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CHAPTER I

INTRODUCTION

1.1 Background and motivation

Since the discovery of carbon nanotubes (CNTSs) (lijima, 1991), the
CNTs have attracted considerable attention owing to their unique electrical and
extraordinary mechanical properties as well as gptical and thermal properties (Saito,
Dresselhaus and Dresselhaus;1998). From many researches of nanoelectronic devices,
the CNTs have been widely.adopted as field emitters due to their special properties
such as high aspect ratigulow work function and good electrical conductivity. To
improve field emission prepeties of the: GNTs, the CNT growth is synthesized with
metal oxides to improve the field emission properties (Yu et al., 2002). Metal oxides
enhance the emission sites and reduce the Work function, resulting in lower turn-on
voltages in comparison with pristine CNT's."’Among variety of metal oxides, zinc
oxide (ZnO), which is a semi-conducting m‘ét'e_rial with a large exciton binding energy
of 60 meV, is a promising candidate materiél for field emission improvement (Ozgr
et al., 2005) due to its wide band gap (3.3 éV§ and small electron affinity (2.1 eV). In
the past researches, ZnO nanostructures grown with CNs could reduce the threshold
electric field because  ZnO has smaller electron affinity than the CNT, and the
ZnO/CNT junction is similar to a ZnO/metal junction allowing electrons to be easily
emitted into a wacuum (Y u'et al; 2006);

Recently, several researchers reported synthesis methods of the
ZnO/CNT composites (Chen et al., 2006; Wu,et al,, 2007)., These-methods are related
to wet chemical process of ‘'various chemicals operated' under low temperature which
seems to be complicated and might cause contamination of synthesized products.
From the limitations of these previous works, another simple synthesis method of the
composites such a facile single-step synthesis which expected to decrease
contamination was motivated. In this work, the ZnO/CNT composites were
synthesized using gas phase reaction within single-step process. Glycerol, known as
by-product of bio-diesel production, was used as carbon source, while ferrocene was
used as iron catalyst for the formation of the carbon nanoparticles, especially



MWCNTSs using chemical vapor deposition (CVVD) method. Zn powder was employed
as Zn source for the formation of ZnO nanoparticles using oxidation method. The
carbon nanoparticle synthesis process was simultaneously taken place with ZnO
nanoparticles synthesis process within the same of reactor system, leading to partial
formation of their composites. Various parameters including nitrogen flow rate,
oxygen flow rate, synthesizing temperature and glycerol to ferrocene molar ratio
significantly affected on the formation of the composites. Therefore, isolated
synthesis of carbon nanoparticles and ZnO particles was previously studied for
controlling various parameters, leading ‘'t ihe formation of the ZnO/MWCNT

composites under designated eondition from-thesprevious studies.
1.2 Objective of research

The objectivesof this research was to synthesize the ZnO/CNT
composites by gas phase reaction. Pure zinc and oxygen were employed as sources for
fabrication of ZnO nanepasticles while glycerol and ferrocene were used as carbon
and iron sources for fabrication carbon nan‘o'p-articles. The research was preliminary
investigated from study of isclated synthesis of carbon nanoparticles and ZnO
particles for controlling various parameters which affected on the formation of the
composite. The ZnOIMWCNT composites Wéré sequentially synthesized under the

designated condition.
1.3 Scope of research

1.3.1 Synthesize SWCNTSs using laser ablation under atmospheric pressure by
controlling:laserintensity-and-temperature:

1.3.2 Synthesize carbon nanoparticles using CVD of glyceroland ferrocene by
varying nitrogen flow rate, synthesizing temperature and glycerol to ferrocene molar
ratio.

1.3.3 Synthesize ZnO nanoparticles by oxidation of zinc under various
conditions of nitrogen flow rate, synthesizing temperature and oxygen flow rate.

1.3.4 Synthesize ZnO/MWCNT composites by gas phase reaction under
designated condition.

1.35 Characterize the synthesized nanoparticles by following instruments:



- Scanning Electron Microscope (SEM)

- Transmission Electron Microscope (TEM)
- Raman Spectroscope

- Scanning Mobility Particle Sizer (SMPS)
- X-Ray Diffraction (XRD)

- UV-Visible Spectrophotometer (UV-Vis)

- Fourier Transform Infrared Spectrophotometer (FT-IR)
1.4 Procedure of the research

1.4.1 Survey and review related literatures

1.4.2 Synthesize SWWEN.FS by laser ablation

1.4.3 Synthesize carbon nanoparticles by CVD of glycerol and ferrocene

1.4.4 Synthesize ZnO by oxidation of Zn

1.4.5 Perform.preliminary experir’ﬁents to find out suitable condition for the
synthesis of the ZnO/MWCNT composite's",,._by gas phase reaction

1.4.6 Analyze and.conelude the exbéfifﬁental results

1.4.7 Prepare a manuscript forjourn?‘la:lfpy_blication and dissertation

1.5 Obtained benefits

1.5.1 Obtain fundamental knowledge related to carbon nanoparticles, ZnO
nanoparticles and their composites.
1.5.2 Obtain advanced knowledge related to synthesis methods and formation

mechanisms of ‘€arbon nanoparticles, ZnO nanoparticles and their composites



CHAPTER II

FUNDAMENTAL KNOWLEDGE AND LITERATURE REVIEW

2.1 Carbon nanotubes (CNTSs)
2.1.1 Structure of CNTs

Carbon nanotubes (CNTs) which were discovered in 1991 (lijima,
1991) are allotropes of carbon with a cylindrical steucture, built from sp? carbon units
and consist of honeycomb laitices known as graphene sheet. They are a seamless
structure with a diameter of.a few.nanometers but lengths of many microns.

They ean be elassified . iqto 2 main types: single-walled carbon
nanotubes (SWCNTSs) and mulii-walled carbon nanotubes (MWCNTS). The SWCNTs
are made of a single rolled graphite sheet W|th a typical diameter of about 1 nm while
the MWCNTSs are closed graphite tubules rblled like a graphite sheet with the distance
between sheets about 0.34 nm as shewn in Figu re 2.1 (a) and (b), respectively.

|

Figure 2.1 'Structures'of (a) SWCNTs and () MWCNTS.

(itech.dickinson.edu)

Depending on how the graphene sheets of a nanotube are rolled
together at different chirality and angle (Saito et al., 1998), they are classified by their
chiral vectors (Cy) as shown in equation 2.1 into armchair, zigzag and chiral shapes as

shown in Figure 2.2.



Ch=na;+ ma;=(n, m) (2.1)

where a; and a, are unit vectors in the two-dimensional hexagonal lattice

n and m are integers

Figure 2.2 Structures of (a) an unrolled graphene sheet of a nanotube, (b) an armchair
nanotube, (c) a zigzag nanotube and (d) a chiral nanotube
(cnx.org/content/m22580/latest/)



Another important parameter which determines properties of nanotube
along with diameter of the tube is chiral angle (0), the angle between Cy, and a; with
value in the range of 0° and 30°. An armchair nanotube corresponds to the case of n =
m, that is C, = (n, n) with the chiral angle of 30°, while a zigzag nanotube
corresponds to the case of m = 0, or C, = (n, 0) with the chiral angle of 0°. All other
(n, m) chiral vectors correspond to chiral nanotubes with the chiral angles between 0°
and 30° as shown in Table 2.1

Table 2.1 Classification of carbon nanoitbes and their electrical conductivity

Type  Chiral vector (Cy) Chiral angle(6) Electrical conductivity

Armchair (n,n) 30° Metallic
Zigzag (n,0) 0° Metallic or Semiconducting*
Chiral (n,m) 02-3Q*° Metallic or Semiconducting*

*Electrical conductivity ofizigzag and chiral nanotubes depend on theirs chiral vector

The chagacteristic structure-of a nanotube strongly affects its electrical
properties which the armghair nanotubes are always metallic, while zigzag and chiral

nanotubes are either metalli¢ or semiconducting, depending on theirs chiral vector.
2.1.2 Physicalproperties of CNTs

The CNTs are known to have remarkable electronic and mechanical
properties because of their unique structures, leading to application in nano-electronic
and nano-mechanical ~devices, | respectively. \Furthermore, “properties of carbon
nanotubes can also be expanded to thermal and optical properties as well.

As ayresult-ofsthe carbon<carbon sp honding, theyoare predicted to
have high stiffness and axial strength which must ultimately depend on the strength of

its interatomic bonds (Paradise and Goswami, 2007)). On a per-bond basis, the
graphitic sp® bonding is 33% stronger than the sp® bonding of diamond, the hardest
substance in nature. Experimental and theoretical results have shown an elastic
modulus of greater than 1 TPa (the elastic modulus of diamond is 1.2 TPa) and
reported strengths 10-100 times higher than the strongest steel at a fraction of the

weight (Thostenson, Ren, and Chou, 2001). Experimental result in tensile strengths



has shown in the range from 11 to 63 GPa, with dependence on the outer shell
diameter, which is not far from the theoretical yield strength of about 100 GPa. From
Table 2.2, the CNTs show their theoretical tensile strength over diamond. This is

particularly beneficial for high-strength properties of composites based on nanotubes.

Table 2.2 Theoretical mechanical properties of CNTs (Yamabe, 1995)

Material Young’s modulus (GPa) Tensile strength (GPa)

SWCNTs 1054 150

MWCNTSs 1200 150

Diamond 600 130
Steel 208 0.4
Wood 16 0.008

Thermal properties includin"g.] specific heat and thermal conductivity of
carbon nanotubes are determined: primarily: by the phonons which are a result of
lattice vibrations (Popov, 2004). The thekmal conductivity of carbon nanotubes is
dependent on the temperature. » Especially at  low temperatures, the phonon
contribution to these quantities.-dominates (Berber, Kwon, and Tomanek, 2000).
Experimental result shows thermal conductivity of SWCNTs at room temperature
about 3500 W-m *:K*"(Pop et al., 2006) which compares to copper, a well-known
metal for its good thermal conductivity, which transmits 385 W-m *.K .

Theoretical and experimental results. show superior electrical
properties of carbon nanotubes. In theoryjumetallic nanotubes can produce electric
current carrying capacity 1000 times higher than copper wires (Collins, and Avouris,
2000). The electronic capabilities possessed by carbon nanotubes, are seen to arise
predominately from' interlayer interactions, rather than from inierlayer interactions
between multi-layers within a single carbon nanotube or between isolated nanotubes
(Dresselhaus, Dresselhaus, and Saito, 1995).

Unique optical properties have proved with capabilities of acting as
either a metal or semiconductor, which depend on tubule diameter and chiral angle.
Metallic conduction can be achieved without introduction of doping dependence. For

semi-conducting nanotubes, the band gaps have been found to be proportional to a



fraction of the diameter and without relation to the tubule chirality (Dresselhaus et al.,
1995).

2.1.3 Synthesis of CNTs

There are several processes to synthesize CNTs which are difference in
how carbon atoms are produced from carbon sources, including sublimation of
graphite by arc discharge (Antisari, Marazzi, and Krsmanovic, 2003) and laser
ablation method (Yudasaka et al., 1997) and decomposition of carbon-containing

molecules by chemical vapor deposition method«(Nasibulin et al., 2005).
- Arc discharge meihod

This methed is carried out in low pressure which sealed reaction
chambers and vacuumequipment are needed to provide the atmosphere. An electric
arc discharge is generated hetween two gfa_phite electrodes under inert atmosphere of
helium or argon. A very high temperature is'_;o'b-tained which allows the sublimation of
the carbon. Two kinds of synthesis ¢an be."bérnformed in the arc: evaporation of pure
graphite (Tang et al., 2005) or co-evaporation o]‘ graphite and metal (Liu et al., 2004).
Process parameters ‘involve small gaps betWéén electrodes, high current, plasma

between the electrodes, voltages under specified electrodé dimensions.
- Laser ablation method

This is known to produce CNTs with the highest quality and high
purity of, single=wallediCNTs*(Paradise etial:,»2007).cin this methodajrod of graphite
as carboh source and a transition metal mixture is irradiated at its Surface by laser
under an inert atmosphere, leading to evaporation of the mixture. Then, carbon atoms
dissolve and saturate in liquid droplets of the catalyst nanoparticles at high
temperature, followed by the formation of CNTs. The process parameters which
affect on the formation of CNTs by laser ablation method are type and concentration
of catalyst in the rod, type and power of laser, temperature and pressure of the

reaction system.



- Chemical vapor deposition (CVD) method

This method involves heating carbon-containing molecules as carbon
source such as acetylene (Lee et al., 2002) and ethanol (Maruyama et al., 2005) and
catalyst source, including a transition metal and organometallic complex such as
metallocene at high temperatures over a period of time. The carbon-containing
molecules are catalytically decomposed on the catalyst nanoparticles. After that,
carbon atoms diffuse and dissolve into the catalyst nanoparticles until saturation and
precipitation of the carbon atoms take placetoform the tubes. The characteristics of
the carbon nanotubes produced by CVD methed depend on the working conditions
such as type of carbon and catalyst source, temperature and pressure of the system,

flow rate of carrier gas and.reacion time.

Mechanisms of /these methods consist of diffusion, dissolution,
saturation and precipitation of carbon atoms in transition metal nanoparticle acts as
catalyst, in particular Fe, Co and Ni. Thé_catalyst nanoparticles are molten to form
liquid droplets where the garbon atoms can diééolve in with specific carbon solubility,
depending on type of the catalyst and forrh‘l:ihtn(l)_ metal carbide until the carbon atoms
are equilibrium in liquid-solid phase with 'thaf catalyst. As supersaturation state of
carbon atoms in thecatalyst, precipitatioh 6f’fhe carbon atoms on the surface of
catalyst take place, leading to the formation of the CNTs (Dupuis, 2005).

2.2 Zinc Oxide (ZnO) nanostructures
2.2.1 Structure of ZnO

ZnO is a wide band gap (3.4 eV) II-VI compound semiconductor with
white powder and nearly insoluble in water but soluble in acids or alkalis. It has a
stable wurtzite (hexagonal) structure with lattice constants of a = 0.325 nm and ¢ =
0.521 nm and consists of tetrahedral coordinated zinc and oxygen atoms as shown in

Figure 2.3.
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Figure 2.3 Wur’t}zite structure of ZnO.
http://www.thefullwiki.org/\Wurtzite_(crystal_structure)

The tetrape’cfr_él coordinat;on is also.a common indicator of sp* covalent
bonding nature. Howe\?/ 'Ehe Zni0 bor{da':also possesses very strong ionic character
and tends to increase the band gap be'yond the one expected from the covalent
bonding. Therefore, ZnO lies on the borderllne between being classed as a covalent
and ionic compound. Furthermorg the cojordmaﬂon gives rise to polar symmetry
along the hexagonal axis. In such a polamyfu(non centrosymmetric) structure, the

center of positive charge and negatlve eharge can be displaced due to external

pressure induced Iattlae distortion. This displacement results in local dipole moment,

thus a macroscopie- ﬁlpole moment appears over the«_whole crystal, leading to

characteristic piezoelectrical properties of ZnO.

2.2.2 Physical properties of ZnO nanostructure

The-oasic physical properties of bulk ' ZnQ-is'shown nTable 2.3. It is
worth n@ting that as the dimension of the semiconductor materials continuously
shrinks down to nanometer or even smaller scale, some of their physical properties
undergo changes known as the “quantum size effects”, including mechanical,

piezoelectric, electrical and optical properties.
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Table 2.3 Physical properties of wurtzite ZnO (Pearton et al., 2003)

Properties Value
Density 5.606 g/cm®
Melting point 2248 K
Relative dielectric constant 8.66
Gap energy 3.4 eV, direct
Exciton binding energy 60 meV

Electron mobility (T'= 300 K) 200 cm?/V's
Hole mobility (T = 300 K) 5-50 cm*/V s

ZnO is a relatively soft material with approximate hardness of 4.5 on
the Mohs scale (Battez.et aly 2008). Its elastic constants are smaller than those of
relevant 111-V semiconducters, such és GaN. The high heat capacity and heat
conductivity, low thermal expansion aga high melting temperature of ZnO are
beneficial for ceramics (Port, 41991). ‘

Piezoelectrigity /is also an important property. Among the tetrahedral
bonded semiconductors, it'has been Stated th_a_t Zn0 has a piezoelectric tensor equal to
or even greater than that ‘of GaN and AIN“which means that ZnO is a suitable
candidate for device applications requir.ihg__';a, large electromechanical coupling
(Jagadish et al., 2006).

As a“direct and large band-gap material,~ZnO is attracting a lot of
attention for a variety of electronic and optoelectronic applications. Advantages
associated with a large bandsgap include higher breakdown voltages, ability to sustain
large electric fieldsy lower snoise generation, and: high temperature and high-power
operation (Ozglr et al., 2005).

2.2.3 Synthesis of ZnO nanostructure

ZnO nanostructures which can be synthesized into a variety of
morphologies including nanowires, nanorods, tetrapods, nanobelts, nanoflowers,
nanoparticles and so on can be obtained via a variety of methods thermal evaporation,
gas phase reaction and so on.
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- Vapor transport synthesis process

The most common process to synthesize ZnO nanostructures utilizes a
vapor transport process. In such a process, Zn vapor and oxygen source such as
oxygen gas, CO and CO, react with each other to form ZnO nanostructures. There are
several methods to generate Zn and oxygen source for the formation of ZnO
nanostructures which can be categorized into following these methods.

Oxidation of Zn method, Zn powder is heated up under oxygen flow.
After that, zinc vapor is oxidized to form ZnO_nanostructure. Although this facilitates
relative low temperature (500~700 °C), partial pressure of vaporized zinc and oxygen
must be controlled carefully in order to obtain desired ZnO nanostructure. It has been
observed that changing of«their pressures contributes to a large variation on the
morphology of nanostructure (Chang et al., 2004).

Thermal evaporation.of ZnO method, decomposition of ZnO powder is
direct method. However, it'is limited to very high temperature (1400 °C) due to high
decomposition temperature of ZnO powdei'_(Li, Tand, and Wang, 2009).

Carbothermal reduction of Zn;O"-method, this method is nearly the same
as thermal evaporation of ZnO method. HG\}\ié\{er, graphite powder as reducing agent
is mixed with ZnO powder, leading to lower ;decomposition temperature. At about
800-1100 °C, graphite reduces ZnO to form Zn, CO and €O, vapors. Finally, Zn, CO
and CO, will react t@ form ZnO nanostructures (Song et al., 2008).

According to the difference on nanostructure formation mechanisms,
the extensively used vaper transport process can be categorized into the catalyst free
vapor-solid (VS) process and catalyst assisted vapar-liquid-solid (VLS) process.

For catalyst free VS process, The Zn atoms were continuously
evaporated: from, the, seurce material during the heating jprocess.”, In the presence of
oxygen, the Zn vapors absorbed on the surface of quartz tube and react with oxygen to
form ZnO nuclei. As the reactant concentration increases, the ZnO nuclei individually
grow in upward direction in the form of nanostructures. In contrast, catalyst assisted
VLS process; the source vapor (Zn vapor) reacted with the metal particles, which act
as catalyst and from alloy droplets. After reaching at the supersaturation state, the
grown droplets lead to the formation of nanostructures. The typical characteristic of

VLS process is the presence of metal particles capped at the end of grown structures.
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- Other synthesis processes

Although the vapor transport process is the dominant synthesis method
for growing ZnO nanostructures, other growth methods such as electro-deposition and
sol-gel have been developed in parallel. These methods provide the possibility of
forming ZnO nanostructures at low temperature.

In an electro-deposition method (Li, Cheng, and Zhang, 2000), AAM
(anodic alumina membrane) with highly ordered nanopores was used as a template.
Zinc nanowires were fabricated into the nangpores via electro-deposition, forming
zinc nanowires array. Then the nanowire array was oxidized at 300 °C for 2 hours and
ZnO nanowire array was obtained.

In a sol-gel.synthesis method (Lakshmi, Dorhout, and Martin, 1997),
AAM was also used as the template and immersed into suspension containing zinc
acetate for 1 minute, thensheated in‘air at'120 °C for 6 hours. ZnO nanofibers were
eventually obtained after s#emoving the AAM template. This sol-gel process was
further improved by am elegctrochemical method in order to obtain nanorods with
diameter smaller than 50 am.

These methaods are complerﬁéhtqry to the vapor transport synthesis of
ZnO nanostructure, and also emploey fess rigor"ous synthesis conditions and provide
great potential for device applications. e

2.3 Composite material (Kaw, 2005)

A composite material is a structural material that consists of two or
more combinediconstituents that are combined at a macroscopic level and are not
solublein each-other, One'constituent; iscalled the reinforcing phageiand the one in
which itgis embedded is called the matrix. The reinforcing phase ‘material may be in
the form of fibers, particles, or flakes. The matrix phase materials are generally
continuous. Composites are classified by the geometry of the reinforcement or by the

type of matrix as shown below.

- Particulate composites consist of particles immersed in matrices such
as alloys and ceramics. They are usually isotropic because the particles are added

randomly. Particulate composites have advantages such as improved strength,
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increased operating temperature, oxidation resistance and so on. Typical examples
include use of aluminum particles in rubber, silicon carbide particles in aluminum and

gravel, sand and cement to make concrete.

- Flake composites consist of flat reinforcements of matrices. Typical
flake materials are glass, mica, aluminum, and silver. Flake composites provide
advantages such as high out-of-plane flexural modulus, higher strength, and low cost.
However, flakes can not be oriented easily and only a limited number of materials are

available for use.

- Fiber "composites consist of matrices reinforced by short
(discontinuous) or long (eentintous) fibers. Fibers are generally anisotropic and
examples include carbon.and aramids. Examples of matrices are resins such as epoxy,

metals such as aluminum_ andiceramics such as calcium-alumino silicate.

- Nanocemposites consist: of materials that are of the scale of
nanometers. The accepted range to be classi_fié-d as a nanocomposite is that one of the
constituents is less than 100:nm. At this scél;e“, the properties of materials are different
from those of the bulk material; Generally, ;advanced composite materials have
constituents on the microscale. By having méfefials at the nanometer scale, most of
the properties of the resulting composite material are ‘better than the ones at the
microscale. Not all properties of nanocomposites are better, in some cases, toughness

and impact strength can decrease.
2.4 DifferentiallMobility Analyzer (DMA)

Depending on" the location” where nucleation "and growth of the
synthesized nanoparticles by gas phase reaction take place, these synthesis processes
can be divided into two categories; (i) supported nanoparticles on substrates and (ii)
floating nanoparticle synthesis process. In the supported nanoparticle synthesis
process, the synthesized nanoparticles are supported on a substrate such as single-
walled carbon nanotubes (SWCNTs) can be produced by the supported catalyst
process such as the supergrowth technique (Futaba et al., 2005). Conversely, in the

floating nanoparticle synthesis process usually referred to as aerosol synthesis process,
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the synthesized nanoparticles are suspended in the gas stream through out the
formation.

In case of the floating nanoparticle synthesis process, an important
physical parameter for characterizing the behavior of these particles is the size. It is
therefore desirable to measure and classify the size of the particles and to yield
monodisperse particles to gain understanding of the particle dynamics and control
particle contamination. Among the various methods developed for the analysis of
nanometer aerosol particles, differential mobility analyzer (DMA) has become the
most common instrument widely used for elassifying and generating monodisperse
particles such as combination of laser ablaiton-and electrostatic classification could
provide a narrow size range of multi-walled carbon nanotubes (MWCNTS) and
generated monodisperse MWENTs  from acetylene/hydrogen mixture using the
monodisperse nickel nangparticles (Kim and Zachariah, 2007).

A typical setup'of a general DMA shown in Figure 2.4 consists of two
concentric metal eleetrodes with the inner electrode maintained at a controlled
negative voltage, in range of 1.V and 10 kV while the outer electrode is electrically

grounded, leading to creation Of an electric f_jeid between these electrodes.
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Figure 2.4 Differential Mobility Analyzer (DMA) for :;:Iassifying and generating

monodisperse aerosol riérticles (Intra, and Tippayawong, 2008)

The polydisperse charged aerosol (Qs) and particle-free sheath air (Qs)
are introduced at the top of the DMA and flow down_the annular-Space between the
electrodes. 'The aerosol surrounds the inner core ‘of 'sheath air,“and.both flows pass
down the annulus with no mixing of the two laminar streams. The electric field causes
positively charged particles to be attracted through the sheath air to the negative
charged inner rod. Particles are collected along the length of the inner rod. The
location of the collecting particles depends on the particle electrical mobility (Z,), the
fluid flow rate, and the DMA geometry. The electrical mobility of the collected
particles is a function of the dimensions of the DMA, the applied voltage, and the

fluid flow rate as shown in equation 2.2 proposed by Knutson, and Whitby (1975).
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7 _(Qs+Qgz)In(R5 /Ry)
b=
2nLV

(2.2)

where Z, = Electrical mobility of the collected particles
Ri1 = Radius of the inner electrode
R, = Radius of the outer electrode
L = Length of electrode
V .= Appliedwvoltage

From Stokes™law, the electrical mobility is related to particle diameter
(dp) as shown in equation 2.3

~ neC,

dp =
*37'EL.LZp

(2.3)

where n Numbe'r_; of elementary charge units
P EIemerfﬂdfyl unit of charge (1.61x10™"° C)

Ce

Cunningham slip correction factor

Gas viscosity

=
I

The Cunningham slip correction factor  is a function of the particle

Knudsen number (K,) proposed by Cunningham, 1910 shown in equation 2.4.

Cc=1+K,, [1.257+0.4exp(-1.1/K, )] (2.4)
where K :ﬁ
dp

Particles with a high electrical mobility are collected along the upper
portion of the rod. Particles with a low electrical mobility are collected on the lower
portion of the rod. Particles with narrow range of electrical mobility exit with the

monodisperse air flow through a small slit located at the bottom of the inner rod.
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These particles are transferred to a particle counter to determine the particle number
concentration such as condensation particle counter (CPC). The remaining particles
are exhausted out as excess air flow. The size distribution is obtained by varying the
applied voltage.

2.5 Gibbs free energy of reaction (Gaskell, 1981)

The Gibbs free energy. (AG) of a reaction is a measure of the
thermodynamic driving force that makes a reagtion occurs. A negative value for AG
indicates that a reaction can proceed spontancously without external inputs, while a
positive value indicates that it will not. The equation for Gibbs free energy of the

reaction is shown in equation 2.5

AG =AH - TAS (2.5)
where AH = Enthé_lpy of the reaction
AS" 5 Entrapy of the reaction

T~ = Temperature of the reaction

The enthalpy (AH) is a mea‘lsﬁ‘ré -of the actual energy that is liberated
when the reaction occurs (the heat of reaction). If It 15 negative, then the reaction
gives off energy (exothermic reaction), while If it is positive the reaction requires
energy (endothermic reagtion). The entropy (AS) is a measure of the change in the
possibilities fordisorder in the products compared:to the reactants. For example, if a
solid (an ordered state) reacts with a liquid (a somewhat less ordered state) to form a
gas (a highlydisordered state),.therelisinormally afarge positive change in the entropy
for the reaction.

2.6 Reaction equilibrium in a system containing condensed phases and a gaseous
phase (Gaskell, 1981)

Consider the reaction equilibrium between a pure solid metal M, its
pure oxide MO and O, at the temperature T and the pressure P as shown in equation
2.6.
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M (s) + %02 (g) = MO (5) (2.6)

It is considered that O, is insoluble in the solid metal. Both the metal
M and the oxide MO exist as vapor species in the gas phase, as is required by the

criteria for phase equilibria,

GM (in the gas phase) = G, (in the solid metal phase) 2.7)

GMo (Inthe gas phase) =+G o (in the solid metal phase) (2.8)

Thereforggreaction equilibrium is established in the gas phase. The

equilibrium of interest isithus

M (o) + %Oz (@ = Mo (@) (2.9)

The free energy of the reactic‘)h"cngn be written as in equation 2.10

: Les . Pmo
Gwiot) —, G0z ~Cmg = RTIN—5=— (2.10)
2
PMP% o,
or AG°</RT In-PMO_
2
PmMPe o,

where AG® = Difference between the free'energy-of 1 mole of gaseous MO at
1 atm pressure, and the sum of the free energies of a half of 1
mole of O, at 1 atm pressure and 1 mole of gaseous M at 1 atm
pressure, all at the temperature T
pmo = Equilibrium vapor pressure of solid MO at the temperature of T
pm = Equilibrium vapor pressure of solid M at the temperature of T

p 05 = Equilibrium pressure of O, at the temperature of T
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Equation 2.7 and 2.8 can be written as equation 2.11 and 2.12,

respectively.

where

G?\A(g) +RTIn PM(g) = G?\A(s) +I§:1pM(g) Vim(s)dP (2.11)

Gmo(g) +RTINPMO(g) = Gmos) + b1 MO© Vivo(s)dP (2.12)

G m(g)

GM@

Gwmo(g)

GMO@

VMes)

Vmo(s)

It

Molar free energy of/the gaseous M under a pressure of 1 atm
and the temperature T

Molar.drecenergy of the solid M under a pressure of 1 atm and
thed€mperatlire T

Malar free energy jE)_if"'the gaseous MO under a pressure of 1 atm
and'the temp"eraturé{T""

Molar free energy c)j‘i--'the solid MO under a pressure of 1 atm

)
and the tembgrature 'IJ'd ,

Molar vdlume of th?isélid M at the pressure of P and the
temperéﬁﬂé of T e

“Molar volume of the solid MO &t the pressure of P and the

témperature of T

Is. 10 be ‘noted’ that the ~value 'of! the integral terms

of j;:f'\/'(g) VM(s)dP and j;:lp MQ(9) Vo (s)dP_.are small enough to be considered

negligible. ‘Therefore, ‘equation 2,11 and 2/12 can.be reduced |into equation 2.13 and

2.14, respectively.

G?\AO(g) +RTIn pMO(g) = G(IDVIO(S) (214)
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Equation 2.10 can be written as shown in equation 2.15

1

GMO(S) —EGOZ(Q)—GM(S) =—RTlIn 1 (2.15)
2
P95 )
or AG°=—RTInK
where AG® = Standard free energy of reaction M (s) + %02 (9) =MO (s)
K = !

Thus insthe gase‘of reaction equilibria invelving pure condensed phase
and a gas phase, the eguilibrium constant 'K can be written solely in terms of those
species which occur onlyin the gas phase. AGC s a function only of temperature, then
K is a function of temperature, and hence-::at any fixed temperature the establishment

of reaction equilibrium occurs at a-unique vélgjg_of P 0y = p 0, (eq.T)"

If, at any temperature, T, tlj_e,éctual O, partial pressure in a closed

metal-metal oxide-0xygen systém is greatér_qthan poz(eq,T)' then spontaneous

oxidation of the metal will occur, thus consuming O, and decreasing the O, pressure
in the gas phase. When the actual O, partial pressure has thus been lowered to

p02 (eq,T) then, provided that both solid’phases are still present, the oxidation

reaction ceasesgand equilibrium prevails. Similarly, if the O, partial pressure in a

closed Jmetal-metal-oxide-oxygen. system.was-originally, less, than pO2 (eq,T) then

spontaneous reduction of the oxide would occur until p 0 (6q,T) Was reached.
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2.7 Ellingham diagram for oxides

Ellingham (1944) plotted the experimentally determined AG°-T
relationships for the oxidation of a series of metals. The general forms of the
relationships approximated to straight lines over temperature ranges. The relations
could thus be expressed by means of the simple equation as shown in equation 2.16

(2.16)

where A = Temperat ' enthalpy change, AH°
ratu e-ir@tandard entropy change, -AS°

The variati totaI pressure is plotted for

oxidation reactions of v r and Zn is known as an
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axis, and'AS° is the negative of the slope of the line. As AS° is a negative quantity, the

line has a positive slope. The value of AG® for an oxidation reaction is thus a measure

of the chemical affinity of the metal for O,, and the more negative the value of AG® at

any temperature, then the more stable the oxide.
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2.8 Literature Reviews
2.8.1 Investigation of synthesis of the SWCNTSs by laser ablation

Yudasaka et al. (1999) studied the formation of the SWCNTSs by the
Nd:YAG laser ablation of 3 different targets, including C/Ni/Co, C/Ni and C/Co. The
target was placed at the center of a quartz tube reactor and then heated up to 1197 °C.
The Nd:YAG laser beam (wavelength of 532 nm, pulse width of 6-7 ns and frequency
of 10 Hz) irradiated the target surface perpendicularly for 60 s under Ar flow. The
results exhibited the yield “‘of SWCNTs .on.the target composition with yields
following the order C/Ni/Co > C/Ni >> C/Co. The SWCNT bundles formed when
using target of C/Ni/Co is thicker and longer than those of C/Ni. The diameters of the
SWCNTs when using C/N1/Co target were larger and more uniform than those of
C/Ni.

Yudasaka et al. (1997) synthesized SWCNTSs by pulsed Nd:YAG laser
ablation of C/Ni/Co target. The effects _'o'f- the power of laser and the target
composition on the formation .of the SWCNT_S were investigated. The target was
heated up to 1200 °C under the optimum pressﬁre and flow rate of 500-600 Torr and
0.2-0.5 L/min, respectively. The Nd:YAG Ia's_e’r-beam (wavelength of 532 nm, pulse
width of 7 ns, frequéncy of 10 Hz and power of 1.2 J/pulse) irradiated the target
surface perpendicularly. The SWCNTs were formed when the power of the laser in a
range of 1.1-4.4 W. However, the power was larger than 5.4 W, the quantity of the
SWCNTSs decreased dramatically. Decreasing of Ni and Cao inithe target composition

provided increasing of the SWCNT vyield with higher laser power.

Kataura et al. (2000) investigated the effect of furnace temperature on
the formation of the SWCNTSs by laser ablation of C/Ni/Co target. The target with
Ni/Co of 0.45/0.45 at.% was inserted into the quartz tube reactor and then heated up
in a range of 800-1350 °C under 500 Torr of Ar. After that, the Nd:YAG laser
irradiated the target surface perpendicularly. At the furnace temperature of 800 °C, the
SWCNTs with a very small diameter were synthesized, but the abundance was very
low. When the furnace temperature was increased, the SWCNTs were synthesized

with high abundance and purity.
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Detail of proposed reviews of the synthesis of the SWCNTs by

Nd:YAG pulse laser ablation is summarized in Table 2.4.
2.8.2 Investigation of synthesis of the carbon nanoparticles by CVD

Charinpanitkul et al. (2009) studied synthesis of the carbon
nanoparticles by CVD of naphthalene and ferrocene. A mixture of naphthalene and
ferrocene with a constant ratio of 1:1 was loaded into a graphite boat and then inserted
into a quartz tube reactor where the local temperature was kept above the vaporization
temperature of the mixture. The reaction temperature was varied in a range of 800-
1050°C. The synthesized products were combination of carbon nanocapsules (CNCS)
and MWCNTSs. The increasing.of temperature resulted in the enhance formation of
CNCs with lower amount.of the €NTs, The experimental results also revealed that the
total yield of the products.eould be enhanced with the increased reaction temperature.

Musso et al. (2008) synthé_sized CNTSs using CVD of camphor and
ferrocene. The effect of temperature on th;erformation of the CNTs on crystalline
silicon substrate was investigated. A mixtﬁié.gf camphor and ferrocene with a 20/1
mass ratio was prepared in a flask which C(jnﬁected to the quartz tube reactor. The
substrate was inserted into a quartz tube réaétdf and then heat up in a range of 800-
1000 °C. Subsequently, the flask was heated up to 220 °C, leading to the vaporization
of the mixture, and the vaporized mixture were carried into the reactor by the flow of
nitrogen. At a substrate temperature in the range of 650-900 °C, a carpet of vertically
oriented CNTS§p with spare signs of other forms of carbon, Was obtained on silicon
substrate. On the other hand, the film grown on the silicon substrate in the
temperaturetrange.of 9501070 °C, showed theformation:of -aynanographite layer and

carbon fibers.

Andrews et al. (1999) studied the formation of the MWCNTs by CVD
of ferrocene-xylene mixture. The mixture of ferrocene and xylene was fed into a two-
stage tubular quartz reactor using syringe pump. The liquid feed was then preheated to
175 °C. At this temperature, the liquid was immediately vaporized and swept into the
reaction zone of the furnace by flow of Ar. Various parameters, such as the furnace

temperature (650-1050 °C), ferrocene/xylene ratio and feed rate, total reaction time
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and gas flow rate, were adjusted to determine the growth conditions for high purity
aligned MWCNTSs.

The results revealed that at 1050 °C, a small amount of the MWCNTSs
was formed at the entrance of the furnace. However, when the reactor temperature
was lowered to 675 °C, copious amounts of aligned MWCNTSs were produced. At a
xylene partial pressure of 4 mbar, the MWCNTs were found only. However, at a
higher xylene partial pressure of 20 mbar, amorphous carbons were observed only.
At a Fe/C ratio of 0.75 at.% showed the presence of the Fe catalyst inside the core of
the MWCNTSs. Lowering the Fe/C ratio by afactor of 10 produced longer and thinner

nanotubes and the Fe catalyst was absent inside.ine core of the tubes.

Detail of proposed reviews of the synthesis of the MWCNTs by CVD

under atmospheric pressuie is summarized in Table 2.5.
2.8.3 Investigation/of syathesis of the ZnO nanoparticles by oxidation

Park et als(2006) studied t_he“-growth of ZnO nanowires using few
amount of oxygen. The ZnO .panowire haé,grown from metal Zn granule under
controlled O, environments. The effects of ox;}gen concentration and temperature on
the formation of the ZnO nanowires were inVééfigated. The total flow rate of oxygen

and nitrogen was controlled at 200 mL/min, while thé oxygen concentration was

adjusted from 0.5 to 5 vol%. The temperature was varied in a range of 700-1000 °C.

The ZnO nanowires becamie-shorter when '0xygen concentration was increased. ZnO
nanorods became nanawires and needles when the_tempeérature was varied from 700
to 800 and 900 °C, respectively.

Umar et al. (2005) studied formation of ZnO nanorods with large
quantity using metallic zinc powder and oxygen. A quartz boat of Zn was inserted
into a quartz tube reactor and then heated up to the temperature ranges of 500-620 °C
under pressure of 3 Torr. Nitrogen and Oxygen flow rates were introduced into the
system with their flow rates of 10 and 20 sccm, respectively. General morphologically
studies indicated the as-grown products are flower-shaped containing several
hundreds of nanorods. The obtained nanorods have a diameter of 150-250 nm while
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their lengths are 5-10 um. The detailed structural analysis revealed that the ZnO
nanorods exhibit a single crystalline wurtzite phase containing very less structural

defects.

Dai et al. (2002) synthesized tetrapod ZnO nanoparticles using
oxidation reaction between pure Zn and oxygen. Alumina boat which loaded Zn was
inserted in a horizontal tube furnace. The temperature of furnace was ramped to 825-
925 “C at heating rate of 50-100 ‘C/min. From FE-SEM images, ZnO nanoparticles
were a tetrapod shape having four legs with diameter 70-150 nm and length of legs
was 2-3 um. In detailed structure of individual.ZnO was characterized by using TEM.
From bright-field images, there was no streaking in the nanorod. From dark-field
images, single crystal nature-of.nanorod was observed. Therefore, ZnO nanoparticles

which use oxidations in gas phase were high-quality nanocrystal.

Wu and " Xie/(2004) studied about synthesis of ZnO nanoparticles using
the oxidation reaction between Zinc vapor: and oxygen at various temperatures (1050-
1400 °C) and pressure (1-12 kPa). The poWdér Zn was vaporized by using inductive
furnace. Firstly, Zn vapor gcontacted with argon atoms in the gas mixture because the
molecular weight of argon atom is heavier'thah oxygen atom. Then, Zn vapor was
condensed to Zn aerosol. In the same timé, 'Zﬁ-aerosol reéacted with oxygen atom to
produced ZnO nanoparticles.

As-synthesis ZnO have four needle-like feet (tetrapod) with diameter
of 6-45 nm and length 280-435 nm. While the temperature was raised, the diameter
of ZnO increased and- the 'length- of ZnO: decreased. ' The1ZnO nanoparticles of
different sizes were obtained in range of gas pressure at each evaporation temperature.
For example’ at, 13500 °C;, the <pressurecwasyvaried ifrom~2.2to» 6 kPa and the
nanowhiskers with longest needle-like feet were obtained at a pressure of 4 kPa.
However, the spheroid nanoparticles were obtained out side this pressure range.

Detail of proposed reviews of the synthesis of the ZnO nanoparticles

by oxidation is summarized in Table 2.6.
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2.8.4 Investigation of synthesis of the ZnO/MWCNT composites

Chrissanthopoulos et al. (2007) reported synthesis of various ZnO
nanostructures grown on multi-walled carbon nanotubes by thermal evaporation
method. The influence of deposition time at 4, 8 and 15 min and substrate temperature
at 850-900 °C were investigated. An equimolar zinc oxide and graphite was mixed
and then put on boat placed at the closed end of a fused silica tube. The MWCNTSs
were used as received. The mixture was inserted for few minutes in a preheated (at
~1000 °C) horizontal furnace, while the CN.Ts.pellets were placed at various position
at a temperature interval 850-950 °C.

The experiment showed various structures such as polypods and nano-
hedgehogs, depending on_various factors as well as the location of the ZnO-CNT

junction. Single, isolated aanorodsappear to form at the end of a CNT.

Chen et al. (2006) presented zinc oxide nanoparticles decorated multi-
walled carbon nanotubes. MVWCNTS were prgpared by the chemical catalytic vapor
deposition process (CVD) of ‘acetylene. The 6btained MWCNTSs were modified with
citric acid, which were sonicated-30 min and }efluxed at 80 °C. Then, the mixture was
filtered, washed and dried at 60 °C, The ZnQ{MWCNTS composites were prepared
using a sol-gel methad, in which zinc acetéte was dissolved in anhydrous ethanol.
Finally, the modified/ MWCNTSs were added. The additions were accompanied by
stirring and sonication. The temperature was maintained at 60 °C. Finally, the
ZnO/MWCNTSs precursar was dried at 70 G and then calcined at 450, 600 and 750
°C, respectivelyfor 2 h'under the protection.of nitrogen.

The results reveal that the MWNT are decorated with ZnO particles.
The average size of-calcined ZnO at 450, 600 and 750 °C'was about 11, 48 and 89 nm,
respectively. Furthermore, the UV emission of MWCNTSs was improved significantly

through modification with ZnO.

Du, Hao, and Wang (2008) presented the preparation of floral-
patterned ZnO/MWCNTSs heterogeneity structure by using microwave irradiation
heating method. Pristine nanotubes were refluxed in nitric acid at 140 °C for 4 h.

Then, zinc acetate was added into the MWCNTSs solution. The solution was placed in
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a microwave oven with an outside refluxing system and irradiated for 2 min. Finally,
the suspension was washed with ethanol and deionized water by centrifugation, then
dried at 60 °C under air atmosphere.

It was found that the flower-like zinc oxide grows around the multi-
walled carbon nanotubes to form a floral-patterned structure. Multi-walled carbon
nanotubes play a role as a template for the growth of ZnO and they can link ZnO
particles together as a complex fabrication. The flower-like zinc oxide is uniform and
has an average diameter of 2 micron. The average length of flower petals is about 1

micron.

Jiang, and Gao (2005) studied the fabrication and characterization of
ZnO-coated multi-walled garbon nanotubes with photocatalytic activity. MWCNTSs
were prepared by the catalytic decomposition of methane. The pristine nanotubes
were dispersed in a dilute’sodium dodecyl sulfate (SDS) aqueous solution by using
the ultrasonication. ZnO nanoparticles were achieved via the reaction of zinc acetate
and lithium hydroxide monehydrate in a'!hydrous ethanol medium. Ethanol solution
containing Zn** and SDS-€oated MWCNTS";V\}Iére tefluxed at 80 °C for 3 h. Then, the
mixture was boiled at 95 °C for 3 h. Thei_fihql_‘ black product was rinsed repeatedly
with ethanol and distilled water, and then vaf:i_m-_fn dried at 60 °C for 12 h.

It can“be observed that most. 'o'f__ﬂ/iWCNTs containing individual CNTs
and CNT bundles haVe been covered with ZnO nanoparticle layers with an average
size of ~6 nm. The composite shows enhanced photocatalytic degradation of

methylene blue solution.

Detail of proposed reviews of the synthesis of the composite of ZnO
and MWCNTs«is summarized-inTable 2. 7;
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Researcher Target Targgt' . Lase.r ) .| Temperature | Pressure Experimental results
type composition intensity.flow rate:
. 0.0-4.5 % atom
C/Ni/Co each of Ni and Co

Yudasaka et al. . 0.15-0.9 % atom i . A " SWCNTSs with yields following the order

(1999) C/Ni of Ni 1-6 W. 0.5 ¥/min | 1197 °C 600 Torr C/NI/Co > C/Ni >>C/Co

- 0,
c/Co 0.6-9.0 éooatom of

Yudasaka et al. . 0.6-4.5 % atom @20,5 ™ o 500-600 | SWCNTs at the laser intensity lower than

(1997) C/Ni/Co each of Ni and Co 1.1-9.240 L/min-<- = TR Torr 4.4W

Kataura et al. . 0.45 % atom each ¥:2:12 \ Change in diameter distribution of
(2000) C/Ni/Co of Ni and Co min/s 890 W | 500 Tom SWCNTSs at changing flow velocity
Table 2.5 Literature reviews of the synthesis of the MWCNTS by CVD under atmospheric pressure
Carbon Catalyst | Carbon/Catalyst | Carrier gas Temperature Deposition .
Researcher . ) Experimental results
precursor precursor molar ratio flow rate Preheater Reactor time
Charinpanitkul N, rate of 0.12 i i 0 . MWCNTSs and Carbon
et al. (2009) Naphthalene | Ferrocene 20/1 L/min 800-1050 °C 15 min naocapsules (CNCs)
Musso et al. Noiratelof 0:42 \ i o . Vertically aligned
(2008) Camphor Ferrocene 24/1 L/min 220°C | | 800-1100 °C 20 min MWCNTS
. Ar+.0.1% H,
Andrews et al. Xylene Ferrocene 1571 with feed with total rate of, | = 175,°C ; 4~650-1050 °C | 120 min Aligned MWCNTSs
(1999) rete of L:5mL/h 0.75-1.88 L/min
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Table 2.6 Literature reviews of the synthesis of the ZnO nanoparticles by oxidation of Zn

Researcher O, flow rate | Carrier gas flow rate | Temperature’) Pressure Reaction time Experimental results
- B
Park et al. (2006) | 1-10mL/min |  190-199 mL/min 700-1000 °C {760 Torr ZnG nanowire, nanorod,
nanoneedle
Umar etal. (2005) | 20mL/min | Nj rate of 10 mL/mifi 4« 500-620°C 3 Torr 60-00 min | lower-shaped ZnO containing
| several hundreds of nanorods
Dai et al. (2002) 825-925.C. 760 Torr 1-30 min ZnO tetrapod
Wu et al. (2004) 25 mL/min Ar rate of 25 mL/min 1050-1400-C 7.5-90 Torr 15 min ZnO nanowhisker

J

d ol

Table 2.7 Literature reviews of the synthe";é’l's of the ZnO/MWCNT composite

“
ald vl
CNTs /. Fabrication.of ZnO on the CNTs
Researcher izi = izi Experimental results
Method Synthesizing N, flow rate |- Method. Synthesizing Xperi u
temperature | _ it I3 temperature
Chrissanthopoulos | Commercial i Carbothermal 4 1000 °C Single, isolated ZnO nanorod on the end
et al. (2007) grade \ reduction of ZnO | _ ’ of a MWCNT.
Chen et al. (2006) CVD of 700 °C 0.24 L/min Sol-gehalesi® 60 °C MWCNT decorated with ZnO particles
acetylene acetate
Du et al. (2008) Commercial i . Sol-gel of zinc Flower_-llke ZnO grown around the
grade acetate multi-walled carbon nanotubes
Jiang et al. (2005) Commercial i i Sol-gel of zinc sdec MWCNTSs covere_:d with ZnO
grade acetate nanoparticle
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CHAPTER 11

EXPERIMENT

Referring to the objective of this work, the synthesized particulate
composites of ZnO and carbon nanoparticles by single-step gas phase reaction were
required. Within the gas phase reaction of the composites, the composites were
expected to be combinantion of the ZnO and carbon nanoparticles. However, the
combination of those major compounds fer.the formation of the composites was
found to be more complexity.than both isolated.synthesis of the ZnO nanoparticles
and carbon nanoparticles due t0 complex thermochemical oxidation at high
temperature range of relatedeelements in‘the system including Zn, C and Fe.

For controlling/ the formai_;lion of the composites, both of isolated
synthesis of the ZnO nanoparticles and cérbon nanoparticles were investigated before
the synthesis of the composites: The caernJ-nanoparticles, especially MWCNTSs with
high purity, were synthesized by CVD c;f.--gtycerol and ferrocene. Furthermore, to
truly understand the formation of the MWCNTS parallel study of synthesis of
SWCNTs by laser ablation was revealed,t’VVhile, the ZnO nanoparticles were
synthesized by oxidation of pure Zn. After the studies of the isolated synthesis of the
SWCNTs, MWCNTs afg-ZnO-hanoparticles;—the-ZaQ/MWCNT composites were
then investigated under controlling conditions for decrease in the thermochemical
oxidation of undesired products.

Therefore; .experimenty of «this » work ~were «separated into 4 parts
including the " synthesis” of SWCNTs by laser ‘ablation," the synthesis of carbon
nanoparticles by CVD of glycerol and ferrocene;-the synthesis ofZnO nanoparticles
by oxidation'of Zmand the synthesis of composites 0f ZnO/MWCNIT composites by
gas phase reaction. Various parameters which affected on the synthesis of each part

were carefully investigated.



33

3.1 Synthesis of the SWCNTSs by laser ablation

3.1.1 Raw materials and experiment

C/Ni/Co target rod (Toyo Tanso Company) with a diameter of 6 mm
and length of 30 mm prepared from particulate mixture of carbon and 0.6% atomic of
nickel and cobalt, respectively was used as C, Ni and Co sources of this work,

respectively as shown in Figure 3.1.

T 2 ) N

The lS_)ﬂ\/CNTs weré synfhée d:YAG laser ablation of
the C/Ni/Co target rod within a guartz tube reactor whi s schematically shown in
c el

(outer diameter of 28 mgp inner diameter of 25 mm and length of 700 mm), a mass

ﬂc-)w controlleﬂ\dﬁ)ﬂ 6? Weﬂaﬁﬁ Wﬁr ﬂﬁ and a rotating motor

with a speed o

’QW’TQ\‘iﬂiﬂJ URIINYIR

Figure 3.2. The expe@‘ué'ﬁ a trical furnace, a quartz tube
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Figure 3.2 Schematic diagram-of experimental-apparatus for aerosol generation of the
SWCNTSs by pulsed Nd:X*AG laser.ablation.

Before ihe laser ablatiorli_, the C/Ni/Co target rod was heated to a
desired temperature. The'Nd:Y AG laser Qéém (wavelength of 355 nm, repetition rate
of 10 Hz, pulse width of 10 ns) with desited-’laser power Irradiated perpendicularly to
the target surface which was steadily rot'ét_:gdﬂ‘_‘for uniform ablation. All experiments
were carried out under atmospheri¢ pressure and nitrogen flow rate of 1.5 L/min. The
airborne products were collected-ori a polycarbonate membrane filter (filter size of 25
mm and pore size of 100 nm, ADVANTECS_—er characterizing their morphology and
crystallinity by Scanning Electron Microscope and Raman Spectroscope, respectively.
The detailed morphology of the synthesized SWCNTs was analyzed by a
Transmission Electron-Microscopy. The TEM specimens were prepared by depositing
aerosol on a TEM microgrid (200 mesh) ‘using an_impactor. Furthermore, the size
distribution of the airborneSWCNTs was @lso determined: by a computer controlled
Scanning Mobility Particle Sizer #(SMPS) system equipped with a Differential

Mobility Analyzeriand.a Condensation Particle Counter.
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3.1.2 Experimental procedures

The experimental procedures of this work were separated into 2 parts as
following;

3.1.2.1 Variation of laser intensity

In this part, effect of laser intensity was investigated on morphology,
particle size distribution and crystallinity ©f the synthesized carbon nanoparticles at
the laser intensity of 0.4, 0.5 and 0.6 W. The-experiments were fixed at temperature of

25 °C under atmospheric pressure-and nitrogen flow rate of 1.5 L/min.
3.1.2.2 Vawiatign,of temperature

Referring to'many. previouél reports, the temperature could affect on the
formation of the SWCNTs including their'!quality and quantity. Therefore, in this part,
effect of temperature on the morphology,";si:z-e distribution and crystallinity of the
synthesized SWCNTSs was studied at the fédction temperature of 25, 200, 400, 600,
800, 1000 and 1080 °C. It should be noted that the temperature was controlled not
higher than 1080 °C, due to limitation of the eléctrical furnace. The dimensions
(diameter and length) of the monodispersed SWCNTs by DMA with mobility-based
diameters of 100 and 200 nm were also analyzed by SEM. The experiments were
controlled under laser intensity of 0.6 W, atmospheric pressure and nitrogen flow rate
of 1.5 L/min.

3.2 Synthesis ofitheycarbon nanoparticlesiby CVDiofglyceroland:ferrocene
3.2.1 Raw materials and experiment
In this work, glycerol (Ajax Chemicals) and ferrocene (Sigma-Aldrich)
were used as sources of carbon and iron catalyst for the synthesis of the carbon

nanoparticles by CVD, respectively. Boiling points of glycerol and ferrocene are 290

and 249 °C, respectively. Experimental set up shown in Figure 3.3 consists of an
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electrical furnace, a quartz tube reactor with inner diameter of 34 mm and length of

600 mm, a boat of glycerol-ferrocene mixture, silicone stoppers and a dust collector.

Flow direction

—_—
Quartz tube
Nitrozen o Glycerol-ferrocene
£ mixtu@d § §
~ 4
e Water

Electrical furnace

Dust collector

Figure 3.3 Experimental .set up for synthesizing carbon nanoparticles by CVD of
glycerol and ferrocene.

Glycerol and ferroceng WEI’é mixed with desired molar ratio and loaded
into the boat. After that, the boat of the glyéérbl-ferrocene mixture was inserted inside
the tube reactor at position of 5 cii from ih[éf pf‘ the reactor. From temperature profile
as shown in Appendix A, it could-be assure&fﬁét temperature of the position of 5 cm
from the inlet was high enough for vaporiz'éﬁbﬁ_ of the mixture of glycerol-ferrocene.
Before heating the furnace up, residual air inside the tube reactor was eliminated by
supplying nitrogen gas with flow rate of 200 mL/min for 20 min. The furnace was
then heated up until desired temperature under controlling desired nitrogen flow rate.
The process was cantrolled for 1 he: The tube was then naturally cooled down to room
temperature. The synthesized black products on inner wall of the tube reactor were

kept and,characterized their, merphology; erystallinity,and-phase.
3.2.2 Experimental procedures

The experimental procedures of this work were separated into 3 parts as

following;



37

3.2.2.1 Variation of nitrogen flow rate

Referring to many previous reports, the nitrogen flow rate could affect
on the formation of the carbon nanoparticles including their quality and quantity. In
this part, the nitrogen flow rate was found to be controlled not higher than 500
mL/min because, at the nitrogen flow rate higher than 500 mL/min, the carbon
nanoparticles could not be formed on inner wall of the quartz tube reactor. Therefore,
effect of nitrogen flow rate on the ;morphology, crystallinity and yield of the
synthesized carbon nanoparticles was investigated by varying flow rate at 50, 200,
350 and 500 mL/min under the same conditien.ef synthesizing temperature of 800 °C
and glycerol to ferrocene molar ratio of 5 to 1.

3.2.2.2 Vawiatienof synthesizing temperature

From preliminary: study, it should be noted that, at the synthesizing
temperature lower than 800 °C, some of vé_porized glycerol could not be decomposed
and then condensed into liquid droplets of g_;Iy"éeroI and deposited on inner wall of the
quartz tube reactor. However, the syntheéiiihg_ temperature could not be controlled
higher than 900 °C due to limitation of the e'Iect;ricaI furnace and, especially poisoning
from the silicone stoppers. Therefore, in'_t’h-is part, the effect of synthesizing
temperature on the. morphology, crystallinity and yield of the synthesized carbon
nanoparticles was studied at 800, 850 and 900 °C. The nitrogen flow rate and glycerol
to ferrocene molar ratio were fixed at 350 mL/min and 5/1, respectively.

3.2.2.3 Variation of glycerol to ferrocene molar ratio

In this part, the effect of glycerol to ferrocene molar ratio on the
quality and quantity of the synthesized carbon nanoparticles was studied by varying
the molar ratio in a range of 5/1, 10/1 and 20/1 under the same condition of

synthesizing temperature of 800 °C and nitrogen flow rate of 350 mL/min.
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3.3 Synthesis of the ZnO nanoparticles by oxidation of Zn
3.3.1 Raw materials and experiment

In this work, zinc powder (Sigma-Aldrich, purity > 98%) with its
boiling point of 907 °C was used as Zn source for the synthesis of the ZnO
nanoparticles by oxidation of the Zn. Experimental set up for the synthesis of the ZnO
nanoparticles shown in Figure 3.4 was modified from the experimental set up for the
synthesis of the carbon nanoparticles as shown.in Figure 3.3 by changing position of a
boat of Zn powder to 15 cm from the inlet and.adding oxygen to react with vaporized

Zn to form ZnO nanoparticles.

Flow direction

-
I \\\\/
Quaftz gibelf — == 58—} '\,
Oxygen —— y o Emm ——
} g e— Jr 4 ¢
Nitrogenj — ch7
L= Water

Electrical furnace

Dust collector

Figure 3.4 Experimental set up for synthesizing ZnO nanoparticles by oxidation of
Zn.

Zinc powder was loaded into the boat and inserted inside the tube
reactor-at pesition-of A5:em=from the inlet.-From temperature~prefile as shown in
Appendix A,"it could be also ‘assured that temperature ‘of'the position of 15 cm from
the inlet was high enough for evaporization of the Zn powder. Before heating the
furnace up, residual air inside the tube reactor was eliminated by supplying nitrogen
gas with flow rate of 200 mL/min for 20 min. The furnace was then heated up until
desired temperature under controlling desired nitrogen and oxygen flow rates. The
process was controlled for 1 hr. The tube was then naturally cooled down to room
temperature. The synthesized white products on inner wall of the tube reactor were

kept and characterized their morphology, size and phase.
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3.3.2 Experimental procedures

Because of the objective of this work was to synthesize the
ZnO/MWCNT composites. Therefore, various parameters including the nitrogen flow
rate and synthesizing temperature which also affected on the formation of the ZnO
nanoparticles were also controlled as same as those for the isolated synthesis of the

carbon nanoparticles by CVD.
3.3.2.1 Variation of nitrogen flow rate

In this part, effect of nitrogen flow rate on the morphology, size and
yield of the synthesized Zn© nanoparticles was investigated by varying flow rate at
200, 350 and 500 mL/min under the same condition of synthesizing temperature of
800 °C and oxygen flow sate‘of 100 mL/min. From preliminary study, it should be
noted that the oxygen flowurate could not be controlled lower than 100 mL/min due to
not enough for the formation of'the ZnO né_noparticles.

3.3.2.2 Variation 6f synthesizing temperature

Effect of synthesizing temperéﬂ]fe on the morphology, size and yield
of the synthesized ZNO nanoparticles was studied In a range of 800, 850 and 900 °C.

The nitrogen and oxygen flow rates were fixed at 500 and 100 mL/min, respectively.
3.3.2.3 Variation of oxygen flow rate

Referring toymany previous reparts; thejoxygen flawerate could affect
on the farmation of the ZnO nanoparticles including their quality and quantity. From
preliminary study, the oxygen flow rate was found to be controlled not lower than 100
mL/min. When preliminary study of thermodynamics was investigated, the oxygen
flow rate was considerably controlled not higher than 150 mL/min for avoiding
thermochemical oxidation of Zn, C, Fe elements within the system of the composite
synthesis. Therefore, in this part, effect of oxygen flow rate on the formation of the

synthesized ZnO nanoparticles was studied in at the rate of 100 and 150 mL/min
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under the same condition of N flow rate of 500 mL/min and synthesizing temperature
of 800 °C.

3.4 Synthesis of the ZnO/MWCNT composites by gas phase reaction
3.4.1 Raw materials and experiment

Raw materials of this wark were glycerol, ferrocene and Zn powder as
C, Fe and Zn sources. Experimental set up for.the synthesis of the composites shown
in Figure 3.5 was combined from the experimental set up for the synthesis of the
carbon nanoparticles as shown in Figure 3.3 and the experimental set up for the
synthesis of the ZnO nanoparticies as shown in Figure 3.4.

Flow direction
-

Quartztube _—

Oxygen - :? - ——
. > i< L10CTE
N1trogenj ’

v =
Glycerol-ferrocene '\ \/\{/_ _
mixture L—" : Water

Electrical furnace

Dust collector

Figure 3.5 Experimental set up for synthesizing ZnO/MWCNT composites.

Glycerol-ferrocene mixture and Zn powder were loaded into separated
boats and then.nsertedsinsidesthe-quartz tubereactonat position-of 5,and 15 cm from
the inlet; respectively. ‘Before heating ‘the furnace up, ‘residual ‘air-inside the tube
reactor was eliminated by supplying nitrogen gas with flow rate of 200 mL/min for 20
min. The furnace was then heated up until desired temperature under nitrogen and
oxygen flow rates of 500 and 100 mL/min, respectively. The process was controlled
for 1 hr. The tube was then naturally cooled down to room temperature. The
synthesized gray products on inner wall of the tube reactor were kept and

characterized their morphology and size and phase.
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3.4.2 Experimental procedures

In this part, thermodynamic data for oxidation of related elements
including Zn, C and Fe was firstly investigated by using Ellingham diagram. From the
diagram, the synthesizing temperature of 800 and 900 °C was carefully considered to
be major parameter for the synthesis of the composites under controlling of the
nitrogen flow rate, oxygen flow rate and glycerol to ferrocene molar ratio at 500
mL/min, 100 mL/min and 5/1, respectively.

3.5 Analytical instruments

The instruments.were used to characterize morphology, structure, and
phase of the synthesized earbon nanoparticles, ZnO nanoparticles and their
composites are Scanning Electron Microscope (SEM), Transmission Electron
Microscope (TEM), “ands X=Ray Diffraction (XRD), respectively. Purity and
crystallinity of the synihesized carbon né_noparticles were characterized by Raman
Spectroscope, while size distribution and '_cilé-ssification of the synthesized airborne
SWCNTs were investigated by Scannihf;: ‘Mobility Particle Sizer (SMPS). The
composites were further characterized their'abs:orption, elements and boding by UV-
Visible Spectrophotometer (UV-Vis), Energy Dispersive” X-Ray Spectroscopy and
Fourier Transform_ “Infrared Spectrophotometer, respectively to confirm their

structures.

3.5.1 Scanning Electron Micrascopy (SEM)

Morphology, and «size of the synthesized>carbonnanoparticles, ZnO
nanoparticles and their composites were investigated by SEM " (Hitachi, model S4500
and JEOL model JSM-6400).

3.5.2 Transmission Electron Microscope (TEM)

Structure of the synthesized carbon nanoparticles, ZnO nanoparticles
and their composites were investigated by TEM (JEOL model JEM 2100).



42

3.5.3 Raman Spectroscope

Purity and crystallinity of the synthesized carbon nanoparticles were
characterized by Raman Spectroscope (Perkin EImer model Spectrum GX).

3.5.4 Scanning Mobility Particle Sizer (SMPS)

The SMPS (TSI model 3081) was used to analyze particle size
distribution of airborne SWCNTSs synthesized by laser ablation, and classify their size.
The SMPS consists of differential mobility analyzer (DMA) as the main component
for generating or sizing-aerosol-For example given a polydisperse input aerosol, the
instrument output can-be a stream.of monodiperse aerosol of known particle size. The
number of monodisperse aerosol was. counted by cendensation particle counter
(CPC). g

3.5.5 X-Ray Diffraction (X_RD)

de i Ao

The XRD _(Bruker model XSAPEX) was used to characterize phase of
the synthesized carbof-naneparticies; ZnO-nanoparticies and their composites.

3.5.6 UV-Visible Spectrophotometer (UV-Vis)

The UV-Vis spectrophotometer (Shimadzu model ‘UV-1700) was used
to measure absorbance of the synthesized carbon nanoparticles,; Zn® nanoparticles

and their composites.
3.5.7 Fourier Transform Infrared Spectrophotometer (FT-IR)

The FT-IR spectrometer (Thermo model 470 FT-IR) was used to

measure bonding of the composite of carbon nanoparticles and ZnO nanoparticles.



CHAPTER IV

RESULT AND DISCUSSION

4.1 Synthesis of the SWCNTSs by laser ablation

Referring to many experimental results reported in other previous
works, this part has set its aim to study effect of synthetic parameters on the
morphology, size and purity of the airborng' SW.ENTSs synthesized by Nd:YAG pulsed
laser ablation of C/Ni/Co rod. Effect of laserntensity and synthesizing temperature
on the morphologies, sizevand purity of the synthesized SWCNTs were thoroughly

investigated and then reporigd and discussed in this part.
|

4.1.1 Effect of laser intensity

In this part,the effect of th}é;_.laser intensity at the intensity of 0.4, 0.5
and 0.6 W on morphology, pariicle size, distribution and crystallinity of the
synthesized carbon nanoparticles in aeroso@éé studied under the same condition of
nitrogen flow rate of 1.5 L/min,,,temperature-"of-25°C and atmospheric pressure.

The morphology of the synthesized carbon/nanoparticles at different
laser intensities of 0.4,.0.5 and 0.6 W was shown in Figure 4.1. Agglomerated primary
carbon nanoparticles without fibrous particles could be“¢learly observed although the

laser intensity was.increased.
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T \

Figure 4.1 SEM images of ‘the fxp{heg{ggg carb(in ‘nanoparticles at different laser
intensities: (a) 0.4 W, (b) 0.5 Wanid () 0.6 W. &
The ,§_i:_},e distributions based on electrical r_{qrgbility of the agglomerated
Eﬁil 0.5 and 0.6 W as shown

: o |
in Figure 4.2 are simila} normal curve with nearly same.average sizes about 100 nm.

carbon nanoparticlefi%_t‘lnthesized at the laser in

At the laser intensity of“04.W, the number.concentration of the synthesized carbon

ranoparticts (s 110" peitbidc) WHiE ) at fbier tesr imensity e

concentration \%'as significantly increased. TQ@h number corEgntrations of the

e e 310 3 10 s v

intensity‘of 0.5 and 0.6 W, respectively.
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Figure 4.2 Size distributions of the aggldﬁ_terated carbon nanoparticles synthesized at
different laser intensities: (@) 0.4 W, (b) O.'S:.'\'/VJ"and (c) 0.6 W.

, il
Similarity of the mobrlrty%IZe distributions was considered to be

corresponding to the S|m|Iar|ty of generated any fibrous partlcles as shown in the

typical SEM |mages. ﬁrom the relation of the images and slze distributions, we could
conclude that i mcreasmg the laser intensity while the controlled temperature at 25 °C
did not effect on the morphology which carbon nanopartrcles were only formed, but
effect on the concentration’ of the synthesized earban nanaparticles.

Raman spectrum of the agglomerated carbon nanoparticles synthesized
at the laserintensity,of0.6-W-as.shown Figure-4.3-showscits strong responses at about
1,590 cm™ from ‘graphitic boriding ih ‘crystalline carbon which known'as G peak, and
another peak at about 1,350 cm™ from disorder and defective carbon which known as
D peak. The Ip to Ig ratio of the carbon nanoparticles was 0.81.
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Figure 4.3 Raman spectrum of the agglo?he__rated carbon nanoparticles synthesized at
the laser intensity of 0.6/W. /

These results could be ascri-B_éa,_phat at a low temperature, vapor of the
catalytic Ni and Co produced by the irrad_iétib}l of the rod was condensed and then
solidified rapidly because temperature difféf_éhée between the furnace and laser
irradiation was so high, leading to C atoms could diffuse and dissolve into the
solidified catalytic nanoparticles difficultly (Yudasaka et al., 1999). Therefore, any
fibrous could not be formed. However, the,laser intensity effected on the number
concentration 'ef the synthesized carbon nanoparticles because C, Ni and Co vapor
could be higher:produced at increasing of laser intensity, leading to higher number

concentration efithe synthesized carbon nanoparticles;
4.1.2 Effect of temperature

In this part, the effect of the temperature in a range of 25, 200, 400,
600, 800, 1000 and 1080 °C on the morphology, size distribution and crystallinity of
the synthesized SWCNTSs was investigated under the condition of the laser intensity

of 0.6 W, atmospheric pressure and nitrogen flow rate of 1.5 L/min.
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The synthesized airborne carbon nanoparticles at different
temperatures were collected on a membrane filter. The morphology of those carbon
nanoparticles was observed using SEM as shown in Figure 4.4. At the temperature of
25, 600 and 800 °C, agglomerates of spherical nanoparticles were observed without
any fibrous particles as shown in Figure 4.4(a), (b) and (c), respectively. While a
higher concentration of fibrous and spherical products could be obtained at the
temperature of 1000 and 1080 °C as shown in Figure 4.4(d) and (e), respectively. All
fibrous particles have the average diameter less than 20 nm and length of longer than
500 nm while the spherical primary particles'were in a size range of 10-20 nm, which
were agglomerated each other. It is inferred-thairthe fibrous products were CNTs and
the spherical products were amorphous carbon or metallic nanoparticles.

These results*would be ascribed to the fact that at a low temperature,
carbon clusters and catalytic/’Ni /and_Co nanoparticles would undergo very slow
diffusion process, leading 40 insufficient supply of carbon precursor (Yudasaka et al.,

1999). Therefore, lower guantity of nanostrugture products was synthesized.
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Figure 4.4 sé‘rl/l images of theysynthesized _carbon nanoparticles at different

e G5 e 119 4 6 0, B o c w0

1080°CH

Size distributions of the produced airborne carbon nanoparticles
measured by SMPS system are shown in Figure 4.5. In the measurable size range (20—
600 nm in mobility diameter), highly carbon nanoparticles were synthesized in
aerosol form. At the temperature of 25 °C, relatively narrow size distribution with the

peak diameter around 100-200 nm could be observed. Size distributions with the
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same of the peak diameter become broader at higher temperatures (200, 400, 600 and
800 °C). It could be clearly observed that at higher temperature, their size distribution
was much broader, especially at the temperature of 600 and 800 °C. While at the
temperature of 1000 and 1080 °C, size distributions were as similar as those of the
temperature of 600 and 800 °C. However, new peak around 20 nm was observed. The
total number concentration of the synthesized CNTs could be synthesized by this
system in the order of 10° particles/cc. It is corresponding to mass concentration in the

order of ten mg/m® with an assumption of uniform density.
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Figure 4.5 Mability based size distribution.of the synthesized.carbon nanoparticles at
different temperatures.

Changes in the mobility size distribution would be attributed to the
generation of fibrous particles which could be observed in the typical SEM images. At
the temperature of 25, 200, 400, 600 and 800 °C, any fibrous particles could be
observed in the SEM image because the catalyst particles could not activate majority
of carbon atoms to form CNTs (Kataura et al., 2000). Therefore, only spherical
(primary) particles formed and then agglomerated while the particles suspended in
gas. On the other hand, at the temperature of 1000 and 1080 °C, the temperatures were
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high enough for stimulating the formation of the CNTs. Carbon atoms could be
activated on the catalyst surface to grow CNTs. Furthermore, some agglomerated
particles were simultaneously formed and adhered on the outer wall of the fibers in
the gas phase.

In addition, the correlation between the geometric dimensions of CNT
measured from SEM images (Figure 4.4) and mobility spectrum of those in the gas

phase (Figure 4.5) was analyzed. The monodispersed aerosol of the synthesized

SWCNTSs at the temperature of 1080 °C was prepared by the size classification using

. \\///,
DMA 3 /4./

———.-

Figure 4.6 SEM images of the cIaSSIﬁﬁipartlcles by DMA synthesized at the
temperature of 1080 bﬁ; with dlfferent classified size: (a) 1150 nm and (b) 200 nm.
A j a .\_J

Figure 5)6 shows typical SEM images of particles classified to be (a)
100 nm and (b) 200 nm' in moblllty -based diameter by DMA. Figure 6(a) exhibits
fibrous structured partlcles with diameter less tharr 10 am and length of more than 1
micrometer. Somme spherical particles, which would potentially be amorphous carbon
or catalytic particles; coagulate on ta the surface of|the fiber. Thé.didmeter of the fiber
classified at 200 nm as shown in Flgure 4.6(b) was similar to those of 100 nm.
However, the length is much larger than the particle shown in Figure 4.6(a).

The mobility based particle diameter is known to be proportional to
projected area equivalent diameter in the case of non-spherical particles (Kim, and
Zachariah, 2006) as shown in equation 4.1
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(4.1)

where Ls = The length of the CNT,
Ds = The diameter of the CNT
Da = The projected area diameter of the CNT

Kim et al., 2006 reported that the mobility diameter (D,) of CNTs was
determined by linearly proportional to the projected area diameter (Da), which was
obtained from the combination of TEM images*and digital image software analysis.
Therefore, it is acceptable that the projected area diameter (Da) of carbon
nanoparticles could be estimated from the mobility diameter (Dy) as shown in 4.2.
Constants were obtained#In @ prior_study where mobility classified fibers were

deposited on TEM grids and digitized to obtain the projected area diameter.
Da= 1.1621Dp, - 8.9181 4.2)

Therefore, the simitar size divét"rin,butions of the synthesized SWCNTs at
1000 and 1080 °C could imply the similar projécted area equivalent diameter of them
which corresponded to the similar morpholog'y’b-f them. as'shown in Figure 4.4(b) and
(c), respectively.

The similarity of the fiber diameter classified at 100 and 200 nm seems
to be affected by the formation of uniform_ catalysts. After the ablation of the target,
catalyst nanoparticles were generated by: the vapor-phase condensation. Then, carbon
atoms diffused into the catalysts to form the tubes and became fibers. In other words,
the numbers of the SWCNTs=inceachiclassified fibet: diameter were'close each other
because the fibers originated from that of isolated tubes became lower energy after a
certain fiber diameter was reached. Then, the addition of further isolated tubes might
not been energetically favorable (Wang et al., 2006), leading to the nearly same
numbers of the tubes in each fiber.

In order to characterize crystallinity of the synthesized carbon
nanoparticles, Raman spectroscope was employed. Raman spectra of the airborne
carbon nanoparticles synthesized at the different temperatures were shown in Figure

4.7. It is well recognized that the Raman shift band in the range of 100-300 cm™,
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which is known as the radial breathing mode (RBM), is a signature of SWCNTSs
(Saito, Dresselhaus, and Dresselhaus, 1998). Those RBM frequency wram (cm™)
depends strongly on the SWCNT diameter (d;), as could be described by equation 4.3.

A
a)RBM :d—+B (43)

where A (in nm cm™) and. B (in cm™) are constants and vary between
isolate tube and bundle tubes.

Regarding to the low Raman shift range, broad spectrum in Figure
4.7(a) reveals that negligible amount of SWCNTS were synthesized at the temperature
of 25 °C, while the distinctive RBM sighal at 220-240 cm™ could assure the presence
of SWCNTs within the™ airberne carbon nanoparticles synthesized at higher
temperatures of 1000 and. 4080 °C; respectively. Regardiess the effect of single tube—
tube interaction within'tube bundle, the réép__ective values of parameter A and B equal
to 248 nm cm™ and 0 it (oo etaal., 2‘601). As a result, the calculated diameter of
the SWCNTs synthesized at 4000 and 1089 °C were equivalent to 1.1 and 1.2 nm,

respectively. =7/,
In the high Raman shift region (1,300-1,600 cm%) which is associated
with the tangential €-C stretching mode.'of_f:r_\e'ir radiated carbon nanoparticles, a
stronger band at 1,590 cm* known as the G band, and another band at 1,350 cm™
known as the D band are distinctively observed. The presence of graphitic bonding
due to the periodic sp? valance in crystalline carbonaceous material would strengthen
the intensity ofithe G band scattering (Ganter et al., 2009).,This band shows two
different components, the lower frequency component (G) and higher frequency
component; (G), whichyassoeiated, with jvibration-along the «circumferential direction
and direction of the CNT axis, respectively (Liu et al., 2009). Meanwhile, the D band
would reflect the present of disorder and defective carbonaceous constituents.
Therefore, the intensity of D to G band (Ip/lg ratio) could represent the relative
existence of amorphous carbon to crystalline components within the irradiated

sample.
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Figure 4.7 Ramar_l‘_'spectra of the airborne SWCNT‘s_‘synthesized at different
temperatures: (a) 25°C, (b) 1000 °C and (c) 1080°C. =

)

As could ‘beebserved in Figure 4.8, the Ip/lg ratios of the synthesized
carbon nanoparticles were (0.81, 0.20 and-0.15 at the temperature of 25, 1000 to
1080 °C, respectively. In consistentswith previous works (Kokai,et al., 1999), these
lower Ip/lg fatios rreveal ithe higher graphitic crystallinity of ithe airborne SWCNTSs
synthesized at the elevated temperature. Based on both lower and higher Raman shift
signals, it could be anticipated that the airborne carbon nanoparticles synthesized at
1080 °C would contain the highest content of SWCNTSs.
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Figure 4.8 The Ip/lg ratios jof the synthesized carbon nanoparticles at different

temperature.
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Figure~4.9 cTEM ~imageswith «differenty magnifications) of“thevaitborne SWCNTSs
synthesized at temperature of 1080 °C.

In order to finding the existence of SWCNTs within the airborne
carbon nanoparticles, TEM analysis of as-prepared products was performed. HRTEM
micrographs of the airborne product synthesized at 1080 °C were shown in Figure 4.9.
It could be clearly seen the presence of isolated and bundling SWCNTSs coexisting

with amorphous carbon and catalyst nanoparticles.
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Based on the TEM images, the diameter distribution of the isolated
SWCNT is in a narrow range of 1.0-1.7 nm, which is in acceptable agreement with
the calculated results using equation 4.3. Further quantitative analysis of SWCNT
diameter was also conducted and plotted in Figure 4.10. It could be clearly observed
that the modal diameter of the SWCNTSs was about 1.2 nm.

dn/ndlogd, (-)

10 11 12 13 14 15 16 17 18 19 20
[solated SWCNT diameter (nm)

Figure 4.10 Size distfibution of the isolated SWCNTS at the temperature of 1080 °C

measured by TEM image processing.

4.1.3 Passible mechanisms

SWENT formation mechanism, preposed here, is;helieved that vapor-
liquid-solid (VLS) mechanism of carbon catalyzed by molten metal nanoparticles
(Gorbunov et al., 2002). At first, carbon, nickel and cobalt vapors are produced from
laser irradiation on the C/Ni/Co target rod. The metal catalyst particles act as nuclei
for the growth of the tubes in the gas phase (Nyamori, Mhlanga, and Coville, 2008)
are formed which shown in Figure 11. The Ni/Co catalyst vapors initially form nuclei
in nucleation process, after that the nuclei condense and coagulate in condensation

and particle coagulation, respectively. C vapors around the catalyst particles diffuse
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on catalyst surface and dissolute until saturate inside the catalyst particles in carbon
diffusion, dissolution and saturation of carbon process, respectively. Because of
carbon saturation inside the catalysts, carbon atoms segregate from the catalyst
particles and then form into SWCNTSs.

This proposed mechanism also explains how the SWCNTSs growth is
influenced by the temperature. At the temperature of 1080 °C, the initial Ni/Co
catalyst vapors gradually form into the molten catalytic particles because of gradual
decreasing of temperature from laser source to temperature. The Ni/Co catalyst vapors
can be transformed their phase into liquid dreplets. Therefore, carbon vapors from
laser vaporized C/Ni/Co target rod can highly diffuse into the molten catalytic
particles. While the temperature of 1000 °C, amount of the molten catalytic particles
are decreased gradually leading4o lower dissolution of the carbon vapors. Therefore,
the SWCNTSs synthesizedsat the temperature of 1000 °C have lower purity than those
of 1080 °C as shown in Figure 5. However, at the temperature of 25 °C, the catalytic
particles are no longer melten in form 6f the liguid droplets but in solid particles
because of rapid decieasing ‘of the te!mperature from the laser source to the
temperature. None of cagbon vapors. can djsé-olve Into the catalytic particles at all,
leading to none of the formation of the SWCNTs (Yudasaka et al. (1999)). This is
reason of the SWCNTSs at the higher temper?’tdr-_‘e more clearly seen in Figure 4 which
is good agreementwith the formation. | béﬁé\/ior of/the SWCNTs from size
classification by DMA.
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4.2 Synthesis of the carbon nanoparticles by CVD of glycerol and ferrocene

From many experimental results reported in other previous works, this
part has set its aim to study effect of synthetic parameters on the morphology, size,
crystallinity and purity, and yield of the carbon nanoparticles synthesized by CVD of
the mixture of glycerol and ferrocene. Effect of synthesizing temperature, nitrogen
flow rate and glycerol to ferrocene molar ratio on the morphology, size, crystallinity
and purity, and yield of the synthesized carbon nanoparticles were thoroughly
investigated and then reported and discussedan.this part.

Referring to temperature profiles-as shown in Appendix A, it could be
clearly seen each profile consisted of 3 temperature gradients along flow direction
including zone 1 (0-15 cmfrom inlet) where the temperature increased from the
lowest to the highest, zone 2.(15-45 cm from inlet) where the temperature was the
highest and zone 3 (45-60°cm from‘inlet) where the temperature decreased from the
highest to the lowest.#It isswell known that the temperature gradients and velocities
gradients took place throughout the quartz tube reactor and could affect on the
morphology, size, crystallinity and purity', “and yield of the synthesized carbon
nanoparticles. Therefore, the synthesized ; 'Ca]r_bon nanoparticles were distinguish

studied into 3 different zones as presented above.
4.2.1 Effect ofmitrogen flow rate

In this part, the effect of nitrogen flow rate on the morphology, size,
crystallinity and purity;-and yield of the synthesized carbon nanoparticles was studied
under the sameé condition of synthesizing temperature of 800 °C and glycerol to

ferrocene molarratio ofi5to 1:
Zonel

SEM images as shown in Figure 4.12 revealed the carbon
nanoparticles deposited at zone 1 within the quartz tube reactor with different nitrogen
flow rates. At nitrogen flow rate of 50 mL/min, the morphology of the synthesized
carbon nanoparticles shown in Figure 4.12(a) was warm-like MWCNTSs with outer

diameter and length of the tubes in range of 175-200 nm and 600-750 nm,
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respectively. While the longer MWCNTSs were clearly seen at higher nitrogen flow
rate. At nitrogen flow rate of 200 mL/min, the MWCNTSs with outer diameter of about
180 nm and length of about 10 um, respectively were synthesized as shown in Figure
4.12(b). At nitrogen flow rate of 350 and 500 mL/min, the synthesized carbon
nanoparticles were carpet-like MWCNT structure as shown in Figure 4.12(c) and (d),
respectively. The diameters of the tubes at nitrogen flow rate of 350 mL/min were in
range of 30-80 nm. While the diameters of the tubes at nitrogen flow rate of 500
mL/min were in range of 30-60 nm. Furthermore it could be clearly seen some
amorphous carbons deposited on the outer Wf the synthesized MWCNTSs.

()

Tum

Figure 4.12 SEM images of the MWCNTSs deposited at zone 1 with different nitrogen
flow rates: (a) 50 mL/min, (b) 200 mL/min, (c) 350 mL/min and (d) 500 mL/min.
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Raman spectra of the MWCNTSs deposited at zone 1 with different
nitrogen flow rates as shown Figure 4.13 exhibited their strong response at about
1,590 cm™ from graphitic bonding in crystalline carbon which known as G peak, and
another peak at about 1,350 cm™ from disorder and defective carbon which known as
D peak. The Ip to Ig ratios of the MWCNTSs deposited at zone 1 with the nitrogen
flow rate of 50, 200, 350 and 500 mL/min were 0.66, 0.33, 0.24 and 0.28,
respectively.

Intensity (arb.unit)
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Figure 4.13 Raman spectra of the MWGNTSs deposited at zone 1 with different

nitrogen flow rates: (a) 50 mL/min; (b) 200 mL/min, (¢) 350 mL/min and (d) 500
mL/min.

Zone 2

SEM images of the carbon nanoparticles deposited at zone 2 with
different nitrogen flow rates were shown in Figure 4.14. At nitrogen flow rate of 50
mL/min, the synthesized carbon nanoparticles shown in Figure 4.14(a) was warm-like
MWCNTSs with outer diameter and length of the tubes in range of 125-200 nm and
about 1 um, respectively. While the longer MWCNTSs were clearly seen at higher
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nitrogen flow rate. At nitrogen flow rate of 200 mL/min, the curvature of MWCNTSs
with outer diameters in range of 40-150 nm were synthesized as shown in Figure
4.14(b). At nitrogen flow rate of 350 mL/min, the synthesized carbon nanoparticles
were straight MWCNTSs with the outer diameters in range of 40-80 nm as shown in
Figure 4.14(c). While the morphology of synthesized carbon nanoparticles at the
nitrogen flow rate of 500 mL/min was urchin-like MWCNT structure which the tubes

with the outer diameter and length of their tubes in range of 30-60 nm and about 1

um, respectively were grown from ag?Iomerated catalytic particles as shown in

///

Figure 4.14(d).
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Figure 4.14 SEM images of the MWCNTSs deposited at zone 2 with different nitrogen
flow rates: (a) 50 mL/min, (b) 200 mL/min, (c) 350 mL/min and (d) 500 mL/min.
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Raman spectra of the MWCNTSs deposited at zone 2 with different
nitrogen flow rates in Figure 4.15 exhibited the same of 2 responses at G peak and D
peak which the Ip to I ratios of the MWCNTSs deposited at zone 2 with the nitrogen
flow rate of 50, 200, 350 and 500 mL/min were 0.88, 0.43, 0.21 and 0.31,

respectively.

Intensity (arb.unit)
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Figure 4.15 Raman spectra of the MWCNTS deposited’ at zone 2 with different

nitrogen flow rates: (&) 50 mL/min, (b) 200" mL/min, (c) 350 mL/min and (d) 500

mL/min.
Zone 3

SEM images as shown in Figure 4.16 revealed the carbon
nanoparticles deposited at zone 3 with different nitrogen flow rates. At nitrogen flow
rate of 50 mL/min, the synthesized carbon nanoparticles shown in Figure 4.16(a) was
MWCNTSs with outer diameter and length of the tubes about 170 nm and 1-3 um,
respectively. While the longer MWCNTSs were clearly observed at higher nitrogen
flow rate. At nitrogen flow rate of 200 mL/min, the MWCNTSs with outer diameters

and length of the tubes in range of 80-170 nm and more than 3 um, respectively were
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synthesized as shown in Figure 4.16(b). While the morphology of synthesized carbon
nanoparticles at the nitrogen flow rate of 350 mL/min was carpet-like MWCNT
structure which the tubes with the outer diameters in range of 40-80 nm as shown in
Figure 4.16(c). At nitrogen flow rate of 500 mL/min, the synthesized carbon
nanoparticles were the combination of the straight MWCNTSs with the outer diameters
about 50 nm and agglomerated particles as shown in Figure 4.16(d).

(@)

(©)

Figure 4.16 SEM images of the MWCNTSs deposited at zone 3 with different nitrogen
flow rates: (a) 50 mL/min, (b) 200 mL/min, (c) 350 mL/min and (d) 500 mL/min.

Raman spectra of the MWCNTSs deposited at zone 3 synthesized with
different nitrogen flow rates were shown in Figure 4.17. Their responses were at G
peak and D peaks. The Ip/ Ig ratios of the MWCNTSs deposited at zone 3 with the



64

nitrogen flow rate of 50, 200, 350 and 500 mL/min were 0.59, 0.43, 0.22 and 0.31,
respectively.

Intensity (arb.unit)
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Figure 4.17 Raman spectra of-the I\/IWCNT@ deposited at zone 3 with different

nitrogen flow rates: (a) 50 mL/min, (b) ZD,'_Q_'_rp_L/min, (c) 350 mL/min and (d) 500
mL/min.

The Ip/lg ratios In Figure 4.18 revealed that the nitrogen flow rate
strongly affected on crystallinity and purity. of the synthesized carbon nanoparticles.
At nitrogen flow rate;of 50 mL/min, the.carbon nanoparticles deposited at begin,
middle and zone 3 had the lowest crystallinity and purity compared to the carbon
nanoparticles synthesized at ‘higher flaw rate’ deposited at the saine positions. While
the carb@n nanoparticles synthesized at nitrogen flow rate of 350 mL/min had the
highest crystallinity and purity. Therefore, in this work, the nitrogen flow rate of 350
mL/min was optimal flow rate for the synthesis of the CNTSs.
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Figure 4.18 Ip/lg raties ofithe synthésizea MWCNTSs at different nitrogen flow rates.
N

Carbon yiglds of the syntﬁééifed carbon products can be defined in
vl

equation 4.4. P =34,

<o Carbonvield(%)— x100 (4.4)

ngycerol + Wrerrocene

where Wec1 = Weight of synthesized carbon at zone 1
W2 = Weight of syntheésized carbon at zone 2
We 3 = Weight of synthesized carbon at zone 3

Wiiyeeror = Weight ofused glycerol

Wierrocene = Weight of used ferrocene

Figure 4.19 shows the carbon yields of the synthesized carbon
nanoparticles with different nitrogen flow rates. At the nitrogen flow rate of 50
mL/min, the carbon yield was 6.1 %. While the yield gradually decreased as 4.2, 2.1
and 1.7 % at the nitrogen flow rate of 200, 350 and 500 mL/min, respectively.
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Figure 4.19 Yields of thessynthesized carbon naneparticles at different nitrogen flow

rates.

It is well known that residence time 1S the time that a particle spends in
a particular system which is the inversely proportional function of a flow rate. From
Figure 4.20, it could be clearly observed that residence time was significantly
decreased from 11.5+t0 2.9, 1.6 and 1.2 when the nitrogen flow rate was increased
from 50 to 200, 350 and 500 mL/min.

From the“experimental results, the increase in the nitrogen flow rate
resulted in significant/decrease In the tube diameters which could be explained by
residence time. From previous work: (Kobayashi et al., 2004), it should be noted that
the diameters of the synthesized CNTs were closely! correlated with those of the
catalyticnanoparticles and tended to be slightly smaller than the particle size. It
means that decrease in the Fe size resulted in decrease in diameters of the tubes. The
decrease in the Fe size could be occurred when aggregation of the Fe nanoparticles
was decreased. Endo et al., 2001 reported that the aggregation of the Fe nanoparticles
was decreased when the nitrogen flow rate was increased because of decrease in
residence time. Therefore, in this part, the synthesized MWCNTSs at the nitrogen flow

rate of 50 mL/min with large tube diameters were found. While, at higher nitrogen
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flow rate, the tube diameters of the synthesized MWCNTSs significantly decreased
because at higher nitrogen flow rate, the residence time was shorter, leading smaller
size of the Fe nanoparticles as discussed above.

Increase in the nitrogen flow rate also resulted in significant decrease
in the carbon yield. At the nitrogen flow rate of 50 mL/min, the residence time for
contacting of the catalytic nanoparticles in liquid phase and carbon atoms was the
maximum, leading to the highest yield of the carbon products. However, the
maximum residence time for the contacting of the molten catalytic nanoparticles and
the carbon atoms was too much, leading to excess carbon atoms could diffuse into the
catalytic nanoparticles and then the catalytic-nanoeparticles were no longer activate the
carbon atoms to form the CNTs. it is a reasonable that why the morphologies of the
carbon nanoparticles synthesized at the lowest nitrogen flow rate were warm-like
MWCNTs with the lowest purity ‘and crystallinity compared to those at higher
nitrogen flow rate. While decreasing of the carbon yield was taken place by
decreasing of the residenceftime when the nitrogen flow rate was increased, leading to
lower contacting of the gatalytic nanopartib_les and carbon atoms (Chaisitsak, Nukeaw
and Tuantranont, 2007). A
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Figure 4.20 Residence time by varying nitrogen flow rate.



68

4.2.2 Effect of synthesizing temperature

In this part, the effect of the synthesizing temperature on the quality
and quantity of the synthesized carbon nanoparticles was studied at condition of

nitrogen flow rate of 350 mL/min and glycerol to ferrocene molar ratio at 5 to 1.
Zone 1l

SEM images as shown “in_.Figure 4.21 revealed the carbon
nanoparticles deposited at zone 1 with different synthesizing temperatures. At the
synthesizing temperature of 800 °C, the morphology of the synthesized carbon
nanoparticles shown in Eigure'4:21(a) was combination of the MWCNTSs with outer
diameters of the tubes insrange’of30-80°"nm and some of amorphous carbon. The
MWCNTs with bigger outer diameter X}vqre clearly found at higher synthesizing
temperature. At the synthesizing tempera{uré of 850 °C, the uniform MWCNTSs with
outer diameter and length'of the tubes in -;r'a;héj-‘e of 50-125 nm and more than 10 nm,
respectively were synthesized shown in Figy.regqu.Zl(b). While the synthesized carbon
nanoparticles at the synthesizing tempera@éjof 900 °C were combination of the
MWCNTSs with the diameters“éﬁd length of fﬁ_é*thbes in range of 90-190 nm and more
than 10 nm, respectiVely and deposited amorphous carbon on the outer wall of the
synthesized MWCNTSs as shown in Figure 4.21(c).
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Figure 4.21 SEM"images.of the MWCNTs deposited -at zone 1 with different
synthesizing temperatures: (a) 800 °C, (b) 850 °C and (c}-900 °C

Zone 2

SEM images as Shown in FRigure 4.22 revealed the carbon
nanoparticles deposited at zone,2.with different:synthesizing ‘temperatures. At the
synthesizing temperature of 800 °C, the synthesized carbon nanoparticles shown in
Figure 4.22(a) were straight MWCNTSs with outer diameters of the tubes in range of
40-80 nm. While larger outer diameters of the MWCNTSs were found at higher the
synthesizing temperatures. At the synthesizing temperature of 850 °C, the MWCNTSs
with outer diameters in range of 60-190 nm, respectively were synthesized as shown
in Figure 4.22(b). At the synthesizing temperature of 900 °C, the MWCNTs with
outer diameters in range of 180-320 nm were synthesized as shown in Figure 4.22(c).
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Figure 4.22 SEM |images of the MWCNTs deposited at zone 2 with different
synthesizing temperatures: (a) 800 °C, (b) 850 °C and (c) 900 °C.

Zone 8

SEM., images .the.. carbon, nanoparticles .deposited .at zone 3 with
different synthesizing temperatures-were shown in Figure 4.23. At.the synthesizing
temperature of 800 °C, the morphology of the synthesized carbon nanoparticles shown
in Figure 4.23(a) was the carpet-like MWCNTSs with outer diameters of the tubes in
range of 40-80 nm. The bigger diameters of the MWCNTSs were clearly seen at higher
synthesizing temperatures. At the synthesizing temperature of 850 °C, the straight
MWCNTSs with outer diameters and length of the tubes in range of 80-90 nm and
more than 15 pm, respectively were synthesized as shown in Figure 4.23(b). At the

synthesizing temperature of 900 °C, the synthesized carbon nanoparticles were
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combination of the straight MWCNTSs with the outer diameters of the tubes in range
of 250-340 nm and helical MWCNTSs as shown in Figure 4.23(c).

(a) (b)

(©)
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Figure 4.23 SEM images-of the MWCN Ts; deposited~at=zone 3 with different
synthesizing temperatures: (a) 800 °C, (b) 850 °C and (c) 900 °C.

They ‘experimental ‘results ‘revealed that _the ! tube! diameters were
increased when the synthesizing temperature was increased. The increase in the
synthesizing temperature resulted in higher aggregation of the Fe nanoparticles
(Stanek et al., 1995), leading to larger sizes of the Fe nanoparticles. Referring to
above discussion, the tube diameters were controlled by the sizes of the Fe
nanoparticles. Therefore, in this part, the larger sizes of the Fe nanoparticles at higher

synthesizing temperature resulted in the larger tube diameters.
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Raman spectra of the MWCNTSs deposited at zone 1, zone 2 and zone 3
with different synthesizing temperatures exhibited their strong responses including D
peak and G peak as same as the MWCNTSs synthesized at different nitrogen flow
rates. The Ip/lg ratios of the synthesized MWCNTs with different synthesizing

temperatures were shown in Figure 4.24.
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Figure 4.24 Ip/l; ratios of the synthesized MWOCNTs" at different synthesizing

temperatures.

The lp/lc ratios revealed that the 'Synthesizing temperature strongly
affected on crystallinity and purity.of the synthesized carbon nanoparticles. At the
synthesizing, temperature "of 800 °C, the "Ip/ls" ratios of the earbon nanoparticles
deposited at zone 1, zone 2 and zone 3 were 0.24, 0.21 and 0.22, respectively. It could
be clearly observed that, at the synthesizing temperature of 850 °C, the Ip/lg ratios of
the carbon nanoparticles were few decreased compared to those synthesized at the
temperature of 800 °C. At the synthesizing temperature of 850 °C, the Ip/lg ratios
carbon nanoparticles deposited at zone 1, zone 2 and zone 3 were 0.18, 0.19 and 0.19,
respectively. While, at the synthesizing temperature of 900 °C, the Ip/lg ratio of the

carbon nanoparticles at zone 1 and zone 3 were nearly the same as those of
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synthesizing at the temperatures of 800 and 850 °C which reported above. However,
the Ip/lg ratio of the carbon nanoparticles at zone 2 was significantly increased at the
ratio of 0.44. Therefore, in this work, the synthesizing temperature of 850 °C was
found to be the optimal temperature for the synthesis of the CNTSs.

From the experimental results, at the synthesizing temperature of 900
°C, the Ip/lg ratio of the carbon nanoparticles at zone 2 was increased significantly
because decomposition of glycerol was higher than that of the synthesizing
temperature of 800 and 850 °C, leading to the Fe nanoparticles surrounded by higher
amount of carbon atoms. These carbon atoms could diffuse continuously although the
Fe catalyst was saturated by those former.caibon atoms. Therefore, excess carbon
atoms could not be dissolved into the Fe catalyst. Therefore, crystalline carbon could
not be formed, leading to inerease in the I/l ratio.

The carbaontyields of the synthesized carbon nanoparticles at different
synthesizing temperatures were shown in Figure 4.25. When the synthesizing
temperature was increased from 800 t0 850 and 900 °C, the carbon yield was
increased from 2.2 to 3.0'and 3.6 %, respectively.
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Figure 4.25 Yields of the synthesized carbon nanoparticles at different synthesizing

temperatures
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Lee et al., 2002 proposed alternative kinetic models of carbon
nanoparticle formation and growth based on an assumption that the rate of the carbon
nanoparticle formation could be assumed as a zero-order reaction. The rate constant
of CNTs in equation 4.5 shows that increasing of synthesizing temperature makes
increasing of rate constant of the CNTs as shown in Figure 4.26. Therefore, the
increasing of the synthesizing temperature could promote the reaction rate of the
formation of the CNTs which in term affected their yields.

104
InKoyrg = A5 (4.5)

where kenge= _Rate constant of the CNTs (min™)

T 4= Synthesizing temperature (K)
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Figure 4.26 Rate constant of CNTs by varying synthesizing temperature
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4.2.3 Effect of glycerol to ferrocene molar ratio
In this part, the effect of glycerol to ferrocene molar ratio on the

quality and quantity of the synthesized carbon nanoparticles was studied at condition

of synthesizing temperature of 800 °C and nitrogen flow rate of 350 mL/min.

Zonel

(a) (b)
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Figure 4.27 SEM images of the carbon nanoparticles deposited at zone 1 with
different molar ratios of glycerol to ferrocene: (a) 5/1, (b) 10/1 and (c) 20/1.

SEM images as shown in Figure 4.27 revealed the carbon
nanoparticles deposited at zone 1 with different molar ratios of glycerol to ferrocene.

At the ratio of 5/1, the morphology of the synthesized carbon nanoparticles shown in
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Figure 4.27(a) was uniform carpet-like MWCNTSs with outer diameters of the tubes in
range of 30-80nm. While, increasing of molar ratios of glycerol to ferrocene, the tubes
with larger outer diameters were clearly observed. At the molar ratio of 10/1, the
MWCNTSs with outer diameter of the tubes in range of 50-125 nm were synthesized as
shown in Figure 4.27(b). While at the molar ratio of 20/1, the tubes as shown in

Figure 4.27(c) had the tube diameters larger than 250 nm.

Zone 2

(@) (®)
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Figure 4.28 SEM images of the carbon nanoparticles deposited at zone 2 with
different molar ratios of glycerol to ferrocene: (a) 5/1, (b) 10/1 and (c) 20/1.

SEM images as shown in Figure 4.28 revealed the carbon

nanoparticles deposited at zone 2 with different molar ratios of glycerol to ferrocene.
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At the ratio of 5/1, the synthesized carbon nanoparticles shown in Figure 4.28(a) were
straight MWCNTs with outer diameters of the tubes in range of 40-80 nm. The
MWCNTSs at the ratio of 10/1 were synthesized which those outer diameters about
300 nm as shown in Figure 4.28(b). At the molar ratio of 20/1, the morphology of the
synthesized carbon nanoparticles shown in Figure 4.28(c) was warm-like MWCNTSs

with outer diameters of the tubes in range of 100-250 nm, respectively.

Zone 3
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Figure 4.29 SEM images of the carbon nanoparticles deposited at zone 3 with
different molar ratios of glycerol to ferrocene: (a) 5/1, (b) 10/1 and (c) 20/1.

SEM images the carbon nanoparticles deposited at zone 3 with

different molar ratios of glycerol to ferrocene were shown in Figure 4.29. At the ratio
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of 5/1, the morphology of the synthesized carbon nanoparticles shown in Figure
4.29(a) was the carpet-like MWCNTSs with outer diameters of the tubes in range of
40-80 nm. The bigger diameters of the MWCNTSs were synthesized at higher ratios of
glycerol to ferrocene. At the ratio of 10/1, the straight MWCNTSs with outer diameter
of the tubes in range of 50-100 nm were synthesized as shown in Figure 4.29(b).
While, at the ratio of 20/1, the curvature of MWCNTSs with the outer diameters of the
tubes about 125 nm were synthesized shown in Figure 4.29(c).

Raman spectra of the MWCNTSs deposited at zone 1, zone 2 and zone 3
with different molar ratios of glycerol to fersocene exhibited their strong responses of
D peak and G peak. The Ip/l¢ ratios of the synthesized MWCNTSs with different molar

ratios of glycerol to ferrocene were shown in Figure 4.30.
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Figure 4.30 Ip/lg ratios of the synthesized MWCNTSs at different molar ratios of

glycerol to ferrocene.

The Ip/lg ratios revealed that the molar ratio of glycerol to ferrocene
also strongly affected on crystallinity and purity of the synthesized carbon
nanoparticles. At the molar ratio of 5/1, the Ip/lg ratios of the carbon nanoparticles

deposited at zone 1, zone 2 and zone 3 were 0.24, 0.21 and 0.22, respectively. It could
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be observed that the Ip/lg ratios of the carbon nanoparticles synthesized at higher ratio
of glycerol to ferrocene were increased, especially the carbon nanoparticles deposited
at zone 2 with the molar ratio of 20/1. At the molar ratio of 10/1, the Ip/Ig ratios of the
carbon nanoparticles deposited at zone 1, zone 2 and zone 3 were 0.37, 0.38 and 0.25,
respectively. While, at the molar ratio of 20/1, the Ip/lg ratios of the carbon
nanoparticles at zone 1, zone 2 and zone 3 were 0.31, 0.87 and 0.31, respectively.
Therefore, in this work, the molar ratio of 5/1 was found to be the optimal ratio for the
synthesis of the MWCNTS.

The carbon vyields of the synihesized carbon nanoparticles at different
molar ratios of glycerol to ferrocene were shewn'in Figure 4.31. At the molar ratio of
glycerol to ferrocene was 5/1, the carbon yield was 2.2 %. The yield was decreased to
1.9 and 1.5 % when the mgolar ratio was increased to 10/1 and 20/1, respectively.
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Figure 4.31 Yields of the synthesized carbon nanoparticles at different molar ratios of

glycerol to ferrocene.

It is well known that catalytic nanoparticles such as Fe, Ni and Co and
their mixture, are very important for the formation of the CNTs. The formation of the

CNTs consists of diffusion and dissolution of carbon atom into the catalytic
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nanoparticles, and precipitation to form the tubes, respectively. The diffusion and
precipitation processes are competitor for each other. It means that if the diffusion
process takes place with its rate slower than that of the precipitation process, the
diffusion process is rate limiting step, leading to continuous CNT formation with less
amount of amorphous carbon. On the other hand, the precipitation process is rate
limiting step if the rate of precipitation takes place slower than the rate of diffusion.
Therefore, at first, continuous feeding of the carbon atoms into the catalytic particles
makes the formation of the CNTs with larger diameters. Finally, the continuous
feeding leads excess amount of the carbom atoms into the catalytic nanoparticles.
Therefore, the catalytic naneparticles are ngt-active, leading to the formation of
shorter and larger diameters of the CNTs and also amorphous carbon can be taken
place.

In this pariy'the'C atoms were 15, 30 and 60 times to Fe atoms when
the molar ratio of glyceralto ferrocene was 5/1 to 10/1 and 20/1, respectively which
the atomic ratio of C"to Fe was significantly increased. At higher molar ratio of
glycerol and ferrocene, €specially in caselof the ratio of 20/1, the carbon atoms was
too much, leading to the tubes had larger dia_;m'éters and shorter than those at the molar
ratio of 5/1. Therefore, it was possibie to cbﬁélqde that the formation of the MWCNTSs
at the ratio of 20/1 was controlied by the p;recipitation process which could be
confirmed by SEM images and the Ip/lg rafidsl

Although diffusion of the C atoms was Increased at higher molar ratio
of glycerol to ferrocene, the yield of the synthesized carbon products was decreased.
The increasing of the C atoms with the same, of the Fe atoms increased the diffusion
rate of the C atoms. When the diffusion was much-faster than'the precipitation of the
C atoms to form the tubes, poisoning of the Fe particles took place, which the Fe
particles, were not-activate, the Cyatoms ta) form the stube: -The remaining of the C
atoms cauld not dissolve into the Fe particles, leading to, the tubes were not formed.
Therefore, the yield of the synthesized products was decreased at higher molar ratio of

glycerol to ferrocene.
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Figure 4.32 TEM images of the synthesized MWCNTs under the condition of the
nitrogen flow rate of 350 mL/min, the synthesizing temperature of 800 °C and the
molar ratio of glycerol-to ferrocene, of-5/1 at different.deposited positions: (a) zone 1,
(b) zone 2 and’(cl)"and+(c2)'zone'3.

TEM images of the MWCNTSs deposited ‘at different positions within
the quartz tube reactor were shown in Figure 4.32. Fe nanoparticles, indicated with
arrowhead, were at the one tip of the MWCNTSs. High magnified TEM image of the
MWCNTs as shown Figure 4.32(c2) revealed the tubes were made of parallel
graphene planes oriented along the tube axis with the interplanar distance between
two adjacent graphene planes about 0.34 nm which is close to that of the (002)
interplanar distance in graphite, i.e. 0.335 nm. Furthermore, it could be clearly

observed the amorphous carbon covered on the outer wall of the tubes.
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XRD patterns of the synthesized MWCNTs shown in Figure 4.33
consisted of X-ray diffraction peak at 26.3° could be assigned to the (002) planes of
hexagonal graphite structure with an interplanar distance of 0.35 nm while another
peak at 43.7 ° indicates that the iron nanoparticles exhibited the (111) plane of the
face-centered cubic (fcc) y-Fe. In addition, it could also be observed the existence of
Fe were body-centered cubic (bcc) a-Fe (110) at 44.7° (Cheng et al., 2009).
Furthermore, a large fraction of orthorhombic cementite FesC phase was also found in
the XRD patterns.
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Figure 4.33 XRD"patterns of the'synthesized MWCNTS under the condition of the
nitrogen flow rate of 350 mL/min, the synthesizing temperature of 800 °C and the

molar ratioyef glycerol to.ferraocene of 5/1 atdifferent:deposited positions.

From Fe-C phase diagram as shown in Figure 4.34, it could be clearly
seen that y-Fe (in y phase and y + Fe3C phase) were mostly transformed into a-Fe
during the cooling down phase because a-Fe is the thermodynamically stable phase at
room temperature (Cheng et al., 2009). This phenomenon was consistent with the
appearance of small fraction of the y-Fe compared to the a-Fe in the XRD patterns as
shown in Figure 4.33. While the FesC is not stable at high temperature, therefore, the

decomposition of the carbide into a-Fe and C atoms was occur, leading to the
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precipitation of the C atoms to form the CNTs at the surface of the Fe particles
(Snoeck, Froment and Fowles, 1997).
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4.2.4 Passible mechanisms

Based on above experimental results, it could bes realized that the

formation mechanisms, of the.carbon_ nanoparticles was, strongly. dependence on the

existence of the Fe catalytic nanoparticles generated from decomposition of ferrocene

as well as their diffusion, dissolution and precipitation processes. The formation

mechanisms, proposed here, was believed that vapor-liquid-solid (VLS) growth

mechanisms of carbon catalyzed by molten Fe nanoparticles consists of diffusion,

dissolution and precipitation of the carbon atoms (Weissker et al., 2010) as shown in

Figure 4.35. At first, the mixture of glycerol and ferrocene as the carbon and Fe

precursors was vaporized by heat transfer from the electrical furnace. The vaporized
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precursors were instantly introduced by nitrogen gas into the maximum temperature
zone, simultaneously with decomposition of the vaporized precursors to form carbon
and Fe vapors. The Fe vapors initially formed nuclei, after that the nuclei condensed
and coagulated to form molten Fe particles, respectively. The C vapors around the
molten Fe diffused on the surface of the molten Fe and dissolved until saturation
inside the Fe particles, leading to form y-Fe and an intermetallic compound of
metastable FesC in carbon diffusion, dissolution and saturation of carbon process,
respectively. The y-Fe and FesC were then transformed and decomposed into a-Fe
and C atoms, respectively. Finally, the C atoms:were precipitated to form the CNTSs at
the surface of the Fe particles.

Referring 10 these experimental results of the synthesis of the
SWCNTSs by laser ablation.ef C/Ni/Co rod and the MWCNTSs by CVD of glycerol and
ferrocene, it could be clearly ebserved that the formation mechanisms of both CNTs
(SWCNTs and MWCNTSs) werevapor-liguid-solid (VLS) mechanisms, although their
carbon and catalyst setirces were produced differently. Furthermore, it also revealed
that the formation mechanisms of the CN:TS consist of the diffusion, dissolution and
precipitation processes. The dissolution. of the C atoms into the catalytic metals was
related to solubility of the'C atoms intd‘liﬁgl_metals to form carbon-metal alloys.
Therefore, selection of proper catabyst for the’l S)}nthesis of the CNTs was significantly

considered.
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Figure 4.35 Vapor-liquid- SO|Id mechanisms of the formation of the MWCNTSs by CVD of glycerol and ferrocene.
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4.3 Synthesis of the ZnO nanoparticles by oxidation of Zn

Referring to many experimental results reported in other previous
works, this part has set its aim to study effect of synthetic parameters on the
morphology, size and yield of the ZnO nanoparticles synthesized by the oxidation of
pure Zn powder. Effect of synthesizing temperature, nitrogen flow rate and oxygen
flow rate on the morphology, size and yield of the synthesized ZnO nanoparticles
were thoroughly investigated and then reported and discussed in this part.

From the previous part of the syathesis of the carbon nanoparticles (see
page 56), it could be clearly observed thai“the“temperature gradients and velocity
gradients took place throughout the quariz tube reactor and could affect on the
formation of the carbon nanoparticles, leading to the study of the synthesized carbon
nanoparticles at 3 differgnat zones including zone 1 (0-15 cm from inlet) where the
temperature increased from the lowest to the highest, zone 2 (15-45 cm from inlet)
where the temperature”was the highest a’rid__zone 3 (45-60 cm from inlet) where the
temperature decreased from the highest fe the lowest. In this part, the temperature
gradients and velocity gradients could al'éo"-affect on the formation of the ZnO
nanoparticles. Therefore, the synthesized ZnO nanoparticles were also distinguish
studied into 3 zones as zone 1, zone 2 and zone 3. However, it should be noted that
few ZnO nanoparticles deposited at zone 1 Therefore in this part, the synthesized

ZnO nanoparticles were only studied at zone 2 and zone 3.
4.3.1 Effect of nitrogen flow rate
The effect of nitrogen flow rate on the formation of the synthesized

ZnO nanoparticleswas -studied:in & range~of200,1350 and-500 /mL/min under

condition of the synthesizing temperature of 800 °C and O; flow rate 6f 100 mL/min.
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Figure 4.36 The synthesized ZnO deposited at zone 2 and zone 3 with different N,
flow rates: (a) and (b) 200 mL/min, (c) and (d) 350 mL/min and (e) and (f) 500

mL/min.
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Morphologies of the ZnO nanoparticles deposited at the zone 2 and
zone 3 with different nitrogen flow rates were shown in Figure 4.36. At nitrogen flow
rate of 200 mL/min, the synthesized ZnO deposited at zone 2 as shown in Figure
4.36(a) was rod-like microstructure with the diameter about 100 nm and the length
more than 10 um. Furthermore, few amount of agglomerated nanoparticle was also
found. While, the synthesized ZnO deposited at zone 3 as shown in Figure 4.36(b)
was uniform tetrapod nanostructure with the diameters and length of pod about 60-80
nm and 500-600 nm, respectively.

At nitrogen flow rate off 3500 mL/min, the morphology of ZnO
deposited at zone 2 as shown in Figure 4.36(¢).was combination of various structures
including spherical particles with diameters more than 200 nm, rod-like
microstructure with the diameter about 100 nm and the length more than 5 um and
micro-sheets. While, the.ZnO deposited at zone 3 as shown in Figure 4.36(d) was
uniform tetrapod nanostruetuge with'the diameters and length of pod about 50-60 nm
and 320-340 nm, respectively.

At nitrogen /flow rate of 500 mL/min, the morphology of ZnO
deposited at zone 2 and zone 3 as shown |n iiigure 4.36(e) and (f), respectively was
the same morphology of tetrapod ZnO. ﬁjd\/vJever, their diameter and length were
significantly different. The diameter and Iength" of the ZnO deposited at zone 2 were
about 30-40 nm and more than 800 nm, respectivelysWhile those of the ZnO
deposited at zone 3 were about 50-60 nm and 160-180 nm, respectively.

It could be clearly observed that the nitrogen flow rate affected on the
morphologies of the ZnQ-deposited on the zone 2 of the quartz tube reactor. While the
nitrogen flow rate did not affect on'the morphalogy-but on'the diameters and length of
the tetrapod Zn@ deposited at zone 3 which were significantly decreased.

ZnQyields-could.be defined inequation46

zn0,2 *Wzno,3 y

W
ZnOyield (%) = 100 (4.6)

Zn

where Wzno2 = Weight of synthesized ZnO at zone 2
Wznos = Weight of synthesized ZnO at zone 3
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Yields of the synthesized ZnO nanoparticles at different nitrogen flow
rates were shown in Figure 4.37. At the nitrogen flow rate of 200 mL/min, the ZnO
yield was 61 %. While the yield significantly decreased as 52 and 37 % at the
nitrogen flow rate of 350 and 500 mL/min, respectively.

70

65

ZnO yield (%)

30

200 350 500
Nitrogen flow rate (mL/min)
Figure 4.37 Yields of the synthesized ZnO nanoparticles at different nitrogen flow

rates.

The nitrogen flow rate was found to be a main parameter of this study
which direct affected to.the formation of the synthesized ZnO nanostructures. Increase
in the nitrogen flow rate decreased residence time within the guartz tube reactor.
Furthermore; increasein the nitrogen flow rate also diluted oxygen, leading to partial
pressure of oxygen was decreased.
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The partial pressure of oxygen inside the quartz tube reactor was
decreased from 0.33 to 0.22 and 0.17 atm;-"WhiIe residence time was also decreased
from 1.9 to 1.3 and-1.0 min when the nitrogen flow rate was increased from 200 to
350 and 500 mL/min; respectively as shown in Figure 4.38.

The ZnO could be synthesized by oxidation of zinc as shown in

equation 4.7.
Zn () ¥ 1/20, — ZnOu(s) 4.7

From Kkinetic consideration (Delalu et al., 2000), conversion of the

synthesized ZnO from the oxidation can be defined by expression 4.8.

0 t
Mzp—M
o=—20 40 (4.8)

where o = Conversion of the ZnO
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m7z,= Initial mass of zinc (t = 0)

m_. = Mass of zinc at time t (t > 0)

The experiments were assumed isothermally. Furthermore, Zn was
also approximated as spherical particles. Under the conditions, designation by ro r;

and ry, the initial radius of Zn particle, of the reaction interface (metal/oxide) and of
the oxide layer, respectively as shown in Figure 4.39.

Figure 4.39 Diffusior_l o_f oxygfgr_)'through Zn spherical particle.

2 7
all ol il

We demonstrate thefollowing“te_,_lations:

n=ro( :’&)%

(4.9)

o =Ip (1+ (I(A —1))% (4.10)

A:(;/& (4.11)
VMza—Mazn

where A = Coefficient of Pilling@nd Bedworth (Moore et al., 1962)
Vzi0 = cVolume-of ZnO

V(z)n = Initial volume of Zn

Vz, = Volume of Zn

The conversion, a., could be derived with respect to time as shown in
equation 4.12.
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dm
do__ 2 0 (4.12)
dt mg dt

Assuming, the diffusion of the reactants through the thickness of the

oxide layer was the limiting factor. Fick’s Law of O, as shown in equation 4.13,
respectively are substituted into equation 4.12.

dr

dCo,
NoySi=-Doh S — -2 (4.13)
r=r

where Ng

2 Diffusion flux of O,

D g, /= Diffusion coefficient

) = Sufface area of the reaction interface = 4nr12

dCO2 ) )
r - = _Local concentration gradient of O,
§ 9.4
LAF 1

Therefore, equation 4.12 could_be_ reduced into following rate equation
as shown in equation 4.14: .

Mzn

do 2 2 dC02
E: 0 DO2 4T[|’1 { ar (414)
r=ry

The relation could be'integral if ryand the concentration gradient of O,
at r = ryiare expressed'as function of e« From the dack of accumulation of reactant in

the reaction zone (steady-state hypothesis), equation 4.14 could be deduced into
equation 4.15.

dc dc
1207921 _p2) 7792 (4.15)
dr dr
r=n

From the limiting conditions;
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() Co, :Cio2 =0 forr=n where i is initial condition

(ii) Co, :ng forr=r, where e is equilibrium condition

Therefore, local concentration gradient of O, could be deduced as

shown in equation 4.16.

ce (4.16)

equation 4.14, a differential equation
~

dependence only on
4.17.

ained as shown in equation

(4.17)

ol-a(a-1)3
After_integ ould be obtained as shown in

equation 4.18. B —————
q 7 xa

D
ﬂwﬁ‘ﬂaﬁw%‘fﬁid;f“

q VPRI 45 B 21 8

One can define:

Do, CE
-—2 22 (4.19)

dzn rO
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k%n is proportional to the diffusion constant, could be related to the

observed rate constant of the reaction (Delalu et al., 2000). Therefore, the time

necessary to totally consume Zn (o= 1) was equal to:

2/3
1A l_[l+(x(A—1)] (4.20)
kY, A-1 A

The necessary time as shown in equation 4.20 was function of various
parameters including conversion of the ZnO«0r.e. Therefore, increase in nitrogen
flow rate or decrease in-residence time resulied-in flower diffusion of O, into the
surface of the Zn spherical partieles, leading to decrease in diameters and length of
the ZnO pods.

4.3.2 Effect of synthesizing temperature

In this part, the effect of syhthe'sizing temperature at 800, 850 and 900
°C on the formation of the synthesized Zhéwas studied at constant N flow rate of
500 mL/min and O, flow rate of 100 mi/min.

At synthesizing temperature of 800:°C, the ZnO deposited at zone 2
shown in Figure 4.40{a) was tetrapod ZnO- structure witih-diameters and length of pod
about 30-40 nm and more than 800 nm, respectively. While, the ZnO deposited at
zone 3 as shown in Figure 4.40(b) was also tetrapod nanostructure with smaller
diameters and shorter lengtirofipodiabout 50-60\and 160-180.am, respectively.

As same as the results of the ZnO synthesized at the synthesizing
temperature .of .800.°C, the morphology of.the synthesized ZnQ at.the synthesizing
temperature of 850 °C'was'alSo ‘tetrapod ZnO stracture shown in' Figure 4.40(c) and
(d). The diameters and length of the pod from the zone 2 as shown in Figure 4.40(c)
were about 100 nm and 500-600 nm, respectively. While, those of the pod at zone 3

as shown in Figure 4.40(d) were about 50-60 and 440-560 nm, respectively.



95

(a) (b)

1pm 1um
(c) (d)

1pm 1pm
(e) (f)

1pm 1pm

Figure 4.40 The synthesized ZnO deposited at zone 2 and zone 3 with different
synthesizing temperatures: (a) and (b) 800 °C, (c) and (d) 850 °C and (e) and (f) 900

°C.
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At synthesizing temperature of 900 °C, the morphology of the ZnO
deposited at zone 2 and zone 3 as shown in Figure 4.40(e) and (f), respectively were
significantly different. The morphology of the ZnO deposited at zone 2 shown in
Figure 4.40(e) was combination of various structures such as rod-like structure with
the diameters about 100 nm and length about 3 um, micro-sheets and tetrapod
structure. These might be caused by overgrowth of lamellae (Zhou, Liu and Hu, 2005)
which can take place at high synthesizing temperature. While the morphology of ZnO
deposited at zone 3 as shown in Figure 4.40(f) was agglomerated particles with
primary diameters about 100-200 nm. Furthermore, few amount of rod-like structure
was also found.

It was clearly observed that the ZnO deposited at zone 2 and zone 3
was still tetrapod structure.although the synthesizing temperature was increased from
800 to 850 °C. However .the increasing of these temperatures resulted inn increasing
of the diameters and lengih of the pod 0f ZnO. While the morphologies of the ZnO
synthesized at the synihesizing temperature of 900 °C was significant changed.

ZnO yield (%)

30

800 850 900

Synthesizing temperature (°C)

Figure 4.41 Yields of the synthesized ZnO nanoparticles at different synthesizing

temperatures
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Yields of the synthesized ZnO nanoparticles at different synthesizing
temperatures were shown in Figure 4.41. At the synthesizing temperature of 800 °C,
the ZnO yield was 37 %. While the yield significantly increased as 55 and 68 % at the
synthesizing temperatures of 850 and 900 °C, respectively.

Rate constant of zinc oxidation (Delalu et al., 2000) shown in equation
4.21 revealed that increase in the synthesizing temperature exhibited rate constant of
zinc as shown in Figure 4.42. Therefore, the increase in the synthesizing temperature
could promote the reaction rate of ZnQ formation.

10*
—In kzn :—10.34—1.56)(*_'_— (421)

where k = Rate constant of zinc oxidation (min™)

T 4= Synthesizingtemperature (K)

0.06

0.05

0.04

0.03

0.02

Rate constant of zinc (min)

0.01

0.00

800 850 900

Furnace temperature (°C)

Figure 4.42 Rate constant of zinc by varying synthesizing temperature.

From above experimental results, morphology of synthesized ZnO

nanoparticles changed from tetrapod structure to combination of various structures
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such as rod-like structure, micro-sheet and tetrapod structure as shown in Figure
4.40(e) and agglomerated particles with rod like structure as shown in Figure 4.40(f)
when the synthesizing temperature were changed from 800 and 850 °C to 900 °C.
Therefore, morphology, size and yield of the synthesized ZnO depend upon partial

pressure of zinc vapor and kinetic reaction of ZnO.
4.3.3 Effect of oxygen flow rate

In this part, the effect of 0xygen flow rate on the formation of the
synthesized ZnO was studied at N, flow-taie“of 500 mL/min and synthesizing
temperature of 800 °C.

From SEM.amages as shown in Figure 4.43, morphology of the
synthesized ZnO was alse‘tetrapod nanostructure although the oxygen flow rate was
increased from 100 to 150/mL/min. At oxygen flow rate of 100 mL/min, the diameter
and length of pod depesited at zone 2 were about 30-40 nm and 800 nm, respectively
as shown in Figure 4.43(a)./The diameter:and length of the pods deposited at zone 3
were in range of 50-60 nm'and 160-180 nm, _;ré-spectively as shown in Figure 4.43(b).

At oxygen flow rate of 15(.)"=:rﬁln_/min, the diameter and length of pod
deposited at zone 2 were about 56-60 nm and 5’,10-370 nm, respectively as shown in
Figure 4.43(c). The diameters and length of p'(‘)d‘ deposited at zone 3 were about 35-55
nm and 140-150 nm; respectively as shown in Figure 4.43(d).

From these results, it could be clearly observed that the oxygen flow
rate only affected on thessize of the ZnO deposited on the zone 2 and zone 3 of the
quartz tube reactor. Based aon'the assumption of ‘oxygen diffusion into Zn spherical
particle shown ‘in Figure 4.39, diffusion rate of oxygen at higher oxygen flow rate
were fastencTherefare) nucleation processiwas relativeshigh rate,cleading to more
generated nuclei. Under this condition, the lateral growth of the originally formed
oxide particles is inhibited to a certain degree, resulting in small oxide size. On the
other hand, the supply of oxygen to the surface of the Zn particle was highly limited
under lower oxygen partial pressure since there was little oxygen in the atmosphere.
Therefore, the surface reaction will be dominated by the continuing growth of the
oxide particles already formed, leading to a relatively larger size (Gao et al., 2003).
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Figure 4.43 The synthesized ZnO deposited at zone 2 and zone 3 with different O,
flow rates: (a) and (b)£00 mL/min, (c) and (d) 150 mL/min.

TEM¢ imager as shown ling Figure.4.44 exhibited individual ZnO
tetrapods which each pod was extended from the,eentral part. Insetsindicated selected
area electron diffraction (SAED) which revealed a single-crystalling structure of the

one leg of the synthesized ZnO.
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Figure 4.45 XRD pattern of the synthesized ZnO.

XRD pattern of the synthesized tetrapod ZnO was shown in Figure
4.45 which the diffraction peaks of the tetrapod ZnO were shape and narrow half
width, while the peaks of other impurity phase were not found. The main peaks of the

synthesized ZnO appeared at 31.8°, 34.3° and 36.2° that were typical diffraction peaks
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from hexagonal ZnO planes of (100), (002) and (101), respectively. As indexed in
Figure 4.42, all other peaks also matched the hexagonal ZnO structure with lattice
constants of a = 3.250 A and ¢ = 5.207 A. This indicated that the synthesized ZnO

was composed of wurtzite structural ZnO.
4.3.4 Possible mechanisms

To explain the mechanisms for the formation of the synthesized
tetrapod ZnO, the vapor-solid (VS) mechanisms was proposed which consisted of 2
stages: nucleation and growth stages.

Nucleation at the initial stage is a crucial role on the formation of the
tetrapod ZnO (Xu and Suny2005). It was clearly seen that there was a knot in the
center of the tetrapods as#Showan in Figure 4.44. The Zn vapor at high temperature
diffused and immediately oxidized the environment of oxygen. The process of the
initial nucleation was" combination of diffusion, collision of atoms and reaction
between the vapor molegcules (including vépor Zn and ©,). When the supersaturation
increase to a level at which auclei formed,'_;tﬁe produced ZnO nuclei grown to sizes
larger than the critical sizes The ZnO nuc.llve:i"fncl)_rmed homogeneous as carried by the
gas phase. : :

According to the octa-twin huéiéﬂs model (Takeuchi et al., 1994), ZnO

nuclei formed in an environment of oxygen are octa-twin nuclei which consists of

eight tetrahedral-shape“crystals, each consists of three {1122 } pyramidal facets and
one (0001) basal,facet: Fhe.eight, tetrahedral, crystals.are~connected together by
making the pyramidal-faces contaet one with anether to form an octahedron. The
surfaces of the octa-twin are all basal planes. An important additional condition is that
every twin is of the‘inversiontype.including the polarities of the twinned crystals are
not mirror-symmetric with respect to the contact plane but anti-symmetric. Therefore,
the eight basal surfaces of the octa-twin are alternately the plus (0001) surface (+c)

and the minus surface (-c), as shown in Figure 4.46.
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Figure 4.46 Octa-twin ZnO n@uchi etal., 1994)
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4.4 Synthesis of the ZnO/MWCNT composites by single-step gas phase reaction
4.4.1 Investigation of thermodynamics

In this part, ZnO nanoparticles and carbon nanoparticles with iron
nanoparticles inside were expected to be main compounds of the ZnO/MWCNT
composites. The synthesis of the ZnO/MWCNT composites within a single-step
process was more complexity than the isolated synthesis process of the ZnO
nanoparticles and carbon nanoparticles. #During the formation of the ZnO
nanoparticles, introduced O, into the synthesis system was important for reacting with
vaporized Zn under high synthesizing temperature. However, the introduced O, could
possible react with the other~elements including C and Fe which in form of
encapsulated Fe in carbon nanoparticles. Oxidation of related elements within the
synthesis system of the ZnO/M\WCNT composites was carefully considered including
oxidation of zinc, oxidation of €arbon and oxidation of iron as shown in equation
4.22, 4.23(a)-(b), and 4.24(a)-(c), respecti\)ely.

Oxidation of zinc;

2Zn+0, =2Zn0 (4.22)

Oxidatien of carbon;

C+0,=CO, (4.233)

2C+0,=2CO (4.23b)

2C0O0%+0,=2C0O, (4.23c¢)
Oxidation of iron;

2Fe+0, =2FeO (4.24a)

3

EFe+o2 :%Fe304 (4.24b)
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4Fe30,4+0, =6Fe,03 (4.24c)

Gibb free energy of reaction (AG) which is thermodynamic potential
was considered for each oxidation. A negative value for AG indicates that a reaction
can proceed spontaneously (Gaskell, 1981). Standard free energy change of oxidation
(AGO) of related elements at different synthesizing temperatures was revealed from
Ellingham diagram as shown in Figure 4.47.
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Figure 4.47 Ellingham diagram for oxides of Zn, C and Fe.
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From Figure 4.47, it could be clearly seen negative value of AG° of the
oxidation of Zn, C and Fe over wide ranges of the synthesizing temperature. At any
synthesizing temperature, highly negative value of AG°® shows more spontaneous
reaction. Therefore, at the same synthesizing temperature, the oxidation of Zn, C and
Fe could simultaneously take place within this system with different abilities.
Decreasing of the synthesizing temperature commonly exhibit the highly negative
value of AG® of oxidation. However, oxidation of CO as shown in equation 4.23b
shows highly negative value of AGP° at higher synthesizing temperature. While,
complete oxidation of C as shown In equation 4.23a reveals constant negative value of
AGP® although the temperature is increased.

AG° of the oxidation of Zn, C and Fe at the synthesizing temperatures
of 800 and 900 °C was shewn.in. Table 4.1. It could be clearly observed that, at the
synthesizing temperatures#of 800 and 900 °C, the negative value of AG® of the Zn
oxidation was the highest; leading to the oxidation of Zn could take place easily

compared to the oxidation of the other elements.

Table 4.1 Standard free energy change of_; oxidation of Zn, C and Fe at different

synthesizing temperatures

Reaction | AG® (kealimol of Oy)

T=800°C" | T=900°C

271+ O, = 2Zn0 115 110
C#/0, = CO; -03 -93

2C +0,= 2CO -96 1102
2CO+0,E 2005 92 -88
2Fe + O, = 2FeO -92 -89
3/2re #10; = 112F8;0} XP) 88
4Fes0, + O, = 6Fe;03 42 -35

The major oxidation of carbon nanoparticles could be considered into 2
reactions including complete and incomplete oxidation of carbon nanoparticles, while
oxidation of CO which is sequentially reaction of the incomplete oxidation was
considered as minor oxidation. At the synthesizing temperature of 800 and 900 °C, the

negative value of AG® of the complete oxidation was the same of 93 kcal/mol. While,
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the negative value of AG° of the incomplete oxidation was higher at higher
synthesizing temperature. Therefore, decrease in oxidation of carbon could be taken
place by decrease in the synthesizing temperature. Because of iron nanoparticles
encapsulated in the carbon nanoparticles, the oxidation of the iron nanoparticles was
also taken place unavoidable after partial oxidation of the carbon nanoparticles. The
oxidation of the iron nanoparticles could be initiated by 2 major oxidations as shown

in equation 4.24a and 4.24b, respectively.
4.4.2 Effect of synthesizing temperature

From clues of the thermadynamic data, it could be clearly realized that,
among various parameters.ofthe'synthesizing temperature, nitrogen flow rate, oxygen
flow rate and glycerol toferro€eng molar ratio, the synthesizing temperature was the
major parameter of this study. Therefore, in this part, the effect of synthesizing
temperature on the formation of the s’ynthesized ZNO/MWCNT composites was
studied under the samescondition of nitrdgen flow rate and oxygen flow rate of 500
and 100 mL/min, respectively and 'glycerol";té- ferrocene molar ratio of 5 to 1. From
preliminary study, it should be.poted that-E':_b—IQ‘r_‘ of products deposited at zone 3 was
found to be gray color which was the combfi_ha&ion of black color of the synthesized
MWCNTs and white, color of the synthe.s.i'z_éa_ Zno nanoparticles. The gray color
could be implied 'that the synthesized products might be the ZnO/MWCNT
composites. Therefore, the synthesized products at zone 3 were kept and characterized

and then reported and diseussed in this part.
Synthesizing temperature of 800 °C

Morphology’ of “the “synthesized products at™ the synthesizing
temperature of 800 °C was shown in Figure 4.48.
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Figure 4.48 SEM images‘_'_g_t_t:he synthe"fized products at the synthesizing temperature

of 800 °C. _ ' x

The typic f\/t 'mages‘as shown in Figure 4.48(a) revealed the
MWCNT bundles coated O nano ar,t_lcles. The synthesized MWCNTSs exhibit

relatively uniform diamete

d Iéﬁgth?iwith a high aspect ratio. Figure 4.48(b)
exhibited a highly magnified EM 1magemf the composites of which the estimated

diameter is 60—70 nm. The ated Iayer on’the‘wrface of the MWCNTSs consisted of a

+ o

large number of much smaller Znﬁanopaﬁﬂes

'ﬂ-—

Refern_pg to the synthe5|zed MWCNTs W|_rh|n the isolated synthesis of

—

the MWCNTS (see p@ge 62) under the same condition of the nitrogen flow rate of 500

mL/min, the synthesumg temperature of 800 °C and gl)ﬁ:erol to ferrocene molar ratio
of 5/1, the synthesized carbon nanoparticles at zone 3 were the MWCNTSs with tube
diameter about?50' nm.- It ‘could be clearly observed that the synthesized MWCNTSs
within the composite synthesis system were similarity of the tube diameter ranges.
Under the same condition ofitheynitrogen flow rate'of:500 mL/min, the
oxygen flow rate of 100 mL/min and the synthesizing temperature of 800 °C, the
synthesized ZnO nanoparticles at zone 3 of the isolated synthesis system of the ZnO
nanoparticles (see page 87) were tetrapod structure which their pod diameter and
length were about 50-60 nm and 160-180 nm, respectively. It could be clearly
observed that morphology of the synthesized ZnO nanoparticles of the composite
synthesis system were significantly changed from the tetrapod structure of the isolated

synthesis system into spherical structure with diameter in range of 20-30 nm.
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XRD pattern of the synthesized products at the synthesizing
temperature of 800 °C shown in Figure 4.49 consisted of a peak from (002) planes of
hexagonal graphite structure at 26 = 27° and main peaks from (100), (002), (101),
(102) and (110) planes at 26 = 31.8°, 34.3°, 36.2°, 47.5° and 57.6°, respectively which
corresponded to typical diffraction peaks from hexagonal ZnO with lattice constants
of a = 3.250 A and ¢ = 5.207 A. This indicated that the synthesized ZnO was
composed of wurtzite structural ZnO. It could be clearly observed that the diffraction
peaks were combination of the peak of the MWCNTSs as shown in Figure 4.33 and the
ZnO nanoparticles as shown in Figure 4.45: Furthermore, response of a-Fe,O3 was
also found at 20 = 54.3°. Any response of (141)-plane of the face-centered cubic (fcc)
y-Fe at 20 = 43.7 ° and (110) plane of body-centered cubic (bcc) a-Fe at 20 = 44.7°
was found in the composiies: Furthermore, any orthorhombic cementite FesC phase
was also found in the XRD pattern. Referring to the XRD pattern of the synthesized
MWCNTSs as shown in Figurg 4:33, it could be clearly observed that crystal phase of
the Fe nanoparticles were ghe/combination of y-Fe, a-Fe and FesC phases while the
crystal phase of the /e nanopariicles :Qf the synthesized products within the
ZnO/MWCNT compositessynthesis system j'zvé-s a-Fe;03 phase. Therefore, it could be
realized that the Fe nanopatticles in y-Fe,.‘fx'—'Ele and FesC phases of the synthesized
products within the ZnO/MWCNT composite éynthesis system was oxidized into the

iron form.
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Figure 4.49 XRD pattern t zed 'y at the synthesizing temperature of
800 °C. 2 R

Moru“_ ) ts at the synthesizing

temperature of 900 °C e typical SEM image and its

1
highly magnified SEM |mage as shown in Flgure 4. 50(

exhibited ag ﬁﬂeﬁf?m EIWMTIWET&T fThjut 100-200 nm, while

any of MWC
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and (b), respectively, clearly
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of 900 °C.

f thé 'synthesized products at the synthesizing
F§ure 4.51. It exhibited (100), (002), (101),
e .ZnO at 26 = 31.8°, 34.4°, 36.2°, 47.4° and

The
temperature of 900 °C 'w
(102) and (110) planes
57.6°, respectively whic

n in
o

ntheSIZ

ZnO with lattice constants 3.
synthesized ZnO was composed Wurtzﬂ?:?ﬁuctural ZnO. However, it could be also

-

observed responses of pure Zn at 20 = 39. 3° and 43.1° XVhICh could recognize non-
oxidation of the vaprojmar Eezog was revealed at 20 =
54.3° while pure Fe w jre also exhibited at 20 = 54.301.# However, any response of C
could be found which could indicate that most of carbon nanoparticles reacted with
the introduced ©;." | ' R
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Figure 4.51 XRD patiern the synthesized products at the synthesizing temperature of
900 °C. ‘

The experimental results ei':r%‘xi'bilted that the synthesizing temperature
affected on the formation of the ZnO/MWCN'"r’: composites. From the XRD patterns,
both of the synthesizing temperatures, the ‘Zri‘O"hanoparticIes were formed. However,
it could be clearly seen that at the synthesizing temperature of 900 °C, extra response
of Zn was observed. Referring to the isolated synthesis of the ZnO nanoparticles at
the same condition of the N, flow rate, synthesizing temperature and O, flow rate of
500 mL/min, 900 °C and 100 ‘mL/min, ‘respectively, as reported and discussed above
(see page 91), this could identify that within the composite synthesis system, amount
of O, for, reaeting withZn-was-lower dueto,competitive oxidation of C and Fe atoms
as shown in Figure'4.47, leadingto the'amount of O, wasnot enough-for the oxidation
of Zn and then remains of Zn were observed.

The XRD patterns also revealed the response of C from the MWCNTSs
within the synthesized composites at the synthesizing temperature of 800 °C.
However, the response of C was disappeared when the synthesizing temperature was
increased to 900 °C. The disappeared C peak exhibited that at the synthesizing
temperature of 900 °C, all MWCNTs were oxidized. Referring to Ellingham diagram
as shown in Figure 4.47, the incomplete oxidation of C at higher temperature is found
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to be more spontancous due to its highly negative value of AG°. Therefore, at the
synthesizing temperature of 900 °C, the synthesized MWCNTSs could be oxidized
easier than those of 800 °C. Furthermore, it could be implied that the synthesizing
temperature of 900 °C was too high for the formation of the ZnO/MWCNT
composites. Previous work (Misra et al., 2006) revealed the burning property of the
MWCNTSs by using Thermal Gravimatric Analysis (TGA). There could be found that
the MWCNTSs were initially oxidized around 400 °C and completely oxidized at 900
°C, suggesting that at this temperature amorphous carbon was well as MWCNTSs
converted to gaseous form. Therefore, /i this work, the disappearance of the
synthesized MWCNTs within the composite="Synthesis system was caused by
complete oxidation of the MWCNTSs. After the complete oxidation of the MWCNTSs
at the synthesizing temperattre«0f 900 °, the Fe nanoparticles inside the MWCNTS
were exposed by surrounding @, leading to the formation of the iron oxide in form of
a-Fe,O3 (Wu et al., 2009).simultaneous with the formation of the ZnO nanoparticles.

Although the XRD paitern of the synthesized composites at the
synthesizing temperature of 800 °C exhibit_ed the response of C from the MWCNTS,
the compete oxidations of C and Fe unavoiddbly took place and simultaneously with
the oxidation of Zn as shown in Figure 4..‘47'.."]'_I'his could be assured by response of
Fe,O3 which was from the oxidation of Fe. ;Therefore, these experimental results
could inform that 'some of the MWCNT;S," -Were oxidized resulted in the Fe
nanoparticles inside the MWCNTS were exposed to surrounding O, and then were
simultaneous oxidized to form the iron oxide. Referring to TGA analysis as discussed
above, it was well known that the MWCNTs were initially and completely oxidized
around 400 and 900 °C, respectively. Therefore, ‘at the synthesizing temperature of
800 °C, partial ‘oxidation of the synthesized MWCNTs was occurred, leading to the
appearance: of the Fe,0Og of this'work.

ZnO/MWCNT composite yield at the synthesizing temperature of 800
°C can be defined in equation 4.25.

ZnO/ MWCNT composite yield (%) = Waznosmwent x100  (4.25)

glycerol + errrocene + WZn

Where WzhomwenT = Weight of synthesized ZnO/MWCNT composites
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ngycerol = WEight of glycerol
Werrocene = Weight of ferrocene
Wy, = Weight of zinc

Yield of the ZnO/MWCNT composite which were synthesized at the
synthesizing temperature of 800 °C were 1.46 %.
TEM analysis of the synthesized ZnO/MWCNT composites at the

synthesizing temperature of 800 °C mxi re 4.52 revealed that the ZnO nanoparticles

were well attached to the MW e narrow size distribution of the ZnO

nanoparticles with an avera e S|ze 0 nm could be obtained. This was
ascribed to the growth WQ

after the oxidation of ziae™ vapor
MWCNTSs (Beker et al.,

: Rﬂme outer surface of MWCNTSs

ce after the formation of the

Figure 4.52 TEM |mage of the synthe5|zed ZnO/MWCNT comp05|tes at the
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FT-IR spectrum of the synthesized MWCNT/ZnO composites at the
synthesizing temperature of 800 °C was shown in Figure 4.53 which revealed surface
chemistry of the MWCNT/ZnO composite. In the high frequency region, band around
3420 cm' could be assigned to the bending vibrations of adsorbed molecular water
and stretching vibrations of OH groups. The peaks around 1600 cm™' could be

inferred as CO, stretching vibration. Furthermore, in the low frequency region, peak
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around 500 cm™' in ZnO/MWCNT composite was assigned to the Zn-O. From the
FT-IR spectrum, it could be assured that the synthesized products at the synthesizing
temperature of 800 °C were the ZnO/MWCNT composites.

B

%T

4000 3000 1 2000 1000

Wave n'tﬁnber (cm?)
Figure 4.53 FT-IR spectrum oOf the synthesiféd ZnO/MWCNT composites at the

synthesizing temperature of 800 °C.

Furthermore, elemental composition of the synthesized products at the
synthesizing temperature, of 800 °C was also affirmed by EDX as shown in Figure
4.54. The presence of Zn,/O, Fe and T peaks could reveal the existence of the ZnO
nanoparticles on the surface of MWCNTSs containing Fe nanoparticles inside (Chen et
al., 2005)., Ehe.Cu. signal. originated.from, the copper microgrid employed for the
microscapic analysis. The elemental composition of the C;-O and’' Zn-atoms within the
ZNnO/MWCNT composite as shown in inset was 18.27, 41.66 and 40.07 %,
respectively. It could be clearly observed that atomic ratio of the Zn to O was 1.04
which could identify that all of the vaporized Zn could react with the introduced O, to

form the ZnO nanoparticles.
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Figure 4.54 EDX pattern of the syntTﬁeg_ized ZNO/MWCNT composites at the
synthesizing temperature of 800 °C.

For comparison, the UV—vi-sj'afbsorbance of the synthesized MWCNTS,
the synthesized ZnO and the synthesued’ZnO/MWCNT composites dispersed in
deionized water were deplcted in Figure 4.55. In curve (a); a broad absorption peak at
262 nm was originated from the C=C structure of the synthe3|zed MWCNTSs (Chen et
al, 2002). Meanwhile, the absorption peak at 368 nm in curve (b) would represent
dispersion of the synthesized ZnO nanoparticles in deionized water. The absorption
peak of thelssynthesized | ZNO/MWCNT ‘composites” was dominated by the
characteristic absorption of ZnO, which was observed at about 363 nm in curve (c).
As lightiblue shift-of the<absorption band:iaf the composites-regarding to that of pure
ZnO nanoparticles would be attributed to the quantum size effect of the synthesized
ZnO nanoparticles.
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4.4.3 Possible Mechanisms

Based on experimental results, it could be ascribed to the formation of
the ZnO nanoparticles on the outer surface of MWCNTSs after the oxidation of zinc
vapor which took place after the formation of MWCNTS as shown in Figure 4.56.

The| possible mechanisms, proposed here, were believed that, at the
synthesizing temperature of 800 °C, the MWCNTSs which were synthesized firstly
were surrounded, by, Zn-vapor-and O,.'Zn vaporywas then'oxidized by O, to form ZnO
nanoparticles, while most of the MWCNTSs were not oxidized, leading to appearance
of the MWCNTSs surrounded with ZnO nanoparticles. Finally, attachment of the ZnO
nanoparticles on the outer surface of the MWCNTSs was occured. The formation of the
composites of ZnO nanoparticles and MWCNTSs were formed.

At the synthesizing temperature of 900 °C, the possible mechanisms
were proposed that the synthesized MWCNTSs which were surrounded by Zn vapor

and O, were oxidized by O, simultaneously with the oxidation of Zn vapor, leading to
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complete disappearance of the MWCNTSs. Iron catalytic nanoparticles inside the
MWCNTs were then exposed to surrounding O; and oxidized to form a-Fe,O3
nanoparticles. Because of competition of the oxidation of Zn nanoparticles, MWCNTSs
and Fe nanoparticles, the introduced O, were not enough for remaining Zn. Therefore,
some of Zn vapor were not used for the formation of ZnO nanoparticles. Finally, the
ZnO nanoparticles, Zn nanoparticles and Fe,O3 nanoparticle were agglomerated each

other to form agglomerated nanoparticles.

AU INENTNEINS
RINININUNINYAY



® - o @:inC @ Fe:a

Figure4.56 Passible-meehanisms ofithe ZnO/MWCNT composites.

| MWCNTs

118

81T


nkam
Typewritten Text
118


CHAPTER V

CONCLUSION AND RECOMMENDATION

In this work, the ZnO/MWCNT composites were synthesized by the
single-step gas phase reaction. Glycerol and ferrocene were used as sources of carbon
and iron catalyst, while pure zinc powder was used as zinc source. It was found that
the synthesis of the compaosites by the Cembination of the formation of ZnO
nanoparticles and carbon-nanoparticles was more complicated than the isolated
synthesis of the ZnO nangpariicies or the isolated of the carbon nanoparticles.
Therefore, the isolated synthesis of ZnQ nanoparticles and carbon nanoparticles was
separately studied. The MWCNTs: with shigh purity were synthesized by CVD of
glycerol and ferrocene. Meanwhile; to: u_nderstand the formation of MWCNTSs,
parallel study on synthesis of SWCNTs by pulsed Nd:YAG laser ablation was also
investigated. ZnO nanopaiticles were synthé'siied by oxidation of pure Zn in a tubular
quartz reactor. Finally, the ZnO/MWCNT‘}:b_rpposites were then investigated under

designated conditions by single-Step gas phase reaction.

5.1 Analysis of the SWCNT synthesis by laser ablation

In this part,_the airborne SWCNTSs were synthesized by pulsed laser
ablation of C/Ni/Co rad under atmospheric,pressure. The effects of Nd:YAG pulsed
laser intensity and temperature on the morphology, purity and crystallinity and size
distributionsofythey synthesized:“products awere studied: |/An increase in the laser
intensity-resulted In an increase in the number concentration of synthesized carbon
nanoparticles in aerosol. The experimental results exhibited that the formation of the
SWCNTSs would be negligible at temperature lower than 1000 °C although the laser
intensity was increased. However, the airborne SWCNTs with high purity and
crystallinity were synthesized at the temperatures of 1000 and 1080 °C. Therefore, the
temperature was found to be the main parameter for the SWCNT formation.
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5.2 Analysis of the carbon nanoparticle synthesis by CVD of glycerol and

ferrocene

The MWCNTSs were synthesized by CVD of glycerol and ferrocene
under a condition of atmospheric pressure. The effects of the nitrogen flow rate,
synthesizing temperature, glycerol to ferrocene molar ratio and deposited position on
the morphology, purity and crystallinity and vyield of the synthesized carbon
nanoparticles were investigated. When ‘the  nitrogen flow rate was increased, the
MWCNTSs with smaller tube diameters and higher purity were synthesized. However,
the increasing of the nitrogen flow rate revealed the decreasing of the yield. When the
synthesizing temperature was‘inereased, the MWCNTs with larger tube diameters and
lower purity were synthesizeds Ftirthermore, an increase in synthesizing temperature
could lead to the increasing yields..The glycerol to ferrocene molar ratio could also
exert significant effeet on'the MWCNTSs. The higher molar ratio resulted in the
synthesized MWCNTs with-larger diameters and lower purity, while the yield was
found to be decreased. -

-

5.3 Analysis of the ZnO synthesis by oxidation of Zn

The ZnO nanoparticies were synthesized by the oxidation of pure Zn
particles by a French process. The effects of the nitrogen flow rate, synthesizing
temperature, oxygen flow rate and deposited position on the morphology, size and
yield of the symthesized ZnO"nanoparticles were investigated. When nitrogen flow
rate was increased from 200 to 350 and 500 mL/min, the morphologies of the
synthesized ZnO nanoparticles-were changed.from combination.of rod-like structure,
and tetrapod” nanostructure to' combination of rod-like “structure, micro-sheets and
tetrapods and only tetrapods, respectively. The increased nitrogen flow rate could lead
to a significant decrease in diameter and length of the synthesized ZnO nanoparticles
with tetrapod characteristics. When the synthesizing temperature was increased, the
morphologies of the synthesized ZnO nanoparticles were change from tetrapods only
to combination of the rod-like structure, micro-sheets and tetrapods. Increase in the
synthesizing temperature would also result in a significant increase in diameter and

length of the synthesized ZnO. When the oxygen flow rate was increased, the
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majority of the synthesized ZnO nanoparticle morphology was tetrapod. However, the
diameter and length of the pod were found to be decreased significantly with the

higher oxygen flow rate.
5.4 Analysis of the ZnO/MWCNT composites

Finally, the ZnO/MWCNT composites were synthesized by a single-
step gas phase reaction. The theoretical study of thermodynamics exhibited
unavoidable oxidation of C and Fe simultaneguswith the oxidation of Zn over wide
ranges of the synthesizingconditions. The synthesizing temperature was found to be a
major parameter in this_werks” At the synthesizing temperature of 800 °C, the
synthesized products weresthescomposites of the ZnO nanoparticles and MWCNTS.
Iron oxide in form of a-FegOzwvas faund ta exist in the synthesized composites. These
experimental results revealed that some of the MWCNTs were oxidized, leading to
the formation of Fe,O3 ecause the ke cafalytic nanoparticles inside were exposed to
surrounding O,. However, at the synthesizihgj_temperature of 900 °C, the MWCNTSs
were disappeared, while seme. remains of Zp were clearly observed. It could be
implied that the synthesizing temperature of néOO °C was excessively high for the
formation of the ZnO/MWCNT composite‘s.""l'hérefore, in-this work, the composites
were synthesized under the optimal condition of the nitrogen flow rate, oxygen flow
rate and synthesizing temperature of 500 mL/min, 100 mL/min and 800 °C,

respectively.
5.5 Recommend@ation for future work

In a'single-step synthesis process of the' ZnO/MWCNT composites by
gas phase reaction, O, which is strong oxidizer are significantly introduced into the
system at high temperature for the formation of the ZnO nanoparticles. However, the
oxidations of carbon unavoidably simultaneous occur at any high temperature.
Furthermore, Fe as catalyst for the formation of the carbon nanoparticles of this work
was also oxidized. Therefore, the introduced O, might be too strong oxidizer for this
system. To decrease in the oxidation of undesired products, therefore, weaker oxidizer

such as water vapor is considerable recommended for next study.
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APPENDIX A

Temperature profiles

Before doing experiments, temperature profiles in quartz tube reactor
at the synthesizing temperatures of 800, 850 and 900 °C were investigated from inlet

to outlet of the quartz tube with interval of 2 cm.
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Figure Al Temperature profiles inside the quartz tube reactor at the synthesizing
temperatures of 800, 850 and 900 °C.

Temperature profiles inside the quartz tube reactor at the synthesizing
temperatures of 800, 850 and 900 °C were mapped, as shown in Figure Al. Each
temperature profile consisted of 3 temperature gradients along flow direction

including temperature increased from the lowest to the highest (0-15 cm from the
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inlet) where was defined as zone 1, the temperature was the highest (15-45 cm from
the inlet) where was defined as zone 2 and the temperature decreased from the highest
to the lowest (45-60 cm from the inlet) where was defined as zone 3. Because indirect
effect of temperature gradients and velocities gradients throughout the quartz tube
reactor on the formation of the carbon nanoparticles, ZnO nanoparticles and their
composites, therefore, in this work, the carbon nanoparticles, ZnO nanoparticles and

their composites were studied by sampling the particles from each zone.
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APPENDIX B

Calculation of partial pressure

Partial pressure of oxygen was calculated using ideal gas mixture. The
mole fraction of an individual gas component in an ideal gas mixture can be expressed

in terms of the component’s partial pressure:

(A1)

(A2)

where :

0. 1(L/m|n)><1 42(g/L)

FﬁJEJ’J mfﬁ‘mmm
amaﬂnm YAAINYIAY

N2 28(g/mole)
= 8.93 x 10° mole/min

n = 1.33 x 10"2 mole/min

4.44x107° (mole/ min)
1.33x1072 (mole/min)
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= 033

If assumption was partial pressure inside the reactor is 1 atm.
Therefore, partial pressure of gas component is equal to mole fraction.
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APPENDIX C
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