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Abstract 

Single-walled carbon nanotubes (SWNTs), which have a unique one-dimensional 

structure of a rolled-up graphene sheet, are widely used for applications in many fields 

due to its outstanding optical, electronic, thermal and mechanical properties. Depending 

on the chirality of the SWNTs, SWNTs can be either metallic or semiconducting. One- 

dimensional structure of semiconducting SWNTs exhibits electronic quantum 

confinement effects, and the bandgap increases with the reducing diameter. The potential 

tenability diameter is expected to strengthen their applicability to solar cells with 

controllable band gap. Therefore, growth of smaller diameter SWNTs with higher band 

gap is a challenge both for application and in the fundamental point of view. In this work, 

super-small diameter SWNTs have been grown by extending the condition for chemical 

vapor deposition (CVD) from high temperature and high pressure to low temperature and 

low pressure. Also, the influences of the carbon feedstock and the catalyst on the growth 

rate and the properties of SWNTs have been also investigated. 

Super-small diameter SWNTs are grown by alcohol-catalyst chemical vapor deposition 

(ACCVD) method using USY-zeolite supported catalysts. In the conventional ACCVD 

process, usually, high-quality SWNTs can be grown around 800 oC and 1.3 kPa. Through 

the investigations of the influence of temperature and pressure on the formation of 

SWNTs in this work, the relationship between the effect of temperature and that of 

pressure was clarified: SWNTs can grow at lower temperature when applied with lower 

pressure, which was also supported by the kinetic model on the formation of SWNTs. 

The temperature range for high-quality SWNTs could be extended down to 430 oC in 

combination with very low partial pressure of ethanol down to 0.02 Pa. Extended-

temperature range study opened a new operational window for efficient growth of small 

diameter SWNTs. During the experimental investigation with decreased temperature, 

super-small diameter SWNTs (0.8 nm > dt > 0.5 nm) were obtained around 500 oC and 5 

Pa. Previously, SWNTs with diameters smaller than (6,5) (~0.8 nm) have been known to 

be very difficult to grow except in a special zeolite pore or inside an outer nanotube. 

Super-small diameter SWNTs were rarely directly grown in reported works. By the low 
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temperature growth with the conventional Fe-Co catalysts, we could extend the small 

diameter limit; ratio of smaller diameter tubes could be increased with low temperature 

CVD with optimum low pressure. Resonant Raman with five-color laser lines, absorption 

and Photoluminescence excitation spectroscopy (PL) are used to characterize and 

measure the abundance of small diameter nanotubes, and chirality of small diameter 

SWNTs were assigned as (6,4), (5,4), (8,0), (5,3), (6,1) etc.. 

On the other hand, in the expanded condition, SWNTs grown at high temperature and 

low pressure demonstrated relatively broad diameter distribution, which is similar to 

those grown by HiPCo method. It is a powerful way that small diameter SWNTs or broad 

diameter distribution SWNTs can be grown only by adjusting CVD experimental 

conditions without any specific catalysts or treatment. And obtained growth boundaries 

at too low temperature and too low pressure are promising for understanding the 

mechanism of SWNTs growth in Fe-Co ACCVD. 

The influences of the feedstock (carbon source) and the catalyst on the formation of 

SWNTs were also observed. In the CVD synthesis of SWNTs, several processes limit 

growth rate and formation of SWNTs. In the gas phase, the feedstock compound 

experiences thermal decomposition before reaching the catalysts, gas- phase 

decomposition products are adsorbed and dissociate on the surface of catalyst, then the 

carbon atoms diffuse bulk or surface, and finally carbon atoms participate the growth of 

SWNTs. Different feedstock and catalysts behave differently during all these processes. 

Therefore, the effect of the feedstock and catalysts were also studied, especially for the 

low-temperature and low-pressure CVD synthesis of small diameter SWNTs. 

Gas-phase thermal decomposition of ethanol, dimethyl ether (DME) and acetonitrile 

were simulated using the chemical kinetic model under various SWNT growth conditions. 

Time-profiles of species concentrations were demonstrated at various temperature and 

pressure. FT-IR spectroscopy was used to measure the concentrations of the products of 

DME and ethanol decomposition. FT-IR experimental results at various conditions were 

found to be in good agreement with the corresponding simulations. The simulation results 

indicated following: (i) Decomposition of ethanol affected the growth rate of SWNTs. (ii) 
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However, cleaner SWNTs can be obtained at light decomposition condition of ethanol. 

(iii) For the condition of low-temperature and low-pressure CVD, the feedstock 

compound, ethanol, DME or acetonitrile directly arrives at the surface of catalysts almost 

without gas-phase decomposition.  

Fe-Co catalyst was mainly used in this work, this effective catalyst assisted the 

exploration of CVD condition and super-small diameter SWNTs could be grown on it. In 

addition, Cu-Co and W-Co were also used to obtain specific SWNTs. By using Cu-Co 

catalysts, diameter distribution became narrower. The (6,5) SWNTs became predominant 

at 500 oC. On the other hand, the (12,6) chirality became predominant when the fraction 

of W was increased in the catalyst of W-Co. Growth of super-small diameter SWNTs and 

the narrower chirality distribution suggest the promising future works for application and 

fundamental understanding of CVD growth of SWNTs.  
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Chapter 1 

Introduction 

 

 

1.1 Carbon allotropic family 

Carbon is the 15th most abundant element in Earth crust and is the main element of 

organic compounds. Carbon is inevitable for living bodies. Schematics of the carbon 

family are shown in figure 1-1. The well-known forms of carbon, diamond and graphite, 

have absolutely different physical and chemical properties due to the difference in 

geometric structure with different band structures. 

Carbon nanomaterials, in some aspect, represent the initiation of nanotechnology in 

the 1980s. The discovery of fullerenes in 1985 is a hieroglyphic example [1]. So called 

cluster based fullerenes were recognized as zero dimensional nanomaterials which 

played critical role in plenty of leading-edge applications such as organic photovoltaic 

(OPV) and drug delivery systems (DDS). Following the discovery of one dimensional 

carbon nanotubes (CNTs) in 1991 [2, 3], CNTs attracted focus in various application 

fields, which will be described in other sections of this chapter. This thesis will focus on 

the single-walled carbon nanotubes (SWNTs) which is one of the major types of CNTs. 

Interestingly, the emergence of the carbon nanomaterials followed a way in the increase 

of the dimension. A two dimensional carbon material “graphene” was extracted from 

bulk graphite [4]. It boosted the experimental study of graphene as well as the 

theoretical study, which is now not at all hypothetical.  
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Zero- to two-dimensional, carbon nanomaterials attract both academia and industry. It 

is a prototypical example of successful technological innovation which received much 

attention and is already used in many applications with quantity production. The 

development is continued on a variety of hybrid materials or composite nano-carbons. 

Our knowledge on the carbon material is growing, for example, nanohorns [5], carbon 

dots [6], nanowalls [7], nanobuds [8], with the development of physics, chemistry and 

material sciences.   

 

 

 

 

 

 

 

Figure 1-1 Structures of carbon allotropes 

Reproduced with permission from Prof. Shigeo Maruyama’s Carbon Nanotube Site 

http://www.photon.t.u-tokyo.ac.jp 

 

Diamond

Graphene

Carbon Nanotube

Fullerene



Chapter 1 Introduction 

3 

 

1.2 Geometry and electronic structure of SWNTs 

1.2.1 Geometry of SWNTs 

SWNTs can be defined as a single atomic layer graphene sheet rolled up into a 

seamless cylinder. The different way of rolling up results in the different geometric 

structure of SWNTs. The structure defined as chiral angle, the hexagon helix around the 

nanotube axis, which can be labeled in terms of the graphene lattice vectors. Figure 1- 2 

(a) shows the graphene honeycomb lattice, the vectors a1 and a2 with 120o for 

hexagonal lattice in a unit cell are expressed as 

𝐚𝟏 = (
√3

2
,

1

2
) 𝑎𝐶−𝐶 , 𝐚𝟐 = (

√3

2
, −

1

2
) 𝑎𝐶−𝐶                                    (1-1)                                   

In the Cartesian x-y coordinate,  

𝑎 ≡ |𝐚𝟏| = |𝐚𝟐| = 1.42 × √3 = 2.46Å                                      (1-2) 

Where 1.42 Å is the bond length of carbon atom 𝑎C-C in graphene, and 𝑎 is the unit 

length. So a1 and a2 also can be expressed by this unit length a as: 

𝐚𝟏 = (
√3

2
,

1

2
) 𝑎, 𝐚𝟐 = (

√3

2
, −

1

2
) 𝑎                                           (1-3) 

The chiral vector Ch expressed by these two vectors a1 and a2, which define the way a 

graphene sheet rolling up, considered as 

𝑪𝐡 = 𝑛𝐚𝟏 + 𝑚𝐚𝟐 ≡ (𝑛, 𝑚)                                               (1-4) 

The integers (n, m) called chirality that denote the number of unit vectors a1 and a2 in 

the hexagonal honeycomb lattice contained in chiral vector Ch. Usually, n≧m is the 

way to express the chirality of a SWNT. 

Peripheral length of a nanotube is the length of chiral vector Ch, 

𝑪𝒉 = √3𝑎𝐶−𝐶√𝑛2 + 𝑛𝑚 + 𝑚2                                        (1-5) 
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So the diameter dt of a nanotube can be written in terms of the integers (n, m) as 

𝑑t =
𝐶h

π
=

√3acc(𝑚2+𝑚𝑛+𝑛2)
1
2

π
                                              (1-6) 

As shown in Figure 1- 2 (a), the angle between the chiral vector Ch and a2 (zigzag 

direction) is the chiral angle. The chiral angle θ is expressed as 

𝜃 = tan−1 [
√3𝑚

𝑚+2𝑛
]                                                       (1-7) 

The other lattice unit vector which is perpendicular to the chiral vector Ch in the unit 

cell is translational vector T: 

𝐓 = 𝑡1𝐚𝟏 + 𝑡2𝐚𝟐 ≡ (𝑡1, 𝑡2)                                               (1-8) 

(t1, t2) can be expressed by (n, m) as 

𝑡1 =
2𝑚+𝑛

𝑑R
,    𝑡2 = −

2𝑛+𝑚

𝑑R
                                                (1-9) 

The length of T is the shortest repeat distance along the SWNT axis direction and is 

expressed as 

T =
√3𝐶ℎ

𝑑𝑅
= 3𝑎𝐶−𝐶√𝑛2 + 𝑛𝑚 + 𝑚2/𝒅𝑹                                (1-10)  

Here 

𝒅𝐑 = {
𝑑

3𝑑
  if n−m is not a multiple of 3d

if n−m is a multiple of 3d
                                       (1-11) 

where d is the highest common divisor of (n, m). The number of the hexagons contained 

in one unit cell of SWNT in a real lattice is given as 
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(a) 

  

(b) 

 

 

Figure 1-2 (a) Chiral vector translational vector in the graphene lattice for (6,3) 

SWNT; (b) chirality indices of SWNTs. a red solid point and a black open circle 

represents metallic nanotubes and semiconductor nanotubes, respectively. 

Types of Zigzag, armchair and are also marked. Images with permission from 

http://www.photon.t.u-tokyo.ac.jp/~maruyama/kataura/chirality.html 
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𝑁 =
|𝐶h×T|

|a1×a2|
=

2(𝑚2+𝑚𝑛+𝑛2)

𝑑R
                                               (1-12) 

Chirality indices was shown in figure 1-2 (b), When 2n+m=3q (q is integer), or 

(n-m)/3=integer, it can be sorted as metallic SWNT [9]. For an armchair SWNT, dt= 

3𝑛

𝜋
𝑎𝐶−𝐶 , θ equals to 30°, T= √3𝑎𝐶−𝐶 , and N= 2n; a zigzag SWNT, dt= 

√3𝑛

𝜋
𝑎𝐶−𝐶 , θ is 0°, 

T= 3𝑎𝐶−𝐶, and N=2n; and for a chiral tubes θ is between 0° and 30°.  

1.2.2 Electronic structure of SWNTs 

Electronic structure of SWNTs can be considered from similar electronic structure of 

graphene. π-band in 2pz orbit of graphene mainly arouse the electronic properties. 

Corresponding to real lattice vector in figure 1-2 (a), figure 1-3 (a) shows reciprocal 

lattice vector, in this reciprocal lattice, the basic vectors b1 and b2 with 120o in the 

reciprocal lattice are expressed as 

𝐛𝟏 = (
2π

√3a
,

2π

a
) , 𝐛𝟏 = (

2π

√3a
, −

2π

a
)                                         (1-13) 

Chiral vector Ch and translational vector T are transformed into K2 and K1, the 

relationship can be descripted as: 

𝑪𝐡 ∙ 𝐊𝟐 = 2π, 𝐓 ∙ 𝑲𝟐 = 0,  𝑪𝐡 ∙ 𝑲𝟏 = 0, 𝐓 ∙ 𝐊𝟏 = 2π                     (1-14)  

Reciprocal lattice vector K2 in the direction of circumference is expressed as: 

K2= [(2m+n)b2+(2n+m)b1]/NdR; 

|K2|=2π/Ch =2/dt                                                                          (1-15) 

Reciprocal lattice vector K1 along nanotube axis is expressed as: 

K1=(mb1−nb2)/N;  

|K1|=2π/|T|                                                      (1-16) 
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The center area of hexagon in Figure 1- 3 (a) is the Brillouin zone. In the Brillouin zone 

of graphene, the three high symmetry points, Γ, K and M of denote the center, the 

corner, and the center of the edge of a hexagon ring, respectively. From tight-binding 

approximation, 2D energy dispersion of π-band and π*-band between two carbon atoms 

in graphene are shown as: 

                                                  (1-17) 

                               (1-18) 2
cos4

2
cos

2

3
cos41)( 2

akakak
w

yyx k

   

 

(a)                                (b) 

        

 

Figure 1-3 (a) The Brillouin zone of SWNTs in the reciprocal lattice; (b) the 

counter map of dispersion energy simplified by symmetry of conduction and 

valence bands. Images with permission from 

http://www.photon.t.u-tokyo.ac.jp/~maruyama/kataura/discussions.html 

Ky

Kx

b1

b2
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Here, s=0.129, interaction energy of carbon-carbon γ0 =2.9 eV, ε2p=0. For calculating the 

energy difference between conduction and valence band, this 2D energy dispersion is 

simplified by symmetry of conduction and valence bands, as shown as: 

                 (1-19) 

The counter map of this dispersion energy is shown in figure 1-3 (b). 

From the influence of the wave function around the circumference of an SWNT, there 

are N lines parallel to the z-direction separated in the first BZ of an SWNT, called 

cutting lines. 

The cutting lines N are resulted from wave function μK2 (μ=1-N/2,……, N/2). When 

the cutting lines come across the K point, then the SWNTs is metallic; if not, the 

SWNTs is semiconducting, which is due to each N line according to different π-band. 

Using tight-binding approximation, electronic density of states (DOS), present Van 

Hove singularities (vHS), as shown in figure 1-4, semiconducting (6,4). At the Fermi 

energy the energy gap between vHS can be defined as 𝐸𝑖𝑖
𝑆

 for semiconducting SWNTs 

and 𝐸𝑖𝑖
𝑀 for metallic SWNTs. When the energy of the incident light is equal to the 

energy gap between vHS, the absorption of photon energy occurs, which is also the 

basic usage for Kataura-plot (Eii vs. dt) [10-12]. 
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1.3 Characterizations of SWNTs 

Characterization methods for SWNTs used in this work are described here. They are 

optical spectroscopies including: Raman spectroscopy, absorption spectroscopy, and 

photoluminescence excitation spectroscopy and microscopies including: scanning 

electron microscope (SEM) and transmission electron microscope (TEM). Properties 

and chirality of SWNTs were analyzed by Raman spectroscopy with 5 lasers, 

photoluminescence and absorption spectroscopies. Morphology was occasionally 

confirmed by SEM or TEM. 

1.3.1 Raman spectroscopy 

As a sensitive and powerful method, Raman spectroscopy is wildly used for the 

characterizing SWNTs bundles. General principle will be described as following. 

 

 

 

Figure 1-4 van Hove singularity in DOC of a (6, 4) SWNTs. Data is from 

http://www.photon.t.u-tokyo.ac.jp/~maruyama/kataura/discussions.html 
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Scattering can be divided into elastic scattering and inelastic scattering. In the case of 

Rayleigh scattering, there is no energy losing or obtaining for a photon (an elementary 

particle that descries quantum of light and terms of electromagnetic radiation) collision 

with a molecular, this is elastic scattering. Contrast with elastic scattering, Raman 

spectroscopy observes the inelastic scattering along the lattice to obtain the structure 

information of the matter. In inelastic scattering, molecular can get a quantum transition 

to an higher energy level or a lower energy level, which depends on its initial energy 

level and process of emitting or absorbing energy. When a excited electron absorbed 

energy from ground states then emitted photon energy to excited state, energy loses 

happened (-h(V0-Vv)) in this scattering called stokes process; on the other hand, when a 

excited electron absorbed energy from excited states then emitted emit photon energy to 

ground state, energy obtaining happened (-h(V0+Vv)) in this scattering called anti-stokes 

process. Scatting schematic is shown in the figure 1-5. The Raman shift is basically 

rising due to the energy difference between the incident and released photon. Due to 1D 

confinement of electronic and phonon states in SWNTs, when the energy gap of valence 

and conduct is matched with the energy of incident photon energy, resonant 

enhancement which is observed by Raman can obtain the vibrational properties of 

SWNTs will be occurred correspondingly. 

  Abundant information about structure, properties and purity of SWNTs can be 

obtained from Resonance Raman spectroscopy [12-16]. Main features of the Raman 

spectra from SWNTs bundles were shown in figure 1-5. Generally, Here introduces the 

dominant features of SWNTs from first-order Raman features Radial breath mode 

(RBM) and G band , and double resonance D band mainly analyst in this work. 

RBM mode is one of the first-order Raman mode coming from coherent atomic 

vibration of the carbon atoms in radial direction of a nanotube, when the energy of the 

incident laser matches with the energy gap Eii in DOS of an SWNT, RBM peaks 

obviously enhanced in the frequency of 100–500 cm−1, Usually Raman shift in the RBM 

region can distinguish the diameter (dt) of a SWNT and used to perform an assignment 

for a SWNT. Relationship of Raman shift and diameter considered as ωRBM = 
𝐴

𝑑𝑡
 + B, 
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where A and B can be experimentally determined [17]. And with Kataura plot, almost 

fully assignment (n,m) of SWNTs bundles containing different SWNTs in resonance 

with the lasers of different excitation energies can be took in RBM spectra [18]. When 

using many laser lines, a diameter distribution of samples can be well obtained [19], the 

more accuracy the more laser lines used. And the ratio of semiconducting tubes to 

metallic tubes also can be determined when using many laser lines [20]. 

 Another first-order Raman mode is G-band, which presents the nature of a SWNT 

for the in-plane atomic vibrational mode. The separation of G+ (high frequency) related 

to axial atomic vibration (LO) and G- modes (lower frequency) circumferential atomic 

vibration (TO) from G-band slipping can be used to characterize the diameter of 

SWNTs [18, 21] and identify semiconducting (lorentzian lineshape) and metallic 

(Breit-Wingner-Fano lineshape) in G mode SWNTs [22, 23], and the position of 

G-band also can be used to investigate the charge transfer of SWNTs [24].  

A broaden and weak feature appears around 1350 cm-1 is disorder-band (D-band) 

 

 

Figure 1-5 Typical Raman spectra of SWNTs 
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clarify the information of defects of atom structure or impurities in SWNTs. It is a 

common peak of a second-order feature in Raman of SWNTs, and the frequency of 

D-band exhibits a strong dependence on the excitation laser energy [25]. 

1.3.2 Optical absorption spectroscopy 

To characterize the optical properties of SWNTs, absorption band observed from 

infrared to visible region were also checked by using UV-vis-NIR absorption 

spectroscopy. Usually, when light pass a medium, it may collide with medium, the 

matched energy result in the wavelength of absorbance, and the intensity of absorbance 

can show the concentration of detected species in the sample according to Beer’s law. 

So UV-vis-NIR absorption spectroscopy also can identify samples quantity.  

 

(a)                                  (b) 

  

 

 

Figure 1-6 (a) Kataura plot and (b) absorption spectrum of dispersed SWNTs 

sample. 
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In case of SWNTs, when photon energy matches the vHS in DOC that is different 

with different chirality of SWNTs, absorbed photon will be increased significantly, 

which result in the rising peaks in the absorption spectrum. The electronic energy 

separation of the first vHS is called E11, when the photon energy match it, absorbance 

can happen involving into peaks, which provide the chirality information of observed 

SWNTs sample.  

Metallic SWNTs also have very weak absorbance called 𝐸11
𝑀  even with a continuous 

band structure. By analogy the electronic energy separation of the second, third,… vHS 

is called E22, E33…. Combining the peaks of E11 and E22 obtained from the absorption 

spectra would provide enough information to recognize and assign an SWNT. Figure 

1-6, (b) shows the absorption spectrum of one dispersed SWNTs sample and 

corresponding Kataura plot in (a). From the absorption peak shift of a dispersed SWNTs 

sample, we can clearly identify the exact diameter of one peak, diameter shift and 

diameter distribution. And ratio of metallic and semiconductor SWNTs can be 

estimated from the intensity of absorption features [10, 26]. The information obtained 

from absorption spectra comparing to Raman measurements observation further 

confirms the assignment of charities of SWNTs.  

1.3.3 Photoluminescence excitation spectroscopy 

Photoluminescence can be described as one electron excited into high energy level 

with absorbing energy, then return to low energy level with emitting a photon energy. It 

can check many properties of semiconductor SWNTs only [27], because this process 

cannot be produced in metallic materials where electron is excited by optical absorption, 

but hole is occupied by another electron immediately. The other limitation is that 

bundled SWNTs do not luminesce [28], it is necessary to isolate SWNTs bundles in 

surfactant wrapped solution by sonication for detecting. 

Photoluminescence excitation (PLE) spectroscopy provides useful information about 

optical properties, chirality and chirality distribution of semiconducting SWNTs on the 

bases of vHSs. Once the electron of SWNTs is excited by absorbing an excited energy 

equal to energy separation E22, the PLE spectra can be obtained by energy separation 
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E11 corresponds to the returned electron to the first transition energy through emitting. 

Figure 1-7 presents the PLE spectra of one dispersed SWNTs sample, chirality were 

assigned by the obtained pairs information of E11 and E22 corresponding to specific 

SWNTs. PLE can provide powerful information for identify and assignment of 

dispersed SWNTs sample by accompanies with absorption spectroscopy that observe 

optical properties in the same way [29]. 

 

 

1.3.4 Electron microscope 

Morphology of as-grown SWNTs were observed by scanning electron microscope 

(SEM) and transmission electron microscope (TEM) in this work. In SEM, electron 

beam with several acceleration voltage scan the surface of sample, an image is obtained 

by detecting the secondary electron. From the SEM image of SWNTs sample, general 

morphology such as networking, vertical align or horizontally align of SWNTs can be 

 

   

Figure 1-7 PL map of one dispersed SWNTs sample, chirality were assigned by 

the obtained information of E11 and E22 corresponding to specific chirality of 

SWNTs. 
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identified. Yield of SWNTs can be roughly determined by SEM. However, clear 

diameter, layer and purity cannot detected by it.  

TEM with acceleration voltage (60-200 keV) improve the observation of SWNTs [2], 

electron beam with high acceleration voltage transmit the sample then reach CCD 

camera under sample with very high magnification. Quality of SWNTs, such as 

information diameter and purity were observed by TEM in this work. 

 

1.4 Application of SWNTs 

Due to the one dimensional structure of CNTs, when think about the cross-section of 

wall of SWNTs, SWNTs has very high mechanical strength compare to other industrial 

fibers [30]. Meanwhile, thermal conductivity of SWNTs is also superior compare to 

diamond [31]. These attract a lot of interests from industry, as a basic application with 

 

 

 

Figure 1-8 (a) SEM and (b) TEM images of SWNTs obtained in this work. 

500 nm 15 nm
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SWNTs [32]. The intellectual properties of application using SWNTs are continually 

growing.  

As the SWNTs shows either metallic or semiconducting properties depends on the 

orientation of graphene lattice with respect to chirality, more and more applications of 

microelectronics have been investigated. The chirality decided property, where SWNTs 

with relative larger diameter shows metallic conductivity which is expect to apply as 

interconnection to substitute Cu wire according to Moore’s law. SWNTs has purported 

ballistic transport and ability to carry large current densities in the absence of electro 

migration [33, 34]. As for semiconducting property, one dimensional structure shows 

quantum confinement effect rather than bulk material. With decreasing the diameter, as 

mentioned above, band gap of SWNT increased from 0.5 eV to 2 eV. Chiral (4,2) 

SWNTs is the smallest nanotube has been synthesized so far which has theoretical band 

gap of 2 eV. Furthermore, SWNT is compatible with field effect transistor and high-k 

architectures [35]. The first transistor has been studied more than 15 years ago [36]. 

Thin film transistor (TFT) is another example of SWNTs. Small diameter and crossed 

alignment can make transparent SWNTs network and shows higher mobility than 

conventional amorphous silicon [37]. This will helpful for a low-temperature process to 

organic light-emitting diode (OLED). Sufficient current can pass through RGB lighting 

from CNT network at a lower voltage [38].  

Very recently, due to potential controllable of SWNTs diameter, controllable band 

gap of semiconducting SWNTs is expect to widen application of solar cells which 

improve the light absorbing from different band gap energy [39, 40]. And because of 

the quantum confinement of SWNTs and experimental and numerical observation of 

their multi excitation phenomenon, it was assuming single p-n junction that maximum 

solar conversion efficiency was placed with band gap around 1.34 eV from Shockley–

Queisser limit, which is close to that of the small diameter SWNTs about 0.6 nm. It is 

promising for SWNTs-based solar cell (especially small diameter SWNTs) by 

breakdown the Shockley–Queisser limit.  
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As the large scale synthesis of SWNTs becomes popular, more and more low-end and 

high-end applications are already transferred to production. For instance, multi walled 

CNT has capability to reduce biofouling which can be act as anti-fouling coating to 

ships, automotives [41]. SWNTs-based transparent conducting films is applied to touch 

panel and other displays which are promising to replace indium-based compound [42]. 

SWNTs-based composition can also improve the electrical connectivity and mechanical 

integrity where adding to ion batteries [43]. Fiber-like structure can also apply to 

environmental application such as water purification [44].  

Furthermore, SWNTs’ optical properties enable its application in biotechnology, such 

as bio-maping [45] and near-infrared localized heating [46]. SWNTs is also found to be 

internalized by cells with binding tips to receptor of cell membrane. Drug delivery 

system (DDS) as an example with using SWNTs to load anti-cancer drug [47].       

1.5 Chemical vapor deposition (CVD) synthesis of SWNTs 

Due to their nanoscale structure and outstanding mechanical, thermal, optical and 

electronic properties, SWNTs have been one of the central topics in nanotechnology 

research. The preparation of high-quality SWNTs has been the goal of many research 

endeavors, and great efforts have been made to optimize the production of SWNTs. Up 

to date, Arc discharge, laser oven and chemical vapor deposition (CVD) are the main 

methods to obtain SWNTs. CVD as a powerful method forward to scale-up production, 

widely used for growth of SWNTs. In this work, experiments were implement in 

catalyst CVD (CCVD), CCVD synthesis of SWNTs is mainly introduced here. 

Furthermore, Depends on geometry of catalysts, CCVD also can be generally divided 

into three strategies as shown in table 1-1: supported catalysts on porous substrates, 

supported catalysts on flat substrate and unsupported metal catalyst. As shown in table, 

the features of these strategies present clear different direction for different study 

purpose. CVD synthesis of SWNTs by nanoparticles will be demonstrated here, which 

has great assistant for observation of SWNTs, commercializes, chirality control of 

as-grown SWNTs [48-55]. SWNTs can be obtained from many kinds of carbon 

contained chemicals such as Methane, ethylene, acetylene, ethane, carbon monoxide. 
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Ethanol is one of the most widely used carbon sources for the synthesis of SWNTs. 

various morphologies of SWNTs, including random networks, vertically aligned arrays, 

horizontally aligned arrays, etc. have been successfully obtained using ethanol [52, 

56-60]. 

Even now, we still face the questions about controlling and freely tuning the diameter 

during SWNTs growth process, though lots works have achievements on separating 

SWNTs to dispersion target diameter, or controllable growth directly [50, 51, 54, 61-65], 

more learning of direct realizing controllable growth in produce process is still needed 

for the aspect of fundamental knowledge and application. 

 

 

 

 

 

Table 1-1 Strategies of SWNTs growth by CVD; catalysts and carbon feedstock 

used in CVD. ※ is using quartz, silicon and * is using Zeolite, MgO and 

microporous silica. 

 

Metallic catalyst (high carbon solubility) Metallic catalyst (low carbon solubility)

Fe, Co, Ni Pt,  Au, W, Pd, Cu, Ag, Mo

Carbon feedstock

Methane, acetylene, carbon oxide, ethylene, ethanol, dimethyl ether, acetonitrile

Strategy Geometry of 
catalyst support

Diameter  of 
SWNTs

Morphology 
of SWNTs

Feature

Growth on plane 

substrate※
2-D 

structure

Relative 

large

Vertically 

aligned

spaghetti

Good for mechanism

2-D 

structure

Relative 

large

Horizontally

aligned Good for application

Floating catalyst No confin-

ement

Broaden 

distribution 

Random

oriented HiPCo: bulk growth for PL

Growth on 

particle*

3-D 

structure

Small

Narrow 

distribution

Random Quantity scale up

Spectroscopy observation

Good for mechanism
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1.6 Motivation and overview of this thesis 

The elementary process of CVD growth of SWNTs on catalyst are [66]: thermal 

decomposition of feedstock compound, surface dissociation on the catalyst, carbon 

diffusion through the catalyst bulk or over the catalyst surface, and nucleation, which 

are schematically shown in the figure 1-9. In these steps toward the formation of 

SWNTs, many effective points can be studied to understand the whole process. And in 

this work, experiment condition were mostly low temperature condition, where it was 

believed that carbon diffusion step is only surface diffusion as shown in figure 1-9 (a). 

In the gas phase of CVD, carbon sources are decomposed at proper temperature and 

pressure before reaching the surface of catalyst, decomposition degree decides whether 

the final arrived carbon components were original carbon source or decomposed 

byproducts. Strong influence of carbon decomposition degree on the thickness of 

 

 

 

Figure 1-9 Schematic of SWNTs growth process 
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SWNTs and SWNTs quality were observed [67-69]. 

Besides thermal phase decomposition, carbon absorb and dissociate on catalyst also 

strongly affect as-grown SWNTs, which is the reason carbon components reached on 

different catalysts result in different SWNTs. Of course, catalyst also affect the surface 

dissociation. Therefor carbon feedstock and sorts of catalyst are necessary parameters 

when we discussed the effect of surface dissociation. In the solid phase, carbon will be 

through diffusion in bulk or over surface and nucleation for growth of SWNTs, carbon 

solubility which verified by catalysts and formation of SWNTs controlled by crystalline 

or morphology of catalysts determined during this process. This process directly go 

forward to the cap based lift-up growth of SWNTs, therefor the effect from catalyst 

sorts are the key points to chirality/diameter controlled growth of SWNTs. 

On the basis of understanding the effect from thermal decomposition, carbon sorts of 

feedstock and catalyst in CVD synthesis of SWNTs, simulation and experimental of 

thermal decomposition of carbon feedstock ethanol and dimethyl ether (DME) will be 

studied in the chapter 2, effect from different carbon components dissociated on surface 

and different catalysts will be discussed in chapter 4.  

On the other hand, as we known, properties of SWNTs depend on its chirality, a 

varying types of properties are distinguished even only by small diameter differences or 

chirality.  Unique chirality structures of SWNTs arouse researchers challenge and 

chance. Under low temperature, aggregation and/or Ostwald ripening lead to a decrease 

of the metal nanoparticle diameter [48-51, 53, 54, 59]. Generally, performance of 

catalysts has strong dependence on CVD conditions, exploration for SWNTs growth in 

expanding CVD condition were studied in chapter 3, and effect of catalysts on the 

selective growth will also be presented in chapter 4. 

Significant breakthroughs were archived that synthesis small diameter SWNTs at low 

temperature while reducing defect in this work. Unignited problem on defects in 

SWNTs during extreme synthesis process is the bottle neck which need to be break 

through first, because defects in SWNTs not only affects their mechanical, thermal and 

optical properties, but also limit their application in SWNTs-based devices. Usually we 
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meet the big defect in SWNTs problem when the growth temperature is too low or the 

pressure is too high, because low active growth environment in low temperature usually 

arouse slow growth of SWNTs and over loading of carbon in high pressure bring too 

much carbon garbage, so it become a challenge that how to low down the defect in 

SWNTs in relative low temperature growth condition. All studies of this work were 

taken by temperature and pressure dependence strategy, from the exploration of 

temperature and pressure dependence in CVD, new CVD work window for good quality 

and broaden diameter distribution of SWNTs was extended, furthermore, super small 

diameter SWNTs rarely observed before were obtained, this core studies will present in 

chapter 3.  

In this thesis, the study of decomposition of ethanol in SWNTs growth gives us the 

hint that can control the formation of SWNTs in gas phase. The work of expanding the 

CVD condition from high temperature and pressure to low temperature and pressure, 

bring us the systematic understanding on the key process that determine the efficiency 

growth of both the super-small diameter SWNTs and broaden diameter distribution 

SWNTs. And also we can get the important information from the quality modulating of 

SWNTs by changing the feedstock and catalysts, which is promising for controllable 

growth of SWNTs. 
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Chapter 2 

Thermal decomposition of feedstock compounds 

(Ethanol and Dimethyl Ether) for SWNTs 

 

2.1 Background and objective  

During the CVD synthesis of SWNTs, carbon-containing compound is decomposed 

in gas phase and/or on the surface of catalyst nanoparticles. The carbon precipitates 

from the surface or bulk of the catalyst particle to form a tubular structure. There have 

been extensive explorations on the influence of the carbon feedstock, catalyst, and 

operating parameters such as temperature and pressure [1-4]. In the case of ACCVD, 

alcohol can undergo significant thermal decomposition before reaching the catalyst [5]. 

Different from other carbon sources like methane, ethylene, and acetylene, one unique 

feature of ethanol is that the molecule contains two inequivalent carbon atoms. An 

interesting proposition that arises from this asymmetric structure is whether or not both 

carbon atoms are incorporated into the final SWNTs. It is particularly important for 

ethanol to study its thermal decomposition processes before the carbon precursor arrives 

at the catalyst. So the extent of thermal decomposition, which strongly influences the 

gas composition around the catalyst, will undoubtedly affect the growth of SWNTs.  

This chapter describes the systematic studies on the thermal decomposition of ethanol 

under typical CVD conditions by using both numerical simulation and experimental 

investigations. Understanding the possible reactions before the formation of SWNTs, 

and the analysis of the gas-phase composition and its influence on SWNT quality is the 

study described in this chapter. 
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This study also includes the dimethyl ether (DME) --- an isomer of ethanol --- as a 

potential candidate for the feedstock for SWNTs synthesis. This is based on the similar 

decomposition rates and some common products between DME and ethanol. Moreover, 

DME offers two potential advantages over ethanol. Different from ethanol, DME is a 

gaseous compound at room temperature, which allows easier handling, particularly in 

large-scale systems. Secondly, since its combustion produces very little soot [6], DME 

may produce cleaner SWNTs than those from alcohol. This part shows the work on the 

synthesis of SWNTs from DME, as well as the influence of temperature and pressure on 

the thermal decomposition of DME. These findings will be useful for understanding the 

complicated reaction pathways leading to the formation of SWNTs.  

2.2 Simulation and experimental methods 

2.2.1 Gas-phase kinetic simulation  

Gas-phase decomposition of carbon-source materials was simulated by using 

SENKIN [7], a computer program that predicts the time-dependent chemical-kinetic 

behaviour of a homogeneous gas-mixture in a closed system. It is a part of 

CHEMKIN-II [8], which is a package of computer codes for the analysis of gas-phase 

chemical kinetics. Constant-temperature and constant-pressure conditions were chosen 

for the calculations using temperatures and pressures that had been experimentally 

found to be optimum for SWNT growth. Ethanol and DME oxidation kinetic model [9, 

10] was used without modification. 

2.2.2 Experimental  

Concentrations of gaseous species were estimated from peak intensities of Fourier 

transform infra-red (FT-IR) spectra. It should be noted that these measurements were 

made for the gas sampled downstream of the CVD apparatus, rather than in situ. As 

shown in figure 2-1, DME or ethanol was fed into a quartz tubular reactor, which was 

maintained at constant temperature and pressure. The temperature profile in the quartz 

tube during typical CVD at 800 ºC has been studied previously [5], and the transient 

preheating length before the temperature-regulated region is known to be very short, 
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Figure 2-1 CVD apparatus, modified from ref [11]. 

 

 

 

 

Figure 2-2 Mole fraction profile of the major species during the thermal 

decomposition of ethanol at 800 °C and 1.3 kPa calculated at constant 

temperature and pressure. 
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even at high flow rates exceeding those used in this study. This means that the feedstock 

is heated up to 800 °C promptly after entering the CVD reactor. The residence time in 

the heated region was fixed by adjusting the gas flow rate, and the time-history of the 

concentrations of carbon feedstock was measured by FT-IR. 

The residence time (decomposition time) can be calculated from the ideal gas 

equation,



PV  nRT .The volume V can be calculated from the dimensions of our 

equipment, where the inner diameter of the quartz tube is 2.54 cm and the length from 

entering the furnace until reaching the substrate position is 30 cm. The pressure and 

temperature were fixed at 1.3 kPa and 1073 K, respectively, so the remaining parameter 

to be found is n, where 



n 
Vgas

k .         (1) 

k is a proportionality constant, and  



Vgas Qt
,    (2) 

Where Q is the volumetric flow rate and t is residence time. For a known flow rate, the 

residence time can be calculated from the following equation 



t 
PVk

QRT .    (3) 

SWNTs were synthesized on a quartz or silicon substrate by ACCVD using ethanol 

or DME as carbon source. Cobalt and molybdenum catalyst nanoparticles were loaded 

onto the substrate by a dip-coating method. The details and procedures have been 

described in previous reports [12, 13]. The as-grown SWNTs were characterized by 

resonance Raman spectroscopy and SEM observation. In situ measurement of the 

transmitted intensity of a 488 nm laser was used to record the array thickness during 

growth [12]. 
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2.3 Thermal decomposition of ethanol in CVD conditions  

2.3.1 Effect of ethanol decomposition on the growth of SWNTs  

Figure 2-2 indicates the mole fraction profile of major species during the thermal 

decomposition of ethanol at 800 °C and 1.3 kPa calculated at constant temperature and 

pressure, showing that approximate 90% of ethanol decomposes within 1.5 s. The 

typical flow rate of ethanol was 450 sccm, which corresponds to a residence time of 

approximately 0.1 s. Time profile of ethanol measured by FT-IR (symbols) is in good 

agreement with the simulation (line). Trace amounts of CO, methanol, and acetylene are 

also found by calculation. Though the experimentally measured decomposition is 

slightly slower than the simulation, the predicted concentration of ethanol agrees quite 

well.  

Figure 2-3 (a) shows the calculated concentration profiles in expanded logarithmic 

scales, the decomposition times at which SWNTs growth were measured were marked 

by dashed lines in the figure. 

Interestingly, by the change of the residence time (achieved by changing the flow 

rate), SWNTs growth curves changed significantly, as shown in figure 2-3 (b). Decrease 

of the flow rate, which increases the residence time of ethanol in the heated region, 

enhanced both the catalyst lifetime and the final film thickness. Since all the other 

conditions were the same, the difference can only be ascribed to the difference of gas 

composition. That is, for longer resident times, a larger fraction of ethanol decomposes 

before reaching the catalyst. The enhanced growth is thus attributed to the increased 

concentration of active species resulting from the decomposition of ethanol. 

This study confirmed the importance of gas phase reaction of ethanol before 

reaching catalyst, which is the important growth rate-limiting step and cannot be 

ignored the kinetic and mechanistic studies of SWNTs formation [14,15]. 
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Figure 2-3 (a) Concentration-time profile of relevant species in the thermal 

decomposition of ethanol at 800 °C and 1.3 kPa. The decomposition times used 

in (b) were marked by dashed lines. (b) Obtained growth curves at 800 °C at 

different gas-phase decomposition times. 

 

(a)

0.1 s
0.22 s

0.44 s

0.88 s
2.2 s

(b)

T
h

ic
k

n
e

s
s

 o
f 

S
W

N
T
s

 a
rr

a
y
 (

a
. 
u

.)



Chapter 2  

35 

 

2.3.2 Temperature and pressure dependence of the thermal decomposition 

Thermal decomposition of ethanol at 500 and 600 oC was simulated in this part. As 

shown in figure 2-4 (a), ethanol very slowly decomposes below 500 oC. The 

calculations shown in figure 2-4 (b) suggests that, at 600 oC for 100 s, the gas 

composition would be approximately 95% ethanol with trace of C2H4, CO, C2H2, etc. 

On the other hand, figure 2-4 (c) confirmed that ethanol quickly and thoroughly 

decomposes above around 850 oC. Figure 2-4 (c) and (d) show time evolution of ethanol 

concentration at different temperatures and pressures.   

 Concentration of ethanol changes more than 20 times depending on the residence 

time and temperature. This implies that in the conventional ACCVD condition, the 

gaseous precursor species for SWNTs should be a competition between the original 

ethanol and decomposition products. Considering the much smaller concentration and 

relatively lower reactivity of CH4, CH2O and CO [16, 17], the predominant contributors 

for the growth will be ethanol, C2H4 or C2H2. On the other hand, in the low-temperature 

or low-pressure ACCVD condition where ethanol decomposes only slightly, the 

precursor species for SWNTs maybe ethanol itself. 

These simulations allow us to visualize how ethanol going through to the catalyst 

surface to the final formation of SWNT. During this gas-phase decomposition stage, 

ethanol maybe partially or totally decomposed into ethylene and water mainly, 

decomposition degree can be differential into lightly decomposition and thoroughly 

decomposition depending on the temperature, pressure and residence time. After 

reaching the surface of catalyst, the surface dissociation causes ethanol further 

decomposed on surface, and then carbon-contained molecules diffuse through the 

catalyst support and/or diffuse over the surface of catalyst in order to participate the 

growth of SWNTs. One phenomenon generally observed by TEM in CVD process is 

that at high reaction temperature [18], the outer walls of produced SWNTs are often 

covered with a significant amount of amorphous carbon soot when ethanol is 

thoroughly decomposed in the gas phase; but when gas-phase thermal decomposition of 

ethanol is reduced, the SWNT walls are much cleaner. 
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Figure 2-4 Simulation of the thermal decomposition of 1.3 kPa ethanol at (a) 

500 oC and (b) 600 oC, (c) at 1.3 kPa and at five different temperature and (d) 

at 800 oC and at five different pressures. 
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 This is likely due to the relative over-loading reactive carbon products from 

thoroughly thermal decomposition colliding into the formation of amorphous carbon. 

However, the decomposed product (such as C2H2 and even some radicals) could be 

possibly more efficient for the growth [19-21], also as shown in figure 2-3 (b), growth 

rate of SWNTs enhance while thoroughly decomposition increasing. Therefor 

decreasing gas-phase decomposition while increasing decomposition on catalyst surface 

through proper CVD condition is a possible way to enhance the abundance of clean and 

high-quality SWNTs.  

These preliminary results may motivate further discussion on the details of the 

SWNT growth mechanism, and assist to improve controlling over the quality and purity 

of SWNTs. Also, disassociation or reaction on catalyst is the strong influence on the 

final formation of SWNTs besides decomposition of ethanol in gas-phase. It is 

important to choose a proper catalyst for specific purpose of SWNTs, which will be 

further discussed in chapter 4. 

In this part, the direct relationship between the condition of carbon feedstock and the 

final quality of SWNTs is clearly implied. Through these understanding, when the other 

carbon source was chosen to be the feedstock in CVD synthesis of SWNTs, it is helpful 

to modify the optimal CVD condition during the preliminary experimental design. 

Therefore, on the basis understanding of ethanol CVD for SWNTs growth, DME used 

CVD for SWNTs were studied in the next section. 

 

 

 

 

 



Chapter 2  

38 

 

2.4 Thermal decomposition of DME in CVD conditions 

4.1 Thermal decomposition of DME in comparison with ethanol  

Thermal decomposition of ethanol was calculated using the CHEMKIN-II software 

package, as described in Section 2. The time-dependent gas composition of ethanol (at 

1.3 kPa and 800°C) is shown in figure 2-2. Approximately 90% of ethanol decomposes 

in 1.5 s, and the major products of decomposition are C2H4, H2O, C2H2, CH4, CO, and 

H2.  

In contrast, as shown in figure 2-5, 90% of DME decomposes within 1 second, 

which is faster than the ethanol under the same conditions. The major decomposition 

products of DME are CH4, CO, and H2, as well as trace amounts of other species 

including CH3OH and CH2O. By comparing the breaking positions a, a′, and b of 

ethanol and DME, the dominant decomposition channels of ethanol are well known to 

be the molecular elimination channel to H2O + C2H4 and the C-C bond fission channel 

to CH3 + CH2OH. The C–O fission channel (to C2H5 + OH) is known to be minor. It 

can determine that ethanol is more likely to form C2 or CH3OH, the latter of which can 

be further decomposed into CH4, CO, and H2. For DME, however, there is only one 

breaking position b, the dominant decomposition channel of DME is the C–O bond 

fission, thus should produce CH4, CO, and H2, as predicted by simulation.  

An FT-IR spectrum of the decomposed gas is shown in figure 2-6. The concentration 

of the feedstock gas was determined from the relative intensity of the characteristic peak 

in the spectra. For example, the C-O stretching mode at 1200 cm-1 was considered to be 

the characteristic peak for DME, this peak is very strong and is not interfered by any of  

OH

CH3

CH3O

CH3

a
a' b

                    (4) 
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Figure 2-5 Numerical simulation of the thermal decomposition of DME at 

800 °C and 1.3 kPa. More than 90% of DME decomposes within approximately 

1 s. Experimental results by FT-IR (symbols) are in good agreement with the 

simulation (lines). 
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the decomposition products. The DME decomposition in figure 2-5 can be compared 

with that of ethanol in figure 2-2. Both of these results are for a furnace temperature of 

800 °C and a feedstock pressure of 1.3 kPa. The relative concentrations of DME 

measured by FT-IR are in good agreement with the simulation. 

At the high temperature condition of our experimental measurement, the 

decomposition of DME can be approximated as 

               CH3OCH3 → CH4 + CO + H2              (5) 

This means that for cases in which DME decomposition is ~90% or more (and for no 

pressure gradient), the outgoing volumetric flow rate becomes three times larger than at 

the inlet, where only DME existed. The real residence time thus becomes 1/3 of that 

calculated from the volumetric flow rate at the inlet. This decreasing residence time was 

considered when calculating the relative concentration of DME based on the FT-IR 

spectra. The similar estimation for ethanol was also considered [5]. 

In addition to the decreasing residence time, we also considered potential overlap of 

FT-IR spectral features of DME with those from decomposition products. This could 

result in the overestimation of the DME concentration, especially at low DME 

concentrations and high product concentrations. The C-O band, which exists only for 

DME, avoids this interference. The flow in the reactor, however, is not a fully formed 

plug flow, especially at low pressures where the diffusion of gas becomes significant, 

thus some of the DME may escape to the exit faster than the calculated residence time. 

However, this effect is insignificant due to the small inner diameter of the CVD quartz 

tube, thus possible diffusion of DME was not considered. 
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Figure 2-6 FT-IR spectra of DME at different degrees of decomposition. The 

dashed line indicates thorough decomposition and the solid line indicates light 

decomposition. 

 

 

 



Chapter 2  

42 

 

Based on the results of DME decomposition, some of the products are similar to 

those produced from ethanol decomposition, indicating that DME is a potential carbon 

source for the growth of SWNTs. More importantly, however, is that although ethanol 

yields SWNTs with little amorphous carbon, DME is known to produce even less soot 

during combustion than ethanol [6]. Therefore, the product grown from DME could be 

an even cleaner carbon source if the process and synthesis conditions were well 

optimized. And also from the study of effect of decomposition of ethanol on the quality 

of as-grown SWNTs, lightly decomposition of ethanol can result in cleaner and better 

quality SWNTs, therefor DME, which has the similar decomposition rate and 

decomposed species with ethanol, can grow high-quality SWNTs at optimized condition 

with lightly gas-phase decomposition. To understand the effect of CVD condition on the 

decomposition degree of DME, the influence of temperature and pressure on the 

thermal decomposition of DME is implied in the next section. 

2.4.2 Influence of temperature and pressure on the thermal decomposition of DME  

Some prediction of temperature and pressure influence on the thermal decomposition 

will be helpful for experimental optimization, so to investigate the temperature 

dependence we fixed the pressure at 1.3 kPa and performed various time-integrations of 

DME decomposition. The pressure dependence was similarly investigated by fixing the 

temperature at 800 °C. Temperature and pressure dependences of DME decomposition 

are shown in Figure 2-7. When the temperature increases to 950 ºC, DME is more than 

90% decomposed within 0.1 second, which means CH4 and CO become the major 

precursors for SWNT growth. At 800 ºC, the DME concentration decreased very 

quickly for pressures near 0.5 kPa, whereas less than 15% of DME was decomposed 

when the pressure was increased from 1 kPa up to 7 kPa. After adjusting integration 

time and experimental conditions (primarily by adjusting the flow rate), results of DME 

decomposition within 0.1 s at various temperatures and pressures are found to be in 

good agreement with the simulation results (Fig. 2-5).  

From the temperature dependence of DME, the thermal decomposition of DME at 

700 ºC, 1.3 kPa when the residence time is 0.1 s, is similar to the decomposition of 
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ethanol at 800 ºC. It can be assumed that high-quality SWNTs can be synthesized at 

lower temperature than ethanol by using DME. 

 

 

 

 

 

 

Figure 2-7 (a) Temperature dependence and (b) pressure dependence of thermal 

decomposition of DME (time-integration) in conventional CVD conditions. 
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2.4.3 SWNTs growth using DME as a carbon source  

To investigate the potential of DME as a novel carbon source for SWNT synthesis, 

ethanol was replaced in conventional ACCVD process with DME. Preliminary results 

clearly confirm that SWNTs can be synthesized from this new precursor at lower 

temperature 700 ºC. A resonance Raman spectrum from the DME-synthesized SWNTs 

is shown in figure 2-8, and no clear difference from ethanol was found. DME will also 

be used in low temperature and low pressure CVD, results will be shown and discussed 

in detail in the chapter 4. 

 

 

 

Figure 2-8 Raman spectra of SWNTs synthesized from DME at 700 ºC, 5 

kPa. Inset shows enlarged RBM region. 
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2.5 Conclusion 

Gas-phase thermal decomposition of ethanol and DME was simulated using the 

chemical kinetic model under typical SWNT growth conditions. Profiles of reaction 

species concentrations were plotted as predicted as thermal decomposition mechanism, 

which confirmed the simulation reaction trends and products. FT-IR spectroscopy was 

used to measure the concentrations of reactant (ethanol and DME) resulting from 

decomposition, and the molar fractions were correlated against residence time in the 

reactor by adjusting the flow rate of the feedstock gas. FT-IR experimental results at 

various temperatures and pressures were found to be in agreement with corresponding 

simulations.  

Effect of thermal decomposition of ethanol on the quality was discussed, generally 

light gas-phase decomposition of ethanol can result in high quality SWNTs comparing 

to heavy decomposition of ethanol. In this chapter it was also shown that SWNTs could 

be synthesized by replacing ethanol with DME. The relatively lower optimal CVD 

temperature of SWNTs growth by DME also confirmed the assumption on the effect of 

decomposition of carbon feedstock on the final SWNTs formation and its dependence 

on CVD conditions. 
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Chapter 3 

Expansion of CVD conditions: growth of super-small 

diameter SWNTs 

 

3.1 Background and motivation  

Until now, we still face the questions about controlling growth and freely tuning the 

diameter of SWNTs, though lots works had achievements on separating SWNTs to 

dispersion target diameter [1,2], to realize directly growth of specific SWNTs is still a 

challenge, especially for the growth of small diameter SWNTs with relative higher band 

gap which is useful towards application, rarely reports demonstrated the direct growth 

of small diameter SWNTs and sufficient spectroscopy observation on the as-grown 

small diameter SWNTs. 

Owing to relative high catalytic activity and carbon solubility, Fe and Co are usually 

considered as the main catalysts widely used for SWNTs growth, just because their high 

ability for growth of SWNTs by this binary catalyst, usually a relative broad diameter 

distribution SWNTs can be obtained using Fe-Co catalyst. In the contrary, the catalyst 

Cu, which recently used cooperate with Co to grow narrow diameter distribution 

SWNTs aroused interests to grow specific SWNTs such as (6,5) and (7,5) [3,4]. 

Choosing these two kinds catalysts in the extending CVD system, the modulating of 

diameter control can be comprehensively reviewed from broad distributed samples to 

narrow ones.  

Usually, to achieve the small diameter SWNTs, two strategies are used: lowering the 
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growth temperature and confine the catalysts from Oswald ripening [5] and aggregation, 

small diameter SWNTs were promised for growing on relative small catalysts. Or 

controlling the morphology of catalyst to fix the initial cap of SWNTs growth. 

Generally, growth of small diameter SWNTs were realized by the former methodology 

which is using lower temperature. On the other hand, particle morphology of zeolite 

enhanced yield and widen CVD work window of temperature and pressure for SWNTs 

growth, there are a lot of reports for that small diameter SWNTs can be obtained at 

relative low temperature on particle support catalysts [6-11]. In this work, zeolite was 

used as particle morphology catalyst support. 

Previous conventional CVD temperature for SWNTs growth using ethanol was 

considered only in a narrow range, from 600 °C to 800 °C at stable pressure [8, 9], 

controllable growth of SWNTs is very limited only through moderating CVD condition. 

In this chapter, low temperature, which is low down to 430 °C, coupled with low 

pressure were tried in CVD by zeolite support Fe-Co catalyst. Expanded CVD work 

window implied a chance to produce new chirality of SWNTs with super-small 

diameter which cannot be obviously obtained in conventional CVD, and revealed new 

understanding of growth mechanism in CVD system. 

3.2 Experiments and characterization 

3.2.1 Catalysts preparation and CVD procedure 

  Metal catalyst Fe and Co used in this work for CVD condition exploration were 

supported by USY-zeolite powder [HSZ-390HUA from Tosoh], which support widen 

temperature growth in previous reported works [8-11], preparation process of miscible 

iron acetate [(CH3CO2)2Fe] and cobalt acetate [(CH3CO2)2Co-4H2O] into USY-zeolite 

powder was similar to reported methods [8, 9]. 2.5 wt % weight concentrations of both 

Fe and Co of iron acetate and cobalt acetate dissolved in 30ml ethanol were mixed into 

the zeolite powder. Then the solution was sonicated in 10 mines and dried for 1 hour at 

80 oC. After repeat this sonication and drying steps twice, solution was dried 24 hours at 

80 oC. Absolutely dried powder with light brown color was grinded carefully, since 
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more molar powder is better for the touch between carbon source and catalyst. Prepared 

powder can be kept in small bottle for the usage each time. 

For the usage in CVD, the zeolite support catalyst carried by a quartz boat was set in 

a quartz tube (i.d. 27 mm) inside an electric furnace as shown in figure 3-1. During 

heating to target temperature by the electric furnace, 300 sccm (standard cc/min) of 

Ar/H2 (3 % H2) was employed so as to maintain the pressure inside the quartz tube at 40 

± 1 kPa. The quartz tube was evacuated by a rotary pump after the electric furnace 

reached the growth temperature, and at the same time with Ar/H2 was stopped. Ethanol 

vapor or the other kinds of carbon source (such as DME) from a reservoir with carrier 

gas Ar (500 sccm) were then introduced at a constant pressure. After completion of the 

CVD reaction, carbon source were stopped, 500 sccm Ar was closed when temperature 

cooled down below 600 oC (only for the case that growth temperature was higher than 

600 oC) then 300 sccm of Ar/H2 was flowed through the tube while it cooled to room 

temperature. Growth temperature was varied between 350 ºC and 900 ºC, and growth 

 

 

 

Figure 3-1 CVD apparatus, modified from ref [12] 
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partial pressure was between 0.02 Pa and 1300 Pa. After cooling down, as-grown 

SWNTs sample in the quartz boat was took out for characterizations originally or 

further treatment.   

3.2.2 Characterization: Raman, PL, absorption, SEM and TEM  

As-grown SWNTs were characterized by resonant Raman scattering and optical 

absorption. The Raman spectra were measured by Renishaw inVia Raman Microscope 

using 5 lasers of 488 nm, 532 nm, 633 nm, 785 nm and l064 nm. As shown in figure 3-2 

(a), 4 excitation energies laser used in this work were marked in Kataura plot combining 

with Raman spectra in the RBM region, and G-band shown in (b). Raman results shown 

in this work for assignment will be presented as this format to identify chirality 

assignment by Raman [13,14]. SEM (SEM, 1 kV acceleration voltage, S-4800, Hitachi 

Co.,Ltd.) and TEM (TEM, JEOL 2000EX operating at 120 kV) were also used to 

observe the morphology of as-grown SWNTs directly. 

 In order to perform an optical measurement, as-grown sample sometimes need to get 

treatment for obtaining suspended SWNTs or smaller bundles, [15] The as-grown 

sample was dispersed in 6 ml D2O with 4 wt % surfactant sodium deoxycholate (DOC) 

by heavy sonication with an ultrasonic processor (UP-400s with S3/Micro Tip 3, 

Hielscher Ultrasonics) for 1 h at a power flux level of 400 W/cm2. Then dispersion was 

centrifuged (Micro ultracentrifuges CS150GXL/CS120GXL, Hitachi Koki) at 40000 

rpm (163,000 g) for 20 min (keep in 22 °C). The 80% upper supernatant, rich in isolated 

SWNTs, was decanted and used in measurement of absorption and photoluminescence 

excitation spectroscopy. 

In addition to optical measurements, The UV-vis-NIR absorption spectra arranged the 

wavelength from 300 cm-1 to 1600 cm-1 for dispersed SWNTs liquid were measured 

with UV-3150, (Shimadzu Co., Ltd.). The photoluminescence excitation spectroscopy 

arranged the emission wavelength from 850 nm to 1350 nm and excitation wavelength 

from 300 nm to 850 nm were measured through a PLE, HORIBA Jobin Yvon Fluorolog 

iHR320, equipped with a liquid-nitrogen-cooled GaAs detector. PLE map is also shown 



Chapter 3 

52 

 

in the figure 3-2 (c). 

In addition, during the observation of small diameter SWNTs by Raman spectroscopy, 

usually resonance peaks raised in RBM region were in higher frequency of Raman shift, 

where noise maybe interrupt the accuracy of identifying each peak corresponded to 

specific chirality. In order to eliminate the interruption of noise in RBM region of 

Raman spectra, as-grown SWNTs sample was annealed in the air from 420 oC to 600 oC. 

Raman spectra were shown in figure 3-3.  

 

 

                 

Figure 3-2 (a) and (b) spectra of Raman, and (c) PLE map of the sample 

obtained at 500oC, 5 Pa in CVD using Fe-Co. Kataura plot in bottom of (a) was 

used for assigning the observed SWNTs in Raman and absorption [13, 14]. 
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By comparing the original sample, a procedure of SWNTs burned out gradually was 

observed by Raman spectra especially in the RBM region. From figure 3-3, when the 

annealing temperature reached 500 oC, it seems that SWNTs with small diameter were 

disappeared. All SWNTs were gone until 550 oC from the totally disappeared peaks in 

RBM and G-band, while there were peaks left around Raman shift 500 cm-1, these are 

the noises that probably from effect of zeolite and should be pay attention that they 

cannot be considered in the assignment for the small diameter SWNTs. 

 

 

 

 

 

 

Figure 3-3 As-grown sample was annealed in the air, the signals obtained when 

all SWNTs burned out reveal the noise signals in RBM region (left one) of 

Raman spectra. 
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3.3  Expansion of CVD condition for high quality SWNTs 

3.3.1 CVD experimental map 

 

 

Figure 3-4 Raman spectra of good quality SWNTs synthesized in low 

temperature and pressure CVD. 
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As introduced in section 3.1, previously conventional CVD temperature using ethanol 

for SWNTs growth was considered only in a narrow range, from 600 °C to 800 °C [8, 9], 

controllable growth of SWNTs is very limited only through moderating CVD condition. 

Low temperature, which is low down to 430 °C, coupled with low pressure 0.02 Pa 

were used in CVD by zeolite support Fe-Co catalyst. Figure 3-4 presents that the 

good-quality and small diameter SWNTs with less chirality were obtained at 430 °C and 

0.02 Pa.  

As shown in figure 3-4, only several chirality of SWNTs observed by Raman spectra, 

they can be assigned by Kataura plot, and a relative good G/D ratio reveal the good 

quality of synthesized SWNTs at low temperature and pressure. From comparing with 

Kataura plot, the features resonance to 488 nm laser and 532 nm laser in RBM region, 

reveal metallic SWNTs were observed by these two laser lines, broad G- peak in BWF 

line shape also confirms the observation for metallic SWNTs. In the contrary, mainly 

semiconductor SWNTs were observed by 633 nm and 785 nm lasers from peaks 

resonance in RBM region. Compare to the sample obtained at conventional CVD 

condition, most SWNTs disappeared at this extreme condition, but small diameter ones 

such as (5,4) survived, which also demonstrated that the strategy of obtaining small 

diameter SWNTs by low down growth temperature. New operation window implies a 

chance to produce new chirality of SWNTs which cannot be obviously obtained in 

conventional CVD, and provides new understanding of growth mechanism in CVD 

system. 

Figure 3-5 presents all experimental CVD condition done in this work, one spot is 

corresponding to one pair of temperature and pressure, green ones mean SWNTs can be 

synthesized which was determined by Raman observation for the G-band. In the 

contrast, red ones mean there was no SWNTs growth at this temperature and pressure 

condition. Temperature range was fixed from 350 oC to 900 oC while pressure range 

was from 0.02 Pa to 1300 Pa.  

Through analyzing the experimental conditions in this map, the trend of quality of 

as-grown SWNTs, temperature and pressure dependence on the formation of SWNTs, 
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and limitation for SWNTs growth with a specific catalyst were systematically and 

clearly demonstrated. Many information for controllable growth of SWNTs can be 

considered as refer for the future modification and application, theoretical discussion 

also can be revealed by the trend shown in this map for understanding the growth 

mechanism of SWNTs.   

 

 

 

 

 

Figure 3-5 Experimental map which include all temperature and pressure 

information of experiments done in CVD of this work. Green dots mean 

SWNTs can be obtained, Red dots mean G-band of SWNTs cannot be observed 

by Raman. 

400 600 800
10

−2

10
−1

10
0

10
1

10
2

10
3

10
−4

10
−3

10
−2

10
−1

10
0

10
1

Temperature (°C)

P
a
rt

ia
l 
p
re

s
s
u
re

 (
P

a
)

P
re

s
s
u
re

 (
m

b
a
r)

300 500 700 900



Chapter 3 

57 

 

3.3.2 Effect of temperature and pressure on synthesis of super-small diameter 

SWNTs 

As demonstrated in the experimental map, temperature and pressure dependence of 

synthesis of SWNTs were checked in this work, through this exploration step by step, 

conventional CVD condition was successfully shift from high temperature and pressure 

condition to low temperature and pressure condition. Most importantly, small diameter 

even super-small diameter SWNTs which were rarely obtained in conventional 

synthesis process and catalyst were obtained through expanding CVD condition. Here, 

 

 

 

Figure 3-6 Raman spectra of SWNTs growth at different temperature and at 

1300 Pa, 4 excitation energies lasers were used in Raman spectroscopy, where 

shows differences in the RBM region and increased D-band of SWNTs 

synthesized in different temperature. 
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effect of temperature and pressure on synthesis of SWNTs are discussed on the 

observation by Raman spectroscopy, PLE map and absorption. 

Figure 3-6 shows Raman spectra in the temperature range from 550 oC to 800 oC at 

1300 Pa, 4 excitation energies lasers were used, where shown different RBM region. 

When all G-band are normalized, a clear Raman up-shift can be observed from the 

peaks in RBM region, such as the peak appeared around 300 cm-1 observed by 633 nm 

laser, it is quite enhanced with temperature decreasing while peaks around 200 cm-1 

reduced a lot. A very small peak around 370 cm-1 observed by 785 nm laser also 

confirms the appearance of small diameter SWNTs with decreasing temperature; 

however, at the same time, defects observed by D-band enhance a lot with the 

decreasing temperature, it is no doubt that the formation of SWNTs were getting worse 

or more amorphous carbon obtained when temperature decreasing. It can be seen the 

 

 

 

Figure 3-7 Raman spectra of SWNTs growth at different pressure and at 700 

oC, 4 lasers used in Raman scatterings, where shows differences in the RBM 

region and decreased D-band caused by different pressure. 
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small diameter SWNTs appears at low temperature but with fulfill defects formation of 

SWNTs or abundant amorphous carbon, how to overcome this problem became critical 

to realize small SWNTs growth. 

  On the other hand, pressure dependence were also checked as shown in figure 3-7, 

the SWNTs samples were synthesized in the pressure range from 50 Pa to 1300 Pa at 

700 oC. It seems there is no effect from pressure on the diameter of SWNTs, but a clear 

trend on the D-band reducing is obtained. When pressure decreased, defects or of 

SWNTs and impurity correspondingly decreased obviously.  

  From the experiments of temperature and pressure dependence, hints for resolving the 

impossible growth of SWNTs at low temperature revealed through more exploration of 

CVD condition. Low pressure can assist with the decreasing of defects in SWNTs 

structure or decreasing the amorphous carbon. Coupling low pressure and low 

temperature become reasonable. In figure 3-8, low temperature experiments at 550 oC 

were employed with the decreasing pressure. From 1300 Pa to 30 Pa, with the pressure 

decreasing, a significant change not only in the RBM region but also in G-band and 

D-band are observed by Raman spectra. Super-small diameter (dt < 0.8 nm) is observed 

and the quality of as- grown SWNTs is better and better with the decreasing pressure. 

The assumption of pair of low temperature and low pressure for high quality of SWNTs 

is confirmed by the good G/D ratio of Raman spectra.    

  On the basis of these temperature and pressure dependence results, finally, SWNTs 

were successfully synthesized at very low temperature 480 oC only coupling with low 

pressure, the pressure dependence at this low temperature are shown in figure 3-9. No 

doubt, D-band was still decreased with decreasing pressure. In the contrast, when 

pressure low down to 0.1 Pa, diameter distribution of SWNTs became more broad. This 

is probably because the pressure can be considered as the amount of carbon loading on 

the catalyst, at extreme low temperature, where both small size catalyst and big size 

catalyst existed. With proper carbon loading, broad diameter distribution of SWNTs can 

be obtained. However, when the carbon loading is over for the capacity of catalyst 

especially big size catalyst, over-loading carbon will collide to amorphous   
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Figure 3-8 Raman spectra of SWNTs growth at different pressure and at 550 oC, 

4 lasers used in Raman scatterings, where shows differences in the RBM region 

and decreased D-band caused by different pressure. 

 

Figure 3-9 Raman spectra of SWNTs growth at different pressure and at 480 oC, 

4 lasers used in Raman scatterings, where shows differences in the RBM region 

and decreased D-band caused by different pressure. Inset pictures roughly show 

the appearance of samples. 
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carbon then encapsulate and poison the catalyst or SWNTs, therefor, diameter 

distribution of SWNTs become narrow and D-band is increased. The image inset 

Raman figures presents the exterior of as-gown SWNTs. The color of sample directly 

indicates the carbon loading of the formation of SWNTs or amorphous carbon.  

  Regardless how other factors affected on the formation of SWNTs, the most critical 

parameter for small diameter and diameter distribution is temperature, and proper 

pressure assists the quality and diameter distribution of SWNTs. Therefore, for the 

purpose of growth of small diameter SWNTs, temperature range from 500 oC to 850 oC 

at low pressure 5 Pa were checked. All samples obtained in this condition were 

observed by Raman, absorption and PL.  

  To confirm the growth of SWNTs, morphology of SWNTs were also observed by 

SEM and TEM. SEM images of SWNTs sample obtained are shown at figure 3-10 (a) 

800 oC, 1300 Pa and (b) 800 oC, 5 Pa; TEM images are shown in figure 3-10 (c) and (d) 

for SWNTs obtained at 500 oC, 5 Pa. 

In figure 3-11, PLE maps reveal the chirality of dispersed as-grown SWNTs. (6,5) 

became predominant when growth temperature was lower than 550 oC, where (7,5) was 

predominant with growth temperature 650 oC. (6,4) was efficiently enhance when 

temperature was lower than 550 oC, which is also observed by absorption results shown 

in figure 3-14. In the Raman spectra of figure 3-13, RBM region clear reveals that 

mainly super-small diameter SWNTs (dt < 1 nm) obtained when temperature low down 

to 550 oC, quality of SWNTs are relative good according to the low pressure growth 

condition. And the signals in the high frequency of Raman shift raised efficiently, 

means the abundant appearance of super-small diameter SWNTs. 

For the new appearance of super-small diameter SWNTs, observation for them were 

very rarely and it is very important to determine the assignment for these new SWNTs. 

Our understanding and knowledge expended to a new area with the expended CVD 

condition and first observed chirality of SWNTs in conventional catalyst ethanol CVD. 

The critical assignment of super-small diameter SWNTs by Raman, PLE map and 

absorption corresponding to Kataura plot will discussed and concluded in section 3.4.  
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3.3.3 Broad diameter distribution of SWNTs in high temperature and low pressure 

CVD 

  A very interesting phenomenon was revealed from the observation on the SWNTs 

obtained in the range of temperature 500 oC ~ 800 oC at 5 pa by PLE map and Raman 

spectra. It is believed that small diameter SWNTs are hardly obtained at high 

 

 

Figure 3-10 SEM images of SWNTs sample growth at (a) 800 oC, 1300 Pa and 

(b) 800 oC, 5 Pa; TEM images (c) and (d) for SWNTs obtained at 500 oC, 5 Pa. 
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Figure 3-11 PLE maps of dispersed SWNTs growth from 800 oC to 500 oC at 5 

Pa.  
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temperature, it indeed observed that small diameter SWNT reduced a lot from 500 oC to  

750 oC, dominant chirality shift from small diameter SWNTs (6,5) to relative bigger 

diameter SWNTs (7,6), (8,6) and so on. But when temperature was increased to 800 oC, 

PL intensity of small diameter SWNTs (6,5), (6,4) and (8,3) became obviously 

enhanced again, and weak signals can be detected for even super-small diameter 

SWNTs such as (7,3). This trend also can be clearly observed in figure 3-12, which 

presents the normalized PL intensity of (7,5), (6,5), (6,4) and so on.  Broad diameter 

distribution SWNTs similar to HiPCo sample [16] were obtained at this high 

temperature and low pressure condition. 

 

 

 

Figure 3-12 PL intensity for specific chirality of dispersed SWNTs growth from 

800 oC to 500 oC at 5 Pa. 
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  In addition, Raman spectra also confirmed this trend, abundant features raised in 

RBM region including both small diameter SWNTs and big diameter SWNTs. And 

besides semiconducting observed by PLE map of the SWNTs sample obtained at 800 oC 

and 5 Pa, metallic SWNTs were also quite synthesized revealed by the broad G- peak in 

BWF line shape of Raman spectra by 488 nm laser and 532 nm laser. Absorption 

 

 

 

Figure 3-13 Raman spectra of SWNTs growth at different temperature and at 5 

Pa, 4 excitation energies lasers used in Raman spectroscopy, which shown 

differences in the RBM region and D-band caused by different temperature 

and different chirality of SWNTs. 
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spectra shown in figure 3-14 further confirm the results of Raman and PLE map. 

  Compare with the SWNTs obtained at 800 oC and 1300 Pa, more broad diameter 

distribution SWNTs sample can be obtained at 800 oC and 5 Pa, this phenomenon 

indicates that proper carbon loading determined by pressure strongly affect the diameter 

distribution of SWNTs, over loading carbon maybe poison catalysts, which probably 

result in narrow diameter distribution. 

 

 

3.3.4 Growth boundary of SWNTs 

  According to figure 3-5, boundary of SWNTs growth can be roughly demonstrated 

by red dots. There are two boundary areas, one of them is around low temperature and 

 

 

 

Figure 3-14 Absorption spectra of SWNTs in the range of temperature 500 oC 

~800 oC at 5 Pa, chirality of SWNTs are shown in 𝑬𝟏𝟏
𝒔 region. 
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the other one is around high-temperature and low-pressure area. We believe SWNTs 

cannot be growth at low temperature because of insufficient activation energy for 

carbon towards the formation of SWNTs and the deactive catalyst. On the other hand, at 

high-temperature and low-pressure conditions, it is hypothesized that little amount of 

carbon is eaten by the catalyst and potential energy is not enough for nucleation of 

carbon.  

  To track the change of SWNTs growth along the boundary conditions, SWNTs 

obtained from 370 oC to 700 oC at 0.02 Pa were observed by Raman spectroscopy with 

excitation energy laser 532 nm. As shown in figure 3-15, SWNTs can be synthesized 

from 400 oC to 650 oC at 0.02 Pa, neither 370 oC nor 700 oC cannot grow SWNTs, 

which indicates two growth boundaries of SWNTs at 0.02 Pa. 

 

 

 

Figure 3-15 Observation of SWNTs by Raman (=532 nm) from 370 oC to 700 

oC at 0.02 Pa. 
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3.3.5 Effect of carrier gas 

  Some other parameters also effect the growth of SWNTs in CVD, in this work, 

carrier gas employed were Ar and Ar/H2, they usually act the roles of reduction gas in 

the annealing process or cooling gas taking away heat during cooling process, here 

discussion was focus on their influence on the usage of carrier gas for carbon feedstock 

at the low pressure system. 

 

 

 

Figure 3-16 Raman spectra of SWNTs growth under different flow rate of Ar 

carrier gas, 4 excitation energies lasers used in Raman spectroscopy, where 

show enhanced D-band caused by decreased flow rate of Ar. 
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  In figure 3-16, Raman spectra of sample growth at 480 oC 5 pa with different flow 

rate of carrier gas Ar were presented. A clear changing trend of D-band can be obtained 

by varying flow rate from 10 sccm to 500 sccm. D-band is reduced with the increasing 

flow rate of Ar, which can be explained as that, the partial pressure of carbon feedstock 

was decreasing, because the flow rate of carrier gas is increasing while flow rate of 

carbon feedstock fixed at constant pressure.  

At low-temperature CVD condition, carbon loading over or not is critical as 

discussed in section 3.3.2, this is probably because the partial pressure of carbon 

feedstock can be considered as the amount of carbon loading on the catalyst, at extreme 

low temperature 480 oC, with proper carbon loading, broad diameter distribution of 

SWNTs can be obtained. However, when the carbon loading is over for the capacity of 

catalysts, over-load carbon will collide into amorphous carbon then encapsulate 

catalysts or SWNTs, therefor, diameter distribution of SWNTs becomes narrow and 

D-band increased. The results from carrier gas demonstrate a good agreement with the 

discussion of carbon loading discussion, which also confirmed the importance of carbon 

loading ability for catalyst or reaction active energy, which will be theoretical discussed 

in the next section. 

  The effect of Ar/H2 was also studied by replacing Ar/H2 with Ar in CVD experiment, 

results in figure 3-17 shown a significant difference between the condition using Ar and 

Ar/H2. In the upper left of figure 3-17, small diameter SWNTs are disappeared 

obviously when using Ar/H2 especially at temperature 500 oC, this is probably because 

of the etching effect from H2 on the reaction especially small diameter SWNTs growth. 

In the bottom right of figure 3-17, Ar/H2 also affect D-band of as-grown SWNTs, H2 

probably destroyed the carbon order in SWNTs. Ar/H2 is not suitable as carrier gas for 

low temperature and pressure growth of small diameter SWNTs in this work.  
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Figure 3-17 Raman spectra of SWNTs synthesized by using different carrier 

gas, 4 excitation energies lasers used in Raman spectroscopy. 
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3.4 Assignment of the super-small diameter SWNTs beyond (6,5) 

  SWNTs obtained in this work were characterized by Raman, absorption and PL 

spectroscopies. Assignment of the observed SWNTs especially the new ones grown in 

expansion catalyst ethanol CVD is very important. To realize assignment of a SWNT, 

the full spatial symmetry of a SWNT is expressed by Kataura plot, the index of its 

chirality and electron energy band were interpreted by absorption spectra, PLE mapping 

and Raman spectra.  

  In general, resonance Raman process shows a strong diameter-dependence when 

Raman measurement on the bundles or isolated SWNTs SWNTs with a typical diameter 

[17-20]. And Raman signal is significantly enhanced when energy of laser used in 

Raman machine matches an energy separation Eii of vHS in the bands between valence 

and conducting. This behavior for the typical SWNTs with typical diameter (1 nm< dt) 

can also be employed to assign the RBM and G-band modes qualitatively in the small 

diameter SWNTs (dt ≈ 0.4 nm) [21, 22], which is helpful to assign the SWNTs obtained 

in this work smaller than (6,5) (dt < ~0.8 nm). 5 excitation energies lasers 488 nm, 532 

nm, 633 nm, 785 nm and 1064 nm were used in Raman experiments, this wide Elaser 

lines can cover most resonant signals which are presented as spectral features from 

SWNTs with corresponding diameters.  

Raman spectra peaks provide information for assignment of (n,m) of SWNTs, due to 

the features of observed SWNTs are invoked to identify the diameter. It is realized the 

(n, m) values of SWNTs for assignment. Equation of the diameters of as-grown SWNTs 

and Raman shift in RBM region was analyzed to set as: 

                     ωRBM = 
𝐴

𝑑𝑡
 + B                           (3-1) 

A lot of reported works [22-27] confirmed A and B for assignment with good agreement. 

the parameters used in this work is reported in [14].  

   On the other hand, when photon energy matches the vHS in DOC that is different 
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with chirality of SWNTs, absorbed photon will be increased significantly, which result 

in the rising peaks in the absorption spectrum. The electronic energy separation of the 

first vHS is called E11, when the photon energy match it, absorbance can happen 

involving into peaks, which provide the chirality information of observed SWNTs 

sample. Gap energies for all chiral index between mirror spikes can be indicated in 

Kataura work [13]. In the optical absorption spectra of SWNTs especially the small 

diameter SWNTs, three significant absorption features can be obtained, which have 

relationship to diameters like Raman spectroscopy. The peaks in the first and second 

lowest wavenumbers corresponding to E11 and E22 between spikes are from the 

semiconducting SWNTs with small diameter, and the third one is from the metallic 

tubes with the almost same diameter showing the overlap with E11 and E22 of 

semiconducting SWNTs, where we should pay more attention for accurate identification. 

Of course there are E33 and E44 in the observation of absorption, most obviously 

overlapping can confused the clear identifications, will not be included in this work for 

small diameter SWNTs observation. 

  From the diameter of SWNTs calculated by Raman, cooperating with the wavelength 

form optical absorption with corresponding original Kataura plot, particular assignment 

of SWNTs is classical presented in figure 3-18, 3-19, respectively. 

  In the figure 3-2, Raman spectra of SWNTs synthesized at 500 oC and 5 Pa condition 

were shown, Raman spectra by 4 lasers present an obvious up-shift compare to the 

SWNTs synthesized in conventional CVD condition using the catalyst, which means 

smaller diameter SWNTs can be obtained at low temperature and low pressure 

condition. G band and D band shows a good quality of SWNTs. So the assignment 

details for this sample were discussed here as an example.  

In figure 3-18, Assignments of obtained SWNTs at low temperature and pressure by 

Raman spectra coupling with Kataura plot, 5 lasers were used. And Kataura plot was 

plotted to RBM region at the same time, laser lines were marked in it corresponding to 

the lasers used in this study. It can be clarified for the SWNTs beyond the (6,5) 

observed by 532 nm laser, several sharp Raman peaks assigned as (7,3), 
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Figure 3-18 Assignments of SWNTs growth at low temperature and pressure by 

Raman spectra accompanied with Kataura plot, 5 excitation energies lasers 

were used by Raman. 
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(5,3) and (6,1) can be significantly observed by 532 nm; To confirm the assignment of 

super-small diameter SWNTs (5,3) and (6,1), observed frequencies in this work are 

compared to the reported DFT calculation and experiment observation results [28, 29]. 

And usually 10-30 cm-1 lower than calculated frequency in RBM peaks observation 

were acceptable, which is suggested by [22]. Based on these discussion, the peaks 

appeared at high frequency observed by 532 nm laser in this work are demonstrated as 

(5,3) and (6,1). (6,4) and (8,0) are determined by 633 nm; (9,1) and (5,4) were observed 

by 785 nm laser, and (7,4) was observed by 488 nm laser, respectively. Rarely used 

laser 1064 nm were also shown RBM of small diameter SWNTs (dt < 1 nm) (7,6), (8,4) 

and (9,2) and clear G-band. Therefore Raman becomes a powerful method to observe 

the new existence SWNTs in this work. 

  Semiconducting SWNTs with transition energies E11 and E22 observed by PL, as 

shown in figure 3-19. (6,5) became the predominant one in as-grown sample, together 

with relative high concentration (6,4), (7,5) and so on. It has a good agreement with 

RBM of Raman to identify the chirality of SWNTs, for example, (7,5), (7,6), (6,4) and 

(8,3) observed by 633 nm laser and (6,5) (7,3) observed by 532 nm laser in Raman. 

However, comparing to the significant signals in Raman, which due to the strong 

resonance signal of (8,0) and (5,4) by 633 nm and 785 nm lasers, respectively, they 

cannot observed because of the limitation of emission range in PL apparatus, in the 

optical absorption spectroscopy, (5,4) can be observed.  

  The ratio of (6,4) to (6,5) can be roughly determined by the intensity of PL, almost 

60% was achieved by this work. (6,4) SWNTs were rarely obtained in the past reported 

work. The ratio of (6,4) to (6,5) is smaller than 10% [28, 30, 31], even in some work 

that obtained small diameter ~0.6 nm, (6,4) cannot observed at all in the PL map. And 

in the recent report (6,5) predominant work, this ratio increased to ~20% estimate by PL 

intensity [32]. 

  It can be seen that unignited signals appeared in the wave number bigger than 350 

cm-1, to clarify whether they are from the smaller SWNTs or noise, experiments of 

as-grown 
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Figure 3-19 Assignments of SWNTs growth at low temperature and pressure by 

PL and absorption spectra. 
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SWNTs burned detected by Raman were implied in this chapter. SWNTs sample 

obtained at low temperature 480 oC and low pressure ~5 Pa were in situ annealed to 

atmosphere by opening CVD chamber to air in 10 mins. Figure 3-3 presents the Raman 

spectra in 4 lasers of as-grown sample after annealing in the air at various temperature. 

Raman spectra of SWNTs burned at 420 oC is similar to the original ones, however, big 

difference was occurred when annealing temperature increased to 500 oC where small 

diameter SWNTs < ~1 nm totally disappeared. In the Raman signals by 785 nm, the 

peaks around 500 cm-1 disappeared coupling with the signal (~370 cm-1) of small 

diameter SWNTs, similar phenomenon obtained in the other works implied that the 

 

 

 

 

Table 3-1 Assignment for SWNTs (dt < ~1 nm) observed by Raman, PL and 

absorption spectra. 

ex=1064nm ex=785nm ex=633nm ex=532nm ex=488nm 22 11 22 11

(6,1) 445.47 0.521

(5,3) 419.98 0.556

(5,4) 370.35 0.620

(8,0) 361.85 0.635

(6,4) 331.88 578 878 578 878 0.692

(7,3) 331.40 505 985 0.706

(6,5) 303.69 565 981 565 981 0.757

(9,1) 303.62 920 0.757

(7,4) 304.85 0.765

(8,3) 294.54 660 960 960 0.782

(9,2) 286.76 286.31 0.806

(7,5) 280.31 650 1030 1030 0.829

(8,4) 277.21 592 1115 0.840

(7,6) 259.97 260.85 648 1123 1123 0.895

(7,7) 242.08 0.963

(8,7) 232.11 1.032

Raman shift (cm-1) PL (nm) Absorption (nm)     dt (nm)



Chapter 3 

77 

 

peaks around 500 cm-1 to 1100 cm-1 are the IFM region which has a strong resonance 

with the signal (~370 cm-1) of small diameter SWNTs (5,4). When the small diameter 

SWNTs burned out, the IFM region also will be eliminated correspondingly [33]. On 

the other hand, in the other 3 lasers, when all SWNTs removed in the air annealing, the 

peaks left can be clearly clarified they are not from the SWNTs, but probably from the 

zeolite or metal catalysts. 

 All assigned SWNTs with super-small diameter (optical band gap up to ~1.5 eV) are 

shown in Table 3-1. Each SWNT with corresponding Raman, PL or absorption data are 

shown in this table, for the smallest one observed in this work, which is only 0.52 nm, 

confirmed by Raman laser 532 nm. The similar observation for (6,1) by reported wok 

[28] and for (5,3) by one reported observation from separated SWNTs [29] confirm the 

 

 

 

Figure 3-20 Comparison of small diameter SWNTs observed between previous 

works and this work [16, 30-32, 34]. 
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accuracy of this work. 

  Efficient enhancement of super-small diameter SWNTs was achieved in this work, 

mostly, these super-small diameter SWNTs were rarely obtained in direct growth, for 

example, (6,4) was usually extracted from inner tube of a double-walled carbon 

nanotubes [35, 36]. Only a few works reported the observation of small diameter which 

breakthrough (6,5). And very few works can observe these small diameter SWNTs by 

PL or absorption besides Raman spectroscopy. In figure 3-20, previous reported works 

for observation smaller diameter SWNTs normalized to (6,5) were compared with this 

work. As one of the most efficient work to achieve the growth of super-small diameter 

SWNTs more than (6,5), this work showed excellent efficiency not only for the relative 

amount but also the chirality distribution of super-small diameter SWNTs. 
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3.5 Kinetic mode for SWNTs growth in low-temperature and 

low-pressure CVD: analysis of SWNTs growth map in ACCVD 

 

 

 

 

Figure 3-21 Experimental map which include all experimental information 

(temperature and pressure) done in expansion CVD. Different G/D ratio 

measured by Raman are marked by different color; orange line was fit by ideal 

gas equation through estimating activation energy as 2.3 eV. 

Please refer details of G/D ratio in appendix I. 
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3.4.1 Growth mechanism 

  As the explanation for figure 3-5, more information are concluded in figure 3-21 

after finishing parameter studies by experiments. All experimental CVD condition done 

in this work, one spot is corresponding to one pair of temperature and pressure, green 

ones mean SWNTs can be synthesized which is determined by Raman observation for 

the G-band. In the contrast, red ones mean there is no SWNTs growth at this 

temperature and pressure condition. Temperature range is fixed to 350 oC to 900 oC 

while pressure range is 0.02 Pa to 1300 Pa.  

G to D ratio was added this map, different color and shape were added on 

corresponding experimental condition, and where orange squares mean G to D ratio of 

SWNTs is about 10-15 with high-quality as an example. Through comparing these 

value of G to D ratio, some particular discussion can present the influence of 

temperature and pressure on the quality of SWNTs obtained in the expansion CVD 

system from high temperature and pressure to low temperature and pressure. 

From the temperature influence, G/D is gradually decreased with decreasing 

temperature, SWNTs were gradually terminate the growth with temperature decreasing, 

which confirm that the growth of SWNTs cannot be terminated suddenly, it should be 

gradually stopped with decreasing temperature. On the other hand, low temperature also 

limit both of the diameter of SWNTs and diameter distribution because of inducing the 

decreased size of catalyst, which can be described as small catalyst or aggregators 

formation due to the decreased mobility of catalyst migration at low temperature lead to 

small diameter SWNTs and diameter distribution [33]. 

In the case of influence from pressure, when pressure was increased, G/D is became 

decreasing and diameter distribution of SWNTs became narrow, which is constant with 

the explanation of carbon loading [5, 37]. With proper carbon loading, broad diameter 

distribution of SWNTs can be obtained. However, when the carbon loading is over for 

the capacity of catalyst, over-load carbon will collide into amorphous carbon then 

encapsulate or poison catalysts, therefor, diameter distribution of SWNTs become 

narrow and D-band increase.  
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One area should be paid attention is the part of high-temperature and low-pressure 

CVD, even high-quality SWNTs can be obtained at high temperature with proper low 

pressure, however, when the pressure was too low, which means the carbon loading was 

too low. Carbon will be easily participate into the formation of amorphous carbon 

quickly at high temperature and then covered the catalysts to stop the nucleation of 

SWNTs. Or low amount of carbon is just eaten by the catalyst without nucleation of 

SWNTs. Therefore, it can be observed that no SWNTs can be obtained at too high 

temperature with too low pressure. No SWNTs can be growth due to zeolite structure 

destroyed at 900 oC was also a probably reason.  

3.4.2 Kinetic consideration on the growth map 

In conclusion, whether carbon loading over or not is critical to judge the growth 

condition of SWNTs. In this temperature-pressure dependence map, relationship of 

temperature and pressure can be described as ideal gas equation as: 
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From this, the proportional relationship of temperature and pressure is clearly described 

here. 

  By the way, for the reaction active energy, Ea=2.3 eV was fitted by equation (3-2) 

covered five magnitude pressure range with orange line in figure 3-17, which was the 

value of growth active energy for SWNTs by ethanol have good agreement with 

previous reported calculation for ethanol [38], and this value of activation energy is a 

little higher than other works [39, 40] because of the reasonable influence from 

secondary reaction of ethanol during CVD synthesis of SWNTs. 

3.6 Summary 

Super-small diameter SWNTs are grown by alcohol catalyst chemical vapor 

deposition (ACCVD) method using USY-zeolite supported catalysts. In conventional 

ACCVD process, usually high-quality SWNTs were grown around 800 oC with 1.3 kPa, 

through studies of the influence of temperature and pressure on the formation of 

SWNTs in this work, the relationship of temperature and pressure was clarified: 

SWNTs can grow in lower CVD temperature accompanied with proper lower pressure, 

which was also confirmed by kinetic study on the formation of SWNTs. The 

temperature range of growing high-quality SWNTs was extended down to 430 oC 

combining with very low partial pressure of ethanol down to 0.02 Pa.  

Extended temperature range of CVD open a new CVD work window for efficient 

growth of super-small diameter SWNTs. During the decreasing CVD temperature, 

super-small diameter SWNTs (0.8 nm < dt < 0.52 nm) were obtained around 500 oC, 5 

Pa. Previously, SWNTs with diameters smaller than (6,5) (~0.8 nm) are known to be 

very inefficient to grow unless inside of special zeolite pore or inside of an outer 

nanotube, super-small diameter SWNTs were rarely directly grown in reported works. 

By the low temperature growth with the conventional Fe-Co catalysts, we can extend 

the small diameter limit; ratio of smaller diameter tubes increased with lower 

temperature CVD with optimum low pressure. Resonant Raman with 5 excitation laser 

lines, absorption and Photoluminescence (PL) are used to characterize abundance of 



Chapter 3 

83 

 

small diameter nanotubes, and chirality of super-small diameter SWNTs were assigned 

as (6,4), (5,4), (5,3), (6,1) etc.. 
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Chapter 4 

Influence of feedstock compounds (DME and 

acetonitrile) and zeolite support catalysts (Cu-Co and 

W-Co) on the CVD synthesis of SWNTs 

 

4.1 Background and motivation 

The influence of carbon source compounds and catalysts on the quantity and quality of 

SWNTs were studied and will be discussed in this chapter. During CVD synthesis of 

SWNTs, several processes limit growth rate and formation of SWNTs. In the gas phase, 

carbon feedstock go through thermal decomposition before reaching catalysts, 

decomposed carbon feedstock absorb and dissociate on the surface of catalyst, then 

carbon atoms diffuse bulk or surface, finally carbon atoms participate into the growth of 

SWNTs. Different carbon feedstock and catalysts present different performance during 

all these processes. Therefore, studies on the effect of carbon feedstock and catalysts are 

very important, especially for low temperature and pressure CVD synthesis of small 

diameter SWNTs. 

DME was preferred not only because its potential for cleaner SWNTs [1] but also it is 

meaningful to compare its performance on the diameter of SWNTs in low temperature 

and pressure CVD to ethanol. Acetonitrile, [2-5] were also widely used in CVD to reduce 

diameter of SWNTs by nitrogen doping in SWNTs structure, rarely work report the low 

temperature CVD by using these carbon feedstock, therefore, CVD growth of small 

diameter SWNTs at 500 oC by acetonitrile was studied in this work. 
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 On the other hand, some promising work published very recently present the 

advantage of Cu [6-8] and W [9] in the selective growth of SWNTs such as (6,5) and 

(12,6). Using these catalysts in the low temperature CVD system or zeolite support 

morphology is promising and meaningful trails toward better exploration not only for 

reducing diameter of SWNTs but also for controllable growth. 

4.2 Catalysts preparation, CVD conditions and characterization 

Metal catalysts W, Cu and Co used in this work for CVD growth of SWNTs were 

supported by USY-zeolite powder [HSZ-390HUA from Tosoh], which support low 

temperature growth in previous reported works [10-13].  

Preparation process was the same as that described in section 3.2.1, the difference is 

only the original chemical. W and Cu are tungsten hexachroride (WCl6) and copper 

acetate [(CH3CO2)2Co-6H2O] into USY-zeolite powder, respectively. 2.5 wt % weight 

concentrations of both Cu and Co of copper acetate and cobalt acetate were used in this 

work. But in the case of miscible of WCl6 and cobalt acetate, weight concentration of W 

had a strong influence on the final formation of SWNT, therefore, many different 

concentration of W were employed from 0.5 wt% to 5 wt%, while Co is constant at 2.5 

wt%. 

CVD process is almost the same as section 3.2.1, the equipment can be checked in 

figure 3-1. DME from a reservoir with carrier gas Ar (500 sccm) were then introduced at 

a constant pressure. In the case of acetonitrile, vaporized acetonitrile from liquid 

acetonitrile carried by carrier gas Ar was introduced into CVD chamber by mass flow 

controller. The growth temperature was varied between 480 ºC and 800ºC, and the growth 

partial pressure was between 0.02 and 1300 Pa.  

As-grown SWNTs were characterized by Raman spectroscopy and optical absorption. 

The results of Raman spectra were measured by Renishaw inVia Raman Microscope 

using 4 lasers of 488 nm, 532 nm, 633 nm, 785 nm. UV-vis-NIR absorption and PLE 

mapping were also used to character dispersed SWNTs sample, details stated in chapter 

3 will not be described here. 
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4.3 Influence of feedstock compounds on the growth of SWNTs 

Acetonitrile and DME were used as feedstock in the same low temperature and low 

pressure CVD condition using Fe-Co catalyst, even DME is the constitute isotope 

chemical of ethanol, they have the same atom substation, still induced different SWNTs, 

which is probably due to the different feedstock will absorb and dissociate differently on 

catalyst surface. 

 

 

 

 

 

Figure 4-1 Raman spectra of SWNTs synthesized by DME at different 

temperature and at 5 Pa, 4 lasers used in Raman spectroscopy, where shows 

differences in the Raman spectra caused by different temperature. 
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4.3.1 Low-temperature low-pressure CVD using DME 

  DME replacing ethanol in low temperature and low pressure CVD growth of SWNTs 

was implement, as-grown SWNTs were observed by Raman spectroscopy. Temperature 

and pressure dependence on the formation of SWNTs were obtained by Raman spectra 

presented in figure 4-1 and 4-2.  

In the low temperature range from 450 oC to 550 oC, reducing of diameter by decreased 

temperature was not obviously in the case of DME CVD, while there was significant 

diameter reducing in ethanol CVD. Raman spectra were obtained from SWNTs 

synthesized by DME in the range of temperature at 5 Pa, 4 lasers used in Raman 

spectroscopy, where shows differences in the RBM region and different G-band caused 

by different temperature. However, the differences did not obtained sufficient diameter 

tuning caused by temperature (450 oC to 550 oC) as shown in the case of ethanol. In RBM 

region, appearance of small diameter SWNTs raise the peaks at relative high Raman 

frequency, at the same time, existence of big diameter SWNTs still raise the peaks at low 

Raman frequency even temperature decreased. It seems that relative more broaden 

diameter distribution SWNTs were obtained by DME at low temperature (around 500 oC) 

condition. 

From the decomposition studies in chapter 2, there is almost no gas phase 

decomposition in this low temperature experiment condition. Therefore, the difference of 

DME and ethanol on the formation of SWNTs in low temperature CVD is probably due 

to the different absorb on catalyst and catalyst surface dissociation, which is caused by 

different molecular structure of ethanol and DME themselves. On the other hand, when 

ethanol and DME undergo thoroughly gas-phase decomposition at high temperature, 

where mainly decomposition products participate SWNTs growth, SWNTs obtained at 

this condition seem very similar as shown in chapter 2. This is due to the common 

decomposition products between ethanol and DME. 

  In figure 4-2, Raman spectra of SWNTs synthesized by DME in the range of pressure 

at 450 oC, 4 lasers used in Raman scatterings, where shows diameter distribution of 
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sample at 0.2 Pa was increased compare to that at 1 Pa in the RBM region, but G-band 

became worse a lot when pressure is 0.02 Pa, almost no SWNTs can be obtained at 0.02 

Pa. The changing in the RBM region is hard to identify the trend, it is probably 450 oC is 

an extreme low temperature for DME, only narrow work window of pressure can be fitted 

in this experimental condition. So only 0.2 Pa is relative best for SWNTs growth at 450 

oC. And comparing to 0.2 Pa, carbon loading was over at 1 Pa, thus catalysts probably 

were poisoned by over carbon, which aroused the narrower diameter distribution.  

 

 

 

 

 

 

Figure 4-2 Raman spectra of SWNTs synthesized by DME from 0.02 Pa to 1 Pa 

at 450 oC, 4 lasers used in Raman spectroscopy, which reveals diameter 

distribution of sample at 0.2 Pa was increased compare to that at 1 pa, and 

SWNTs were hardly obtained when pressure is 0.02 Pa. 
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4.3.2 Low-temperature low-pressure CVD using acetonitrile  

 

 

Figure 4-3 Temperature (a) and pressure (b) dependence of mole fraction of 

acetonitrile as the function of integration residence time. 
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  Temperature and pressure dependence of acetonitrile decomposition were simulated by 

CHEMKIN, results are shown in figure 4-3. From the results, acetonitrile is hardly 

decomposed in gas phase even at high temperature and high pressure condition comparing 

to that of ethanol or DME. In most case, mainly acetonitrile contribute into the growth of 

SWNTs directly not decomposed products, but even there is no thermal decomposition, 

there may be difference on catalyst surface absorb and dissociation of acetonitrile, this 

can be clarified by the difference of formation of SWNTs at the same CVD condition with 

ethanol and DME. Of course, the effect from nitrogen doping also cannot be ignored at 

the same time. 

 

 

 

Figure 4-4 Raman spectra of SWNTs synthesized from ethanol, acetonitrile and 

DME at 500 oC, 5 Pa. 
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4.3.3 Influence of feedstock compounds: comparison among ethanol, DME and 

acetonitrile  

  Raman spectra of SWNTs grown by using ethanol, acetonitrile and DME in 500 oC and 

5 Pa CVD are shown in figure 4-4. In the RBM region, without doubt, acetonitrile 

significantly enhanced the growth of small diameter SWNTs, and diameter SWNTs (dt > 

1 nm) totally disappeared. Acetonitrile present an excellent ability to only grow small 

diameter SWNTs as expecting. However, compare to ethanol, its relative big defects 

cannot be ignored, in some case, these effect will limit its application.  

  In contrast, DME preferred growing bigger diameter SWNTs at the same time with 

small diameter SWNTs growth, broad diameter distribution of SWNTs can be observed 

in its sample by Raman even at low temperature, which is the condition ethanol and 

acetonitrile mainly grown super small diameter SWNTs without the existence of big 

diameter SWNTs. This can be identified as the feature of DME.  

  However, when we discuss the effect from different carbon feedstock, it should be 

noticed that the difference obtained in this section was from the same CVD condition 

(temperature and pressure) using ethanol, DME and acetonitrile. Especially at this CVD 

condition, these three carbon feedstock are all hardly decomposed in gas phase, details of 

thermal decomposition of ethanol, DME and acetonitrile at low temperature and low 

pressure can be found in appendix IV. Different molecular structure in carbon feeding 

components result in different efficiency reaction with catalyst, thus difference or very 

small difference on the growth of SWNTs can be obtained. But, when a proper CVD 

condition is implemented for these carbon feedstock individually, almost the similar 

SWNTs can be growth by different carbon feedstock, which was clarified that similar 

SWNTs can be obtained by both ethanol and DME at different CVD condition (resulted 

in similar decomposition products) in chapter 2 and reported work [14]. 
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4.4 Comparison of various zeolite-supported catalysts 

 

4.4.1 Growth of super-small diameter SWNTs by Cu-Co 

  Catalyst Cu was widely used as introduced in section 4.1, many strategies for loading 

catalysts have been employed such as dip coating, spattering for ACCVD growth. Most 

reports of selective chiral growth were loading Cu into particle catalyst support, which is 

benefit for narrow down diameter distribution and applicable for optical observation. In 

this work, Cu and Co miscible into zeolite, this binary catalyst enhance both the selective 

  

 

 

 

Figure 4-5 Raman spectra of SWNTs synthesized by Cu-Co zeolite at different 

temperature and at 5 Pa, 4 lasers used in Raman spectroscopy, where shows 

differences of the RBM region and different G-band in SWNTs obtained at 

different temperature. 
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growth of small diameter SWNTs and growth efficiency. 

  Cu-Co zeolite was used in CVD at different temperature by ethanol, Raman spectra 

present the direct observation from as-grown SWNTs samples in figure 4-5. First of all, 

influence of temperature on the formation of SWNTs are identified by RBM region of 

Raman spectra, corresponding inverse diameter are also marked in figure 4-5, when 

temperature decreased from 750 oC to 650 oC, small diameter SWNTs only 0.6 nm is 

observed by 785 nm laser obviously, when temperature reached 500 oC most metallic 

SWNTs observed by 488 nm laser are disappeared, which is also confirmed by the soften 

and broaden G-band and increased G/D ratio, and at the same time the diameter 

distribution of SWNTs narrowed down.  

  Spectra of PLE mapping and absorption for the dispersed SWNTs sample are shown 

in figure 4-6. In PLE map, a clear  decreasing of chirality of SWNTs is demonstrated. 

(7,5) is the dominant chirality and abundant small diameter SWNTs (8,3), (8,4), (7,6) and 

(6,5) show their existence at 750 oC. When temperature decreased to 650 oC, little bigger 

diameter SWNTs such as (10,2), (9,4) and (8,6) almost faded out, indicate small diameter 

SWNTs became the predominant when temperature decreasing. A promising 

achievement that only (6,5) as the absolutely dominant chirality was obtained when 

temperature decreased to 500 oC, which was also observed by absorption. Cu presented 

its ability for assistant of selective growth of (6,5) SWNTs, this became more efficiently 

when temperature was low down to 500 oC, where is the new explored expanding CVD 

condition. (6,5) SWNTs participated about 50% in the total population of SWNTs sample, 

which is roughly estimated by approximate peak intensities of both PLE map and 

absorption spectra.    
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Figure 4-6 Absorption and PL map of SWNTs synthesized by Cu-Co at 

different temperature and at 5 Pa, present (6,5 ) is predominant at 500 oC. 
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4.4.2 Comparison between Fe-Co and Cu-Co in low temperature and pressure CVD 

(a) 

 

(b)                                       (c) 

 

Figure 4-7 Comparison of results of using Fe-Co and Cu-Co at 500 oC, 5 Pa 

observed by (a) Raman spectra, (b)PL map and (c) absorption spectra. 
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  A clear difference between SWNTs growth by Fe-Co and Cu-Co can be observed in 

figure 4-7. In figure 4-7 (a), Cu-Co present benefit on narrow diameter distribution of 

SWNTs, most SWNTs obtained by Cu-Co are just smaller than 1 nm, comparing to Cu-

Co, the SWNTs obtained by Fe-Co are broad, however, quality of SWNTs obtained by 

Fe-Co are better than that of Cu-Co from the G-band and D-band. It seems that Fe-Co is 

really an active catalyst that can be survived at extreme condition such as low temperature 

to grow SWNTs with high-quality more efficiently. 

  From figure 4-7 (b) and (c), Cu-Co and Fe-Co also demonstrate their each advantage 

on growth of super small diameter SWNTs. At low temperature 500 oC, super small 

diameter (6,4) was efficiently enhanced by Fe-Co while (6,5) is predominant in the case 

of Cu-Co by the observation both PLE map and absorption spectra, Fe-Co contributed to 

the growth of super-small diameter SWNTs which were hardly observed before, and (6,5) 

is definitely predominant with appearance of little amount of smaller diameter SWNTs 

by Cu-Co. 

4.4.3 W-Co for charity controlled growth of SWNTs 

  Different concentration of W cooperated with Co on zeolite were used in ethanol CVD 

as catalyst. As the introduction of W catalyst on selective growth of SWNTs in section 

4.1, a significant selective growth was obtained by increasing concentration of W, which 

demonstrated the importance of W on the chirality selective growth. In figure 4-8, most 

features are disappeared rather than the peak around 194 cm-1 observed by 633 nm laser 

once the concentration of W increased from 0.5 wt% to 5 wt% at 750 oC and 1300 Pa. 

The peak around 194 cm-1 observed by 633 nm laser is assigned as metallic SWNTs (12,6), 

increasing concentration of W was an efficient way to selective synthesis this chirality of 

SWNTs. However, the amount of SWNTs obtained by W-Co catalyst was very small, it 

can be roughly identified by the weak peaks in absorption and hardly assigned by 

absorption spectra. 

  However, defects of SWNTs aroused by increasing concentration of W cannot be 

ignored. From the study of influence of pressure on the formation of SWNTs, usually 

decreased pressure was useful to enhance the quality of SWNTs, so the experiment of 
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lower pressure to pursue better quality of selective chirality growth of SWNTs. In figure 

4-9, it cannot assist the better quality by decreasing CVD pressure from 1300 Pa to 300 

Pa, which judged from the broaden G-band both appeared at 1300 Pa and 300 Pa, and 

unfortunately, more peaks raising in the RBM region are caused by more chirality SWNTs 

growth at 300 Pa. So how to enhance the quality of SWNTs while keeping the selective 

growth still need more efforts. 

 

 

 

Figure 4-8 Raman spectra of SWNTs synthesized by W-Co in different 

concentration of W, 4 excitation energies lasers were used in Raman 

spectroscopy, where shows (12,6) is predominant at high concentration of W. 

Absorption spectra of SWNTs synthesized by 2 concentration of W is shown in 

(b) and enlarged absorption spectra is shown in (c).  
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4.5 Summary 

In expanding CVD condition (low temperature and pressure), ethanol, DME and 

acetonitrile were almost directly arrived at the surface of catalysts without gas-phase 

decomposition, then participated into physical or chemical reaction on or with catalyst 

towards to growth steps of SWNTs. Difference of as-grown SWNTs obtained from 

ethanol, DME and acetonitrile were compared by Raman spectra. We can get the 

important information from the quality modulating of SWNTs by changing the feedstock, 

which is due to the different feedstock will participate very differently in the process of 

gas-phase, absorbing and dissociation on catalyst surface and so on. 

 

 

 

Figure 4-9 Raman spectra of SWNTs synthesized by W-Co at 750 oC, 1300 Pa 

and 750 oC, 300 Pa, 4 excitation energies lasers used in Raman spectroscopy. 
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Comparing the results of SWNTs obtained by different catalyst, effective catalyst Fe-

Co catalyst assisted the exploration of CVD condition, and super-small diameter SWNTs 

were synthesized by it. Cu-Co and W-Co were useful and powerful to obtain specific 

SWNTs. By using Cu-Co catalysts, diameter distribution can be narrower. (6,5) SWNTs 

became predominant at 500 oC. On the other hand, (12,6) became the predominant 

SWNTs when increasing the concentration of W in catalyst of W-Co. Growth of super-

small diameter SWNTs and narrow chirality to a specific SWNT by adjusting catalysts 

are supposed to be promising toward application and understanding of CVD growth of 

SWNTs system.  
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Chapter 5 

Summary and conclusion 

The growth of small diameter SWNTs with relatively large band gap is a challenge in 

the research of SWNTs and a variety of application is expected. Efficient growth of super-

small diameter SWNTs was realized in this work. Sufficient number of systematic 

observation of the small diameter SWNTs, which was rarely reported before was also 

achieved in this work.   

To understand the growth mechanism of SWNTs, variety of CVD parameters were 

studied in this work. The effect of feedstock compounds including heir decomposition in 

gas-phase, the effect of catalysts, and CVD operation conditions were systematically 

studied. How these factors affect the quality and chirality is the main interest and 

achievement of this study especially for low temperature and low pressure CVD.  

The study of gas-phase decomposition of ethanol, DME and acetonitrile provided 

insights into the control of the formation of SWNTs from gas phase. The work on the 

extension of CVD condition from high to low temperature and pressure, contributed the 

systematic understanding on the key factors of the growth of super-small diameter 

SWNTs. The feedstock studies, suggested the potential quality modulation of SWNTs by 

feedstock. And finally, the effect of the catalysts was investigated and compared by using 

three typical catalysts Fe-Co, Cu-Co and W-Co on zeolite. 
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Appendix I 

The G/D ratio presented in figure 3-19 were the average over the measurements with 

4 excitation laser energies. Experimental conditions and each measurements are shown 

in table I-1. 

 

 

Table I-1 Details of the G/D ratio measurements for the samples with different 

CVD conditions. 

488nm 532 nm 633 nm 785 nm Average

550 oC, 1300 Pa 2.6 2 .4 3 .5 3 .5 3 .0

460 oC, 5pa 2.0 3 .0 3 .0 6 .0 3 .5

750 oC, 0 .2 Pa 2.1 5 .4 3 .0 5 .0 3 .9

380 oC, 0 .1 Pa 6.0 3 .0 4 .0 3 .0 4 .0

850 oC, 1 Pa 5.0 4 .0 5 .2 2 .0 4 .1

550 oC, 150 Pa 7.5 3 .3 3 .0 6 .0 5 .0

650 oC, 0 .02 Pa 4.0 6 .0 6 .0 10.0 6 .5

430 oC, 0 .02 Pa 9.2 11.0 13.8 7 .9 10.5

700 oC, 1000 Pa 3.3 20.0 10.0 10.0 10.8

700 oC, 1300 Pa 6.3 15.8 9 .5 15.8 11.9

500 oC, 1 Pa 13.3 20.0 13.3 8 .0 13.7

700 oC, 0 .1 Pa 10.0 19.6 15.0 12.2 14.2

500 oC, 5 Pa 8.0 20.0 20.0 10.0 14.5

600 oC, 0 .02 Pa 18.8 8 .5 15.5 21.0 16.0

550 oC, 5 Pa 17.5 17.5 17.5 11.7 16.1

700 oC, 350 Pa 5.0 20.0 20.0 20.0 16.3

500 oC, 0 .1 Pa 17.5 17.5 17.5 14.0 16.6

700 oC, 150 Pa 14.0 22.0 22.0 22.0 20.0

650 oC, 5 Pa 20.3 20.3 20.3 20.3 20.3

700 oC, 50 Pa 12.0 23.0 23.0 23.0 20.3

550 oC, 0 .1 Pa 29.4 15.5 15.1 21.9 20.5

800 oC, 1300 Pa 24.3 37.5 37.5 25.0 31.1

800 oC, 5 Pa 34.0 32.5 11.2 65.0 35.7

500 oC, 0 .02 Pa 28.1 20.7 78.2 20.0 36.8

700 oC, 1 Pa 57.5 51.9 26.0 18.9 38.6

850 oC, 5 Pa 76.0 60.0 37.5 27.0 50.1
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Appendix II 

TEM and SEM images of as-grown SWNTs on zeolite.  

 

 

 

 

 

 

Figure II-1 TEM images of as-grown SWNTs sample obtained at 500 oC, 5 Pa. 

(a) (b)

(c) (d)
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Figure II-2 SEM images of as-grown SWNTs sample obtained at 800 oC, 5 Pa. 
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Figure II-2 SEM images of as-grown SWNTs sample obtained at 800 oC, 1300 

Pa. 
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Appendix III 

Thermal decomposition of ethanol, DME and acetonitrile at low temperature and low 

pressure. 

 

 

 

Figure III-1 Thermal decomposition of ethanol, DME and acetonitrile at 

500 oC, 5Pa. 
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