size of thalysit particles and
surface properties of the catalysts were measured westigated by using Fourier-
Transform Infrared spectroscopy (FTIR), X-ray diffracti(XRD), dynamic light
scattering (DLS), scanning electron microcopy (SEMjnkbmed with electron
dispersive spectroscopy (EDS), BET surface analyzerumsints. On the other
hand the thermal stability and thermal characterisfichkeprepared catalysts were

investigated by and thermo gravimetric methods.

The structure, morphology, surface properties and pggrasd purity of the
prepared carbon nanostructures were investigated Y, Y3EM combined with
EDS, BET surface analyzer, solid st&#8-NMR and TEM.

4.4.1 FT-IR Characterization

A Bruker Equinox 55 FTIR was used for the determoratf organometallic
structure formation in the catalyst systems. FT-IR imsént was used in the
Attenuated Total Reflection (ATR) mode.

4.4.2 SEM & EDS Characterization

The catalyst systems and the CNT/CNF products were erdmvith a Leo
G34-Supra 35VP scanning electron microscope (SEM)pledu with energy
dispersive spectrometer (EDS) software. Before analysislyst samples were
coated with carbon by Emitech, T950x Turbo Evaperator the imaging of
CNT/CNF products, samples were not coated with carloaging was generally
obtained using an accelerating voltage in the 1 #%e¥ range using secondary

electron and in-lens imaging techniques. For the etgah analysis using EDS
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technique, 10 keV accelerating voltage was usedtdardo increase the signal per

second which is necessary for the analysis.
4.4.3 XRD Characterization

XRD analysis was conducted using a Bruker aXS-D8 diffraeter with
CuKa radiation, operating at 40kV and 40 mA. The sample® wetated at 10 rpm
and swept from @ = 10° to 90° using default parameters of the instrulment

program (Diffrac Plus Release 2000)

The XRD patterns were analyzed for the structurabmpeters using the
classical Debye-Scherer equations:

L = 0.901/ Boo2 COSBo02 Eq 4.4.

La = 1.94)\ B100/101C0SB100/101 Eq 4.5.

N = L¢/ doo2 Eq 4.6.
where;

B is full width half maxima ( in radians or theta)

n is number of graphene sheets
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Table 4-1Optimization experiments for the growth of CNT/CNFRotigh CVD

Experiment Code Catalyst Type Temperature | Flow Rate of
(=C) the Acetylene

CoTART10-550-1 Cobalt tartrate (10%) 550 2.5 L/min
COTART10-650-1 | Cobalt tartrate (10%) 650 2.5 L/min
FeTART10-550-1 Iron tartrate (10%) 550 2.5 L/min
FeTART10-650-1 Iron tartrate (10%) 650 2.5 L/min
NiTART10-550-1 | Nickel tartrate (10% 550 2.5 L/min
NiTART10-650-1 | Nickel tartrate (10% 650 2.5 L/min
CuTART10-550-1 | Copper tartrate (10%) 550 2.5 L/min
CuTART10-650-1 | Copper tartrate (10%) 650 2.5 L/min
CuTART10-700-1 | Copper tartrate (10%) 700 2.5 L/min
ZnTART10-550-1 Zinc tartrate (10%) 550 2.5 L/min
CuTART10-650-1 Zinc tartrate (10%) 650 2.5 L/min
CoOXA10-550-1 | Cobalt oxalate (10%) 550 2.5 L/min
CoOXA10-650-1 | Cobalt oxalate (10%) 650 2.5 L/min
FeOXA10-550-1 Iron oxalate (10%) 550 2.5 L/min
FeOXA10-650-1 Iron oxalate (10%) 650 2.5 L/min
NiOXA10-550-1 | Nickel oxalate (10% 550 2.5 L/min
NiOXA10-650-1 | Nickel oxalate (10% 650 2.5 L/min
CuOXA10-550-1 | Copper oxalate (10%) 550 2.5 L/min
CuOXA10-650-1 | Copper oxalate (10%) 650 2.5 L/min
CuOXA10-700-1 | Copper oxalate (10%) 700 2.5 L/min
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2.5 L/min

ZnOXA10-550-1 Zinc oxalate (10%) 550

CuOXA10-650-1 Zinc oxalate (10%) 650 2.5 L/min
CoOXI10-550-1 Cobalt oxide (10% 550 2.5 L/min
CoOXI10-650-1 Cobalt oxide (10% 650 2.5 L/min
FeOX110-550-1 Iron oxide (10%) 550 2.5 L/min
FeOX110-650-1 Iron oxide (10%) 650 2.5 L/min
NiOXI110-550-1 Nickel oxide (10%) 550 2.5 L/min
NiOXI110-650-1 Nickel oxide (10%) 650 2.5 L/min
CuOXI10-550-1 Copper oxide (10% 550 2.5 L/min
CuOXI10-650-1 Copper oxide (10% 650 2.5 L/min
CuOXI10-700-1 Copper oxide (10% 700 2.5 L/min
ZnOXI10-550-1 Zinc oxide (10%) 550 2.5 L/min
CuOXI10-650-1 Zinc oxide (10%) 650 2.5 L/min
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4.4.4 BET Surface Analysis

Surface areas of both the catalyst and CNT/CNF sampes mveasured by
Quanta Chrome NOVA 2200e adsorption isotherm instrumen? &. Before the
experiments the samples were degassed under vacuum atf86@°Rours. Surface
area of the catalyst samples was determined by usintaBeu, Emmett and Teller
(BET) method [294] in the relative pressure rangeativieen 0.05 and 0.25, over 8
adsorption points. On the other hand, since it is eepethat CNT/CNF samples
have mostly micropores, the relative pressure measuremsngtarded from 0.005
and scanned until 0.25 over 12 adsorption points.

4.45 DLS Analysis

The particle size of the metal catalysts and the disteibution of the metal
particles were determined by using a Malvern Zetashtano instrument. The
solutions of catalyst systems having 2 g/L concentratiere prepared in water and
before the analysis the solutions were 10 times dilutgth water. The size
measurement analysis were performed at 24 °C and measwenszatrepeated 3
times and the results are presented as the averagsefineeasurements.

4.4.6 Thermal Characterization

Thermal stability and decomposition characteristics ef datalyst samples
were analyzed by using a Netsch 449C thermogravimatratyzer (TGA). TGA
analysis was done in the following manner; the catalysiples were heated up to a
temperature 100C€ with 10°C/min heating rate under nitrogen atmospheckthe

mass loss of the samples was recorded against temperature.
4.4.7 TEM Characterization

TEM images were taken in Anadolu University, Facultyeagineering and
Architecture, Department .of Materials Science andiligering and again Anadolu
University Plant, Pharmaceuticals and Scientific Retedaboratories. For the
preparation of the samples, very dilute ethanol smist(1 part carbon nanoproduct

50 part ethanol) of the CNT/CNF samples were prepdreen the sample holders
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having carbon film itself which was purchased from TedlaPwere dipped into
these solutions. The sample holders were dried in vacud®r@.The images were
taken by using a FEI Company Tecnai™ G2 Spirit BiaTW20-120 kV High

Resolution with 11 Megapixel Morada Camera transmissieatron microscope

model in transmission mode.
4.4.8 NMR Measurements

The CNT/CNF samples were probed ¢ MAS-NMR using an Inova 500 MHz
NMR Varian System. The spectra was acquired at 125 Mitlza 1 s delay in the

pulses.
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Table 4-2 Temperature dependent kinetic studies

Experiment Catalyst Type Temperature | Flow Rate of the
Code (-C) Acetylene
TempK-Col Cobalt tartrate (5% 400 ~2.5 L/mir
TempK-Co2 Cobalt tartrate (5% 450 ~2.5 L/mir
TempK-Co3 Cobalt tartrate (5% 500 ~2.5 L/mir
TempK-Co4 Cobalt tartrate (5% 550 ~2.5 L/mir
TempK-Co5 Cobalt tartrate (5% 600 ~2.5 L/mir
TempK-Fel Iron tartrate (5%) 400 ~2.5 L/mir
TempK-Fe2 Iron tartrate (5%) 450 ~2.5 L/mir
TempK-Fe3 Iron tartrate (5%) 500 ~2.5 L/mir
TempK-Fe4 Iron tartrate (5%) 550 ~2.E L/min
TempK-Fe5 Iron tartrate (5%) 600 ~2.5 L/mir
TempK-Nil Nickel tartrate (5%) 400 ~2.5 L/mir
TempK-Ni2 Nickel tartrate (5%) 450 ~2.5 L/mir
TempK-Ni3 Nickel tartrate (5%) 500 ~2.5 L/mir
TempK-Ni4 Nickel tartrate (5%) 550 ~2.5 L/mir
TempK-Ni5 Nickel tartrate (5%) 600 ~2.5 L/mir
TempK-Cul Copper tartrate (5%) 400 ~2.5 L/mir
TempK-Cu2 Copper tartrate (5%) 450 ~2.5 L/mir
TempK-Cu3 Copper tartrate (5%) 500 ~2.5 L/mir
TempK-Cu4 Copper tartrate (5%) 550 ~2.5 L/mir
TempK-Cu5b Copper tartrate (5%) 600 ~2.5 L/mir
TempK-Zn1 Zinc tartrate (5%) 400 ~2.5 L/mir
TempK-Zn2 Zinc tartrate (5%) 450 ~2.5 L/mir
TempK-Zn3 Zinc tartrate (5%) 500 ~2.5 L/mir
TempK-Zn4 Zinc tartrate (5%) 550 ~2.5 L/mir
TempK-Zn5 Zinc tartrate (5%) 600 ~2.5 L/mir
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Table 4.3.Time dependent kinetic studies

Experiment Catalyst Type Time (sec) | Temperature | Flow Rate of
Code (=C) the Acetylene
TimeK-Col | Cobalt tartrate (5% 320 500 ~2.5 L/min
TimeK-Co2 | Cobalt tartrate (5% 736 500 ~2.5 L/min
TimeK-Co3 | Cobalt tartrate (5% 1200 500 ~2.5 L/min
TimeK-Co4 | Cobalt tartrate (5% 1811 500 ~2.5 L/min
TimeK-Fel Iron tartrate (5%) 300 500 ~2.5 L/min
TimeK-Fe2 Iron tartrate (5%) 480 500 ~2.5 L/min
TimeK-Fe3 Iron tartrate (5%) 600 500 ~2.5 L/min
TimeK-Fe4 Iron tartrate (5%) 1200 500 ~2.5 L/min
TimeK-Nil | Nickel tartrate (5%) 300 500 ~2.5 L/min
TimeK-Ni2 | Nickel tartrate (5%) 480 500 ~2.5 L/min
TimeK-Ni3 | Nickel tartrate (5%) 600 500 ~2.5 L/min
TimeK-Ni4 | Nickel tartrate (5%) 1220 500 ~2.5 L/min
TimeK-Ni5 | Nickel tartrate (5%) 1800 500 ~2.5 L/min
TimeK-Cul | Copper tartrate (5%) 420 500 ~2.5 L/min
TimeK-Cu2 | Copper tartrate (5%) 625 500 ~2.5 L/min
TimeK-Cu3 | Copper tartrate (5%) 1220 500 ~2.5 L/min
TimeK-Cu4 | Copper tartrate (5%) 1815 500 ~2.5 L/min
TimeK-Znl Zinc tartrate (5%) 320 500 ~2.5 L/min
TimeK-Zn2 Zinc tartrate (5%) 605 500 ~2.5 L/min
TimeK-Zn3 Zinc tartrate (5%) 1204 500 ~2.5 L/min
TimeK-Zn4 Zinc tartrate (5%) 1809 500 ~2.5 L/min
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4.5 Purification and functionalization of the carbon nanostructures

Purification of the CNT/CNF samples were classifiedanvwo categories;
first one is separation from the support material (Na&@t) the second one is that
the separation the carbon nanoproduct from the chtadyticles.

Separation of the CNT/CNF samples from the support nagt&taCl was a
very simple procedure because of the solubility of sapmpaterial in water. The
procedure was as follows; the raw CNT/CNF product tvliontains the catalyst
system as well, was put together in a test tube togefitiedistilled water in a ratio
1:20 (CNT/CNF product: water), then this solution waised for 1 min with the
help of a Vortex mixer. This mixture was centrifuged3anins at 1200 rpm and the
clear part of the upper phase of the solution wasaeted with a pipette. This
process repeated 3 times and the CNT/CNF product wed idria vacuum oven at
50°C.

Removal of the CNT/CNF samples from the catalyst meglires a strong
acid treatment such as nitric acid. The CNT/CNF proskas mixed together in a
test tube with a nitric acid (20% V/V) solution inratio 1:20 (CNT/CNF product:
acid), then this solution was digested in a domestic mv&ve oven for various time
and heating powers. This mixture was centrifuged famids at 1200 rpm and the
clear part of the upper phase of the solution wasaebed with a pipette. After the
acid treatment, the CNT/CNF product was washed witilldid water and dried as

it is described in the previous paragraph.

The removal of NaCl salt and catalyst particles wasttdyy EDS and ICP
analysis. In order to detect the metal concentrateforb and after the purification
treatments, the carbonaceous sample was digested withawid for 15 min in a
microwave oven at 800 W (350°C) power.
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Everything was simpler than you think and at thas@ime more complex than you imagine

Goethe

CHAPTER 5. RESULTS AND DISCUSSION

5.1 Catalysts

One of the main concerns about the catalyst was smleatithe transition
metal; in CVD, it was possible to have an entirelyatiéht product by changing a
little bit the properties of the catalyst i.e. cortcation, calcination conditions,
preparation method, dispersion of the metal particlespanticle size. The aspects

of the each parameter will be discussed in this chapter.

5.1.1 Structure of the catalysts

Hydroxide, tartrate, and oxalate salts of Fe, Couiand Zn were prepared
as catalyst precursors. The reason of having threerdiff types of catalyst
precursor types was to observe the effect of the tphgparation method on the
particle size, dispersion, activity and efficiencytioé catalyst. Although all of the
catalyst precursors converted in to the metallic dagiat the end of the last step of
preparation, prior to the formation of carbon nanadtires, we had evidences that
each precursor had some effect on the structure ofrmatedal formed in CVD.
Organometallic precursor method for preparation obreired catalysts was known
and applied in other catalytic applications widelyastigated due to the benefits of
easily controlled process and lower cost. [295-29&]weler, the use of organic
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complexing agents with a support material in CNT/CNfnfation was very rare

and restricted to copper [152, 299]. On the othadhthere were many publications
on utilization of the organometallic structures of ttegalyst metals in a fluidized

reactor, instead of using organometallic catalysts ipaued form [36, 300-302].

In this section, the formation of metal-organic aainplex and conversion
to a nanosized catalyst from this structure will be destrated. The tartrate, and
oxalate structures were prepared using chloride sakg,0Co, Ni, Cu and Zn and
using tartaric acid and oxalic acid. The reactiotwken the organic acids and metal
chlorides were demonstrated inFigure 5-1. and Figu?e Bhe structure and the
properties of the catalysts were investigated by FKRRD, TGA and SEM-EDS
measurements. In order to investigate the effect of apa¢ipn method of the
catalyst on the yield and properties of the CNFs tliiatsuand nitrate salts of the

metals were used as well.

HO,, COOH HO, COO~ -
+ NiCl, + NaOH ———> NI + NaCl + H,0
HO™ ™~ COOH HO* ™~C0O0~
D-tartaric acid Mickel tartrate
HO, _COOH HO. CcOO e
T+ NiCl, + NaOH —> Ni®* + NaCl + H0
HO™ ™ COOH HO" ™ COo0”
L-tartaric acid Nickel tartrate

Figure 5-1 Metal-Organic acid complex formation reaction farkal tartrate.

Formation of the organometallic structure was followgdFTIR technique.
Introduction of metal to the organic anion shifted tarbonyl peak to the smaller
wave number values, from 1713 ¢for tartaric acid and 1670 cHor oxalic acid
originally to 1596 crifand 1624 cri (Figure 5-3 and Figure 5-4)The shift to a lower
wavenumber was due to the loosening of the C=0 bdedartion that arises from

the electron donation by the C=0 oxygens to the niatal Thus, the degree of the
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C=0 peak shift indicates the intensity of the intecacbetween the C=0 groups
and the metal ions. In addition to carbonyl grouptshiifere was a change in the
hydrogen bonding behavior both for the tartaric axdlic acid which can be seen in
3400 cm' wavenumber range. Both in the tartaric acid andio=aid structures had
dual peaks around 3400 ¢mvhich indicates the two different types of hydrogen
bonding caused by two conformations of the acid stradtwrough space. After the
insertion of metal to the organic acid structure, thial peak disappeared and
instead, one broad peak formed.

0 OH Ox 0 O 20

\j; + NiCl, + NaOH —> O:ONI”©]:©® + NaCl + H,0
Ho” Yo 07 o 07 Mo
Oxalic acid Nickel oxalate

Figure 5-2 Metal-Organic acid complex formation reaction fackal oxalate
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The complementary analysis to the FTIR investigation e@se by using

TGA, XRD and EDS was performed to be sure about thetecomposition.

It was proposed that small metal particles could begpeebin a particular
orientation favorable toward carbon deposition byed@lg the optimum catalyst
precursor, and that the pretreatment of metal in eifspenvironment would result
in the formation of oxide, nitride, or sulfide and @o, being precursor for small
metal particles [59]. In our case the tartrate armlagg precursors form metal oxides
during the pretreatment of catalyst before CVD growtttarbon nanostructures.
The change in the structure and the metal oxide foomatas tracked by TGA and
XRD analysis. In the TGA investigation of catalysts deeomposition temperatures
of the metal tartrate and metal oxalate structures degtected. It was found that the
catalysts consisted of tartrates converted into oxide fapproximately at 350°C
(Figure 5-5) and the oxalate based catalysts comleinéo oxide form at
approximately 400°C (Figure 5-6). Thus, there wowddah activity difference with
respect to the oxide formation temperature betweesethwo precursors, and
tartrate based catalysts would expected to be morgveeat lower temperatures.

A catalyst with a high-level activity has both adwgds and disadvantages
considering the CVD production of carbon nanomateriist of all having a high-
level activity leads up to a high amount of prod@nt.the other hand, as the activity
of catalyst increases the selectivity towards prodacof one type of product
decreases and the control of CVD process parametedifigmilt. The arguments
about the product quality per activity or produataqgtity per activity will be
discussed in detail in the sections related to the apdtmon of the growth

conditions of carbon nanostructures and kinetic studies.
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Figure 5-6 TGA thermogram of oxalate based catalysts
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Powder XRD experiments performed in order to deternthree crystal
structure of the catalysts. Since all of the organadifietatalyst precursors have not
been investigated in detail previously, it was difficto determine the crystal
structure of all catalysts directly from the XRD restiyscomparison of the peaks
with the library of the instrument. However, some oé ttartrate and oxalate
structures which were studied previously showed exatthimay with the library of
the XRD instrument. Despite of the unknown diffractipattern for most of the
metal tartrate and metal oxalate based catalysts, awgda the observation from
the XRD diffractograms it was concluded that these sitras were crystalline
giving obvious peaks which were very different fromtaec acid or oxalic acid
given in Figure 5-7.A and Figure 5-8.A. Basicallye ttartrate and oxalate ions acted
as a chelating agents around the metal ions and forragd-like crystalline
structure. The chelating property of these organidsawas used previously for
preparing ultrafine metal oxides [298]. The tartrated oxalates precipitate with the
metal ions in a fashion similar to the sol-gel method,taede tartrates converted to
the metal oxide during calcination at the temperaturear the decomposition
temperatures (250-450°C) which was detected in TGAysisaFurther treatment of
the catalysts with hydrogen gas, at elevated tempesbatween 400°C and 700°C,

led to the formation of reduced metallic particles.
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The XRD diffractograms of the oxide forms of the cggtd were illustrated
in the Figure 5-9. In these figures, the blue lineseanused to mark the metal oxide
crystal peaks while red lines were used to mark the da@port’'s crystal peaks.
Formation of the oxide structured catalysts was confirmethe diffractograms, in

addition to the NacCl crystallites.

After the heat treatment of the catalysts under Adtiosphere, all of the
structural forms converted into the metallic nanoplagicThis structural change
was observed by powder XRD method. Metallic nanopestiobtained by all the

above methods were crystalline.
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Figure 5-9 XRD diffractograms of oxide catalyst A) Iron oxide/N&) Cobalt
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5.1.2 Size of the catalysts

Catalysts with large surface area, small pore size ahdnep found very
effective in carbon nanofiber and nanotube producfr]. The surface area of the
catalysts in the present work was in the range of B0+88g. A representative
isotherm of the cobalt tartrate/NaCl system was giveRigure 5-10. The surface

area of this catalyst was measured as 126.m

100 -
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Figure 5-10N, adsorption/desorption isotherm of Cobalt tartrate/Natalyst
(surface area = 140%)

The particle size of the catalysts was determined by Deghod in agueous
solutions. The particle size distribution graphs anel @lerage particle size for
tartrate based catalysts were given in Figure 5-11lcodling to the DLS
measurements the tartrate based catalysts have clusttes Na€Cl matrix with a
particle size range between 40 nm and 400 nm, whichvery wide. As a result of
these particle size measurements it can be expectedréochebon nanostructures
having a diameter between 40 and 400 nm. On the b#red, one should keep in
mind that sometimes this was not the case necessarilydidimeter dependence of
the carbon nanostructures will be explained in groefthcarbon nanostructures
section.
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Figure 5-11DLS particle size distribution graphs for the tadgrbaised catalysts
A) Iron tartrate B) Cobalt tartrate C) Nickel tatie D) Copper tartrate E) Zinc

tartrate

Effect of the ball-milling on the size of the catadyst

The catalysts were prepared using two approachesgifirgh approach the
catalysts were prepared by only wet chemical methotsout further intervention
on the size of the catalysts (catalysts prepared Isyntdthod will be called as
prepared from here after). In the second approactevenyvafter the catalysts were
synthesized, they were exposed to a ball-milling tneat for 24 hrs at 200 rpm by

using 10 mm titania balls.

The ball-milling process was called high-energy medanactivation,
which offers the possibility of tuning the propertigsnoaterials and was widely
used in raw materials processing, metallurgy, inorgasyathesis, and the
preparation of new materials by use of modern crushimachines (various

disintegrators and mills) [303]. In the mechanical v&tion, a number of
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phenomena such as mechanochemical reaction [304], plaaséotmation [305],
and crystallization from an amorphous state [306] whieke traditionally triggered
to occur by thermal activation have been realizedmynput of mechanical energy
although the exact mechanisms behind many of these presessefar from being
established [307].
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Figure 5-12DLS particle size distribution graphs for the tadrbased catalysts A)
Nickel tartrate as prepared B) Nickel tartrate Inalled for 24 hrs at 200 rpm

Particle size distribution and average particle siz#h® catalysts before and
after the ball-milling of the nickel tartrate catsttywere given in Figure 5-12.
According to the DLS measurements, nickel tartratalygst-as prepared has a wide
particle size distribution in the range of 50.7 nn34@.0 nm and an average particle
size of 99.3 nm, while the nickel tartrate catalydt-bailled has a much more
narrow size distribution between 32.7 nm and 68.1 nthsamaller average particle
size of 43.5 nm. Thus, it can be said that ball millimgs very effective on
narrowing the size distribution and getting smallercigarticles. One major thing
to consider was the support material, NaCl, since & Deasurements were done
in the aqueous media, in which NaCl crystallites weassalved. Therefore, the
measured particle size represents the metal structureatésy oxalates or oxides)
only. Based on the decrease on the particle size landlistribution, it can be
concluded that the mechanical activation by usinbfrb#i results in structural
perfection. The effect of the mechanical activationthe size of NaCl particles on
the other hand was determined by using XRD methody&igid3. Sodium chloride
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has an fcc structure and the this cubic structure bas rhajor peaks at x-ray

diffractograms, on 111, 222, 200, and 400 reflectidhe Figure 5-13 demonstrates
that the ball-milled catalyst system had wider peakh vaspect to the as prepared
catalyst system, which indicated decrease in the fmdize. On the other hand, the
intensity of the peaks due to tartrate complex wasedsed and these peaks even

could not detected, dispersion of the complex structure
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Figure 5-13XRD diffractograms of A) Nickel tartrate as receiveut &) Nickel

tartrate ball-milled

SEM and EDS analyses were performed to investigatitr@structure and
the composition of the catalyst (Table 5.1.). SEM ngcaphs revealed the particle
size of the catalysts as well. The SEM micrographs shothatl the catalyst
structures were in the nano-size range (Figure 5-t4Fagure 5-15). The cubic
sodium crystallites with size of several micrometers wersenied and the
organometallic catalyst structure was dispersed itNd@ matrix. Additionally, the
effect of heat treatment on the microstructure wasrebdeby SEM; after a 30 min

heat treatment of catalysts at 600°C under Adtiosphere, both the sharp cubic
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structure of sodium chloride and the dispersed organdimetaucture decomposed
in a way that NaCl support formed smaller crystallited mtduced metallic catalyst
particles were dispersed in the structure, Figure &-&4d Figure 5-15 C. The SEM
micrographs of the other catalyst systems after redueto600°C under Ar/k

atmosphere for 30 mins were given in Figure 5-16. Sinsilauctures as iron and
nickel tartrate systems were observed with small crysslbf NaCl support and

dispersed metallic particles in the NaCl matrix.

The effect of concentration of the metal on the lgatanicrostructure was
observed with SEM as well. It was observed that catheating high concentration
of metal were stiffer that could be effective on tkgnthesis of carbon
nanostructures. Metal oxide catalysts were seen tcated nanostructured form
and mostly have no impurity in the rage of EDS analg®nsitivity which was
approximately 0.1%. The main problem with metal catafyructures was was the
absence of uniform size and shape which would resultoiming of carbon
nanofibers and carbon nanotubes with various diaméfars.uniformity problem

was solved by using ball-mill activation.
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Mag = 10,000
EHT = 1.24 kV

EHT =1.24 kV

Figure 5-141Iron based Catalysts A. Iron Tartrate B. Iron Oxa@&td&letallic iron
particles reduced under Arjldtmosphere at 600°C
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Figure 5-15Nickel based Catalysts A. Nickel Tartrate B. Nickelalate C. Nikel
Particles reduced under Ar/ldtmosphere at 600°C
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Figure 5-16Tartrate based catalysts, reduced under Aathhosphere at 600°C A)
Cobalt Tartrate B) Copper Tartrate C) Zinc Tartrate

The elemental analyses of the catalyst samples werebyonging the EDS
tool of the SEM instrument and the results were ginehable 5.1. According to the
EDS results, the 1:1 matching of the NaCl crystallitess observed, The metal
content of the catalysts varied between 3% and 1IR&se results could be
explained in two ways; first one was due to the natfithe EDS analysis. In EDS,
the detector analyzes only the selected part of thgplea therefore sometimes the
results may not be representative. In order to avog the analyses were repeated 3
times in the different parts of the catalyst samplesthadesults were given as the
average of those measurements. Second probable cause BD$ result was the
loss of the metal or NaCl crystallites during the catapreparation, which led to a

change in the metal to NacCl ratio.
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Table 5-1EDS Analysis results of the catalysts

Catalyst Metal Sodium Chloride Carbon Oxygen
Concentration (%)| Concentration (%) Concentration (%) Concentration (%) | Concentration (%)
Tartrates
Iron Tartrate/NacCl 6.20 43.38 45.79 2.56 2.06
Cobalt Tartrate/NaCl 8.58 40.35 45.15 2.68 3.24
Nickel Tartrate/NacCl 2.84 44.87 45.86 3.08 3.34
Copper Tartrate/NacCl 7.87 44.54 43.44 2.00 2.15
Zinc Tartrate/NacCl 7.18 45.16 43.24 2.57 1.84
Oxalates
Iron Oxalate/NaCl 11.08 41.08 41.04 1.80 5.00
Cobalt Oxalate/NaCl 10.63 40.46 41.32 1.86 5.72
Nickel Oxalate/NaCl 9.43 41.28 41.69 1.93 5.67
Copper Oxalate/NaCl
Zinc Oxalate/NaCl 9.50 43.35 40.55 2.04 4.57
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Catalyst Metal_ Sodiur_n Chlorio!e Carbo_n Oxyge_n
Concentration (%)| Concentration (%) Concentration (%) Concentration (%) | Concentration (%)
Oxides
Iron Oxide/NaCl 5.96 45.54 44,55 - 3.94
Cobalt Oxide/NaCl 4.66 44.09 46.63 0.93 3.68
Nickel Oxide/NaCl | 7.16 44.48 45.85 0.69 1.82
Copper Oxide/NaCl 3.83 45.18 45.08 - 5.90
Zinc Oxide/NaCl 9.75 42.73 39.92 1.79 5.82
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5.1.3 Structural and Chemical Features of the Catalysts

Hydroxide, tartrate, and oxalate catalyst precwrsegre prepared using Fe, Co,
Ni, Cu and Zn as the catalyst metal. The size efddtalysts was controlled by means
of mechanical activation. The thermal and strudtéeatures of the catalysts were
investigated. It was expected that the catalystisfase morphology before the
introduction of the carbon precursor to be différéran prior to heating it [308]. The
nature of the catalyst surface was also importaring CNT growth, especially at low
temperatures, where surface diffusion was the pngtint mechanism [308-310].
When the temperature of the tube reactor was rateedmobility of the catalyst metal
atoms probably increased, and the small sized heeislhnds combine due to Ostwald
ripening or surface migration, driven by a complex mechartisat minimized surface
energy and/or the free energy of the substratelmatface [311]. This is strongly
dependent on the type of metal, the type of sutestmad the environment. Sintering of
the catalyst is a very important phenomenon in CYbBbduction of carbon
nanomaterials and it was strongly temperature digp@n The underlying mechanism
was surface diffusion, or, at sufficiently high feenature, mobility of larger aggregates.
At this point the melting point plays a fundamentak. It was evident that solid-state
diffusion becomes faster when the temperature wW@sercto the melting point. The
Tamman and Huttig temperatures [312-314], indieafior the temperature at which
sintering may occur, were directly related to theltmg temperature. The following
semi-empirical relations can be used for determonabf the Tamman and Huttig

temperatures;

Thuttig = 0.3Twmetting Eq5.1.
Tramman= 0.5Twmetting Eq 5.2.

As the temperature of the system increase, thelityodsi atoms increases. First,
when the Huttig temperature was reached, atomgfatdpoints will become mobile.

As the temperature increase further, the Tammarpeesture would be reached, in
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which the atoms from the bulk will exhibit mobiljtgnd last at the melting temperature,
the mobility will be so high that liquid-phase belwat was observed. Actually, the
temperature at which the solid becomes mobile dégpem several factors such as
texture, size, the substrate effect and morphol®bis was the reason that although, Fe
melts at 1535°C, coarsening effects start to apgetmperatures as low as 269°C, this
temperature can be even lower depending on thdratdteractions.[315-317]. The
Hattig, Tamman and melting temperatures of thelgstaused in this study were given
in Table 5-2.

Table 5-2The Huttig, Tamman and melting temperatures ot#ialyst elements and

compounds in heterogeneous catalysis [314].

Element/Compountc THutiig (K) TrammardK) Twvetting(K)
Fe 542 904 1808

Co 526 877 1753

Ni 518 863 1725

NiO 669 1114 2228

Cu 407 678 1356
CuO 480 800 1599

Zn 208 347 693
Zn0O 675 1124 2248

The catalyst deactivation in CVD by sintering wisstrated in Figure 5.15. In
the case of supported metal catalysts, reductiadheofctive surface area was provoked
via agglomeration and coalescence of small metataltites into larger ones [318,
319]. Two different models have been proposed ifttesng i.e., the atomic migration

and the crystallite migration models. As such,esing occurs either due to metal atoms
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migrating from one crystallite to another via theface or gas phase by diminishing
small crystallites in size and increasing the largees (atomic migration model) or
sintering can occur via migration of the small tajiges along the surface to a larger
crystallite and coalescence of two crystalliteygtallite migration model) [320, 321]
Figure5.15 A. was a schematic representation omiatanigration and crystallite

migration models.

E Crystallite
migration
£ ———

Atomic
% migraon

Increase in the Particle Size

= - e

Figure 5-17Catalyst deactivation mechanisms: A) Sinteringhefactive metal
particles and B) Sintering and solid-solid phaaeditions of the support and
encapsulation of active metal particles. AdaptedifRef [322]

According to the Table 5.2., it can be predicteat tround 600°C the sintering
mechanism starts for Fe, Co and Nickel, on theroliaad for Cu and Zn sintering
effect were expected to start around 400°C and QQ@%pectively. Fortunately, the
catalysts used in this work converted first to alxale form which was more stable than
the metallic form in terms of Hittig and Tamman pematures (Table 5.2). Thereby,

the sintering effects were partially prevented.
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Figure 5-18Predicted structure of the catalyst particles wpée is NaCl support and
colored particles are the catalyst metals withedéht size and activities.

Considering the size of the catalysts, the NaQrisnand metal dispersion and
interaction effects and the results obtained froMbGt was prescribed that the catalyst
system forms individual spherical micro particleswhich the metallic particles were
located with different size and activities Figurd& Since the catalyst system was in
the powder form and has a very dense structureast difficult to distinguish the type
of catalyst particle formation by using SEM. Howeuy dispersing the catalyst system
in ethanol (0.05 g catalyst in 10 mL ethanol) ap@lging the catalysts on a Si-wafer,
dilution and separation of the catalyst particlessvachieved. These catalyst particles
was investigated by using SEM and the formatiorsmiierical micro NaCl particle

which contained metal nanopatrticles was observigdy& 5-19.
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Mag = 20,000 Mag = 40,000
EHT = 3.75 kV EHT = 3.75 kV

Figure 5-19SEM micrographs of spherical catalyst system, whiels consistent with
the predicted catalyst structure in Figure 5-18.

Preparation of the nanosized catalyst was the @rpairt of the CVD process. In
order to eliminate the variances on CVD process right raise from the shape, size
and activity of the catalyst, additional treatmesteh as ball-milling and annealing
were used to obtain a more homogeneous catalynsy#fter all it was managed to
prepare a nano-sized metallic catalyst while kegpive catalyst size uniform only by

using wet and basic chemistry.
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5.2 Carbon Nanostructures

5.2.1 Effect of Nature of the Catalyst on the Formation & Carbon
Nanostructures

Various carbon nanostructures were obtained byusieeof different metals as
catalyst metals and different chemical forms of #@mme metal with a range of
temperatures. CNF, CNT and carbon nanowhisker (CNd¥nation with various
morphologies were observed by using acetylene eshyldrocarbon source over the
metal catalysts between 5@and 708C. Diameters and morphologies of the resulting
carbon nanostructures were strongly dependent ensike and the nature of the
catalysts. For example lowering the concentratiothe catalyst metal in the within the
NaCl matrix by means of metal to NaCl ratio resdidéth decrease in the diameters of

the produced nanofibers, Figure 5-20.

Mag = 50,000 Mag = 50,000
EHT = 1.24 kV 300 nm gHT =124 kv

Figure 5-20SEM micrographs of the CNFs produced with A) NilaxeNaCl catalyst
(30%) B) Ni oxalate-NaCl catalyst (5%)
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On the other hand, the catalyst precursor affeittectfficiency of CVD process
and the morphology characteristics of the CNFs. fiite SEM micrographs in Figure
5-21A with coiled and Figure 5-21 B with twisted rpbologies showed that changing
the catalyst precursor had a significant effeclGF morphology. The two structures
were produced using the same CVD parameters, &chthlyst precursors were nickel
sulfate and nickel chloride, respectively. The @em morphology could be due to the
effect of the counter ion in the catalyst precursalt such as GISQ? and NQ". The
chloride, sulfate and nitrate ions present in tesulting catalyst system, during
calcination and reduction treatments might havenparated with the catalyst and thus
the structure of CNFs might have been affectechbygtowth process.

L 1 h 7 ‘ Y . 4
3 ‘l ' {\ { ( y y
\ gt W L2 :k:’ L e

Mag = 40,000 —_— "
g 100 nm  Mag=50,000

EHT = 12.88 kV EHT =1.24 kV

Mag = 100,000
EHT =3.15 kV
Figure 5-21 SEM micrographs of CNF structures A) CNF overtatirate (NiSQ
precursor @500°C) B) CNF over Ni tartrate (Nifgtecursor @500°C) C) CNF over Ni
tartrate (NiC} precursor @700°C)
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The SEM imaging showed the basic difference betwbencarbon nanofibers
that were the product of the experiments usingairate (NiSQ precursor at 500°C)
and Ni tartrate (NiGl precursor at 500°C). The CNF product of NiSfased catalyst
had coiled morphology and the CNF product of Nitdsed catalyst had a twisted form,
which is different from carbon nanocoils which thgtker diameter comparing to each
other. Those carbon nanofibers with twisted shayoklarge coil pitch will be referred
as ‘carbon nanocoils’. They coiled in a way tha thner coil diameter of the carbon
nanocoils was zero, while the coiling diameterha tarbon microcoils could reach up
to several micrometers. The outer coil diametezasbon nanocoils were about 100 nm,
while that outer of carbon microcoils were morent2®0 nm and coil gap from zero to
several micrometer, at the same time the microcisved very ordered spring-like
structure formation with coiling gap was spaceahedrly equal separation from each
other.

Coiling-chirality

According to the previous studies, a diamond-lig&lyst grain was responsible for the
formation of carbon nanocoils. Motojined.al. [323] reported that in carbon microcoils,
two to six carbon fibers grew bi-directionally fraime catalyst grain and then entangled
with each other to form double coiling patterntod same coiling-chirality. However, it
was possible that the nanocoils could grow from #eme catalyst particle
bidirectionally. This case seemed most probablemdneatalyst system in which the
catalyst particles were dispersed through the suppatrix freely as it was the in case
our catalyst systems. On the other hand, diffecemformations with respect to the
fiber axis were observed. This phenomenon was eefas coiling-chirality and it is
quite different from that of the carbon microcoils.

Microstructure

The carbon nanocoils are a kind of carbon nandfil@erd according to our

previous knowledge and experience they have spestificking of graphene layers, a
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continuous fine pore through the fiber axis andtraight-form and they are well-

crystallized.
Growth mechanism

Boehm explained in 1973 [324] that the differerffusiion path of the carbide
crystals with angular shape results with formatioin helically coiled nanofibers.
Motojima and Quigin [325] proposed the three-dimemal growth model which is
based on the anisotropy of the catalyst crystdheas against carbon deposition. On
the other hand, Amelinckx, S. et al.[326] developedodel based on the concept of the
spatial velocity hodograph. Nevertheless, deriveninf the information that was
obtained in this study, it was considered thatieimd of evaluation of the above
mentioned models all the facts should be combiregkther and a more general

mechanism that could explain the growth of nhansdodlen suggested.

It was shown that the structure of the catalystigar of octahedral shape
corresponds to a pseudo-hexagonal lattice a castideture, Figure 5-22 [327]. The
presence of spbonds between carbon atoms was found by anal\BEigS spectra,
taken from different points on the nanofibers [3ZBje curvature and the chirality of

some nanofibers were entirely in the same direalong the longitudinal axis.

o Ni
¢cC

@ Fe
e C

Figure 5-22Metal carbide structures with hexagonal lattice Ndgkel carbide (NiC)
[329] B) Iron carbide (F£) [330].
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According to the mechanistic findings about formatof nanofibers with coiled
structure, starting point is a catalyst with octidaé shape. During the coiling type of
structure formation, growth consisted of the sim#eps as explained before which be
made of; hydrocarbon diffusion and pyrolysis on daalyst surface, dissolution of
carbon on the surface thin film on the grain andnftion of carbide structure and
diffusion of carbon or Ni-carbides through the grand arrival at the interface between
the catalyst grain and the fiber. When carbon atdifissed in to the metal particle,
they both formed spand sp bonds with each other and metal atoms causingfacsu
tension on the metal particle. It was expected shétace tension forces applied parallel
to the surface and these forces were a resulteofntier-atomic interactions. It is also
known that surface defects (growth step or rehedly increase surface tension. Thus, it
was expected that the vector sum of these surfaiced lying in these planes and
applied to the carbon atom, represents the foicegtdd to the center of the octahedron
[331]. The component of surface tension force ofrgwdeposited graphite layer is
applied to the previous graphite layer. Hence, ttitee is subjected to longitudinal

pressures.
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Figure 5-23Formation of A) carbon nanocoils and B) carbon ouoils

Coiled structure formation adopts a bi-directiogabwth pattern which was
shown in Figure 5-23. It is suggested that helogabon fibers might be formed by the
rotation of the catalyst grain [323]. This grainas exclusive growing point of the
carbon coil and the catalyst grain is usually alAfe#med rhombic or polyhedral form
as it is stated in many studies [332]. The polyhaedatalyst particle formation during
the carbon nanocoil formation was also observeduin TEM studies as well, Figure
5-24.The main difference of the growth mechanisetsvben the carbon microcoils and
nanocoils was the different rotation ways of th&alyat grain caused by the different
catalyst anisotropy, which was due to the differemmposition of the catalyst grains.
For the twisted carbon nanocoils, the catalystngratated around the axis which is
perpendicular to the symmetric face of the depmsitaces, Figure 5-23 A. On the other
hand, during the coil growth, the catalyst graitated around the coil axis, which was
on the symmetric face of the deposition faces fanbon microcoils growth, Figure

5-23.B. Finally, we can predict that the differeatalytic anisotropy may be caused by
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metal-support interaction, as well as by differgas composition and flow rate,

resulting in the active phase composition on th@hpery dramatically difference.

According to the vapor—liquid—solid (VLS) mechani888], there are two
stages of the growth of fibrous carbons through CWUDthe first step, hydrocarbon
molecules decompose on catalyst nanoparticles. Mapgcts of this stage have been
studied extensively [334, 335] such as reconswuoctf catalyst surface, details of
surface chemistry, chemical nature of catalyst, musition of reaction gas mixture in
order to solve the complexity in the context of bmar deposition and deposit
morphology. In the second step, the catalyst pastisupersaturated with carbon pass
through diffusion and precipitation processes aodng nanofibers, nanotubes, or
graphene capsules. The concentration of carbonespen the surface of catalyst is the
driving force for carbon diffusion and the rate-liimg step in carbon filament growth
seemed to be diffusion controlled. Therefore tlze sind shape of catalyst particles are
important parameters for the formation of produeith different morphology. The
precise reaction mechanism and nature of the shtalymany gas—catalyst systems
have not been established yet [335, 336]. Formaifdntermediate carbides may also

have some control on the production of the carlmmomaterials.
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Figure 5-24TEM picture of carbon nanocoil formation from ayedral catalyst
particle (CVD conditions; Ni tartrate/NaCl catalyatetylene/Ar gas mixture (80:20), at
550°C , flow rate of acetylene 3L/min)

The concentration of carbon species on the surbdosatalyst is the driving
force for carbon diffusion and the rate-limitingggtin carbon filament growth seemed
to be diffusion controlled. Therefore the size astthpe of catalyst particles are
important parameters for the formation of produeith different morphology. The
precise reaction mechanism and nature of the catalymany gas—catalyst systems
have not been established yet [335, 336]. Formaifantermediate carbides may also

have some control on the production of the cartzoromaterials.
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Figure 5-25SEM micrographs of CNFs produced at 500°C A) CNdtlpced with Fe
tartrate B) CNF produced with Co tartrate C) CNéduced with Ni tartrate and D)
CNF produced with Cu tartrate

Actually in most of the catalyst systems sulfurgoois the metal catalyst [337].
But sulfur and nitrogen in catalyst precursors dat affect the CVD yield of the
catalyst drastically. Thus our catalyst systemauened well in the presence of sulfur.
These results were consistent with previous studieghich the effect of “impurities”
or “additional elements” present in the system wlasmed to change the morphology
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of the CVD product [338, 339]. The major effect tbese additional elements was
considered to give the catalyst particles a spesliape and activity, consequently that

affected the growth orientation and resulting Strces
Effect of Ball-Milling of the catalyst on the CVPopluct

Mechanical activation by ball-milling can produceanostructures by the
structural decomposition of coarser-grained stmestuas the result of severe plastic
deformation. This method has many advantages t@makocrystalline materials such
its simplicity, inexpensive equipment need on #igolatory scale, and its applicability
to all classes of materials. On the other hand,sér&us problems that are usually
experienced were contamination from milling media/ar atmosphere, and the need
(for many applications) to consolidate the powdeodpct without coarsening the
nanocrystalline microstructure [307].

.\ - - - 1 - £
N, K & = .

Mag = 50,000
EHT = 1.84 kV

Mag = 50,000

EHT = 1.84 KV 300 nm

Figure 5-26 SEM micrographs of the prepared bu using 20% Niiaee/NaCl catalyst
A) Catalyst used without ball-milling B) Catalyssed after ball-milling
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Using the ball-milling technique the dispersion ah& size of the catalyst
particles was improved as it was stated in theudsions related to the catalyst
structure. Figure 5-26 Represents the size deperadeaf the resulting CNF structure
to the ball-milling; after 24 hrs ball-milling thaverage CNF diameter was decreased
from 200 nm to 100 nm. Moreover, it was shown byDXBrd EDS analyses that the

ball-milled catalyst particles were not contaminate®m the media.

3 % = ARG 4 U =ty
Mag = 50,000 Mag = 50,000 3 Mag = 50,000

EHT = 1.24 kV EHT = 1.24 kV 00nm eyt =184kv

Mag = 50,000 Mag = 50,000
EHT = 1.24 kv 300nm et oY oa kv

Figure 5-27 SEM micrographs of CNFs produced at 700°C A) CNdetlpced with Fe
oxide B) CNF produced with Co oxide C) CNF produeath Ni oxide D) CNF
produced with Cu oxide and E) CNF produced withoXide
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Another promising and interesting result of the @C¥rocess using Zn based
catalysts that had been prepared mechanochemiaaty the formation of carbon
nanotubes and nanofibers, Figure 5-28. Carbon hactses with various
morphologies; tubular (Figure 5-28A and C) and teds(Figure 5-28 B), were obtained
by using different catalyst systems. The variaiiorthe structures and the formation
efficiency were similar to those catalyst metalsohwere accepted as good catalyst
for CNT/CNF growth. Although there was not a dedilinvestigation on Zn as a
catalyst material for the production of nanostruetucarbon materials, it was accepted
as a poor catalyst since some undesired carborrdoipts were observed [340].
However, the Zn based catalysts prepared in thisysshowed an extraordinary
behavior in the production of CNT/CNFs with uniformand narrow diameter
distribution. The reason of this achievement seere&ded to the preparation method
of the catalyst. In the previous studies Zn waglugea spray pyrolysis vapor-phase
procedure in the form of either metallocene mixt{{€Hs).M) or metal chloride
solution (MC)) [340]. Therefore, the growth process was realired fluidized bed
system. On the other hand, in this study, wellelispd solid state catalysts were used in
a fixed bed reactor system. The size of the Zrighestwere approximately 200 nm and
it seemed that in the order of this particle sdhéfusion of carbon atoms were taken
place more effectively.

The success of the Zn based catalysts makes uertdewabout if there is any
contamination in the catalysts by iron, nickel obalt which are known to be active
catalysts for formation of CNT/CNF production. Inder to avoid such suspicion the
ICP analysis of the catalysts were done. Table &sidimarizes the ICP elemental
analysis of the tartrate based catalysts. The Falysh seems not contaminated by other
metals which proves that our claim on preparatibZro catalyst which is active for
CNT/CNF production.
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Figure 5-28SEM micrographs of the carbon nanostructures prediby using Zn
based catalysts A) Zn tartrate/NaCl catalyst BpXalate/NaCl catalyst C) Zn
oxide/NaCl catalyst

Table 5-3ICP Analysis results of the tartrate based catalyst

Sample Co Cu Fe Mn Mo Na Ni Pb Zn
(%) (%) (%) (%) (%) (%) (%) (%) (%)

Fe tartrate 0.017 -0.010 4.681 0.003 0.000 44.19.0010 -0.001 -0.007
Cotartrate 6.272 -0.022 -0.013 0.000 0.000 38.30.00% -0.001 -0.010
Ni tartrate  0.004 -0.010 0.015 0.000 0.000 36.9298B. 0.000 0.003

Cutartrate 0.001 3.947 -0.008 0.000 0.000 42.88.00D 0.000 0.009

Zn

0.002 -0.011 -0.010 0.000 0.000 41.90 -0.002 -0.001 3.527
tartrate

5.2.2 Optimization of the Growth of Carbon Nanostructures

In CVD process, hydrocarbons decompose in to caamahhydrogen over the
metal catalysts and carbon atoms combine togetitartiie metal clusters to form a

metal carbide structure which would lead to themfation of crystalline graphitic
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carbon fibers or carbon nanotubes. In many studibl;s and CNTs were produced by

using nanosized metal particles by using diffemgmirocarbon sources.

The major aim of this study was to elucidate tHtuence of the nature of the
metal catalysts on the formation of carbon nanori@te the CVD process. Catalysts
were evaluated with respect to the activity of grecursor materials during carbon
nanomaterial formation and structure quality byngsthermodynamic and kinetic
aspects. When the subject is “optimization” notyathle product quantity but also the
uniformity and the product quality had to be takeno consideration. Actually, it was
more important to produce CNT or CNF with a narrdistribution of diameter and
length with similar morphology than the quantitytbé product. Therefore, the kinetic
studies were combined with a detailed structureestigation in order to obtain high

quality product at high amount.

Generally, the kinetic study for the growth of CNJINFs includes several
simultaneous processes and therefore the kinetaehmonsists of several dependent
variables. In order the keep the kinetic analysigpke, the process was handled as only
one reaction occurred as this naturally result®nty one dependent variable. This
simplification was considered that will not affébhe observations on the production of
CNTs/CNFs. Basically, the following phases are ssagy to identify and analyze a
kinetic model [341]:

1. Selection of possible alternative kinetic models

2. Selection of the experimental reactor.

w

. Basic experimental design.

AN

. Determination of the model parameters.
5. Model discrimination.

6. Improvement of the parameter estimations.
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7. Statistical analysis of the model.

Design of the experiments and optimization of thédbConditions were of very
fundamental importance for a good model. The ti@akd procedure performed during
the experiments was changing only one independaniable at a time whilst
maintaining all of the others at a certain fixeduea On the one hand, this allowed a
graphical representation of the CVD experimentsbé compiled or, at least, the
estimation of the effects of the individual variedl On the other hand, this made the
calculation of the parameters easier by linearizireymodel. However, following this

method there would be always the following defects:

% The number of experiments required was relatived land becomes prohibitive if

the number of independent variables is significant.
% Possible interactions between the variables hae wisregarded.

The experiment design to be used in the initialsghahould be capable of
covering the experimental range with the smallestsible number of experiments.
Practical experience confirms that the numericilevaf the kinetic constants obtained
using this procedure can be very different fromdbeect one and, in fact, may often
have the opposite sign. In the most realistic steria which even the independent
variables are subject to error, the function tanbeimized will be more complex and

the number of variables in the optimization willdeich higher [341].

Optimization of the experimental conditions duri@yD process was done by

means of four different approaches;

A. the temperature dependence and time dependenbe pfaduct formation
was investigated.
B. the product quality, uniformity and quantity witespect to catalyst amount

was investigated.
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C. the product quality, uniformity and quantity witlespect to catalyst
concentration was investigated.

D. the product quality, uniformity and quantity witespect to flow rate of the
acetylene was investigated.

The optimization results related to temperature &me dependence were
discussed in the “kinetic studies” section in defHine rest of the optimization studies

will be investigated in this section.

Product quality, uniformity and quantity with regpéo catalyst amount

The CVD experiments were done in a fixed bed tubglaartz reactor and the
catalyst was placed at the center of the tubulactoe in a ceramic boat as a very thin
layer. Thus, the efficient catalyst amount was wered to be important in order to
reach the highest value of product/catalyst ratid avoid the excess use of catalyst.
The two graphics in

Figure 5-29 represents the product formation efficiency wigspect to amount
of the catalyst used. The continuous increase enptioduct quantity was observed as
the amount of the catalyst was increased. On ther ¢ttand, when product quantity per
catalyst quantity was investigated it was found tha g catalyst system was the most
efficient value for our CVD process.

One should take in to consideration that theseegalvere specific to the CVD
system in our facilities, if the CVD tube furnacthe dimensions of the tube,
temperature, flow rate of the gases and the dirnassf the ceramic boat used in the
system were changed a whole different series argtarshould be discussed. This was
the reason that in the optimization studies, thetrappropriate approach was to make
controlled experiments in which only one of theiales was changed and the others
kept constant. Therefore, in this part of the ofation studies CVD experiments were
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done by using 5% Ni tartrate catalysts at 500°@, the flow rate of the acetylene was

3L/min.
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Figure 5-29 CNT/CNF product formation with respect to catakysantity.(5% Ni
tartrate/NaCl system). A) the product formatiomatgst amount B) the product
formation per catalyst amount-catalyst amount
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One of the important matters about the quantithefcatalysts was that only 5%
of the catalytic material consisted of main catalystem, i.e. when 0.20 g of catalyst
was used it contained only 0.01 g of metal andrésé was NaCl and it was expected
that the catalyst particles dispersed in the atrechomogeneously and uniformly.
However, very small change in the size or shapé¢hefcatalyst could lead a very
different type of produc, as it was demonstratedigure 5-43.

Product quality, uniformity and quantity with regpéo flow rate of the acetylene

The flow rate of the acetylene was effective orhlbabrphology of the products
and the efficiency of the CVD process. Thus theectffof the flow rate has to be
considered from two points of view; product quabityd quantity. The two graphics in
Figure 5-30 represents the product formation efficy with respect to acetylene flow
rate and Figure 5-31 demonstrates the change imémphology of the CNFs by using
different flow rate of acetylene (in the experinmgehi-tartrate/NaCl system was used as
catalyst at 500°C). The most efficient flow rate floe acetylene was found as 2L/min.
On the other hand, when product quality was theeisshe flow rate has to be
considered according to the desired properties;ifi.énear CNFs were desired to
produce the flow rate of the acetylene has to lgrlaged as 2 L/min, or if coiled
structures were preferred then the flow rate of dbetylene has to be regulated as
3L/min.
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Figure 5-30CNT/CNF product formation with respect to flow ratieacetylene. (5% Ni
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Figure 5-31SEM micrographs of the acetylene flow rate optimicaproducts A)
Flow Rate= 1 L/min B) Flow Rate= 2 L/min C) Flowtea 4 L/min

Product quality, uniformity and quantity with regpéo catalyst concentration

The catalyst concentration was considered mighefective on the catalyst
particle formation in a way that the size of the¢abst particles and the structural
formation changes. Figure 5-32 gives the kinetialysis with respect to catalyst
concentration and Figure 5-20 shows the diameteertience of the nanofibers to the
catalyst concentration. The fiber diameter incrdasith increasing concentration of the
catalyst as it was expected, though the relatioemse not linear. When the
concentration of the catalyst was increased 5 tithegliameter of the fibers increased

by the double, which indicates the effectivenesthefcatalyst support.
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Figure 5-32CNT/CNF product formation with respect to concetmraof the metal
catalyst (5% Ni tartrate/NaCl system). A) the pratdormation-metal concentration B)
the product formation per catalyst amount-metakeotration
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Table 5-4Kinetic evaluation of carbon nanoproduct formation

Concentration Flow Rate of  Efficiency of Carbon
of Catalyst the Acetylene Nanoproduct Formation

(%) (L/min) (g product)
1 3 0.0048
2 3 0.0614
5 3 0.3947
10 3 0.5916
20 3 0.9365
5 1 0.2765
5 2 0.4903
5 3 0.3766

Table 5-4 gives the evaluation of the kinetics afbon nanoproduct formation
with respect to catalyst concentration and acegylemncentration (by means of flow
rate). It was clear that the carbon nanoproduan&bion reaction was a first order
reaction according to catalyst concentration, @ndthher hand considering the flow rate
of acetylene while there was a linear increase éetwl L/min and 2 L/min, further
increase in the flow rate was not effective on cefficy of carbon nanoproduct
formation. In this flow rate region it seemed ttta diffusion of carbon atoms into the

metal catalyst constrained the overall reactioe.rat

It was very important to produce CNTs or CNFs watimarrow distribution of
diameter and length with similar morphology as @swpreviously stated. Thus, the
microstructure of the CNT/CNF products was investg in order to give a final
decision on the effect of catalyst amount. The lteswere given in Figure 5-29.
According to these results it was chosen to costiour studies by using 0.20 g of

catalyst system.
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The aim of the optimization studies was to prodthee carbon nanostructures
with approximately same features. It was more irtgydrto have a product with
approximately same structure, morphology and ptasethan production of a mixture
containing SWNTSs, fullerenes and CNFs which cafuliger separated and purified by
using specific techniques. Luckily, we were ablg@toduce MWNTSs with very unique
properties as well, Figure 5-33. These MWNTs weredpced at 700°C by using
Ni(OH), as the catalyst precursor and flow rate of theéyée®e was 2.2 L/min. the
MWNT have ~30 concentric walls and they have a di@mrange between 25 nm and

40 nm, with ~3 A interlayer spacings and the sam@le homogenous.

Figure 5-33TEM images of the CNTs produced in optimized caodg

5.2.3 Kinetic Studies

CVD growth of CNTs consists of four major steps:

1. Adsorption and dissociation of hydrocarbon molesule metal surface
2. Carbon diffusion into metal catalyst
3. Nucleation (carbide formation) of carbon nanostuiteformation
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4. Hexagonal infrastructure formation and incorpormata§ carbon atoms into the
tubular structure [249, 342].

Deposition of carbon from light hydrocarbons wasesy complex process,
because surface or deposition reactions were sopesed by complex gas-phase
reactions. In the first step, adsorption and disg@mn of hydrocarbon molecules will
vary depending on the specific CVD method usedhsag catalytic CVD, plasma
enhanced CVD or hot filament CVD. In catalytic CVdissociation of hydrocarbons
was primarily facilitated by catalysts. In the sed®tep, adsorbed carbon atoms diffuse
either on the catalyst surface by surface diffusiomto the bulk of the catalyst by bulk
diffusion according to the size of the catalysttiples [343]. Surface diffusion
dominates for small catalyst particles with sizgsléhan 20 nm due to the large surface
area to volume ratio.[310, 344]. For larger catapearticles of 100 nm bulk diffusion
becomes the major mass transport mechanism [59]. chtalyst particles with
intermediate sizes, contributions from bulk andfae diffusion processes were
comparable.[345, 346]. In the third step, carbammat start interconnecting with each
other on the catalyst surface, and by the confimtroéthe catalyst particle size and
shape, the metal carbide structure which generakates the cap of the CNT was
formed [329, 347]. Finally, in the last stage, carbatoms were continuously
incorporated into the carbide structure, and tleegbide structures start extruding out
of the catalyst nanopatrticles or with the nanopkasi resulting in CNT growth.

In order to explore the CNF/CNT growth kineticse time-resolved growth
characteristics can be recorded to track the CNghheat a specific time. Obviously,
the kinetics of the nucleation and kinetics of ¢ginewth process are very different from
each other. However, the macroscopic growth kisetommonly investigated by
dividing the CNF/CNT height by growth time to olstaan average growth rate. This
method suffers from several limitations. The CNFIC§fowth rate would expect to be
change in time, due to the deactivation of catatystentanglement of the fibrous

structures to each other. Therefore the growth tikimemight be inaccurate.
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Consequently, it should be considered that sonwidraof the overall growth kinetics
arises from transport (diffusion) effects, ratheart from the intrinsic chemical reaction,
thus introducing errors into the calculation of@rdf reactions and activation energies.
In this study, we invoke a related technique ofatabe formation in the kinetics-

controlled regime to explore the activation eneaigyl reaction order.

To eliminate mass transport limitations on the tieacate, growth is performed
under conditions for which the CNT growth rate @ntrolled by the chemical reaction
kinetics. This can be achieved by carrying out@wb process at lower temperatures.
In some studies the kinetics controlled regimetfa growth reactions was found at
temperatures below 700°C [348]. Tracking the growdhetics by dividing the
CNF/CNT height by growth time was not a suitablgrapch for our study, thus the
mass of the CNF/CNT was selected as the measgrewth.

The CNT growth rate can be described by an Arrleeaquation;

dC—kC"
dr

1 dC——l k +ninC
n—r == Ink+nin

whereC is the concentration (taken as conversion in thidyg, andk is the growth rate
and n is the reaction order. In fact, this equat®nery basic kinetic evaluation and
gives the equation of a straight line that relaesnatural logarithm of k to the inverse
of the temperature. Thus plottingd€/dT)ersus In C, one should obtain a straight line
with a negative slope, Figure 5-34. The slope & time being equal t& and the
intercept would equal to n. The kinetic analysigtef tartrate based catalyst was done
as it was stated here and the results were givEigure 5-34. According to the reaction
order evaluation for the growth of CNF/CNT matesjad pseudo rate constant of zero
was found for all catalyst types, implying that @gtene was saturating under the

conditions of reaction.
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Figure 5-34 In(dC/dT) vs InC graph for cobalt, retkcopper and zinc tartrates.

For the aforementioned four sequential steps, dteelimiting step corresponds
to the slowest process with the largest activadinargy barrier. The rate-limiting step
in carbon filament growth has been actively debateer the decades. The generally
held view in the literature was that solution—ppé&eition processes precede in solid
catalytic particles. The basis for this view was thct that the activation energies for
carbon deposition in filament form on several typésmetal catalysts resemble the
activation energies for carbon diffusion througk thulk of those metals [349]. It has
been concluded from this that carbon diffusion digio the solid catalyst particles was
the rate-limiting step. The dissociation energy @H. for the most stable Ni surface,
Ni (111), was 1.4 eV by the H abstraction reac{ieg 5.5) and a barrier of 1.3 eV for a
stepped surface. In comparison, on Ni (113HLabsorbs exothermically with 2.9 eV

adsorption energy [350].
CoHy,—CoH+H
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Figure 5-35Kinetic study of CNT/CNF formation with respectteanperature (Ni
tartrate catalyst)
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Figure 5-36Kinetic study of CNT/CNF formation with respectteamperature (Fe, Co,
Cu and Zn tartrates)
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Figure 5-37Kinetic study of CNT/CNF formation with respecttime (Ni tartrate
catalyst)
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Figure 5-38Kinetic study of CNT/CNF formation with respecttime (Fe, Co, Cu and
Zn tartrates)
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Temperature was the second parameter that afféleéedtructure of the CNFs
together with the nature and chemical structurthefcatalyst. The CVD production of
CNFs was performed at four different temperatus®§°C, 550°C, 600°C and 700°C
and the structural features of these products imeestigated. The temperature increase
in the nickel catalyst system resulted with thinaed linear fibers The products
obtained at 500°C and 550°C with all the catalystesns were either in the form of
nanofibers or nanowhiskers depending on the catalgsvity during CVD process,
Figure 5-39. At relatively lower temperatures of050 and 550°C only Ni and Cu
yielded fibrous carbon structures, while Fe andsgstems formed nanowhiskers. At
these temperatures, Ni and Cu produced CNFs wifgreint morphologies in which the
CNF product obtained from Ni based catalyst hadistéd structure and the Cu based
catalyst produced a more linear curly (Figure 523%tructured CNFs. The formation
of the CNFs with twisted morphology was explaingdMiukhopadhyay et al.[351], as
the presence of catalytic anisotropy between tlystal faces of the catalyst grain. As
temperature was raised to 600°C all of the metalatalysts became more active
towards CNF formation and the morphology of theafiésers produced were specific
to the catalyst used. At temperatures near 700 admove, all the catalyst systems
formed only linear CNFs. This lead us to conclutlat tat moderate temperatures
between 500°C and 600°C the CNF growth was coetidlly the nature and activity of
the catalyst which had been affected by calcinatiod reduction steps. The active
surfaces of the catalyst and the shape of the @aticlps affect the final morphology of
CNFs during the CVD production as it is explainednany studies [323, 332, 352]; i.e.
the Ni [111] catalysts cause the helical CNF foiora{353]. However, the similarity
between the CNF structures produced at 700°C ubffegent metals as catalysts could
be because all metal catalysts showed approximakelycomparable activity and
surface properties. Within this perspective, Hutigl Tamman temperatures have to be
taken into consideration. Accessing to these teatpess, the small catalyst particles

could have similar surface properties due to theigh@ and crystallite mobility at
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700°C. It is considered that the main reason ofitiearity of the CNFs comes from the
shape of catalyst particles being spherical. As tdmperature was raised, more
spherical catalyst particles formed as a resulthef mobility of the atoms in the
catalysts. The catalyst particles can gain a speciientation to reduce the surface

tension which is an important phenomenon becausigeddize of the catalysts.
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Figure 5-39 SEM micrographs of CNFs produced at 600°C A) Ckielpced with Co
tartrate B) CNF produced with Fe tartrate C) CNédpiced with Ni tartrate and D)
CNF produced with Cu tartrate
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Figure 5-40SEM micrographs of CNF structures A) CNF over Qtrase (CuC}
precursor @700°C) B) CNF over Co tartrate (Ggzécursor @700°C) C) CNF over
Fe tartrate (FeGlprecursor @700°C)

It was stated in previous sections that workinghwvaithighly active catalyst and
working with a low activity catalyst both have somgvantages and disadvantages in
CVD production of carbon nanomaterials. While highel activity leads up to a high
amount of product and the control of CVD processapeeters gets difficult, the low
activity catalyst can increase the selectivity todgaproduction of one type of product.
On the other hand, low activity catalyst usuallyrkgin high temperatures. The
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product formation with respect to temperature cleangas demonstrated in Figure 5-41
and Figure 5-42.
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Figure 5-41SEM micrographs of CVD products of tartrate basatdlgsts at 400°C A)
Fe/NaCl system with no product B) Co/NaCl systeriwid product C) Ni/NaCl
system with some carbon nanowhisker formation DNGCI| system with CNF

formation E) Zn/NaCl system with no product
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Figure 5-42SEM micrographs of CVD products of tartrate basatdlgsts at 700°C A)
Fe/NaCl system with ~30 nm diameter CNT/CNFs B)NadZ| system with ~50 nm
diameter CNT/CNFs C) Ni/NaCl system with with ~88 diameter CNT/CNFs D)

Cu/NaCl system with ~100 nm diameter CNT/CNFs EINACI system with ~20 nm
diameter CNT/CNFs

5.2.3. Structural and Chemical Features of the Caron Nanostructures
5.2.3.A. Arguments Related to the Growth Mechanism

Surface catalysis has been a long-standing issmeamy areas of physics and
chemistry. Recently, with the growing interest tmderstanding the growth technique
of CNT, the role of a metal catalyst for simple lychrbons has become an important

issue. In order to control the detailed charadiessof the CNTs, it was necessary to
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understand the role of metal catalysts at fundaahéenel. The role of transition metal
catalysts during the synthesis of the CNT has Is¢éetied by several groups by means
of the growth process itself where the metal wasstered to catalyze the assembly of
carbon hexagons from carbon source diffusing akblegnanotube wall [354, 355] In
fact, another important feature of the metal catalwas the decomposition of
hydrocarbon molecule into carbon and hydrogen ationtse initial stage of the CNT

growth, which was a crucial step in the growth psgwith the CVD method.

The binary carbon phase diagrams of nickel, irowl, @obalt, all of which were
found to be effective in catalyzing the growth affson nanotubes, were found to have
distinct similarities. These elements exhibitedagbon solubility in the range of 0.5 to
1.0 wt.% carbon in the solid solution within thenfgerature ranges studied (500—
800°C) [356]. At the solid solution solubility litnwith iron, a stable carbide (§&) is
produced. Once this & phase is completely saturated with carbon whschti6.67
wt.% C, graphite forms and, when nanoscale catalgsgicles are used, this graphite
will be produced with a nanotube structure. Dingakt[357] studied the molecular
dynamic simulation results using a potential enagyace method and showed that the

iron clusters must reach supersaturation with cati®iore nanotube formation begins.

This supersaturation phenomenon has also beenilmisdryy Kuznetsov [143]
with the use of phase diagrams. The decompositidrydrocarbon over the surface of
metal particles, which leads to the formation of $Wor CNFs, proceeds in isothermal
conditions at moderate temperature (in the regielovb eutectic temperature), see
Appendix Al. A high degree of carbon supersatunatorequired for the growth of
CNT or CNFs. At the same time, for the region betaviectic temperature, high carbon
supersaturation can be reached using a highly isgemetal particle. In some cases
metal particles can melt even at the temperatumbeutectic temperature due to their
small size or addition of specific promotehs.situ prepared dispersed metal particles
with a high carbon supersaturation to provide thgnmal nucleation conditions. Thus,

metal catalysts take part in initial reagents atton and serve as media for carbon
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dissolution providing the dramatic decrease of terajure solidification of carbon to
form the metal-carbon interfaces responsible fog formation different carbon

deposits.

The rapid diffusion of carbon in iron allows forprd carbide formation and
quick graphite precipitation. With cobalt and nikkeeta-stable carbides (€&, CaC,
and NgC) form immediately following saturation of carbomthe solid solution, and as
additional carbon diffuses into the catalyst; graplprecipitates out, forming a
nanotube. In the reactant solutions used, there lsrge excess of carbon present,
pushing the systems toward graphite precipitafitve binary phase diagrams for these
systems were given in Appendix Al. This type obocarmetal phase behavior was not
observed in any of the other metals studied withim temperature ranges used. The
other two catalyst systems where Cu and Zn werd asecatalyst metal, there was no
significant solubility of carbon in the metal or marous stable carbides formed at
higher carbon concentrations. In the carbon—copaehon-zinc, the solubility limit of
carbon in the metals is extremely low (for exammely 0.0001 wt.% C in Cu at
1100°C, which is above the melting point of Cu)riidm cannot diffuse in significant
guantities into the nanoscale catalyst particlad, therefore, these particles cannot act
as nucleation sites for the formation of carbonobaipes. In the case of formation of
numerous stable carbides, graphite precipitati@s amt occur until the formation of all
these carbides has occurred, and requires a mgtierhcarbon concentration in the
system. The time required for the kinetics of ttrasbon diffusion and carbide formation
could delay or inhibit the graphite precipitatiandn extent which would prevent the
formation of carbon nanotubes given the growth dants used in these experiments.
There should be sufficient carbon solubility in thetal solid solution (>1 at.%) within
the temperature range used during growth. Folloveatyration of the solid solution,
the precipitation of graphite should begin withdlie formation of any intermediate
carbides. If carbides do form, diffusion of carbitmough the solid solution and the
carbides should be rapid and reach the carbon otaten needed for graphite

precipitation quickly [356].
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Figure 5-43A closer look inside the CVD reactor

A large body of experimental work establishes thglexity of chemisorptions
on transition metal surfaces, and theoretical dafmns for chemisorptions are
extremely difficult. There is a multiplicity of slaice sites differentiates with attachment
of single atom or bridge-like attachment on to 2mare metal atoms. There are also
various parameters comes from the surface propetfiecthe metal catalyst, i.e. the
coordination state (miller indices) or kinks orpstein the surface. Together with the
dissociation of the hydrocarbons on the surface dhemisorptions and diffusion
mechanism of CNF/CNT growth would also dissocia#dthough it is unusual,
involvement of transition metal d-electrons in cligorptions and catalysis, there are
some evidences to consider this effect. Knor et[388] discussed the evidence for
participation of both metal conduction electronsd atocalized d-electrons in
chemisorption. In our specific concern, the workdion of the catalysts might be

effective as well. The work function is defined th& minimum potential the most
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loosely bound valence electrons in the solid must@me in order to be ejected into
the vacuum outside the solid zero kinetic energghanlute zero temperature. As the
atomic density at the surface decreases, the peledon the surface would be reduced
relative to its value at higher atomic density, steo surface yielding a lower work
function. Similarly, the presence of NaCl might densidered as an decreasing effect
on work function with increasing the charge densitythe surface, hence increases the

catalytic effect of the transition metals.

5.2.4 Purification and Functionalization of the Carbon Nanostructures

Application of CNT/CNFs depends on the succesdbulrification and
functionalization methods. The most common impesitin a carbon nanoproduct
obtained in CVD method is catalyst material andpsup It is necessary to remove
these impurities without damaging the carbon nanogire. Since NaCl was used as
the catalyst support, unlike the other supportesyst(silica, alumina or zeolites), it was
easy to remove the support material just by washiitly water for a couple of times.
Figure 5-44 demonstrates in part A) the as rece@&D product, in part B) the water
treated product and in part C) the product expdseatid treatment was investigated.
The removal of NaCl support and Nickel particlessvadserved in XRD experiments

and these results were supported by EDS analyside b-5.

Table 5-5EDS Analysis of carbon nanofibers

Sample C content% Ni content% Na content% CI content%

CNF product as

received from CVD 98.30 0.61 0.55 0.54
process

CNF product water 9963 0.22 0.03 0.11
treated

CNF product acid 99.56 0.12 0.00 0.32

treated

153



Formation of the stable CNF structures was imageSEM as well, Figure 5-45
more and more clear structures were obtained afstrtreatment with water (Figure
5-45 B) and treatment with acid (Figure 5-45.C).
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Figure 5-44XRD diffractograms of the CNF A) As produced in C\H) Water treated
C) Acid treated.
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In this part of the study, a purification methodsdé on using a selective acid
mixture on carbon nanofibers and carbon nanotules iwestigated. The treatment
with acid mixture was a very simple procedure amdepcarbon nanofibers without
contaminations were obtained. The purified carbanofibers were very stable and no
change in the crystalline structure was observedrding to the XRD analysis. The
success of two step purification method (water dihde acid mixture treatment) came
from the catalyst system used. Using NaCl as thbpat material was one of the major
key points in this study. We claim that using aevaoluble support would make easier
to produce CNT/CNFs industrially. Therefore, theifieation method of carbonaceous
impurities using two step purification methods effective and this treatment could be
the suggested purification method to obtain purbaa nanofibers that obtained from

water soluble catalyst systems.

Mag = 20,000 Mag = 20,000
EHT =1.84 kV EHT = 1.84 kV

Mag = 20,000

EHT = 1.84 kV 1um

Figure 5-45SEM micrographs of CNFs A) As received after CVD/{Cconditions;
Ni tartrate/NaCl catalyst, acetylene/Ar gas mixt{(8@:20), at 500°C , flow rate of
acetylene 3L/min)B) Water treated and C) Acid teat

The “clean” CNF product was subjected to high terajpee treatment (HTT) in
order to observe the structural changes such aphdization, purification etc. In
Figure 5-46, the XRD diffractograms of the CNF prod which were subjected to
HTT at different temperatures can be seen. Asdhmpérature increased the 002 and 10
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peaks became more sharpen which was an indicatigraphitization the Lc, La and
d002 calculations of these samples was given ineAgix 2. These results were
compared with 13C-NMR, as well and it was seen tthatgraphitization started and at
700°C, and as the temperature was increased thghigization continues towards

perfect graphite structure, Figure 5-47.
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Figure 5-46 XRD diffractograms of CNFs subjected to high tenapere treatment
(HTT)

157



CNF HTT @ 1000°C
par 0

CNF HTT @ 900°C
Ao L e

CNF HTT @ 800°C

CNF HTT @ 700°C

CNF acid treated
and washed

250 200 150 100 50 o -50 -100 -150 200 ppm

Figure 5-47Solid state 13C-NMR spectra of CNFs subjected ¢t kémperature
treatment (HTT)

5.2.5 Carbon Nano-products with Special Features

During the micro structural investigation of theguced carbon nanostructures
many interesting structures have been observethidnsection the formation of those
structures will try to be explained.

Secondary Carbon nanotubes on Carbon nanofibers

In Figure 5-48, the growth of CNTs with approximaté5 nm diameter on
CNFs having ~150 nm diameter was observed. Thetbgrofsthese second order CNTs
occurred at 500°C, using Ni-tartrate as the catalgyscursor and acetylene with a flow

rate 2.2 L/min as the hydrocarbon source.
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The reason of forming of the second order CNTs béigved that the motion of
the catalyst particles within the CNFs during thevwgh of the CNFs. Interestingly the
catalyst particles seemed uniformly dispersed thinahe CNFs structure and they still
preserved their catalytic activity towards carbafiudion and the following steps to
form the CNTs. The occurrence of those structumesstituted an opposite sample for
the catalytic circle of the production of carboraece materials through CVD, which
was explained in Chapter 2. Depending on thesdtseducan be concluded that if the
catalyst can be regenerated after the CVD it wbelghossible to use the same catalyst
over and over in the catalytic cycle of CVD.

Mag = 250,000
EHT = 2.84 kV

Figure 5-48 SEM micrograph of CNTs grow on CNFs

Urchin-like structures

The structural features of the catalyst was folgsigj as a spherical support and
dispersed nanoparticles in this microsized supgdéigure 5-18. Formation of those

catalyst structure may end-up with urchin-like retnactures as given in Figure 5-49.
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These urchin-like structures was formed over FegOtd)alyst precursor at 700°C,

using acetylene with a flow rate of 3L/min as tlyeiocarbon source.

Mag = 50,000

EHT =1.24 kV EHT =1.24 kV

Figure 5-49 SEM micrographs of urchin-like carbon nanostrussurith different

magnifications

Most likely, formation of spherical NaCl supportisters was favored during the
high temperatures which was close to the meltingtpaf NaCl and the metal catalyst

particles were embedded into these spherical chiste

Y-junction Nanofibers

Identification of Y-junction CNTs [359] brought newopes for the development
of CNT based nanoscale devices, especially nartbsiaeee-terminal transistors,
amplifiers or switches, which can be completely rehapter in nanoscale technology.
The formation mechanism of these new classes afmak still remains controversial.

In this study, the formation of Y-junction CNFs walserved as well, Figure

5-50. It was claimed in the previous sections thatsize and the shape of the catalyst
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has a key role on the final morphology of carbonampaoduct formed. Therefore, for
the formation of these CNFs, it was suggestedth®atatalyst particles had a triangular
structure as it was demonstrated in Figure 5-5@mFthis triangular catalyst, the

graphene layers may adopt a planar stacking to @iAs and form Y-junction CNFs.

Growth
Directions

Possible growth mechanism
for Y-junction CNF formation

Mag=:60,000 100 nm

Figure 5-50TEM image of Y-junction CNFs and suggested mecmaria Y-junction
CNF formation
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"Science never solves a problem without creatingrere.”

George Bernard Shaw

CHAPTER 6. CONCLUSIONS and GUIDE for FUTURE STUDIES

The subject of this research was rational selectbnmetal catalyst and
conditions to tailor the CNF/CNT growth through CVID order to develop a route to
tailor the structural and physical properties o ttarbon nanostructures the catalyst
systems produced and the carbon nanostructuregdowas investigated in detail. The

results of those studies can be summarized as;

1. Preparation of the nanosized catalyst was the mgstrtant part of the
production of CNT/CNFs through CVD process. In ortgeeliminate the variances on
the CVD process that might rise from the shapes simd activity of the catalyst,
additional treatments such as ball-milling and ating were used to obtain a more
homogeneous catalyst system. After all it was madag prepare a nano-sized metallic

catalyst while keeping the catalyst size unifornydry using wet and basic chemistry.

2. Small metal particles could be prepared in a parfc orientation
favorable toward carbon deposition by selecting apemum catalyst precursor, and

that the pretreatment of metal in a specific emunent would result in the formation of
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oxide, nitride, or sulfide and so on, being preour®r small metal particles. In this
study the tartrate and oxalate precursors wereapeedpand these precursors converted
to the metal oxides during calcination at the terapges near the decomposition
temperatures (250-450°C) during the pretreatmertatdlyst before CVD growth of

carbon nanostructures.

3. Catalysts with large surface area, small pore amkvolume, found very
effective in carbon nanofiber and nanotube productihe surface area of the catalysts
in the present work was found in the range of 50-86/g. The particle size of the
catalysts was determined by DLS method and it wasd catalysts have clusters in the
NaCl matrix with a particle size range between #9and 400 nm. In order to reduce
this wide particle size distribution, the catalggstems were exposed to a ball-milling
treatment. At the end of this mechanical activati@atment, the catalyst system was
found having a particle size distribution betweéh73nm and 68.1 nm and smaller
average particle size of 43.5 nm. Thus, ball nglvmas very effective on narrowing the

size distribution and getting smaller sized pagtcl

4. The catalysts used in CVD process usually deaetsviait by sintering. In
the case of supported metal catalysts, reductiadheo&ctive surface area was provoked
via agglomeration and coalescence of small mejatalitites into larger ones sintering
can occur via migration of the small crystallitésrg the surface to a larger crystallite
and coalescence of two crystallites. Fortunatehe tatalysts used in this work
converted first to the oxide form which was mor@b# than the metallic form in terms
of Hittig and Tamman temperatures. Thereby, théesny effects were partially

prevented.

5. Considering the size of the catalysts, the NaClrimaand metal
dispersion and interaction effects and the resaitained from CVD it was prescribed
that the catalyst system forms individual sphennalro particles on which the metallic

particles were located with different size and \atiis These catalyst particles was
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investigated by using SEM and the formation of sighé micro NaCl particle which

contained metal nanoparticles was observed.

6. Various carbon nanostructures were obtained byuse of different
metals as catalyst metals and different chemicah$oof the same metal with a range of
temperatures. CNF, CNT and carbon nanowhisker (CNd¥nation with various
morphologies were observed by using acetylene eshyldrocarbon source over the
metal catalysts between 5@and 708C. Diameters and morphologies of the resulting
carbon nanostructures were strongly dependent ensite and the nature of the

catalysts.

7. The catalyst precursor affected the efficiency ®MDCprocess and the
morphology characteristics of the CNFs. Even chamghe catalyst precursor salt from
nickel sulfate to nickel chloride had drastic effea the morphology of CNF product.
The change in morphology could be due to the effiéthe counter ion in the catalyst
precursor salt such as’C8Q? and NQ". The chloride, sulfate and nitrate ions present
in the resulting catalyst system, during calcimatmd reduction treatments might have
incorporated with the catalyst and thus the stnectdi CNFs might have been affected

by the growth process.

8. According to the mechanistic findings about forratiof nanofibers
with coiled structure, starting point is a catalygth octahedral shape. During the
coiling type of structure formation, growth consistof the similar steps as explained
before which be made of; hydrocarbon diffusion agtblysis on the catalyst surface,
dissolution of carbon on the surface thin film & tgrain and formation of carbide
structure and diffusion of carbon or Ni-carbidesotlyh the grain and arrival at the
interface between the catalyst grain and the fidéren carbon atoms diffused in to the
metal particle, they both formed®pnd sp bonds with each other and metal atoms
causing a surface tension on the metal particlde@structure formation adopts a bi-
directional growth pattern which was shown inslsuggested that helical carbon fibers
might be formed by the rotation of the catalystmgra
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9. The concentration of carbon species on the surfdceatalyst is the
driving force for carbon diffusion and the rate-liimg step in carbon filament growth
seemed to be diffusion controlled. Therefore tlze sind shape of catalyst particles are
important parameters for the formation of produetgh different morphology.
Formation of intermediate carbides may also hameescontrol on the production of the
carbon nanomaterials.

10. The continuous increase in the product quantity wlaserved as the
amount of the catalyst was increased. On the dihad, when product quantity per
catalyst quantity was investigated it was found tha g catalyst system was the most
efficient value for our CVD process.

11. The flow rate of the acetylene was effective orhbobrphology of the
products and the efficiency of the CVD process.sTthe effect of the flow rate has to
be considered from two points of view; product gyand quantity. The most efficient
flow rate for the acetylene was found as 2L/min. fBe other hand, when product
quality was the issue, the flow rate has to be idensd according to the desired
properties; i.e. if linear CNFs were desired todoice the flow rate of the acetylene has
to be regulated as 2 L/min, or if coiled structuvesre preferred then the flow rate of

the acetylene has to be regulated as3 L/min.

12. Kinetics of carbon nanoproduct formation with respto catalyst
concentration and acetylene concentration (by metfisw rate) was evaluated. It was
observed that the carbon nanoproduct formationtimmaavas a first order reaction
according to catalyst concentration, on the othmmdhconsidering the flow rate of
acetylene while there was a linear increase betwlegérimin and 2 L/min, further
increase in the flow rate was not effective on cédficy of carbon nanoproduct
formation. In this flow rate region it seemed thta diffusion of carbon atoms into the
metal catalyst constrained the overall reactioe.rat
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13. Temperature was the second parameter that affdmtestructure of the

CNFs together with the nature and chemical strectidirthe catalyst. The temperature
increase in the nickel catalyst system resultedh whtinner and linear fibers. The
products obtained at 500°C and 550°C with all thilgst systems were either in the
form of nanofibers or nanowhiskers depending on datlyst activity during CVD
process. At relatively lower temperatures of 50@1@ 550°C only Ni and Cu yielded
fibrous carbon structures, while Fe and Co systéan®med nanowhiskers. At these
temperatures, Ni and Cu produced CNFs with diffemeorphologies in which the CNF
product obtained from Ni based catalyst had a @distructure and the Cu based
catalyst produced more linear curly structured CNFge formation of the CNFs with
twisted morphology can be explained by the presefiagatalytic anisotropy between
the crystal faces of the catalyst grain. As temipeeawas raised to 600°C all of the
metallic catalysts became more active towards Gitfdtion and the morphology of
the nanofibers produced were specific to the csatalged. At temperatures near 700°C
and above, all the catalyst systems formed onlgainCNFs which mean that at
moderate temperatures between 500°C and 600°C Nfedgfowth was controlled by
the nature and activity of the catalyst which haxkrb affected by calcination and
reduction steps. The active surfaces of the cdtalyd the shape of the nanoparticles
affect the final morphology of CNFs during the C\@boduction as it is explained in
many studies. As the temperature was raised, npbrerisal catalyst particles formed as
a result of the mobility of the atoms in the casédy The catalyst particles can gain a
specific orientation to reduce the surface tensibich is an important phenomenon

because of the size of the catalysts.

14.  Application of CNT/CNFs depends on the successtuifipation and
functionalization methods. It is necessary to reenthese impurities without damaging
the carbon nanostructure. Since NaCl was usedeasatialyst support, unlike the other
support systems (silica, alumina or zeolites),asweasy to remove the support material
just by washing with water for a couple of timesthis part of the study, a purification

method based on using a selective acid mixture anbon nanofibers and carbon

166



nanotubes was investigated. The treatment with acixture was a very simple
procedure and pure carbon nanofibers without coniions were obtained. The
purified carbon nanofibers were very stable anccimange in the crystalline structure
was observed according to the XRD analysis. Theaft] CNF product was subjected
to high temperature treatment (HTT). the graphiitira started and most obvious at
700°C.

15.  The reason of forming of the second order CNTs bel®ved that the
motion of the catalyst particles within the CNFsridg the growth of the CNFs.
Interestingly the catalyst particles seemed unifgrmiispersed through the CNFs
structure and they still preserved their catalwitivity towards carbon diffusion and
the following steps to form the CNTs. The occureen€those structures constituted an
opposite sample for the catalytic circle of theduarction of carbonaceous materials
through CVD. Depending on these results, it candreluded that if the catalyst can be
regenerated after the CVD it would be possiblest® the same catalyst over and over in
the catalytic cycle of CVD.

16. In this study, the formation of Y-junction CNFs wabserved in the
microstructure analysis of the CNFs. Since, it wagerlined that the size and the shape
of the catalyst has a key role on the final morpgglof carbon nanoproduct formed, a
model for formation of such junction was developadcording to this model, for the
formation of these CNFs, the catalyst particlesukhbave a triangular structure. From
this triangular catalyst, the graphene layers nmdppaa planar stacking to form CNFs

and form Y-junction CNFs.

17.  Afinal merit of the new technology developed hiergvhich the sodium
chloride supported transition metal catalysts carduld enable the synthesis of metal
catalysts and polymeric carbon species while pdéatusome common drawbacks such
as toxicity, harsh experimental manipulations, dmgh cost. Even the quantitative
recovery of catalyst could be facilitated by dissioin of the salt support in water,
followed by filtration. It follows to reason thatither development and fine-tuning of

167



this novel and non-porous support technology catigate a new class of support
materials and can potentially open the door to #yathesis of carbon-based
nanostructures with truly unusual physico-chemtcaits. In order to investigate and
bring a perfection to the system the following niieditions on the CVD system can be

considered;

In order to avoid the temperature fluctuations migithe synthesis, multipoint

temperature control should be equipped along thB @&ctor

. In order to investigate the efficiency and the nasoém of carbon
nanoproduct formation, the evaluated gases shoelaralysed by using

specific gas detectors.

. In order to avoid the flow profile of the acetyleliee CDV reactor might be
redesigned i.e. placement of the catalyst or flosntiol units can be
redesigned.

. All gases should be connected to a mass flowmeter.
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The best way to predict the future is to invent it.
Alan Kay

CHAPTER 7. SUPPLEMENTARY

7.1 Applications of the CNFs and CNTs

Electrical energy can be stored in two fundamentgls:

i. indirectly in batteries as potentially availableentical energy requiring Faradaic
oxidation and reduction of the electrochemicallyivecreagents to release charges
that can perform electrical work when they flowbietween two electrodes having
different potentials.

ii. directly, in an electrostatic way, as negative goditive electric charges on the
plates of a capacitor, a process known as non-&@ratectrical energy storage.

As it was stated in Chapter 2, in the future, scgeacitors might become an
excellent means of certain kinds of energy storddeese electrochemical capacitors
have a long durability (about 500,000 cycles), tisaffer from short circuit conditions,

have a complete discharge and possess a high pewnsity.
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On the other hand, charging of a supercapacitobegmerformed at high current
densities, which decreases the loading time neddedever, their energy density is
lower than for conventional batteries, which is asgble drawback for possible
applications. Typical electrochemical accumulatans,which compounds only take
place in redox reactions, cannot fulfill the godtaiacteristics that electrochemical
capacitors have. Supercapacitors have already bpehied in small-scale energy
storage devices, such as in memory backup devibesy the capability of
supercapacitors with a high power density is ingireg potential applications extend to
hybrid battery/supercapacitor systems. Carbon imegd, and especially nanotubes,
form an attractive material for electrochemical laygtions as they have a large active
surface area. In addition, carbon is a relativdigap, low density, environmentally
friendly and highly polarisable material which makagpplication even more attractive
[361].

7.1.1 Basic principles of supercapacitors

The basic principle of energy storage in a supeciéqr is based on creating a
charge-separated state in an electrochemical déay®e. In this case, energy storage is

based on the separation of charges in the doupés kcross the electrode/electrolyte
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interface. The positive electrode is electron defit whereas the negative electrode

contains a surplus of electrons. The energy (Wedtm a capacitor can be defined as;

_ CU*?

2

Where
U is the voltage applied

and C is the capacity

The electrodes of a supercapacitor must be eldarically stable, which is the
case for chemically unmodified carbon. The decontiposvoltage of the electrolyte
determines the maximum operating voltage of a s#peacitor. For the generation of
high voltages, aprotic electrolytes with a deconitpms range between 3 and 5 V
should be used. However, these liquids only hawection of the conductivity that
water has. In addition, the use of an aprotic edge has technological, economical
and safety barriers [361]. The choice of the etelds depends on the specific power
and energy value demand. Electrochemical capacliased on carbon are of two
different types depending on the type of energyast®. The first type is the electrical
double layer capacitor (EDLC) where only a purectetestatic attraction between ions
and the charged surface of an electrode takes.plaeesecond type is a supercapacitor
(SC), which is additionally based on faradaic soppacitance reactions. The total
capacitanceC is determined by the series capacitances of thdea(i@) and cathode

(Cc) according to the following equation;

1_1+1
c ¢, Cc

In the EDLC, the contact between the electrodeaserind the electrolyte plays

an important role and determines the amount ofgehatored. The capacitanCas a
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function of the surface area of the electrodes d68J the permitivity ) of the
electrolyte and inversely dependent on the distafhcbarge separation (d);

_Se

€=

In practice, the surface area determined by BEThatetWhen ions are solvated
by water molecules, their mean diameter is appraséiy 15A. Therefore, relatively
large pore size of the electrode material needea fgood interaction of ions with the
electrode. Thermal treatment of the electrodesltesu significant alteration of the
pore size distribution and thus to enhanced interacAdditionaly, it is possible to
increase the capacitance values 10 to 100 timessiog pseudocapacitance effects. In
double layer capacitors, created naturally at ml-sdectrolyte interface when voltage is
imposed, has a thickness of only about | nm, tbasiihg an extremely small effective
plate separation. In some s, stored energy is aoily augmented by so-called
"pseudocapacitance" effects, occurring again atstiiel-electrolyte interface. Double
layer capacitances are commonly of the order of4A6uF cm? while
pseudocapacitances associated with capacitor sysieencommonly 10-100F cmi?
These depend on the surface functionality of cadomifor on the presence of electro-
active species. Pseudocapacitances arise whehdhgeq, required for the progression
of an electrode process, is a continuously changumgtion of potentiall. These
pseudocapacitance effects, for example electrdsarpif H or metal ad-atoms and
redox reactions of electroactive species, stroagiyended on the chemical affinity of
carbon materials to the ions sorbed on the eleetsodface [361]. An ideal double layer
capacitance results in ideally rectangular shapgdoeoltammetry diagrams, Figure
7-2. This phenomenon is ideal if the current dgnstindependent of the potential
applied and if this effect is purely electrostab€ nature. Due to redox peaks,

pseudocapacitances result in deviations from tlaalishape.
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1- ideal capacitor
2- capacitor with resistivity
3- capacitor with carbon material
4- influence of redox reactions
1 AU- voltage delay
le- capacitive current

Figure 7-2 Typical charge/discharge voltammetry charactesstif an electrochemical

capacitor [362]

7.1.2 Determination of supercapacitor properties

Key techniques to determine capacities are cyabitasnmetry, galvanostatic
charge/discharge, external resistor discharge angdedance spectroscopy. Each

technique reveals other specific information alibatcapacitor performance.

7.1.3 Aim of using Carbon nanoproducts in Supercapacitoractive material

production

Using carbon nanotubes with conductive polymers) (@GR composites for the
active material of the supercapacitor applicatiooges with some disadvantages as

well as the advantages.

CP’s although being a promising energy source Herjob, lack the flexibility for
insertion/deinsertion of the dopant ions resultingshorter recycling life times than

desired. CNT’s are the employed to gain more flégfohowever whether they are
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used as active materials solo, or engaged in a asitepwith a CP, they could not

supply enough energy for the job [363].

Therefore, the objective of this study is, to abtainew material for supercapacitor
active material; by depositing a conducting polympolypyrrole, on to carbon
nanotubes via electropolymerization. By this methibe problem of bulk charging in
conducting polymers is aimed to be overcomed. Siheecoating is in magnitudes of
nanometers, only surface charging will exist, whishdesirable for supercapacitor

applications [363].
7.1.4 Deposition of Polypyrrole on Carbon Nanofibers

2.14.A Preparation of the Working Electrode

In the deposition process of Polypyrrole on to GR complex sandwich electrode

is employed as the working electrode.

An Indium Tin oxide (ITO) coated glass slide is dises a template for the working
electrode. A two-sided sticky copper plated is tiexdaonto the conducting side of the
ITO slide. Then, while weighing, 50 mg CNF is put t the sticky copper plate
carefully and distributed evenly so as to coverlage completely [363].

2.1.4.B. Deposition

The deposition of Polypyrrole onto CNF is carried m 0.1 M LiCIQ, dissolved in
MeCN. A three electrode electrolysis configuratierset in an one compartment UV
cell. The working electrode is prepared as desdrdi®ve; a Pt wire is used as counter
electrode and an Ag wire is employed as the reteretectrode. The electrodeposition
was performed from a 0.01M solution of the monomar the electrolyte
potentiodynamically at a scan rate of 25 mV/s. @éléhas gas inlets to pass thgdsés
through the solution in order to achieve inert mediand to prevent the oxidation.
during the electrolysis [363]. The carbon nanofibeposited species were investigated

for capacitanve analysis by using potentiostatayabgtat equipment.
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Figure 7-3 A schematic representation of the electrolysic[8éH].

7.1.5 Conclusive Remarks and possible Future work regaraig Supercapacitor

active Material design

In this study, pyrrole monomer is polymerized onrboa nanofibers via
electropolymerization. Its optimization has donerbgans of deposition amount and
deposition speed. The results with respect to tmaber of deposition cycles were

given in Figure 7-4.
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Figure 7-4 Optimizing Supercapacitor Active Material: Pyrr@eated CNFs with
respect to number of cycles [364].

A new technique has been developed to have chdyibahded CNF-PPy
active material unlike the composites used for stgmacitor technology nowadays.
This new technique can have many derivations wiiferént types of CNF’s and CP’s,
to obtain a better active material with higher acef area and higher specific

capacitance.

Optimization has proven that the high depositioroants result in blocks of
polymers, which can be overcame by optimizing thewant of polymerization. The
optimum deposition amount was found as 6 timesingat 25 mV/s which, this way,

the surface area of the CNFs was protected on deyposf the PPy.

In future, the supercapacitor active materials lbandesigned by using CNFs
with different morphologies and different chemipabperties. [@sign and use of more
specific conductive monomers for development of acdgne values should be

considered as well.
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APPENDIX 1 BINARY PHASE DIAGRAMS OF CATALYST
METALS WITH CARBON

Graphite-like species nucleates on the surface efalmparticles, at the
beginning of the nucleation a few carbon atomsipitate on the surface of carbon-
saturated metal particles. They combine into srs#dlictures with carbon atoms
arranged in hexagons, which transform into a salileergraphene sheet bonded with
its edges to the metal surface. This form of nuxisithe most favorable because of the
elimination of dangling bonds in the carbon clustdsually, small metal particles
produce nanotubes while larger particles are entaiesl in graphitic shells and leads
to the formation of CNFs. The difference in behawan be explained in terms of
differences of saturation coefficients, which cataia much higher values for small
particles. Thus, small particles can be easily sateirated with carbon and preferable
for the formation of nanotubes. The selection & tlatalyst depends on the diffusion
and saturation coefficients of metal and abilitydigsolving carbon atoms. Thus the
binary phase diagrams are very important for theuation of the metal catalysts for
CVD. Following figures (Figure Alto Figure A4) atbe binary phase diagrams of
metal-carbon systems for the most common metalsl useCVD production of
CNT/CNFs.
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APPENDIX 2

L¢ Laand dy, CALCULATIONS OF CARBON NANOSTRUCTURES

Sample Namr CNF CNF CNF CNF CNF CNF CNF

(as received) (water treated) (acid treated) (HTT 700°C) (HTT 700°C) (HTT 700°C) (HTT 700°C)
Left Angle 21,200 20,950 18,550 21,200 22,450 21,05 19,950
Right Angle 29,450 30,600 31,900 30,250 29,100 30,0 30,750
Left Int. 22,2 31,4 23,0 295 353 29,2 12,1
Right Int. 10,3 16,7 8,19 284 306 16,2 5,33
Obs. Max 25,950 25,843 26,200 26,300 26,100 26,052 26,200
d (Obs. Max) 343,078 344,469 339,861 338,592 341,14 341,762 339,861
Max Int. 255 350 424 592 598 481 473
Net Height 239 326 410 303 271 459 464
FWHM 2,674 2,031 2,506 2,030 2,023 2,199 2,362
Chord Mid. 25,960 25,613 25,744 25,886 25,816 25,85 25,795
|. Breadth 3,012 2,423 3,101 2,607 2,507 2,666 8,14
Gravity C. 25,713 25,576 25,631 25,650 25,727 %5,68 25,557
d (Gravity C.) 346,188 348,007 347,274 347,029 9B, 346,498 348,260
Raw Area 854,9 1021,4 1478,9 3411,7 2868,6 1427,4 554,86
Net Area 720,5 789,3 1270,3 790,8 678,2 1223,3 5460
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