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Abstract 

 

 One-dimension (1D) nanostructures such as wires, rods, belts and tubes have 

become the focus of intensive researches for investigating structure-property 

relationships and related scientific and technological applications. Few-walled carbon 

nanotubes (FWNTs), a special type of small diameter multi-walled carbon nanotubes 

with superb structural perfection, are first discovered in our laboratory and 

systemically studied in this dissertation, including the synthesis by chemical vapor 

deposition (CVD) method, the purification and their applications. Moreover, iron 

phosphide nanorods/nanowires with controlled structures have been synthesized in 

solution phase and their magnetic properties have been investigated. 

 The first parts of this dissertation are mainly focused on the studies of FWNTs 

synthesized by CVD method using binary catalyst Co (or Fe) with Mo (or W) 

supported on MgO made by modified combustion method. The structures of as-grown 

FWNTs can be controlled by three basic growth parameters: temperature, catalyst 

composition and carbon feeding rate. It is found that the as-grown FWNT materials 

prepared from W-containing catalysts are much more easily purified than those from 

Mo-containing catalysts. Both raw and purified FWNTs show enhanced electron field 

emission characteristics compared to other current commercial nanotubes. The highly 

pure FWNTs are then used to prepare composite materials with polymers and noble 

metal nanocrystals. Furthermore, the structures of FWNTs are attempted to be 

controlled by adjusting the growth parameters of carbon monoxide CVD. Highly pure 
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DWNTs (over 95%) are obtained and well characterized by TEM, Raman and 

fluorescence spectrum. The optical properties of DWNTs and their application in 

bio-imaging are primarily investigated. In addition, conducing films are fabricated 

using highly pure FWNTs and the relationship between the structure and the 

conductivity is surveyed and further possible improvements are discussed. 

 The second parts of this dissertation describe a solution-phase route for the 

preparation of single-crystalline iron phosphide nanorods and nanowires. The mixture 

of trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP) which are commonly 

used as the solvents for semiconductor nanocrystal synthesis is not entirely inert. TOP 

serves as phosphor source and reacts with Fe precursors to generate iron phosphide 

nanostructures with large aspect ratios. In addition, the morphology of the produced 

iron phosphide structures can be controlled by the ratio of TOPO/TOP. A possible 

growth mechanism is discussed. 
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Chapter 1 

Introduction to Carbon Nanotubes 
 

1.1 Discovery of carbon nanotubes 

It has been well known that there are two types of crystal structures for carbon 

allotropes, graphite and diamond, which are formed by hybridized sp2 and sp3 carbon 

atoms, respectively. The third kind of allotrope of carbon, C60, was discovered by 

Richard Smalley et al. in 1985[18] when they studied evaporation of graphite 

electrodes by laser ablation. Since then intense interests had been stimulated in the 

synthesis of molecular carbon structures in the form of C60 and other fullerenes, 

resulting in the discovery of Multi-Walled carbon nanotubes (MWNTs), which were 

observed under High Resolution Transmission Electron Microscopy (HRTEM) by 

Iijima in 1991[19]. After only two years, Single-Walled carbon nanotubes (SWNTs) 

were simultaneously unearthed by Iijima[20] and Bethune et al. from IBM[21]. 

Thereout, carbon is finally recognized as the only element which has four allotropes 

from zero-dimension (fullerene), one-dimension (carbon nanotube), two-dimension 

(graphene) and three-dimension (diamond) structures. 

Due to their unique structures, carbon nanotubes (CNTs) display superb 

electronic, optical, thermal and mechanical properties[22]. Numerous researches 

focusing on carbon nanotubes have blossomed since the last decade. Wealth of 

techniques has been developed to synthesize and purify CNTs, and extensive efforts 

have been made to put them in real applications. To date, CNTs have significantly 
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propelled the progress of nanoscience and nanotechnology. Without a doubt, this 

novel material would alter the appearance of the whole material science, even the 

civilization of human beings. 

1.2 Structure of carbon nanotube 

A carbon nanotube can be described as a strip of graphene sheets that is rolled 

into a seamless cylinder and capped with half a buckyball at each end for each layer. 

In general, carbon nanotubes can be divided into two categories according to the 

layers of graphene sheets that the particular carbon nanotubes possess. SWNTs are 

made up of just a single layer of carbon atoms with diameter generally smaller than 

2nm while MWNTs consist of up to dozens of concentric tubes wrapped one inside 

another with diameter up to tens of nanometers. Recently, a special type of small 

diameter MWNTs, so called Few-Walled carbon nanotubes (FWNTs)[23], which 

contain several layers of graphene sheets and have diameters in the range of 2-5 nm, 

including double-walled carbon nanotubes (DWNTs), triple-walled carbon nanotubes 

(TWNTs) and quadruple-walled carbon nanotubes (QWNTs), have been discovered 

and studied in our laboratory due to their unique structures and distinguished 

properties compared with either SWNTs or larger diameter MWNTs[24] 

1.2.1 Lattice structure of carbon nanotube 

The properties of CNTs are determined by the atomic structures. Each SWNT or 

single layer of MWNTs is specified by the chiral vector Ch, 

Ch = na
1 
+ ma

2 
≡ (n, m) 

that is often described by the pair of indices (n, m) which denote the number of unite 
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vectors na1 and ma2 in the hexagonal honeycomb lattice of 2-D graphene sheet 

contained in the vector Ch. As shown in Figure 1, chiral angle θ, made by the chiral 

vector Ch and the a1 direction, is given by 

θ = tan-1[ 3 m/(m+2n)] 

when θ equals to 0o, the nanotubes are called zigzag while θ for the so-called armchair 

nanotube axis corresponds to 30o, and the nanotube axis for the so-called chiral 

nanotubes corresponds to 0<θ<30◦, as far as handedness is not considered[25]. The 

nanotube diameter d can be determined by (n,m) as 

d = Ch/π = 3 aCC(m2+mn+n2)1/2/π 

where aCC is the nearest-neighbor C-C distance that is 1.421 Å in graphite, and the Ch 

is the length of the chiral vector Ch. 

Figure 1 (a) When we connect sites O and A, and sites B and B’, a portion of 
a graphene sheet can be rolled seamlessly to form a SWNT. The vectors OA 
and OB define the chiral vector Ch and the translational vector T of the 
nanotube, respectively. (b) The (4, 2) SWNTs, showing the translation vector 
T. This picture is adapted from reference[11] 



 4

 To define the unit cell for the 1D nanotube, we define the vector OB in Figure 1 

as the shortest repeat distance along the nanotube axis, thus the translation vector T 

can be given by 

T = t1a1 + t2a2 ≡ (t1,t2) 

where t1, t2 are integers given by t1 
= (2m + n)/dR, t2 

= −(2n + m)/dR, where dR is the 

greatest common divisor of (2m+n) and (2n+m). The magnitude of T is |T| = T 

= 3 Ch/dR. 

1.2.2 The electronic band structure of carbon nanotube 

 The basic electronic structure of SWNT or the shell of MWNT can be obtained 

from 2D graphite with taking into account the quantum confinement of the 1D 

electronic state. Graphene is a semimetal with valence and conduction bands 

degenerate at only six corners (K
B
) of the hexagonal first Brillouin zone (Figure 2). 

The Fermi surface of the graphene sheet is thus reduced to these six points. In SWNT, 

the wave vector k is quantized along the circumferential direction due to periodic 

boundary condition: k · Ch = 2πq, where q is an integer and Ch is the roll-up vector. 

Therefore, only a particular set of states, which are parallel to the corresponding tube 

axis with a spacing of 2/d, are allowed, where d is the diameter of the SWNT. On the 

basis of this simple scheme, if one of the allowed wave vectors passes through a 

Fermi K
B 

of the graphene sheet, the SWNT should be metallic, and otherwise it 

should be semiconducting. From the requirement of the periodic boundary, K
B 

· Ch = 

2πq, we can then generally expect that SWNTs are metals when (n-m)/3 is an integer, 

and otherwise they are semiconductors. As a matter of fact, all armchair SWNTs are 
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truly metallic conductors as (n – n)/3 = 0, which is always an integer. In the case 

where (n – m)/3 is an integer and n ≠ m, these types of SWNTs are small-gap 

semiconductors, which generally show metallic properties at room temperature 

because the thermal energy is sufficient enough to overcome the small band gaps. 

 

 

 

Figure 2 (A) Three-dimensional plot of the π and π
* 
graphene energy bands and (B) 

a 2D projection. (C) Allowed 1D wave vectors for a metallic (9, 0) SWNT. (D) 
Allowed 1D wave vectors for a semiconducting (10, 0) tube. The black hexagons 
represent the first Brillouin zone of a graphene sheet, and the black dots in the 

corners are K
B 

points. The straight lines depict allowed wave vectors, k, for the 

particular SWNT within its first Brillouin zone. The picture is adapted from 
ref[14].  
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 The electronic density of states (DOS) for both metallic and semiconducting 

nanotubes is schematically shown in Figure 3. There is nonzero electronic density of 

states around Fermi level EF in metallic carbon nanotubes, whereas a semiconducting 

tube shows a band gap around its Fermi level. The band gap of a semiconducting 

SWNT is strongly dependent on its diameter. This dependence can be expressed as E
g 

= 0.9eV/d.  

Those mirror-image spikes, so-called van Hove singularities (vHS)[26], arise 

from the 1D confinement of electronic states in the SWNT. The optical absorption or 

emission rate in nanotubes is related primarily to the electronic states at the vHS. 

 

Figure 3 The electronic density of states for (a) metallic and (b) semiconducting 
SWNTs. Arrows indicate the optically allowed interband transitions. This picture 
is adapted from reference[3]. 
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1.3 Optical property of carbon nanotube 

The vHSs in the DOS, and correspondingly in the electronic joint density of 

states (JDOS), are of great relevance for a variety of optical phenomena. Here, it is 

important to introduce the concept of the JDOS that is pertinent to the optical 

processes. While the DOS is the density of electronic states vs. energy above and 

below the Fermi level, the JDOS is the density of electronic states that can 

absorb/emit photons as a function of the photon energy. Therefore, the JDOS starts 

from zero energy, and exhibits vHSs at energies equivalent to the energy difference 

between vHSs in the DOS, subject to optical selection rules. Whenever the energy of 

incident photons matches a vHS in the JDOS of the valence and conduction bands, 

one expects to find resonant enhancement of the corresponding photophysical process. 

Owing to the diverging character of vHSs in these 1D systems, such an enhancement 

can be extremely confined in energy (meV), appearing almost like transitions in a 

molecular system. 

There are many optical techniques such as resonance Raman spectroscopy, 

photoluminescence, UV-Vis adsorption spectroscopy, near infrared spectroscopy and 

fast optics that people have exploited to study the structure of carbon nanotubes. Due 

to the relevance to the following chapters, resonance Raman spectroscopy and 

photoluminescence for CNTs are introduced in detail in this dissertation. 

1.3.1 Raman spectroscopy of carbon nanotube 

Raman scattering is the inelastic scattering of light. During a scattering event, (1) 

an electron is excited from the valence energy band to the conduction energy band by 
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absorbing a photon, (2) the excited electron is scattered by emitting (or absorbing) 

phonons, and (3) the electron relaxes to the valence band by emitting a photon. We 

generally observe Raman spectra for the scattered photon (light) whose energy is 

smaller by the phonon energy than that of the incident photon. By measuring the 

intensity of the scattered light as a function of frequency downshift (losing energy) of 

the scattered light, which is what is plotted in Raman spectra, we obtain an accurate 

measure of the phonon frequencies of the material. By combining this information 

with the original geometrical structure of a crystal (or molecule), we can deduce a 

model for the phonon dispersion relations (or normal mode frequencies). Raman 

scattering can occur for phonon emission (as described above) or by phonon 

absorption and these two processes are called the Stokes process and anti-Stokes 

process, respectively. 

Raman spectra of CNTs can provide us with much information about the 

exceptional property of this 1D carbon material, such as their phonon structures and 

their electronic structures, as well as information about sample imperfections (defects). 

A typical Raman spectrum is shown in Figure 4. All features of the Raman spectra are 

sensitive to (n,m), including the radial breathing mode (RBM, in which all the carbon 

atoms are moving in-phase in the radial direction), the G-band (where neighboring 

atoms are moving in opposite directions along the surface of the tube as in 2D 

graphite), the dispersive disorder-induced D-band, and its second-order related 

harmonic G’-band. Although all four of these Raman features in the SWNT spectra 

are sensitive to (n, m), RBM is the most sensitive, therefore RBM is used to make the 



 9

initial (n, m) identification, which can then be corroborated by examination of other 

spectral features. 

 

The determination of the geometrical structure of a nanotube in terms of the 

indices (n, m) depends on finding the nanotube diameter dt and transition energy Eii, in 

accordance with the so-called Kataura plot[27] shown in Figure 5. Regarding the 

determination of dt, the RBM frequency, ωRBM, has been shown to depend linearly on 

the reciprocal of the nanotube diameter dt according to the relation ωRBM = α/dt[28], 

and to be independent of chiral angle θ, as has been shown experimentally[29]. 

Theoretical determinations have been made of the proportionality constant α = 232 ± 

10 cm-1 nm based on density functional theory[30, 31], whereas for experimental 

 
Figure 4 A typical Raman spectrum showing the prominent bands that are 
characteristic for SWNTs. The peaks with stars are from silicon substrate. This 
picture is adapted from reference[10]. 
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single SWNT on the Si/SiO2 substrate, α is experimentally found to be 248 ± 2 cm-1 

nm[32]. However, due to the hybridization of σ and π bonds, SWNTs with dt smaller 

than 1.0 nm do not obey this relation well[33]. Regarding the determination of Eii, if a 

tunable laser could be tuned to bring Elaser in perfect resonance with Eii (which would 

then be detected as the Elaser value where the maximum intensity in the Raman 

spectrum occurs), then a simple measurement of ωRBM (yielding dt) to identify the 

index i in Eii would be sufficient to determine (n, m)[34]. 

 

 

Figure 5 Calculated energy separations Eii between van Hove singularities i in the 
1D electronic density of states of the conduction and valence bands for all (n,m) 
values vs nanotube diameter 0.4 < dt < 3.0 nm, using a value for the carbon-carbon 
energy overlap integral of γ0 = 2.9 eV and a nearest neighbor carbon-carbon 
distance aC-C = 1.42 Å. Semiconducting (S) and metallic (M) nanotubes are 
indicated by crosses and open circles, respectively. This picture is adapted from 
reference[10]. 
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 The G band, found in the range between 1565 and 1590 cm-1, is the characteristic 

peak for graphite sheets. SWNTs generally exhibit strong and sharp G bands because 

of their pristine and defect-free graphite layers. In addition, the shapes of the G band 

can also be fitted by Lorentzian curves to reveal the electronic properties of the 

SWNTs, namely whether they are metallic or semiconducting[3]. This peak exhibits 

strong differences when metallic and semiconducting SWNTs are brought into 

resonance, due to the presence of plasmons that couple with phonons in metallic 

SWNTs but not in semiconducting ones[35, 36]. 

The D band, found in the region between 1350 and 1370 cm-1, represents 

disordered sp2 
bonded carbons such as sp and sp3 hybridized carbon atoms. In this 

case, the more intense the D band, the more sp or sp3 
carbons that exist in the carbon 

materials being characterized. Amorphous carbons and MWNTs normally show large 

D bands because there are usually a lot of defects in those two kinds of materials. On 

the other hand, for SWNTs weak D bands are expected because they generally have 

perfect graphite structures with few broken or dangling carbon bonds. 

The G’ band is the overtone of the D band, which has frequencies of larger than 

2500 cm-1. Some research has demonstrated that G’
 
band can also help distinguish 

metallic SWNTs from semiconducting ones[37]. However, in general, G’ band has 

played a subdued role in characterization of the structures and quality of SWNTs. 

 Generally, most of the characteristic differences that distinguish the Raman 

spectra in SWNTs from the spectra for graphite are not so evident in MWNTs due to 

the large diameter of the outer tubes for typical multi-wall carbon nanotubes 
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(MWNTs) and because MWNTs contain an ensemble of carbon nanotubes with 

diameters ranging from small to very large. For instance, the RBM associated with a 

small diameter inner tube (less than 2nm) can sometimes only be observed for small 

diameter FWNTs since the RBM signal from large diameter tubes is normally too 

weak to be characterized and the ensemble average of inner tube diameter broadens 

the signal for larger diameter MWNTs. Similarly, the corresponding splitting of the G 

band in MWNTs is both small in intensity and smeared out due to the effect of the 

diameter distribution with individual MWNTs and the variation between different 

tubes, thus the G-band feature predominantly exhibits a weakly asymmetric 

characteristic lineshape, with a peak close to the graphite frequency of 1582 cm-1[38]. 

However, for the FWNT that contains very small diameter innermost tubes, multiple 

G-band splitting effects can be observed and even more clearly than for SWNTs, 

resulting from the relatively small environmental effects for the innermost nanotube 

in FWNT relative to the interactions occurring between SWNTs and different 

environments[39]. The Raman spectroscopy of FWNTs has not been well investigated 

because of the difficulty in synthesizing the FWNT that composes only single 

component, for example, pure DWNTs or TWNTs. 

1.3.2 Photoluminescence of carbon nanotube 

The potential for a material to luminesce obviously depends on its intrinsic band 

structure. With two thirds of single walled carbon nanotubes (SWNTs) predicted to be 

direct bandgap semiconductors[40], photoluminescence (PL) from the recombination 

of electron-hole pairs at the bandgap is to be expected. Although the SWNT material 
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system has been studied for a decade, it is only recently that bandgap PL was reported, 

originally for solutions of purified SWNTs individually isolated inside surfactant 

micelles[13, 17, 41] since the presence of a metallic nanotube within a bundle will 

quench electronic excitation on an adjacent semiconducting nanotube, preventing its 

luminescence. Shortly thereafter, it was found that bare SWNTs suspended in air also 

emit bandgap PL[42]. In both cases the key is apparently to isolate the nanotubes, 

minimizing their interaction with the environment. 

 

 

 

Figure 6 Schematic density of electronic states for a single nanotube 
structure. Solid arrows depict the optical excitation and emission transitions 
of interest; dashed arrows denote nonradiative relaxation of the electron (in 
the conduction band) and hole (in the valence band) before emission. This 
picture is adapted from reference[13]. 
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Figure 6 shows the qualitative pattern of sharp van Hove peaks, which arise from 

quasi–one dimensionality, predicted for electronic state densities of semiconducting 

SWNTs. As shown in the figure, light absorption at photon energy E22 is followed by 

fluorescence emission near E11. The values of E11 and E22 will vary with tube 

structure[43]. Figure 7 plots the spectrum of the emission from semiconducting 

nanotubes in SDS micelles in D2O after pulsed laser excitation at 532 nm. 

Comparison with the overlaid absorption spectrum of the same sample reveals a 

striking correspondence. Each absorption component in the spectral region of first van 

Hove “band gap” transition of the semiconducting tubes, E11, is present in the 

emission spectrum with a little red-shifted. The width of the individual components of 

the emission spectrum results from thermal energy kBT at room temperature. The 

shortest wavelength emission feature in Figure 7 is corresponding to the band gap of 

the smallest diameter semiconducting nanotube species. 

As an essentially direct optical probe of the electronic energy band structures, PL 

can provide useful, quantitative information about the importance of the interaction of 

nanotubes with their surroundings because it has already been clearly established that 

the electronic properties of a nanotube can be affected by its environment[44, 45]. 

Lots of factors, such as surface reconstructions, dislocations, dopants, and surface or 

bulk defects, the dielectric environment, electric fields, magnetic fields, and 

hydrostatic pressure, as well as any external chemical interactions, may deplete or fill 

existing bands, or change the band structures entirely. As a result, PL emission 
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energies may be shifted, or PL intensities may be altered, even to the point of 

destroying the luminescence altogether. 

By combining PL results with resonance Raman data, each optical transition can 

be mapped to a specific (n,m) nanotube structure. Optical spectroscopy can thereby be 

used to rapidly determine the detailed composition of bulk SWNT samples, providing 

distributions in both tube diameter and chiral angle. 

 

 

 

 

Figure 7 Emission spectrum (red) and the absorption spectrum (blue) of individual 
SWNTs in the region of first van Hove band gap transitions. The detailed 
correspondence of absorption and emission features indicates that the emission is 
band gap photoluminescence from a variety of semiconducting nanotube 
structures. This picture is adapted from reference[17]. 
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1.4 Synthesis of carbon nanotube 

 The synthesis of carbon nanotubes with controlling diameter, chirality, number of 

graphite layers, length and quality has been the key part for the carbon nanotube 

research since the unique chemical and physical properties of CNTs are determined by 

the structures of CNTs. Arc discharge[19], laser ablation[46] and chemical vapor 

deposition (CVD)[47] are the three major methods used to prepare CNTs while other 

methods, such as flame synthesis[48], plasma enhanced CVD (PECVD)[49] and 

hydrothermal methods[50, 51] are not usually employed. 

 Arc discharge and laser ablation methods have been developed to produce both 

high quality MWNTs and SWNTs. The as-produced carbon nanotubes are typically 

bound together by strong van der Waals interactions and there are few defects such as 

pentagons or heptagons existing on the sidewalls of the carbon nanotubes, indicating 

the high crystallinity due to the relatively higher temperatures at the reaction zone. 

Moreover, SWNTs produced by arc discharge method show impressively narrow 

diameter distributions averaging about 1.4 nm[52]. However, these methods can only 

produce tangled nanotubes in powdery morphologies mixed randomly with 

byproducts, such as fullerenes, graphitic polyhedrons with enclosed metal particles, 

and amorphous carbon in the form of particles or over coating on the sidewalls of the 

carbon nanotubes. In addition, there is little control over dimensions (length and 

diameter) of the carbon nanotubes with these two methods. Most importantly, the cost 

associated with these methods is relatively high and the apparatus cannot be easily 

scaled up for mass production of carbon nanotubes. 
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 CVD method has long been used to produce carbon fibers since 1970s[53] and 

has been successfully modified to synthesize CNTs recently. Compared with arc 

discharge and laser ablation methods, CVD method can produce CNTs not only in 

bulk volumes in bundle forms, but also on flat substrate surface with individual form 

which compatible with current techniques to integrate carbon nanotubes into 

nanoscale electronic and optical devices and will significantly facilitate the process of 

engaging carbon nanotubes into real applications. CVD method can also allow the 

researchers to control the growth of CNTs by tuning the variety of parameters in the 

CVD such as temperature, carbon feeding and catalyst. Moreover, CVD is generally 

considered to be the most efficient method for large scale production of CNTs with 

low cost. So far, the major problem for CNTs from CVD methods is the high defect 

density in their sidewalls compared with those from arc discharge and laser ablation 

methods[4], probably due to the relatively lower reaction temperature that is normally 

no more than 1100 oC. But then the crystallinity of CNTs can be greatly improved 

after annealing above 1200 oC in vacuum[54]. 

 In this dissertation, CVD method is exploited to synthesize the FWNTs for large 

scale purpose. Thus, bulk synthesis of CNTs by CVD method is mainly discussed in 

details in the following paragraphs. 

1.4.1 Growth mechanism of carbon nanotube by Chemical 

Vapor Deposition 

Generally, CVD involves heterogeneous reactions with catalysts in most 

conditions. The gaseous carbon-containing precursors decompose in the heating zone 
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to produce carbon nanotubes. Thus, heat energy, carbon source and catalyst are the 

basic and key components in a CVD process. A typical CVD set-up is shown in 

Figure 8. The catalysts can be either directly put inside the center of the quartz tube 

reactor or can be carried into the heating zone by the gas flow. 

 

 Various research groups have proposed mechanisms that account for formation of 

carbon nanotubes by CVD methods[55]. So far, researchers in this field have not been 

able to draw a decisive conclusion about the mechanism of carbon nanotube growth in 

CVD process but it seems that most of them agree on a general picture of it, which is 

called vapor-liquid-solid mechanism (Figure 9), which was proposed to explain the 

Figure 8 The photograph of our CVD system. It composes of the gas flow 
control part to feeding carbon source, the tube furnace to provide necessary 
heat energy and the quartz tube reactor to hold the catalysts. 
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growth of nanowires[16]. As for the case of CNTs, in similar, when they are heated 

up to elevated temperatures, solid metal catalysts will become nanoparticles and 

consequently liquid or semi-liquid droplets, depending on their morphologies, alloy 

compositions and melting points. The decomposition of hydrocarbons on the surface 

of these metal droplets results in the creation of carbon and other species. The carbon 

atoms will then readily dissolve into these metal droplets. When their concentration in 

the metal droplets reaches the saturation level, carbon atoms will start to precipitate 

from the metal droplets. This process normally leads to the formation of tubular 

carbon solids in sp2 
structure because a carbon nanotube contains no dangling bonds 

and possesses lower energy compared with other forms of carbon such as graphitic 

sheets with open edges. The growth will terminate when growth-favoring conditions 

disappears, such as the carbon supply cutoff, temperature change and catalyst 

poisonings. This mechanism suggests a one to one ratio between the catalyst particles 

and the CNTs. One of the evidences that confirm the mechanism is that experimental 

data have shown that the size of the metal catalyst nanoparticle generally dictates the 

diameter of the synthesized nanotube[4]. 



 20

 

 

Depending on how metal catalytic particles carry out the growth of carbon 

nanotubes, two modes of the growth mechanism can be distinguished. One is called 

base growth mode and the other is tip growth mode (Figure 10). In the base growth 

mode, the carbon nanotubes prolong with a closed end while the catalyst particles 

remain on the support surface due to the strong metal-support interactions. Carbon 

sources in the CVD process are thus supplied from the base where the carbon 

nanotubes interact with the anchored metal catalysts. In contrast, in the tip growth 

mode, the metal particles are lifted off from the support surface and carried along at 

the end as the carbon nanotubes prolong due to the weak interaction between the 

Figure 9 Proposed nanowires growth model. (A) Laser ablation with photons of 
energy hv of the Si1-xFex target creates a dense, hot vapor of Si and Fe species. (B) 
The hot vapor condenses into small clusters The furnace temperature is controlled to 
maintain the Si-Fe nanocluster in a liquid state. (C) Nanowire growth begins after 
the liquid becomes supersaturated in Si and continues as long as the Si-Fe 
nanoclusters remain in a liquid state and Si reactant is available. (D) Growth 
terminates when the nanowire passes out of the hot reaction zone (in the carrier gas 
flow) onto the cold finger and the Si-Fe nanoclusters solidify. This picture is adapted 
from reference[16]. 
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metal particles and the support surface. The particles that are carried along by the 

carbon nanotubes are responsible for absorbing and subsequently supplying carbon 

atoms for the growth of the carbon nanotubes that are attached to them. 

 

 

1.4.2 Bulk synthesis of carbon nanotube by Chemical Vapor 

Deposition 

 In general, the growth process for CNT bulk synthesis involves a series of steps: 

(1) heating a catalyst material to high temperature, usually between 700 to 1000ºC. 

The catalysts usually are nanoparticles composed of transition metals supported on 

high surface area porous supports. It can also be metal nanoparticles formed in gas 

phase and floating in the flow of feeding gas; (2) introduction of precursor gas 

 
Figure 10 Schematic illustration of two general growth modes of nanotube in 
chemical vapor deposition. Left diagram is base growth mode and right diagram is 
the tip growth mode. This picture is adapted from reference[4]. 
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containing carbon source into the furnace; (3) diffusion and decomposition of 

precursor on the surface of catalyst nanoparticles and dissolution of carbon atoms 

within the metal nanoparticles and (4) nucleation and growth of nanotubes from the 

metal nanoparticles saturated with carbon atoms. According to the different form s of 

the catalysts used, there are normally two kinds of the bulk synthesis of CNTs by 

CVD method that called supported catalyst method and floating catalyst method. 

1.4.2.1 Supported catalyst CVD method 

 For supported catalyst CVD, the catalysts are typically transition metals or metal 

oxides dispersed on a porous support material with high surface areas. Three different 

methods of supported catalyst preparation have been used for CVD growth of SWNTs: 

(1) Solution impregnation method[47]. Typically, catalysts are prepared by mixing 

aqueous or alcoholic solution containing soluble precursors of the desired metallic 

catalyst with commercially available inert porous support materials, such as Al2O3, 

SiO2 or MgO, followed by slow evaporation of the solvents. The catalyst precursors 

are normally transition metal salts that can be decomposed to form metal oxides at 

higher temperature. In order to decompose the precursors, the as-prepared catalysts 

need to be calcined at high temperature before used for SWNT growth. It has been 

shown that the type of precursor and the condition for the calcinations are important 

factors that can affect the efficiency of the catalysts. (2) Sol-gel method. The main 

difference between this method and the solution impregnation method is that the 

porous catalyst supports are made in situ by sol-gel method. The supports are 

normally inert metal oxides such as alumina and silica made from alkoxide precursors. 
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To make the catalyst support, the precursors are dissolved in alcohols and reacted with 

water using either acids or bases as catalyst. Under well-controlled reaction conditions, 

a wet gel composed of solvents and a net works of metal oxide nanoparticles will be 

formed. If such wet gels are dried under supercritical conditions, highly porous solid 

structures with ultrahigh surface area will be formed. These porous structures are 

called “aerogels”. Because of the high surface area and large pore volume these 

aerogels possess, they are ideal candidates for catalyst supports. The loading of 

catalysts on to such supports are can be performed during the formation of the gel by 

adding catalyst precursors into the mixture[56]. (3) Solid-solution: The third way to 

make catalysts for SWNT synthesis is to prepare solid solutions containing the 

catalytic metal nanoparticles. In particular, combustion synthesis is a convenient way 

to prepare this kind of catalyst because it is simple, fast and economical[57, 58]. 

 The three magnetic transition metals Fe, Co and Ni are the most common 

catalysts and Mo is often added as the synergetic catalyst to enhance the production of 

CNTs[2]. 

 The carbon sources exploited in supported catalyst CVD process are normally 

hydrocarbon, carbon monoxide and alcohols. Among lots of gaseous hydrocarbons, 

methane is the most often used feeding gas to grow SWNTs[59] and acetylene is 

employed to grow MWNTs. CO is generally used for the growth of SWNTs, but due 

to the safety reasons related to the use of CO, the reports on the growth of SWNTs 

using CO is limited comparing with hydrocarbons. One exception is the use of CO in 

HiPco process which will be discussed in the section on floating catalysts CVD 
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methods. However, the use of CO as feeding gas does possess certain advantages over 

hydrocarbons. For example, Zheng et al. [2] reported the use of CO and Al2O3 aerogel 

supported catalyst to synthesized SWNTs at 900oC. Figure 11 shows the transmission 

electron microscopy (TEM) images of the SWNTs in the raw products. Comparing 

with the samples made using the same catalyst and methane, the amount of 

amorphous carbon is greatly reduced. An acid treatment followed by an oxidation 

process produced a high purity of SWNTs. Resasco’s group found Co-Mo catalyst 

could be used to selectively produce SWNTs at 700oC when CO was used as carbon 

source[60, 61]. Recently Maruyarna et al. reported a new CVD method of 

 

Figure 11 TEM images of as-grown SWNTs samples. This picture is adapted from 
reference[2]. 
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synthesizing high-purity SWNTs using alcohols such as methanol and ethanol as 

carbon source[7]. The synthesis temperature is at 700-800oC. The catalyst used in the 

method is bimetallic (Fe-Co) catalyst supported on zeolite. TEM and SEM images 

(Figure 12) showed that the products are very clean SWNTs without any amorphous 

carbon coating. It is hypothesized that the OH radical formed at high temperature 

from alcohols can remove the amorphous carbon efficiently during the growth, 

leaving only pure SWNTs as product. In addition, our group developed a CVD 

process to prepare highly pure FWNTs from the mixture of methanol and ethanol[5]. 

A systematic study of the effect of ethanol/methanol ratio revealed the origin for the 

improved purity of the sample. Under the growth conditions studied, ethanol acted as 

the carbon source while methanol acted as “carbonaceous impurity remover” to 

remove the impurities deposited on the MgO support and hindered the formation of 

such impurities. As a result, samples prepared by using low ethanol percentage carbon 

Figure 12 Lower magnification TEM images (A) and SEM (B) images of the as 
grown SWNTs produced using alcohol as feeding gas These pictures are adapted 
from reference[7]. 
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source are almost free of impurities after purification, while considerable 

carbonaceous impurities can still be found in the purified samples obtained from raw 

samples synthesized with higher ethanol percentage carbon sources (Figure 13). If 

proven to be scalable, alcohols may become a better carbon source for industrial mass 

production of CNTs because of the lower price of the alcohols and their easiness of 

handling and storage comparing with methane and carbon monoxide. 

 The usual temperature in CVD synthesis ranges from 700oC to 1200oC. The 

lowest temperature for CVD synthesis of SWNTs can be down to 550oC. All methane 

and alcohol CVD procedures have been done at temperature between 600oC and 

1100oC while deposition of amorphous/graphitic carbon product can be competitive 

or dominant if temperature is too high. In contrast, CO disproportionation is 

thermodynamically unfavorable at the usual temperature for CVD from CO so 

amorphous carbon is much less serious a problem for CO as feeding gas at high 

temperature. 

Figure 13 TEM images of purified samples from raw material using carbon 
source with different ethanol percentages: (a) 100 vol % ethanol and (b) 
50 vol % ethanol. This picture is adapted from reference[5]. 
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 One common feature of bulk synthesis of CNT with CVD method is the decrease 

of growth rate with time. Generally it is believed that the gas-diffusion rate, which is 

one rate-limiting step in supported catalyst CVD process, becomes lower with more 

CNTs grown on the catalyst. This is consistent with the observation that high porosity 

of the catalyst can enhance the SWNT yield. 

 

1.4.2.2 Floating catalyst CVD method 

 In floating catalyst method, the catalysts are formed in gas phase from volatile 

organometallic catalyst precursor introduced into the furnace. The organometallic 

species decompose at high temperature, forming metal clusters on which SWNTs 

nucleate and grow. This method is more suitable for a large-scale synthesis because 

the reaction can be operated continuously. 

 The first SWNT synthesis using floating catalyst approach was carried out by 

Cheng et al. in 1998[62]. In their study, ferrocene was vaporized and carried by 

hydrogen gas into the furnace together with benzene as carbon source. The prepared 

nanotubes were transported out of the reaction zone by the flowing gas and collected 

on a graphite plate. Since then this method has been adopted by several other groups 

by using different metallocene and other volatile organometallic compounds such as 

Fe(CO)5 as well as  lots of carbon source such as acetylene, CO and the vapor of 

organic solvent (alcohols, short-chain alkanes) and so on. Moreover, Aligned MWNT 

patterns can be easily obtained by floating catalyst CVD process[63]. 
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 A serious commercial method for SWNT production was developed by Rice 

University using the so-called HiPco process[8, 64]. In this procedure, high-quality 

SWNTs were produced at high-pressure (30~100 atm) and high-temperature (1050 

oC) CO with Fe(CO)5 as a catalyst precursor at a rate of approximately 0.5g/h. The 

product consists of entangled SWNT bundles interspersed with Fe nanoparticles 

(Figure 14). A company (Carbon Nanotechnology Inc.) was formed in 2001 at 

Houston working on the commercialization of HiPco SWNTs. 

  

 
Figure 14 TEM images of SWNTs produced by HiPco process. This picture is 
adapted from reference[8]. 
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Sulfur and sulfur-containing additive for example thiophene are generally used to 

enhance the yield of SWNTs in floating catalyst CVD process[62, 65]. One possible 

explanation for the role of sulfur is the change of the surface state of catalyst 

nanoparticles since sulfur is able to form chemical bond with metal atom and block a 

catalytically active site on nanoparticles surface. This can change the precipitation 

process of carbon from carbon solution in metal nanoparticles. Another possibility is 

that sulfur lowers the eutectic temperature of the metal-carbon molten mixture. This 

can also affect the carbon precipitation process. However, recently it is also found that 

sulfur will promote double-wall nanotube growth[66]. In similar, sulfur might be an 

excellent promoter for the growth of FWNTs. 

 

 

 

Figure 15 Optical image showing a human hair and two as-grown SWNT strands 
(indicated by black arrows), This picture is adapted from reference[6]. 
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 Ultralong SWNTs strands were synthesized by Zhu et al.[6] from Tsinghua 

University by floating catalyst CVD method using a vertical furnace instead of a 

horizontal one as previous studies. In this report, a hexane solution of ferrocene and 

thiophene was introduced into the reactor with hydrogen as the carrier gas. The as 

grown SWNT strands can be as long as 10-20 cm (Figure 15) with Young’s modulus 

ranging from 49 to 77Gpa. Li et al.[15] from University of Cambridge developed a 

technology by which the fibers and ribbons of carbon nanotubes could be spun 

directly and continuously from the CVD synthesis zone of a furnace using a liquid 

source of carbon and an iron nanocatalyst (Figure 16). This process was realized 

through the appropriate choice of reactants, control of the reaction conditions, and 

continuous withdrawal of the product with a rotating spindle used in various 

geometries. This direct spinning process will allow one-step production of nanotube 

fibers, ribbons, and coatings with potentially excellent properties and wide-range 

applications. 
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Figure 16 (A) Schematic of the direct spinning process. The liquid feedstock, in 
which small quantities of ferrocene and thiophene are dissolved, is mixed with 
hydrogen and injected into the hot zone, where an aerogel of nanotubes forms. 
This aerogel is captured and wound out of the hot zone continuously as a fiber or 
film. Here, the wind-up is by an offset rotating spindle. (B) Schematic of the 
wind-up assembly that operates at a lower temperature, outside the furnace hot 
zone. This picture is adapted from reference[15]. 
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1.5 Application of carbon nanotube 

 Carbon nanotubes have been proposed for various potential applications 

including nanoelectronics, gas sensors, biosensors, field emitter, energy storage and 

composites due to their extraordinary electrical conductivity, heat conductivity and 

mechanical properties. In this thesis, only the applications potentially related to 

FWNTs are introduced in the following sections. 

1.5.1 Energy Storage 

CNTs have the intrinsic characteristics desired in material used as electrodes in 

batteries and capacitors, two technologies of rapidly increasing importance. CNTs 

have a tremendously high surface area (~1000 m2/g), good electrical conductivity, and 

very importantly, their linear geometry makes their surface highly accessible to the 

electrolyte. Research has shown that CNTs have the highest reversible capacity of any 

carbon material for use in lithium-ion batteries[67]. In addition, CNTs are outstanding 

materials for supercapacitor electrodes[68] and are now being marketed. CNTs also 

have applications in a variety of fuel cell components. They have a number of 

properties including high surface area and thermal conductivity that make them useful 

as electrode catalyst supports in PEM fuel cells. They may also be used in gas 

diffusion layers as well as current collectors because of their high electrical 

conductivity. CNTs’ high strength and toughness to weight characteristics may also 

prove valuable as part of composite components in fuel cells that are deployed in 

transport applications where durability is extremely important. 
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Because of their cylindrical and hollow geometry as well as nanometer scale 

diameters, it has been predicted that carbon nanotubes can store liquid and gas in the 

inner cores through a capillary effect[69]. In fact, extraordinarily high and reversible 

hydrogen adsorption in SWNT-containing materials and graphite nanofibers (GNFs) 

has been reported and attracted considerable interest in both academia and 

industry[70]. However, the basic mechanism of hydrogen storage in CNTs is still lack 

of understanding. The values reported in the literature will need to be verified on well 

characterized materials under controlled conditions. Perhaps the ongoing neutron 

scattering and proton nuclear magnetic resonance measurements will shed some light 

in this direction. Moreover, the benchmark of 6.5 wt% hydrogen
 
to system weigh ratio 

set by the Department of Energy using carbon nanotubes has not yet achieved. So far 

it is still too early to conclude that carbon nanotubes will succeed in real technological 

applications in the hydrogen storage area. 

1.5.2 Field Emitter 

CNTs are the best known field emitters of any material. This is understandable, 

given their high electrical conductivity, and the unbeatable sharpness of their tip (the 

sharper the tip, the more concentrated will be an electric field, leading to field 

emission; this is the same reason lightening rods are sharp). The sharpness of the tip 

also means that they emit at especially low voltage, an important fact for building 

electrical devices that utilize this feature. CNTs can carry an astonishingly high 

current density, possibly as high as 4A/cm2[71]. Furthermore, the current is extremely 

stable. Also, compared with conventional emitters, CNTs exhibit a much lower 
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threshold electric field[72]. For random SWNT films the threshold field is in the 

range of 2-3 V/μm, while Mo and Si tips have a threshold electric field of 50-100 

V/μm. 

An immediate application of this behaviour receiving considerable interest is in 

field-emission flat-panel displays. Instead of a single electron gun, as in a traditional 

cathode ray tube display, here there is a separate electron gun (or many) for each pixel 

in the display. The high current density, low turn-on and operating voltage, and steady, 

long-lived behaviour make CNTs attract field emitters to enable this application. 

Other applications utilising the field-emission characteristics of CNTs include: 

general cold-cathode lighting sources, lightning arrestors, X-ray tubes and electron 

microscope sources. 

1.5.3. Composite Materials 

 Early theoretical work and recent experiments on individual nanotubes (mostly 

MWNTs) have confirmed that nanotubes are one of the stiffest structures ever 

made[73, 74]. Since carbon–carbon covalent bonds are one of the strongest in nature, 

a structure based on a perfect arrangement of these bonds oriented along the axis of 

nanotubes would produce an exceedingly strong material. Theoretical studies have 

suggested that SWNTs could have a Young’s modulus as high as 1TPa[73]. The most 

important application of nanotubes based on their mechanical properties will be as 

reinforcements in composite materials. Although nanotube-filled polymer composites 

are an obvious materials application area, there have not been many successful 

experiments, which show the advantage of using nanotubes as fillers over traditional 
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carbon fibers. The main problem is in creating a good interface between nanotubes 

and the polymer matrix and attaining good load transfer from the matrix to the 

nanotubes, during loading. The reason for this is essentially two-fold. First, nanotubes 

are atomically smooth and have nearly the same diameters and aspect ratios 

(length/diameter) as polymer chains. Second, nanotubes are almost always organized 

into aggregates which behave differently in response to a load, as compared to 

individual nanotubes. To maximize the advantage of nanotubes as reinforcing 

structures in high strength composites, the aggregates needs to be broken up and 

dispersed or cross-linked to prevent slippage[75]. In addition, the surfaces of 

nanotubes have to be chemically functionalized to achieve strong interfaces between 

the surrounding polymer chains. Fortunately, CNTs are polymers of pure carbon and 

can be reacted and manipulated using the tremendously rich chemistry of carbon. This 

provides opportunity to modify the structure and to optimise solubility and dispersion 

in polymer matrix[72]. 

Much of the history of plastics over the last half century has been as a 

replacement for metal. For structural applications, plastics have made tremendous 

headway, but not where electrical conductivity is required, plastics being famously 

good electrical insulators. This deficiency is overcome by loading plastics up with 

conductive fillers, such as carbon black and graphite fibres (the larger ones used to 

make golf clubs and tennis racquets). The loading required to provide the necessary 

conductivity is typically high, however, resulting in heavy parts, and more 

importantly, plastic parts whose structural properties are highly degraded. It is well 
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established that the higher aspect ratio of filler, the lower loading required achieving a 

given level of conductivity. CNTs are ideal in this sense, since they have the highest 

aspect ratio of any carbon fibre. In addition, their natural tendency to form ropes 

provides inherently very long conductive pathways even at ultra-low loadings. 

Moreover, metallic CNTs can be separated from semiconducting ones by various 

methods[76, 77], the mass separation is still a problem though. 
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Chapter 2 

 
Synthesis of Few-Walled Carbon Nanotubes by 

Methane Chemical Vapor Deposition Method and 
Their Application in Field Emission Devices 

 

2.1 Introduction 

 As introduced in chapter 1, carbon nanotubes have attracted extensive 

attention due to their unique properties and potential applications. Up to now, most 

research work has focused on two distinct kinds of CNTs, single-walled carbon 

nanotubes that compose of only single graphene layer and multi-walled carbon 

nanotubes that compose of multiple layers of sidewalls. Both the SWNTs and the 

MWNTs can be synthesized by several techniques, including laser ablation, arc 

discharge and chemical vapor deposition methods. In general, the SWNTs have less 

structural defects than the MWNTs, especially the CVD grown MWNTs. However, 

the synthesis and purification of the SWNTs are much more challengeable than the 

MWNTs, limiting their use in applications that need a large amount of nanotubes. In 

this thesis we report the synthesis of a unique type of nanotube with comparable 

degree of structural perfection and morphology to the SWNTs but can be readily 

produced in relatively large quantities. These nanotubes which we refer to as 

“Few-Walled Carbon Nanotubes” are mainly composed of nanotubes with 2-4 layers 

of graphene shells on their sidewalls and generally with diameters smaller than 5 nm. 

They can be considered as a new type of nanotubes that bridge the gap between the 
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SWNTs and the normal MWNTs. After an oral presentation at the 2004 American 

Chemical Society March meeting and the filing of a US patent application on the 

synthesis of the FWNT materials (US 11/012,341)[23], we also noticed a publication 

of a similar method on the production of small diameter multi-walled carbon 

nanotubes[78], in which paper those small diameter MWNTs had no the similar high 

structural perfection as our FWNTs due to the relatively lower growth temperature of 

900 oC. Strictly speaking; our FWNTs are MWNTs with small diameters and high 

structural perfection. Interestingly, these FWNTs possess some unique properties that 

make them ideal for certain bulk applications, including field emission and composite 

materials. 

Carbon nanotubes (CNTs) based “cold-cathode” vacuum electronic devices are 

among the most studied potential applications of nanomaterials today[79].  Prototype 

devices with the CNT emitters such as flat-panel field emission displays (FED)[80, 

81], and field emission x-ray sources[82-84] have already been demonstrated.  The 

CNTs are found to have a lower threshold field for emission and improved emission 

stability compared to the conventional Spindt tips. 

Extensive research in the last few years shows that the emission properties of 

the CNTs depend sensitively on their structure and morphology. On the individual 

tube level, the emission characteristics can be correlated with the diameter, the aspect 

ratio and the degree of structural perfection.  For a macroscopic cathode comprising 

a layer of CNT film, the morphology also plays a key role.  The SWNTs made by the 

laser ablation process typically show better emission characteristics than the MWNTs 
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because of parameters including their small diameters and low defect density. They 

are however expensive to fabricate and not practical for applications that require a 

large quantity of nanotubes.  It is therefore important for applications of CNT based 

devices to search for materials that have better or comparable emission properties 

compared to the laser-grown SWNTs and can be produced in relatively large 

quantities at low cost. 

In this chapter, we describe the synthesis of FWNTs by the methane CVD 

method using MgO supported binary metal catalysts. The electron field emission 

properties of macroscopic cathodes comprising FWNTs are evaluated and compared 

to cathodes comprising SWNTs and MWNTs fabricated under otherwise identical 

conditions.  The results show that the emission characteristics of the FWNTs are 

better than the commercially available CNTs, the CVD grown SWNTs, and are 

comparable to the SWNTs fabricated by the laser ablation process at UNC. 
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2.2 Experimental Methods 

 The catalysts used in this thesis for the growth of FWNTs are Fe/Mo and Co/Mo 

supported on MgO. We prepare these bimetallic catalysts by a modified glycine 

combustion method. Combustion synthesis is also known as self-propagating 

high-temperature synthesis (SHS) and fire or furnaceless synthesis. It is a fast, simple 

and economical way to make high surface area oxide materials. Generally, metal 

nitrate and fuel (organic compound) are dissolved in water to form homogeneous 

solution. And then during heating water evaporate and then viscous liquid foams, 

ignites and undergoes a self-sustained combustion. The exothermic decomposition of 

a redox mixture of metal nitrates and organic compounds (fuel) releases huge volume 

of gas, which make porous product with large surface areas, the ideal support for CNT 

synthesis. The fuels are normally glycine (C2H5NO2), citric acid (C6H8O7), oxalyl 

dihydrazide (C2H6N4O2) and urea (CH4N2O) while silica, alumina and MgO are 

commonly used as the support materials. For the synthesis of FWNTs, we choose 

MgO as support because MgO can be easily to be removed by just using diluted acid 

solution such as HCl and HNO3 during purification of as-grown raw FWNT samples 

whereas toxic HF solution has to be used to purify the raw samples from both silica 

and alumina supported catalyst. Most importantly, the metal nitrates, one of the 

starting materials of combustion method, can be partly recycled after purification 

using diluted HNO3 to remove the support. 
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In typical, to making Fe/Mo supported on MgO catalyst, desired amount of 

Fe(NO3)3⋅9H2O, Mg(NO3)2⋅6H2O, (NH4)6Mo7O24⋅4H2O, glycine and citric acid 

dissolved into de-ionized water to make a clear solution, then the solution was slowly 

heated at 120 oC for 12h to obtain a viscous precursor. In the case of CoMo/MgO 

catalyst, Co(NO3)2⋅6H2O is used instead of Fe(NO3)3⋅9H2O. When increasing the 

temperature to over 300oC quickly, the precursor combusted suddenly to produce 

large amount of porous powder. The catalyst for CNT growth was finally obtained 

after annealing the porous powder at 550 oC to remove any organic residues. Figure 

17 shows the flow chart to make precursors and Figure 18 shows photographs of a 

typical combustion process. 

1mmol Fe(NO3)3 1mmol citric acid

0.17mmol 
Ammonium molybdate

Clear Solution 16mmol Mg(NO3)2

17mmol glycine

Clear Solution

Evaporate on Hot Plate
 

Figure 17 The flow chart to describe the procedures of making the precursors in 
combustion method. 
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FWNTs are synthesized in a simple CVD setup made of a horizontal tube furnace 

and gas flow control units[2, 56]. Methane is employed as carbon source and 

hydrogen is also added with certain ratio to control methane decomposition rate. In a 

typical growth experiment, Fe/Mo supported MgO catalyst is put into a quartz tube 

and the system is flushed with hydrogen while the catalyst is heated to growth 

temperature. Methane is then introduced. After the reaction last for desired time 

(10-30 min), methane flow is turned off and hydrogen flow is still turned on while the 

system is cooled down. 

Heating begins Evaporating

Foaming Combusting

Figure 18 A typical combustion process to make Fe/Mo supported MgO 
catalyst. 
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The TGA measurement is done in 15% air in Ar with a heating rate of 5 oC per 

min from room temperature to 900 oC with a TA instruments SDT2960. The sample 

morphology is characterized with a Hitachi HF-2000 scanning electron microscope 

(SEM) and a Philips 301 transmission electron microscope (TEM) operated at 80kV.

 To evaluate the electron field emission properties, macroscopic CNT films 

(typically 1cm in diameter) are deposited on ITO (indium tin oxide) coated glass 

substrates using the electrophoretic deposition (EPD) method developed at UNC and 

Xintek (EPD)[85, 86]. EPD is a room-temperature liquid-phase process that has been 

applied to fabricate patterned field emission cathodes for displays[87]. It has several 

advantages over other post-processing methods such as screen printing which is often 

used for making CNT cathodes for FEDs. In this process, the pre-formed CNTs are 

processed and dispersed in a suitable solvent. They are deposited onto the selected 

areas of the substrate surface when subjected to an electrical field. The cathode made 

by electrophoretic deposition is a thin film composed of randomly oriented CNTs 

which are partially embedded in an inorganic matrix. The surface morphology of the 

FWNT film is comparable to that of the SWNT film. The same deposition conditions 

are used in both cases. SEM examinations show that after activation there is a low 

density of CNTs protruding from the matrix surface, which is presumable for the 

active emitters. There is a strong adhesion between the film deposited and the 

substrate surface. Arcing, which is a good indication whether there is evaporation of 

CNTs during field emission, is usually not observed at low anode voltage (< 30KV).  
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The field emission properties of the CNT films/cathodes are studied under the 

diode mode inside a vacuum chamber at 10-7 base pressure. An example of field 

emission experimental setup is illustrated in Figure 19. During measurement, the CNT 

cathode was grounded and a positive DC or pulsed voltage is applied to the anode. 

The electrons emitted from CNTs are all collected by the anode.  For measuring the 

emission uniformity, the metal anode is replaced by a phosphor coated ITO glass. The 

images formed on the anode are captured by a CCD camera placed outside the 

vacuum chamber. 

 

 

 

Figure 19 The schematic drawing of the experimental setup used for measuring the 
electron field emission properties of the CNT cathodes. 
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2.3 Results and Discussions 

2.3.1 Synthesis of Catalyst 

 The morphology and the surface area of the products from combustion method 

can be controlled by the ratio between metal nitrates and fuels. In our experiment, 

citric acid was added to coordinate with Fe3+ in order to prevent the precipitate of iron 

molybdate so that the homogeneous water solution was obtained as the precursors. In 

addition, the combination of glycine and citric acid as the fuels can help tune the 

extent of combustion reaction and thus the surface area of the catalyst can be 

controlled. Figure 20 shows the photograph of the as-prepared FeMo/MgO catalyst 

with the atom ratio of 6/1/100 and Figure 21 shows the typical TEM image of the 

supported catalyst particles. The net-work like backbone mainly compose of MgO 

 
Figure 20 The photograph of the as-prepared FeMo/MgO catalyst by our 
combustion method with glycine and citric acid as the fuels. 
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crystalline. The iron oxide and molybdenum oxide are well separated by the MgO 

backbone. The surface area of the catalyst is generally in the range of 100~200 m2/g 

and the pore size is typically around 10~20nm. The XRD measurement indicates that 

all kinds of combination of oxides, such as MgO, Fe3O4, MoO3, MgMoO4 and 

FeMoO4, may exist in the as-prepared supported catalyst. 

 

 

 

 

Figure 21 A typical TEM images of as-prepared supported catalyst particles. 
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2.3.2 Synthesis of FWNTs 

 The catalysts with different ratio of Fe/Mo were prepared by the same procedures 

to investigate the effect of Mo concentration on the production of FWNTs. We 

performed the CVD growth in a one-inch quartz tube at temperature of 1000 oC or 

1100 oC for 10min. Pure methane or methane/hydrogen was used as carbon source. 

The results are summarized in Table 1. The carbon yield in table 1 is given by 

100%*(Mp-Mc)/Mc, where Mp is the mass of the raw product and Mc is the mass of 

starting catalyst. 

 

Table 1 FWNTs grown from FeMo/MgO catalyst under different CVD conditions. 
H2/CH4=4/1 H2/CH4=1/2 Fe:Mo:Mg 

(Atom ratio) 1000 oC 1100 oC 1000 oC 1100 oC 
CH4 

1/1/50 
FWNT 

58% 
 

FWNT 
56% 

  

1/2/50 

FWNT 
(50%)  

& MWNT 
(4-6nm) 

111% 

FWNT 
(90%) 
50% 

FWNT 
(80%)  

& MWNT 
(4-6nm) 
131% 

FWNT 
91% 

FWNT 
356% 

1/3/50 

FWNT 
(10%)  

& MWNT 
(4-7nm) 
359% 

FWNT 
(70%) 
78% 

FWNT 
(20%)  

& MWNT 
(4-7nm) 
385% 

FWNT 
(70%) 
340% 

FWNT 
& few 

MWNT 
695% 

1/4/50 
MWNT 
527% 

MWNT 
88% 

MWNT 
524% 

MWNT 
342% 

MWNT 
1019% 

1/5/50 
MWNT 
601% 

MWNT 
213% 

MWNT 
601% 

MWNT 
341% 
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Similarly, FWNTs were also synthesized from CoMo/MgO catalyst and the 

results are summarized in Table 2. The temperatures shown in Table 2 are the 

positions of the exothermic peak in DTA curves. 

 

Table 2 FWNTs grown from CoMo/MgO catalyst under different CVD conditions 
H2/CH4=4/1 H2/CH4=1/2 Co:Mo:Mg 

(Atom ratio) 1000 oC 1100 oC 1000 oC 1100 oC 

1/2/50 
FWNT 

233%; 609 oC

FWNT 

113%; 619 oC

FWNT 

257%; 613 oC

FWNT 

212%; 622 oC

1/3/50 
MWNT 

400%; 629 oC 
FWNT (80%) 

144%; 619 oC

FWNT (20%) 

455%; 625 oC 
FWNT 

317%; 622 oC

1/4/50 
MWNT 

488%; 629 oC 

MWNT 

245%; 631 oC 

MWNT 

809%; 630 oC 
FWNT 

488%; 626 oC

1/5/50 
MWNT 

614%; 633 oC 

MWNT 

186%; 632 oC 

MWNT 

733%; 640 oC 

FWNT (50%) 

733%; 637 oC 

 

 Figure 22 shows the TGA and DTA plots for those raw materials prepared from 

CoMo/MgO catalysts. Note here the weight loss can not be used to calculate the 

carbon yield since the amount of samples used for TGA measurement is only around 

2mg and not enough to represent the as-grown samples. On the other hand, the 

temperature from the exothermic peak is the average burning temperature of the 

as-grown FWNT samples. It can be only used to evaluate the overall quality of the 

raw materials. The percentage of the FWNTs in raw products is estimated from TEM 

images. Figure 23 shows the example of TEM images of the as-grown samples from 

the catalysts CoMo/MgO at 1100 oC with H2/CH4 = 4/1. 
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Figure 22 TGA and DTA plots for the FWNTs prepared from CoMo/MgO under 
different CVD conditions. A: 1000 oC & H2/CH4 = 4/1; B: 1000 oC & H2/CH4 = 
1/2; C: 1100 oC & H2/CH4 = 4/1; D: 1100 oC & H2/CH4 = 1/2. 

a b

c d

 
 
Figure 23 TEM images of CNTs made from CoMo/MgO (a: 1/2/50, b: 1/3/50, c: 
1/4/50 and d: 1/5/50) at 1100 oC with H2/CH4 = 4/1. 
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 From the above data, we can conclude that (1) Co/Mo is more efficient for the 

growth of FWNTs than Fe/Mo under same CVD conditions; (2) Co/Mo or Fe/Mo 

ratio have great effect on the types and diameters of as-grown products, the higher the 

Mo concentration, the larger the diameters of CNTs; (3) H2/CH4 ratio or the 

concentration of CH4 also play an important role for controlling the diameters of 

CNTs, higher concentration of CH4 favors the growth of smaller the diameters of 

CNTs; (4) Higher temperature also favors the growth of smaller diameter CNTs with 

relatively higher quality but lower yield. 

(1) Compared with Fe, Co is much easier to disperse in MgO crystal structures 

when the solid solutions are generated during combustion process. As a result, 

the Co nanoparticles should have a relatively more narrow distribution than 

Fe nanoparticles during the growth step so that the yield from Co/Mo catalyst 

is higher than that from Fe/Mo catalyst. Thus the FWNTs prepared in our lab 

are mainly made from Co-containing catalysts. 

(2) Mo is a great promoter for the growth of FWNTs but it is also active to grow 

MWNTs impurities during our methane CVD process. We will discuss this 

issue particularly in chapter 3. Even though we observed that higher 

concentration of Mo results in more MWNTs and larger diameters of CNTs, it 

is the ratio of Co/Mo that plays the key role in determining the types of CNTs. 

We did further experiments with the catalysts of same Co/Mo ratio but 

different Co & Mo concentration in MgO. We found we obtained the same 

types of FWNTs with similar diameters. Figure 24 shows the TEM images of 
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FWNTs synthesized at 1000 oC with H2/CH4 of 1/1 by series CoMo/MgO 

catalysts. Thus, it is highly possible that Co/Mo ratio determines the particle 

sizes and compositions from which the FWNTs are originated. 

 

(3) In fact, the ratio of H2/CH4 controls the decomposition of methane, thus 

controls the carbon feeding rate in the CVD process. Previous results showed 

that the diameter of CNT under H2/CH4 = 1/2 were smaller than that under 

H2/CH4 = 4/1 for certain composition of catalyst. Possibly, the decomposition 

rate of CH4 plays a key role in the diameters of CNTs. Higher decomposition 

a b

c d

 

Figure 24 TEM images of as-grown FWNTs from CoMo/MgO catalysts with the 
ratio of a: 1/1/50, b: 1.5/1.5/50, c: 2/2/50 and d: 2.5/2.5/50. 
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rate (higher carbon feeding rate) favors the growth of smaller diameter CNTs. 

Since H2 can suppress the decomposition of CH4, using Ar to replace H2 can 

increase the decomposition of CH4, which may favor the formation of small 

diameter FWNTs. We did a controlled experiment to confirm this assumption. 

CoMo/MgO with the ratio of 1/3/50 was used as the catalyst and the CNTs 

were synthesized at 1000 oC for 10min with two conditions, CH4/Ar = 

400/1600 sccm and CH4/H2 = 400/1600 sccm. Figure 25 shows the TEM 

images of those as produced CNTs. Average diameter of 3nm FWNTs were 

obtained under CH4/Ar flow while larger than 5nm MWNTs were the 

products under CH4/H2 flow. This result proved that higher carbon feeding 

rate favor the growth of smaller diameter FWNTs. 

(4) Similar with methane concentration effect, higher temperature results in faster 

decomposition of methane, therefore higher carbon feeding rate. 

 

Figure 25 TEM images of CNTs synthesized under CH4/Ar flow (a) and CH4/H2 
flow (b) at 1000 oC for 10min. 
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The FWNT results seems like conflict with those published recently[88] by our 

group. We know that diameter distribution of CNTs grown by the CVD method could 

be controlled by the carbon feeding rate at the growth stage. Generally for SWNTs, 

under higher carbon feeding rate the large diameters and the broader distributions of 

the SWNTs are the main products. There might be different growth mechanism 

behind. It is highly possible that the FWNT bundles are grown from one large 

nanoparticle, as shown in Figure 26, when the carbon feeding is high enough. 

 When the catalyst particle is supersaturated in carbon, carbon atoms nucleate the 

formation of graphitic islands on the particle surface. The larger islands are more 

stable than the smaller ones. The smaller one thus dissolves back into the particle 

while the larger one forms the graphitic cap, which induces the formation of larger 

diameter CNTs. However, if the carbon feeding is high enough, the smaller islands 

are kinetically stable; they may not dissolve back, but form the graphitic cap, resulting 

in the formation of smaller diameter CNTs. 

 

 
Figure 26 Proposed mechanisms for the growth of FWNTs. 
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Figure 27a shows a low magnification TEM image of the purified FWNTs. High 

quality isolated or small bundles of FWNTs were revealed. It is shown that the bundle 

diameters are in the 15-30nm ranges while the individual nanotubes are usually 

smaller than 10nm. Figure 27b shows a typical HRTEM images of FWNTs, which 

confirms that the isolated nanotubes are around 5nm and compose of two to five walls. 

 

Figure 27 Low resolution TEM image of FWNTs and (b) high resolution TEM 
images of individual FWNTs with 2, 3, and 5 layers, respectively. 
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Most FWNTs are long and straight in morphology, indicating that these nanotubes 

have relatively perfect graphitic structure and fewer defects as SWNTs. Both raw and 

purified FWNTs were used for field emission studies and showed similar performance 

in our studies. 

 

2.3.3 Field Emission Properties 

The FWNT cathodes show excellent emission current density (J) vs electric field 

(E) characteristics with a low turn-on field that is less than 1.5 V/um at current density 

of 10 µA/cm2 for the cathode and stability at the high emission current density. Fig 

28a shows the J-E curves measured consecutively from a FWNT cathode with 

0.049cm2 emission area in DC mode. A current density over 50mA/cm2 was achieved 

at <3V/µm electric field.  Figure 28b plots four consecutive J-E curves of a cathode 

of 0.6mm in diameter measured in the pulse mode. An emission current density as 

high as 4.39A/cm2 is achieved on the cathode at 16.2V per µm. The data also show 

very good stability and reproducibility during the whole measurement process. 

Comparison was made with the cathodes fabricated using other types of CNTs. 

CNTs studied include SWNTs by the arc-discharge method (commercial), the CVD 

(fabricated at Duke) and the laser ablation method (produced at UNC)[89], MWNTs 

by CVD (grown at Duke and from commercial sources) and arc-discharge (from 

commercial sources) methods. The cathodes were prepared the same EPD process 

under the same conditions. The threshold fields for emission of the FWNT cathodes 

were found to be substantially lower than the values obtained from all the MWNTs 
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and the arc-discharge and CVD grown SWNTs. The turn-on fields for 10µA/cm2 

current density obtained from these materials are in the range of 3- 5V/µm, to be 

compared with less than 1.5V/µm for the FWNTs. The values are comparable or 

lower than those from the SWNTs by the laser ablation method.  

 

 

Figure 28 (a) Four consecutive J –E curves of a FWNT cathode of 2.5 mm in 
diameter measured in DC mode.(b) Four consecutive J –E curves of a nanotube 
cathode of 0.6 mm in diameter measured in pulsed mode. 
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The FWNT cathodes also have excellent long-term emission stability. Figure 29 

shows the voltage and emission current vs time curves of a cathode with 0.049cm2 

emission areas measured continuously under the constant current mode. During the 

experiments, the emission current from the cathode was maintained at 100uA by 

varying the applied voltage. After the first 20 hours initial “burn-in”, the emission 

current underwent no decay for the next 100 hours. 

 

 

Figure 29 Voltage and emission current versus time curves of a FWNT cathode 
with 0.049 cm2 emission area measured in continuous DC mode. 

 



 58

The emission uniformity of the FWNT cathodes by the EPD process was evaluated 

by taking images formed on the phosphor screen used as the anode. The emission image 

from one representative 1cm diameter cathode is shown in Figure 30. The data was 

taken at 1300V peak anode voltage, 10% duty cycle and 1mm cathode-anode gap. The 

peak emission current measured is 7 mA. 

 

 

 

Figure 30 The emission image from one representative 1 cm diameter cathode. 
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2.3.4 Large Scale Synthesis 

 FWNTs are promising materials and have potential applications in lots of areas. 

In similar with SWNTs, how to scale up the production of FWNTs is still a challenge. 

Approximately, 40mg of FWNT raw materials can be produced per run and each run 

takes about 1 hour by using a horizontal furnace equipped with a 36”×1” quartz tube 

and 2.5g of FWNT raw materials can be produced per run and each run takes about 2 

hours by using a larger horizontal furnace equipped with a 60”×3” quartz tube. At the 

end of 2003, we design a new CVD system equipped with a vertical furnace and a 

small 36”×1” quartz tube, 1.0 g of FWNT raw materials can be produced per run and 

each run takes only 20min. Figure 31 shows the schematic diagram of the design for 

large scale synthesis of FWNTs.  

 

 

t

 
Figure 31 Schematic design of CVD system for large scale synthesis of FWNTs. 
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 The key point of this design is using gas-stir to fluidize the catalysts and using a 

large funnel to trap the catalysts. As shown in Figure 32, the catalysts can be well 

fluidized in the one inch quartz tube.  

 

 

Figure 32 The photograph of the CVD system for large scale synthesis of FWNTs. 
The catalysts are “floating” in the 1 inch quartz tube. 
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 The growth conditions of FWNTs in this fluidized vertical CVD system are 

totally different with those in horizontal CVD system. Figure 33 shows the effect of 

growth time. The results indicate that the longer the reaction time, the more the 

amorphous carbon coating and the less the production of FWNTs. 5 min is normally 

enough for the formation of high quality of FWNTs. Figure 34 shows the effect of 

methane to hydrogen ratio. 

 

 

a

b

c
 

 
Figure 33 The effect of reaction time in fluidized vertical CVD system. CH4/H2 
= 1/1 at 1000oC. a, 5min; b, 10min; c 30min 
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Compared with stationary phase CVD process in horizontal furnace, this fluidized 

vertical CVD system has several advantages. First, it only takes about 5min for the 

decomposition of methane to produce FWNTs and no pre-reducing of catalysts is 

needed since the catalysts are well mixed with feeding gas during reaction while the 

reaction is much slower in the stationary horizontal furnace due to the slow gas 

diffusion step. Second, this system is very simple and can be set up in any lab with 

low cost. Finally, this fluidized system can be easily enlarged to fit the requirement of 

industrial mass production. 

 

a b

c d

 
 
Figure 34 Effect of methane/hydrogen ratio. Growth conditions: 1050 oC, 5min.
a, pure CH4; b, CH4/ H2 = 3/1; c, CH4/ H2 = 1/1; d, CH4/ H2 = 1/3. 
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2.4 Conclusions 

In summary, we have developed a methane CVD method that can produce small 

diameter FWNTs in relatively large scale. The FWNTs possess excellent field 

emission properties. Lots of parameters, such as temperature, catalyst composition 

and the composition of carbon feeding gas, have great effects on the synthesis of 

FWNTs. Structural characterization showed that these FWNTs have much less 

structural defects than CVD MWNTs. The keys here to synthesize FWNTs with such 

high quality are the high reaction temperature with controlled Co/Mo ratio as well as 

the appropriate carbon feeding rate. The field emission properties of the materials are 

as good as the laser grown SWNTs. Low emission threshold field, high emission 

current and long term emission stability were observed in cathodes prepared from 

these nanotubes using electrophoretic deposition at room temperature. Comparing 

with other types of nanotubes, these materials combined the easiness in preparation of 

MWNTs and the outstanding emission properties of SWNTs. They represent a 

realistic and scalable choice for the development of nanotube based field emission 

applications such as flat panel FED, portable x-ray sources, etc. 

 As for the large scale synthesis of FWNTs, our fluidized CVD system is still not a 

continuous process so that the time for heating up and cooling down steps can not be 

ignored. We are developing a new continuous process in which the supported catalyst 

can be carried with carbon feeding gas into the reaction zone and the products can be 

blown out and collected. 
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Chapter 3 

 
Effect of Tungsten on the Purification of Few-Walled 
Carbon Nanotubes Synthesized by Thermal Chemical 

Vapor Deposition Method 
 

3.1 Introduction 

 From the results in chapter 2, we now know that FWNTs have enhanced electron 

field emission characteristics compared to other types of nanotubes, with a lower 

threshold field for emission and improved emission stability because of their high 

structural perfection resulting from the high growth temperature. Moreover, unlike 

SWNTs, even after covalent functionalization, FWNTs can keep the structural 

integrity of their inner tubes, which will be discussed in chapter 4. We believe that 

FWNTs should be a better candidate for polymer reinforcement than either SWNTs or 

more defective MWNTs. 

 However, even though FWNTs are unique intermediates that can solve some of 

the problems of SWNTs and MWNTs, they also introduced their own list of problems 

that need to be solved before they can be used in bulk applications. Among them, the 

purity of the sample is one of the major problems. There are carbonaceous impurities, 

as shown in Figure 35, such as graphitic carbon coatings on the surface of the support 

MgO and short MWNTs and carbon fibers concomitant with FWNTs due to the high 

growth temperature during the CVD process. Different methods were attempted to 

remove those impurities. However, no large-scale purification methods have been 
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found to separate or remove carbonaceous impurities from FWNTs efficiently 

because FWNTs and the carbonaceous impurities (mainly short MWNTs and carbon 

fibers) have similar tubular structures and stability against oxidation. Usually many of 

FWNTs were lost during purification, resulting in a low purification yield. 

 

 

 

 
 
Figure 35 A typical low resolution TEM images of as-grown FWNTs samples 
using methane CVD method synthesized at 1000 oC. The raw products are 
generally mixture of support MgO, FWNT bundles, amorphous carbon or graphite 
coating on support MgO and catalyst nanoparticles Co/Mo, short small diameter 
MWNTs and short carbon fibers. 
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 In this chapter, instead of putting more efforts to purify our samples, we attempt 

to change the compositions of the catalysts to improve the purity of the raw materials 

to make purification step easier and more efficient. We found that both Mo and W can 

be used as the promoter to grow FWNTs. However, Mo was active in the formation of 

short MWNT impurities, while W was much less active in producing tubular 

carbonaceous impurities during our CVD process. Thus, the raw FWNT materials 

prepared from W-containing catalysts are of much higher purity and are easier to 

purify than those from Mo-containing catalysts. These results has been published 

recently[90]. 
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3.2 Experimental Methods 

 Different bimetallic and monometallic catalysts, Co/Mo, Co/W, Co, Mo, and W, 

supported on MgO support were prepared by the modified glycine combustion 

method described in chapter 2. Typically, viscous precursors are made by dissolving 

desired amounts of Mg(NO3)2⋅6H2O, Co(NO3)2⋅6H2O, (NH4)6Mo7O24⋅4H2O, or 

(NH4)10W12O40⋅5H2O and glycine and citric acid as organic combustion additives in 

de-ionized (DI) water followed by evaporation at 120 °C. The catalyst powders are 

obtained by combusting the precursors over 300 °C quickly and annealing at 550 °C 

for 1 h to remove any organic residues. The optimum molar ratio Co:Mo:MgO among 

the catalysts use to synthesize FWNTs was 1:1:50. 

 FWNTs used in this research work were synthesized in the same CVD setup 

described in chapter 2. Methane was employed here as the carbon source and 

hydrogen was also added in a certain ratio to control the methane decomposition rate. 

In a typical growth experiment, the catalyst was put into a quartz tube and was flushed 

with hydrogen while the catalyst was heated to 1000 °C. Methane was then 

introduced. After the reaction proceeded for 10 min, the methane flow was turned off 

and the system cooled. 

The purified FWNTs were obtained by a two-step purification process. The 

as-synthesized products were first oxidized in Ar diluted air for 1 h to burn the 

carbonaceous impurities at certain temperatures determined by thermogravimetric 

analysis (TGA) to selectively etch impurities, followed by refluxing in 6 N HCl 

aqueous solution to remove the support MgO and the catalyst Co, Mo or W. 
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 The TGA measurement was done in 15% air in Ar with a heating rate of 5 °C/min 

from room temperature to 900 °C with a TA instrument SDT2960. The sample 

morphology was characterized with a Hitachi HF-2000 scanning electron microscope 

(SEM) and a Philips 301 transmission electron microscope (TEM) operated at 80 kV. 

X-ray photoelectron spectroscopy (XPS) data were recorded on a Kratrs Axis Ultra 

system with monochromatic Al KR X-rays (1486.6 eV). Sample charging during the 

measurements was compensated for by an electron flood gun. 

 



 69

3.3 Results and Discussions 

3.3.1 Co containing catalysts 

 Figure 36 show the SEM pictures of as-prepared materials from catalysts 

Co/MgO and Co/Mo/MgO, respectively. There were very small amounts of CNTs 

grown from the Co/MgO catalysts (Figure 36a), while the CNT yield was greatly 

improved by using Co/Mo/MgO (Figure 36b), which indicates that Mo is a very good 

promoter to grow FWNTs due to the similar synergistic effect of Co and Mo observed 

in the synthesis of SWNTs[56, 60, 91]. Figure 37 show the TEM images of the raw 

CNTs from Co/MgO and Co/Mo/MgO catalysts that also confirm the increased yield 

by Mo addition. However, a lot of short MWNTs were found close to the surface of 

the support, which is more clearly shown in Figure 37e. Since we cannot find such 

tubular carbonaceous impurities in Figure 37d, which shows the surface of the raw 

materials from Co/MgO catalysts, it was highly possible that such short MWNTs 

resulted from the Mo addition. Figure 36c and Figure 37c show that only short 

MWNTs were grown from the Mo/MgO catalyst. The length and the morphology of 

the short MWNTs in Figure 37e are very similar to those in Figure 37f. 
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Figure 36 SEM images of as-grown samples from catalysts Co/MgO (a), 
CoMo/MgO (b) and Mo/MgO (c). 

 

a 

b 

c 
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Figure 37 TEM images of as-grown samples from catalysts Co/MgO 
(a, d), CoMo/MgO (b, e) and Mo/MgO (c, f). 

 

c 

a d 

b e 

f 
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Moreover, The XPS spectra shown in Figure 38 were obtained from different 

catalysts which were reduced in H2 when heated from RT to 1000 oC. The binding 

energies of the Co 2p and Mo 3d levels obtained for the catalyst CoMo/MgO, 

Co/MgO and Mo/MgO in the reduced state are compared to those of reference 

compounds reported in the literatures and the results are summarized in Table 3. It is 

very clear that metallic Co and Mo phase exist on the surface of the reduced 

CoMo/MgO. The Co(II) species detected on the surface could be due to the quick 

oxidizing of the metallic Co since the samples were exposed in air to be transferred  

to the XPS instruments after reduction. The Mo(VI) species could be from the 

unreduced MoO4
2- which might was formed during combustion preparation of the 

catalyst. Thus, the XPS data show that the binding energies of the Co 2p orbital are 

identical in the reduced catalysts Co/Mo/MgO and Co/MgO, which indicates that the 

Co species in these two catalysts are in the same chemical environments. Similarly, 

the binding energies of the Mo 3d orbital are identical in the reduced catalysts 

Co/Mo/MgO and Mo/MgO, which indicates that the Mo species in these two catalysts 

are in the same chemical environments. These results show that Co is the catalyst to 

grow FWNTs and Mo is not only a promoter to grow FWNTs but also an active 

catalyst to form tubular carbonaceous impurities in our CVD process. 
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Table 3 The binding energies of different reduced catalysts and reference compounds 
Binding Energies (eV) 

Reduced catalysts 
Mo3d5/2 Mo(VI)3d5/2 Mo(VI)3d3/2 Co2p3/2 Co(II)2p3/2 Co(II)2p1/2

CoMo/MgO 228.8 232.5 235.6 778.1 781.0 797.0 

Mo/MgO 228.2 232.5 235.6    

Co/MgO    778.4 781.0 796.8 

Reference Compounds 

Mo 228.0      

MoO3  232.6     

MoO4
2-  232.1-232.8     

Co    778.3   

Co(OH)2     781.0  

CoO     780.4  
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Figure 38 XPS spectra of Mo 3d and Co 2p from reduced catalyst 
CoMo/MgO, Mo/MgO and Co/MgO. 
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 Figure 39 shows the differential thermogravimetric (DTG) curves of the as-grown 

samples from Co/Mo/MgO and Mo/ MgO in a diluted air atmosphere. The peaks are 

centered at 635 and 640 °C for the products from Co/Mo/MgO and Mo/ MgO, 

respectively, which means that the burning temperature of the short MWNTs grown 

from Mo/MgO is around 640 °C while the average burning temperature of the mixture 

of FWNTs and carbonaceous impurities from Co/Mo/MgO is about 635 °C. This 

result indicates that the thermal stability of FWNTs should be similar to those of 

carbonaceous impurities in dilute air, making it very difficult to remove the MWNT 

impurities from the as-grown FWNT samples. HRTEM images (Figure 40) clearly 

show that the diameters of FWNTs are in the same range as those of short MWNT 

impurities, which confirms there should be no significant difference between their 

burning temperatures. 

 
Figure 39 DTG plots of as-grown samples from catalysts Co/Mo/MgO and 
Mo/MgO. 
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Figure 40 Typical HRTEM images of FWNTs (up) and MWNTs (down) 
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Due to the strong chemical similarities to Mo, tungsten has been investigated as a 

catalyst component and a Co/W bimetallic catalyst was studied for the growth of 

SWNTs[92]. Moreover, according to the vapor-liquid-solid mechanism, which is 

generally used to explain CNT growth, W might be less active to grow CNTs than Mo 

due to the fact that the eutectic point of C/W is approximately 500 °C higher than that 

of C/Mo from the phase diagrams that is shown in Figure 41. 

 

 
Figure 41 Phase diagram of C-Mo and C-W systems. 
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We studied the growth of FWNTs using catalysts to which W was added instead 

of Mo. Parts a and b of Figure 42 show that we also obtained a high FWNT yield 

from a Co/W/MgO catalyst similar to the Co/Mo/MgO catalyst, which indicates that 

W can indeed be used as the promoter to grow FWNTs with a high yield. Furthermore, 

as expected, there were no thick tubular structures found in the products from W/MgO 

catalyst as shown in Figure 42c and 42d, which proves that W is truly less active than 

Mo for the formation of CNTs. XPS measurements (Figure 43) confirm that similar 

W species existed after reduction of Co/W/MgO and W/MgO in a H2 atmosphere 

(Figure 43), which supports that W species in the Co/W/MgO catalyst would be 

inactive to grow any tubular carbonaceous structure. Figure 42e shows the DTG 

curves of the as-grown samples from Co/W/MgO and W/MgO. The peak centered at 

544 °C indicates the burning temperature of the carbon products from W/MgO, which 

are composed of non-tubular carbonaceous impurities. This burning temperature is 

lower than 605 °C, which is the average burning temperature of the raw materials 

from Co/W/MgO. Thus, it was expected that the raw materials from Co/W/MgO 

might be purified by burning away the non-tubular carbonaceous impurities between 

544 and 605 °C. 
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Figure 42 SEM and TEM images of as-grown samples from catalysts Co/W/MgO 
(a, b) and W/MgO (c, d) and the DTG plots (e) of those samples. 

a b 

dc 
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We performed a purification procedure for as-grown samples from Co/Mo/MgO 

and Co/W/MgO at 600 °C in 15% air in Ar atmosphere for 1 h. After refluxing in 6 N 

HCl and washing with DI water, we obtained purified samples, and the TEM images 

are shown in Figure 44. Figure 44a shows very pure FWNT samples obtained from 

Co/W/MgO with only a few impurities, while there are still a lot of impurities left 

after purification for those samples obtained from Co/Mo/MgO shown in Figure 44b. 
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Figure 43 XPS Spectra of W 4f from reduced catalyst CoW/MgO and W/MgO 
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Figure 44 TEM images of purified samples from catalysts Co/W/MgO (a) and 
Co/Mo/Mg (b). 

a

b
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3.3.2 Fe Containing Catalysts 

We also performed similar sets of experiments using Fe/Mo/MgO and 

Fe/W/MgO catalysts and found similar results. Figure 45 shows DTG plots of the 

as-grown samples from Fe/Mo/MgO and Mo/MgO, Fe/W/MgO and W/MgO. Figure 

46 shows the TEM images of purified samples from Fe/W/MgO and Fe/Mo/MgO 

catalysts. Therefore, the raw materials from W-containing catalysts were more easily 

purified than those from Mo-containing catalysts since W was indeed less active in 

growing tubular carbonaceous structures than Mo in our methane CVD process. 
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Figure 45 DTG plots of as-grown samples from different catalysts. 
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Figure 46 TEM images of purified samples from FeW/MgO (a) and FeMo/MgO (b) 

a 

b 
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3.4 Conclusions 

In summary, FWNTs were synthesized with a high yield using a binary catalyst 

of Co/Mo or Co/W supported on MgO during our high-temperature methane CVD 

process. Both Mo and W can work as promoters to improve the FWNT yield. 

However, Mo is very active in growing short MWNTs, the parts of the impurities 

concomitant with FWNTs in the as-grown samples. In contrast, W is only active in 

growing non-tubular carbonaceous impurities, which are much more easily burned 

away during the purification step. As a result, the raw materials from W-containing 

catalysts were more easily purified than those from Mo-containing catalysts. 
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Chapter 4 

 
Functionalized Few-Walled Carbon Nanotubes and 

Their Composites 
 

4.1 Introduction 

It was demonstrated that carbon nanotubes possess an array of unprecedented 

structural, mechanical, and electronic properties. However, carbon nanotubes are 

highly polarizable, smooth-sided compounds with attractive interactions of 0.5eV per 

nanometer of tube-to-tube contact. Because of these extreme cohesive forces, in 

similar with SWNTs[93], FWNTs exist as bundled structures that are often referred to 

as ropes. The bundling or roping phenomenon contributes to the bulk materials having 

limited solubility and poor dispersion in polymers[94, 95]. In fact, pristine carbon 

nanotubes tend to agglomerate in polymer hosts, which often weaken the mechanical 

strength of these composite materials[96]. Another problem associated with pristine 

nanotubes in composites and blends is the lack of interfacial bonding (CNT to matrix 

material), which leads to fiber pullout during stress, followed by catastrophic failure. 

Bundling also convolutes the optical and electronic property characterizations. 

Chemical functionalization of FWNTs can generate compounds that are more 

compatible with composites and more soluble in hosts, ultimately paving the way for 

important applications of FWNT based composites. This is an especially attractive 

target, as it can allow the unique properties of carbon nanotubes to be coupled to those 

of other types of materials. 
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In recent years, several approaches to the functionalization of SWNTs have been 

developed, in both molecular and supramolecular chemistry. These approaches 

include defect functionalization, covalent functionalization of the sidewalls, 

noncovalent exohedral functionalization, for example, formation of supramolecular 

adducts with surfactants or polymers, and endohedral functionalization as shown in 

Figure 47. 

 

 
Figure 47 Functionalization possibilities for SWNTs: A) defect-group 
functionalization, B) covalent sidewall functionalization, C) noncovalent 
exohedral functionalization with surfactants, D) noncovalent exohedral 
functionalization with polymers, and E) endohedral functionalization with, for 
example, C60 . For methods B - E, the tubes are drawn in idealized fashion, but 
defects are found in real situations. This picture is adapted from reference[12]. 
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 Among those functionalized strategies, covalent functionalization of SWNTs can 

effectively provide “handles” in exfoliation of the bundles and for dispersion in 

solvents and host polymers. Unfortunately, many optical, electrical and thermal 

properties are extended π-conjugation-dependent, therefore covalent functionalization 

cause a loss of these qualities. Different from SWNTs, FWNTs have several walls; the 

outmost layers can be functionalized while the inner structures can be kept integrality 

as well as those π-conjugation-dependent properties. Thus, sidewall functionalized 

FWNTs should be the best candidates for the potential CNT based composite 

materials[97]. 

In this thesis we described a simple and efficient functionalization method for raw 

or purified FWNT. Potassium permanganate acidic solution was used to functionalize 

FWNT at room temperature. The functionalized FWNT can be dissolved in water, 

ethanol and DMF very well. Furthermore, such water soluble functionalized FWNTs 

can be functionalized with diazonium salts in aqueous solution to make them soluble 

in common organic solvent such as chloroform, THF and toluene and so on. 

CNT/polymer nanocomposites have been pursued with the hope of delivering 

CNT properties to a processable and synergistic host. Many polymers have been used 

as matrix materials in CNT/polymer composites for various target applications. One 

of the most accessible areas for viable CNT applications is plastics reinforcement[98]. 

While CNTs are 5 times less dense than steel and approximately 30 times stronger, 

attempts at polymer reinforcement have been hampered by the fact that few polymers 

form strong interfaces with nanotubes. An efficient way to polymer reinforcement is 
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the preparation of polymer-functionalized nanotubes using an organometallic 

approach[99]. In this chapter we synthesize CPP/FWNTs composites by a similar 

method. 

The combination of CNTs and conducting polymers has been demonstrated to 

lead to composite materials possessing the properties of each of the constituent 

components with a synergistic effect[100, 101]. Polyaniline (PANI) is one of the more 

important conducting polymers due to its relatively facile processibility, electrical 

conductivity, and environmental stability[102]. PANI is unique among conduction 

polymers in that its electrical properties can be reversibly controlled by both 

charge-transfer doping and protonation. Generally, the soluble but non-conducting 

emeraldine base (EB) and insoluble but conducting emeraldine salt (ES) forms of 

PANI can be interchanged by doping and de-doping with acid and base[103]. An 

order of magnitude increase in electrical conductivity of CNT/PANI over that of neat 

PANI was measured and the interaction was probed by Raman spectroscopy[104]. 

SWNT/PANI composites have already found use as printable conductors for 

thermal-imaging techniques[105]. CNT/PANI coaxial nanowires were also reported. 

The surfactant was applied to overcome the difficulty of CNT dispersing[106]. These 

nanocables showed enhanced electrical properties due to the cable-like structure 

favoring charge transfer between polyaniline and CNTs. Here, our group prepares the 

FWNT/PANI coaxial nanocables with an in-situ polymerization method by using 

water soluble FWNTs. 
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FWNT also have other potential applications in lots of areas. Hydrogen storage in 

CNTs had shown great promise as a high-energy density absorbent. Recently, it has 

been reported that atomic hydrogen can be stored at defect sites on carbon 

materials[107-110]. It was known that a minor amount (0.2-2 wt %) of a transition 

metal such as Pd or Pt dispersed in carbon could dissociate hydrogen molecules to 

hydrogen atoms[111]. The decoration of CNTs with metal for hydrogen dissociation 

was the common technique in not only hydrogen storage but also fuel cell 

catalysts[112] and sensors[113]. In this chapter we develop a simple route to 

functionalize the FWNTs with noble metal nanoparticles. 
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4.2 Experimental Methods 

4.2.1 Synthesis of soluble FWNTs 

FWNTs were synthesized by methane CVD in our group at 1000 oC. The 

as-grown raw materials was used to prepare water soluble FWNTs. Typically, 120mg 

of raw FWNTs is dispersed in a KMnO4/H2SO4 solution, which is prepared by 

dissolving certain amounts of KMnO4 in 18mL 1M H2SO4. The solution is stirred at 

temperatures ranging from 25oC to 100 oC for 0.5 hours to 24 hours. The resulting 

solution is heated to boiling after adding concentrated HCl in order to reduce MnO2 

to Mn2+. Then the functionalized FWNTs aggregate and are separated by filtration. 

The pure water-soluble FWNTs were obtained by filtration and washing with DI 

water.  

To convert water-soluble FWNTs to organic solvent soluble FWNTs, 

aryl-diazonium salts were used to react efficiently with FWNTs in water to form aryl 

functionalized FWNTs. In general, 100ml water soluble FWNTs solution and 

diazonium salts are added to a flask and the pH value of this solution is tuned to 10 by 

adding KOH, and then this solution is stirred at room temperature for 30min. Black 

precipitate is observed, which indicates the FWNTs are not water soluble as before. 

The products are collected by filtering the solution through a PTFE membrane and 

wash with DI water. They can be easily dispersed in some common organic solvents 

such as THF and chloroform.  
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4.2.2 Synthesis of CPP/FWNTs 

 Chlorinated Polypropylene (CPP) was successfully grafted to the sidewalls of 

FWNTs according to the reaction shown in Figure 48. In a typical experiment, 20mg 

highly pure FWNTs are added to a flame-dried 100 mL three-neck round-bottom flask. 

60mL NH3 is then condensed into the flask followed by the addition of small pieces of 

lithium metal. The reaction mixture is stirred overnight with the slow evaporation of 

NH3. CPP in THF solution is then introduced into the flask and react with Li/FWNTs 

for a few hours under sonication. The flask is then cooled in an ice bath as methanol is 

added slowly followed by water to remove the un-reacted Li metals. After 

acidification with 10% HCl, the nanotubes are extracted into hexanes and washed 

several times with DI water. The hexane layer is then filtered through a PTFE 

membrane, washed with THF and dried in a vacuum oven overnight. 
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Figure 48 The proposed reaction to prepare CPP/FWNTs. 
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4.2.3 Synthesis of PANI/FWNTs 

Water soluble FWNTs (w-FWNT) were used to prepare PANI/FWNTs 

composites. As shown in Figure 49, the aniline can be polymerized in situ on the 

surface of w-FWNT in water solution to form very homogeneous FWNT/PANI 

coaxial nanowires. Typically, aniline monomer is added to FWNT water solution and 

this solution is sonicated for 3h. Ammonium peroxidisulfate (APS) in HCl solution is 

then slowly added dropwise to the well dispersed reaction mixture. After a few 

minutes, the dark suspensions become green, indicating polymerization of aniline. 

And the polymerization is carried out at 0 oC under nitrogen while stirring for 24h. 

The composite is obtained by filtering and washing the reaction mixtures with DI 

water, resulting in the conductive emeraldine salt form of the PANI/FWNT composite. 

The composite solid can be stirred with 3 wt% ammonium hydroxide under nitrogen 

for 48h to form EB composite. 

Figure 49 In-situ polymerization and proposed composite interaction. This 
picture is adapted from reference[9]. 
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4.2.4 Synthesis of Pt/FWNTs 

 Purified FWNTs were first ultra-sonicated in H2SO4 and HNO3 solutions for 3h to 

make functionalized FWNTs. The functionalized FWNTs can disperse in water 

solution and had enough defect sites to absorb Pt precursor. Deposition of Pt 

nanoparticles on FWNTs was achieved by reducing Pt salt precursor, H2PtCl6 in an 

ethanol-water solution. The Pt loading on FWNTs can be approximately controlled by 

the concentration of Pt precursors. This protocol can be extending to prepare other 

noble metal/FWNTs composite, such as Au and Pd. 



 94

4.3 Results and Discussions 

4.3.1 Soluble FWNTs 

4.3.1.1 Water soluble FWNTs 

 In fact, the as-grown FWNT samples were purified and functionalized at the same 

time when stirred in KMnO4 acid solutions. In similar with gas phase oxidizing 

purification for FWNTs in chapter 3, this solution phase oxidizing purification method 

can virtually remove carbonaceous impurities and support MgO as well as catalyst 

nanoparticles in one step. Carbon can be slowly etched away by KMnO4 so that the 

carbon coating on catalyst nanoparticles and support can be broken down, thus the 

metal and MgO can be exposed to H2SO4. By controlling the reaction temperature, the 

concentration of KMnO4 and the pH value of the solution, we can adjust the oxidizing 

ability of KMnO4 so that we can selectively remove carbonaceous impurities and 

functionalize the sidewalls of FWNTs to synthesis water soluble FWNTs. 

 Among those reaction parameters, the concentration of KMnO4 is the most 

important one. Figure 50 shows the TEM images of the products under different 

concentration of KMnO4. Higher concentration of KMnO4 results in more pure and 

soluble products. For 120mg raw FWNTs, at least 0.5g KMnO4 is needed to purify 

and functionalize FWNTs. We also noticed at higher concentration of KMnO4 (such 

as 1.4g), lots of FWNTs were cut to shorter ones. In addition, higher reaction 

temperature favors faster reaction rate, but lower selectivity, which results in the loss 

of large amounts of FWNTs. 
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Figure 50 The effect of KMnO4 concentration at 100 oC for 0.5h (left) and room 
temperature for 24h (right). 0.2g KMnO4 (a, b), 0.5g KMnO4 (c, d) and 
1.4gKMnO4 (e, f) were used, respectively. 
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 The ratio of the intensity of G band to that of D band in Raman spectra can 

characterize the purity of the samples. Higher value of G/D indicates more pure 

samples with less amorphous carbon. As shown in Figure 51, The G/D for raw 

FWNTs, purified FWNTs with 0.2g, 0.5g and 1.4g KMnO4 are 4.4, 5.2, 6.3 and 21.0, 

respectively, which indicate more pure FWNTs were obtained with higher 

concentration of KMnO4. These results are consistent with those from TEM analysis. 

 

 In the purification process we have shown above, all KMnO4 are added at the 

beginning of the reaction, which results in a very high local KMnO4 concentration in 

solutions, thus decreases the selectivity of KMnO4 between CNTs and carbonaceous 

impurities. Most of the FWNTs are etched away by KMnO4 during this purification 
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Figure 51 Raman Spectra of raw FWNTs and purified samples. 
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and functionalization step, resulting in very low yield of water soluble FWNTs. To 

improve the efficiency, we added KMnO4 solution to a suspension of raw FWNTs and 

H2SO4 at a relatively slow rate. The addition speed was set at 1.0 mL/10min by using 

a buret and 1.0 mL/100min by using a syringe pump. Very pure FWNTs are obtained 

when the amount of KMnO4 is larger than 0.6g KMnO4/120mg raw FWNTs, as 

shown in Figure 52 and Figure 53. The solubility of FWNTs in water can be obtained 

up to 0.2mg/mL. 
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Figure 52 Effect of addition of KMnO4 using buret. The reaction was performed in 
100 oC water bath. The portions of solution were taken after 0.39g (a), 0.52g (b), 
0.68g (c) and 0.82g (d) KMnO4 were added. 
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Figure 53 Effect of addition of KMnO4 using a syringe pump. The reaction was 
performed in 100 oC water bath. The portions of solution were taken after 0.5g (a) 
and 0.8g (d) KMnO4 were added. 
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 Water soluble SWNTs can be functionalized by using the same procedures. 

However, most of SWNTs are cut and even broken into amorphous carbon (Figure 54) 

while our FWNTs keep their integrity well. This result tells us that FWNTs are much 

stable than SWNTs for sidewall covalent functionalization. 

 

 

 
 

Figure 54 TEM images of pure HiPco SWNTs (up) functionalized SWNTs (down). 
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4.3.1.2 Organic Solvent Soluble FWNTs 

Several SWNT sidewall functionalization methodologies now exist, and they all 

have one thing in common: a highly reactive intermediate is necessary to attack the 

carbon nanotubes. The methodology that gives the most highly functionalized 

SWNTs is functionalization by adding preformed arene diazonium salts to 

micelle-coated carbon nanotubes at pH 10[1]; the micelle is most often generated 

from the surfactant, sodium dodecyl sulfate (SDS). The micelle-coated material 

generated according to the published procedure gives non-covalently wrapped 

SWNTs as individuals (unbundled). In fact, SWNTs functionalized in this way have 

approximately 1 in 10 carbons on the sidewalls bearing an aryl moiety. A scheme of a 

typical experiment is shown in Figure 55. 

 In similar, we can modify our FWNTs with diazonium salts using water soluble 

FWNTs as starting materials without the assistance of SDS to un-bundle the FWNTs. 

The resulting aryl functionalized FWNTs can be easily dissolved in common organic 

solvents, such as DMF, THF and chloroform and so on. Therefore, water soluble 

 
Figure 55 Functionalization of SWNTs coated with SDS. This picture is adapted 
from reference[1]. 
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FWNTs can be converted to organic soluble FWNTs by a simple one-step reaction. 

Figure 56a show the photographs of FWNT solution in different solvent and Figure 

56b show the TEM images of aryl functionalized FWNTs in chloroform. The 

morphology of this organic soluble FWNTs are not changed compared to those of 

water soluble FWNTs (Figure 56c). 

 

 

 

 

H2O     CHCl3 THF 

 

 

 
Figure 56 FWNTs solution in different solvents (a) and TEM images of FWNTs in 
chloroform (b) and water (c). 

a

b c 
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4.3.2 CPP/FWNTs 

 24mg pure FWNTs were used as starting materials and 50mg composite products 

were obtained. Thermolysis was performed with TGA by heating to 900 oC in an Ar 

atmospheres. As shown in Figure 57, TGA plot shows 60% weight loss, which 

indicates the FWNTs are well functionalized by CPP. 

 

Even though from IR spectrum there were no obvious differences between pure 

FWNTs and CPP/FWNT composite, it is clearly shown in TEM images (Figure 58c) 

that FWNTs are well functionalized by CPP. Moreover, TEM images confirm that the 

thermalized step in TGA effectively remove addends and regenerate pristine CNTs 

(Figure 58b). Direct evidence for covalent sidewall functionalization is also found in 

the Raman spectra (Figure 59). The intensity of D band increases and G/D ratio 

decreases from 27.8 to 10.2 comparing the pure FWNTs with the CPP/FWNTs, 

indicating the sidewalls of FWNTs are functionalized by CPP. We also notice the 

G-band exhibits an up shift of 4.2 cm-1 after functionalization, which is generally 
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Figure 57 TGA of CPP/FWNTs composite. 
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observed in non-covalent sidewall functionalization of SWNTs. In addition, the 

intensity of the main peak from RBM decreases dramatically, which provide the 

further evidence for the sidewall functionalization. 

  

 

 

 
 
Figure 58 TEM images of (a) pure FWNTs, (b) CPP/FWNTs after TGA and (c) 
CPP/FWNT 

a b

c 
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Figure 59 Raman spectra of D, G bands and radial breathing mode regions at 632 
nm for purified FWNT, CPP-SWNT composite and recovered FWNT from 
CPP-SWNT after TGA. The G/D ratios are 27.8, 10.2 and 11.1, respectively. 
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However, our CPP/FWNTs have low solubility in organic solvents. This is 

different from covalent functionalized SWNTs which normally show high solubility. 

One reason is that the diameter of FWNT (about 2~5nm) is larger and the length of 

FWNT (5µm or more) is longer than those of SWNTs that have generally 1nm in 

diameter and 1µm in length. Thus the functionalized CPP/FWNTs are actually huge 

molecules so that they are hard to dissolve in solvents. Another reason is the thicker 

FWNTs are less active towards sidewall functionalization than the small diameter 

SWNTs and the sheathed nature of FWNTs renders their inner walls inaccessible. 
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4.3.3 PANI/FWNTs  

 Figure 60 shows the TEM and SEM images of as prepared PANI/FWNT 

nanowires using water soluble FWNTs (w-FWNTs) and pristine pure FWNTs as 

starting materials, respectively. Individual or small bundle of FWNTs are well coated 

by PANI polymers that are polymerized in situ on the surfaces of w-FWNTs, while 

not all the FWNTs are modified by PANI and separated regions of FWNTs and PANI 

can be found easily when using pristine pure FWNTs. Pure SWNTs are also used to 

form PANI/SWNT composite. However, similar with the case of pure FWNTs, the 

products show the mixture of separated SWNTs, PANI and PANI/SWNTs composite 

(Figure 61). Obviously, the homogeneous solution of w-FWNTs is the key to prepare 

uniform PANI/FWNTs composites. There are lots of –COOH groups existing on the 

surface of w-FWNTs; the aniline monomer can be adsorbed on the surface of 

w-FWNTs by the interaction of –COOH and –NH2 group due to the possible 

formation of –COO-NH3
+–, thus the in situ polymerization can only occur on the 

surface of FWNTs. Therefore, the w-FWNTs can not only act as the supramolecular 

template through micellization with anilinium cations[114], but also play the role of 

the dopant of PANI. The doped PANI or its oligomer is actually a sort of cationic 

poly-electrolyte with a very rigid backbone structure, which has the tendency to form 

self-assembled nanotube-like micelles induced by the “anionic-type” w-FWNTs in the 

process of polymerization, leading to the formation of PANI/FWNT nanowires. 
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Figure 60 TEM and SEM images of FWNT/PANI composites prepared from 
water soluble FWNTs (left) and pristine pure FWNTs (right) . 
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 Other characterization such as TGA, UV-vis-NIR and Raman should be done for 

those composites. In addition, the conductivity measurement using standard Van Der 

Pauwe DC four-probe method should be studied to investigate the effect of FWNT 

doping and compared with those of SWNT/PANI and MWNT/PANI composites that 

had already published by other groups[9, 106, 115]. 

 

 
 
Figure 61 TEM (up) and SEM (down) images of SWNT/PANI. 
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4.3.4 Pt/FWNTs 

Figure 62 shows TEM images of the pure FWNT and the Pt nanoparticles 

supported on FWNTs. Pt nanoparticles are highly dispersed on the carbon nanotubes. 

The mean nanoparticle size was found to be about 2-3nm in diameter. The Pt loading 

determined by TGA can be approximately controlled by the concentration of Pt 

precursors.  

 

 

 

 
 

Figure 62 TEM images of pure FWNTs (up left), 70% Pt loading FWNTs (up 
right) and 7% Pt loading FWNTs (down). 
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The pure FWNTs have the surface areas of 420 m2/g SSA after 250 oC degas by 

the BET measurements and had ~ 0.5 wt% hydrogen uptake at 77K (~0.01 wt% at RT) 

and 2 bar pressure. Subsequent chemical treatments on the samples such as reflux in 

sulfuric acid and then annealing in CO2 at 700 oC or RT HCl soak followed by CO2 at 

700 oC) did not improve the hydrogen uptake (~0.8 wt% at 77K and 2 bar), or SSA 

(~630 m2/g) substantially since the large bundles of FWNTs will be not de-bundled 

after those treatments. Initial measurements with the Pt/SWNT indicated ~0.4 wt% 

hydrogen uptake at RT and ~0.6 wt% uptake at 77K, both at 2 bar. This is consistent 

with a substantial Pt loading and Pt hydride formation. Further chemical analysis is 

needed to know the exact Pt loading on FWNTs. 
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4.4 Conclusions 

 In summary, water soluble FWNTs are prepared by a simple chemical reaction. 

The as-grown samples can be purified and functionalized at the same time. The water 

soluble FWNTs can be easily converted to organic solvent soluble FWNTs after 

modified by aryl functional group using diazonium salts. The water soluble FWNTs 

are found to be excellent precursors to synthesize uniform FWNT/PANI conducting 

polymer composite nanowires by in-situ polymerization of aniline in water due to the 

large amount of –COOH groups on the surface of FWNTs. Moreover, covalent 

sidewall functionalization of FWNTs by halogenated polymer was performed using 

reductive alkylation reaction with lithium in liquid ammonia. CPP/FWNT composite 

are obtained and well characterized. Beside FWNT/polymer composites, noble metal 

nanoparticles decorated FWNTs are also synthesized and their applications in 

hydrogen storage are primarily explored. 

 Further studies for the composites of FWNTs with polymer should be addressed 

in the measurements of electronic and mechanic properties and compared with those 

from SWNT composites. Since FWNTs have their unique structures, the better 

structural perfection than MWNTs and a few more graphite layers than SWNTs, we 

believe FWNT composites would be one of the answers for future advance functional 

materials. 
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Chapter 5 

 
Structure-Controlled Synthesis of Few-Walled 

Carbon Nanotubes by Carbon Monoxide Chemical 
Vapor Deposition and Their Application for 

Conducting films 
 

 

5.1 Introduction 

 In the last several chapters, FWNTs are synthesize by methane CVD method and 

we show FWNTs have enhanced electron field emission characteristics compared to 

the other types of nanotubes, with a low threshold field for emission and improved 

emission stability. We also find that highly pure FWNTs can be prepared by 

optimizing the composition of catalyst to make purification process more efficient. 

These highly pure FWNTs (over 99%) can be covalent functionalized on their 

sidewalls by different methods to improve either the solubility in water and organic 

solvents or the dispersibility within polymer matrix. Moreover, pure FWNTs are also 

decorated with metal nanoparticles for their potential applications in hydrogen storage 

and sensors. However, FWNTs synthesized in our lab are mainly the mixture of 

double-walled carbon nanotubes, triple-walled carbon nanotubes and 

quadruple-walled carbon nanotubes. To further exploit the excellent properties of 

FWNTs, it is necessary to understand what the roles different kinds of CNTs play. 

Thus, preparing single component of FWNTs with controlled structures would be very 

important not only for the basic studies but also for their applications in industry. 
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 For CVD methods, temperature, catalyst and carbon feeding are the three 

fundamental parameters. High quality FWNTs with less impurity has been 

synthesized at >950 oC by methane CVD method with w-containing catalysts (in 

chapter 3 and reference[90]) and at 1100 oC by alcohol CVD method[5] developed in 

our lab recently. Unfortunately, the structures of FWNTs from those methods can not 

be well controlled due to the high decomposition rate of the carbon sources at such 

high reaction temperature. In addition, we found that no FWNTs or very low yield of 

FWNTs were synthesized at low growth temperature (< 900 oC). 

 Carbon monoxide has been used to grow SWNTs either on Si wafer[116] or in 

bulk supported catalysts[2, 61, 117]. Different from hydrocarbon and alcohols, the 

thermal decomposition of CO is a bi-molecule reaction, which is much slower than 

the single molecular reaction of decomposition of hydrocarbon or alcohols, which 

provides the opportunity to control the carbon feeding rate in order for the control of 

the structures of the products. 

 

Furthermore, higher temperature favors carbon formation in the case of 

hydrocarbons or alcohols while higher temperature favors carbon consumption for CO, 

so less amorphous carbon would be expected to be produced within the bulk of the 

catalysts using CO as feeding gas than using hydrocarbons or alcohols. Another 

advantage of using CO as feeding gas is the CO from the outlet of CVD system can 

be re-circulated into the inlet of the system after removing the CO2 since the outlet 

gas only composes of CO and CO2. 
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In this chapter, CO is employed as carbon source and different types of CNTs, 

from SWNTs to FWNTs, with different diameters can be synthesized controllably by 

altering CVD parameters such as the composition of catalysts and the growth 

temperatures. Specifically, ultra pure DWNTs can be prepared under certain 

conditions. In fact, particular attention has been paid in recent years on the selective 

synthesis of DWNTs[118-124]. However, those products were typically mixtures of 

DWNTs and SWNTs, which were contaminated with catalyst particles and amorphous 

carbon, or even some MWNTs. Recently, Endo et al[125] reported that more than 

95% of highly pure DWNT bundles were synthesized by methane CVD method with 

a conditioning catalyst and two-step purification process. Most of DWNTs they 

prepared are less than 2nm in diameter. However, controlling the diameters of 

DWNTs is still a challenge. In this chapter we report not only the synthesis of highly 

pure DWNTs by CO-CVD but also the diameters of DWNTs can be approximately 

controlled by simply altering the catalyst compositions and the temperature of the 

reaction. 

Recently, highly conducting transparent thin film fabricated from SWNT aqueous 

solutions containing various surfactants has attracted much attention due to their 

potential applications in the area of macro-electronics and optoelectronics[126-132]. 

To date, several types of devices based on thin SWNT films such as flexible 

transparent transistors[133-136], optical modulators[132], light-emitting diodes 

(LEDs) with SWNT films as p-type ohmic contacts[137] and flexible emitter 

arrays[138] have been fabricated. Moreover, theoretical and experimental studies have 
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also established the work function of SWNT networks to be in the 4.7-5.2 eV 

range[139, 140]. Such high work functions meet the requirement for anodes in several 

types of photonic devices, such as organic LEDs[141] and organic solar cells. These 

characteristics and the simple room-temperature fabrication avenue, together with 

other attribute such as excellent mechanical flexibility, indicate that this type of novel 

anode is a promising candidate material for next-generation photonic device 

applications. However, the best SWNTs used for transparent conducting film (TCF) 

are from arc discharge method or laser ablation methods because the SWNTs from 

those methods have fewer defects due to the higher reaction temperatures. In this 

chapter, TCF fabricated from our FWNTs made by CO CVD at relatively low 

temperature show the comparable properties with those from SWNTs. Most 

importantly, we can scale up the production of our FWNTs easily with low cost while 

mass production is still a problem for arc discharge and laser ablation methods. 
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5.2 Experimental Methods 

 The catalysts used in this chapter were synthesized by the same combustion 

method as in chapter 2. The growth of FWNTs was performed in CVD system (Figure 

63) using quartz tube either one-inch or three-inch in diameter. Different from using 

methane as carbon source, carbon monoxide had to be purified before feeding into 

reaction zone since there are considerable amounts of iron carbonyl (Fe(CO)5) 

existing in the cylinder of CO. The CO purifier was made by dispersing lead oxide, 

PbO, on a support according to the procedures in US patent 08/092395. Typically, 33g 

Pb(NO3)2 was dissolved in DI water, and then impregnated with 110g molecular 

sieves for several hours. Water was slowly removed using rotarory evaporator and 

then the molecular sieves were dried in oven at 110 oC overnight. After annealing at 

over 300 oC in air, PbO/Molecular sieves were obtained and used as metal carbonyl 

remover. 

 

 For spectral analysis, samples are added to an aqueous solution containing 1wt% 

sodium dodecylbenzene sulfonate (SDBS), and ultrasonically agitated for 1h. Then 

the suspension of individual and bundled DWNTs is centrifuged for 3h at 13500g. 

The supernatant liquid is withdrawn and adjusted to a pH = 10. 

 

CO

Purifier  
 

Figure 63 Schematic CO-CVD set-up. 
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 To make FWNT buckypapers, typically 20mg pure FWNTs are sonicated in 

100ml isopropanol for 1h, and then the suspension is immediately vacuum filtrated 

using a membrane with 3µm pores, dried in oven at 120 oC overnight. 

 To make transparent FWNT thin films, pure FWNTs are sonicated in different 

surfactant (SDS, SDBS or SC) solutions for several hours, and then the FWNT 

solution is vacuum filtrated using an anodic alumina membrane with 0.02µm pores. 

The resulting thin film can be transferred to different substrates by using PDMS 

stamps. 
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5.3 Results and Discussions 

5.3.1 CNTs synthesized in one-inch quartz tube 

 The temperature and the composition of the catalyst have great effects on the 

structures of as-grown CNT products. As shown in Table 4 (obtained from TEM 

analysis), SWNTs are the main products when the growth temperature T is no more 

than 800 oC and MWNTs come into being when T > 950 oC while FWNTs are 

prepared between 850 and 950 oC. These results are confirmed by Raman spectra 

(Figure 64). At higher T, larger diameter CNTs are shown due to more RBM peaks 

appeared in the low wavenumber region. In addition, the splitting of G band becomes 

smaller, which indicates the increase of the diameters of CNTs. Moreover, the 

intensity ratio of G/D decreases, indicating the formation of MWNTs with more 

defects.  

Table 4 CNTs growth in one-inch quartz tube by CO-CVD 
 

Catalyst 
Temp. (oC) 

CoMo/MgO 
(1/3/200) 

CoMo/MgO 
(3/1/200) 

CoMo/MgO 
(3/0.5/200) 

700 SWNTs (1nm) SWNTs (1nm)  
750   SWNTs (<1nm) 
800 SWNTs (1nm) SWNTs (1-1.5nm) SWNTs (<1nm) 

850  
SWNTs and DWNTs 

(1-2nm) 
SWNTs (1nm) 

900 
FWNTs & MWNTs 

(1-8nm) 
SWNTs, DWNTs and 

TWNTs (1.5-3nm) 
DWNTs (1-3nm) 

950  
DWNTs and TWNTs 

(2-3nm) 
FWNTs (1.5-4.5nm) 

1000 MWNTs (5-8nm) 
FWNTs & MWNTs 

(3-5nm) 
FWNTs (2-5nm) 
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Figure 64 Raman spectra of as-grown CNTs from catalyst CoMo/MgO (3/1/200). 
The RBM (up left) and G band (up right) taken with 785nm excitation laser and 
RBM (down left) and G (down right) band take with 633nm laser. 
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5.3.2 CNTs synthesized in three-inch quartz tube 

 In analog, CNTs are synthesized in three-inch quartz tube with a large furnace 

and the results are summarized in Table 5. Similar trends are found with those from 

one-inch CVD system. The diameters are controlled by the growth temperature and 

the structures of as-grown CNTs are determined by the temperature and the 

composition of the catalyst. Higher temperature favors CNTs with larger average 

outer diameters. These results are also confirmed by Raman spectra (Figure 65). In 

addition, higher Mo concentration favors the growth of CNTs with more sidewalls. 

 

Table 5 CNTs growth in three-inch quartz tube by CO-CVD 
 

Catalyst 
Temp. (oC) 

CoMo/MgO 
(3/0.5/200) 

CoMo/MgO 
(3/0.3/200) 

750 SWNTs (1nm) SWNTs (1nm) 

800 
SWNTs & DWNTs 

(1-1.5nm) 
SWNTs & DWNTs 

(0.5-1.5nm) 

850 
DWNTs and SWNTs 

(1-2nm) 
SWNTs & DWNTs 

(1-2nm) 

900 
DWNTs and TWNTs  

(2-3nm) 
DWNTs & SWNTs 

(1-2nm) 

950 
DWNTs and TWNTs 

(2-3nm) 
DWNTs (1.5-3nm) 

1000 FWNTs (3-5nm) FWNTs (2-4nm) 
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Figure 65 Raman spectra of as-grown CNTs from catalyst CoMo/MgO 
(3/0.5/200). The RBM (up left) and G band (up right) taken with 785nm 
excitation laser and RBM (down left) and G (down right) band take with 
633nm laser. 
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 The catalysts are actually Co and Mo oxides dispersed in the nanocrystals of 

MgO support. Thus, CO is not only the carbon source for the growth of CNTs but also 

the reducing agent for the formation of Co and Mo metal nanoparticles that are really 

the catalysts from which the CNTs initiate and grow. The reaction temperature has 

three important effects during CVD process on: the reducing ability of CO, the 

aggregation of metal nanoparticles and the disproportion rate of CO. At lower 

temperature such as 750 oC, only Co oxides are reduced by CO, the Co nanoparticles 

are well dispersed on the surface of support and separated by the Mo species; on the 

other hand, they do not aggregate to form bigger nanoparticles due to the low reaction 

temperature, thus small diameter SWNTs can be synthesized under such conditions. 

However, low temperature favors the carbon formation for CO disproportion reaction, 

resulting in lots of amorphous carbon concomitant with SWNTs as products. By 

contraries, both Co and Mo oxides are reduced by CO at high reaction temperature 

such as 1000 oC and Co can not be separated by the Mo species so that larger metal 

nanoparticles are generated due to serious aggregation, FWNTs with larger diameters 

are the main products. In addition, carbon yield is lower and amorphous carbon is 

much less generated at high T than at low T since high T favors carbon consumption 

for CO disproportion reaction. We also notice that some MWNTs can be observed at 

high T because Mo is reduced out and active to grow MWNT impurities. 

 According to the above analysis, if we are willing to grow small diameter CNTs 

at high T, we have to avoid the aggregation of Co nanoparticles. Since metal 

tungstates are much harder to be reduced than metal molybdates, we can expect that 
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Co nanoparticles will be well separated by W species if using W as promoter, that is, 

CoW/MgO as catalyst during CO-CVD process. In fact, almost no carbon deposition 

was found when T is lower than 950 oC using CoW/MgO catalyst, which proved that 

no Co or W nanoparticles were reduced by CO. As shown in Figure 66, 

small-diameter SWNTs were synthesized at 1000 oC with low yield and less 

amorphous carbon. 

 

 
 

Figure 66 TEM images of FWNTs (up) and SWNTs (down) obtained from 
CoMo/MgO and CoW/MgO at 1000 oC, respectively. 
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 We found another method to control the structures of as-grown CNTs besides the 

temperature and the Co/Mo ratio. By using Co(SO4)2 instead of Co(NO3)2 as starting 

materials to make catalyst CoMo/MgO, we found SWNTs can be synthesized at 850 

oC using the catalyst from cobalt sulfate while mainly DWNTs were obtained using 

the catalyst from cobalt nitrate, as shown in Figure 67.  

 

 To investigate the reasons, we should recall the procedures to make catalysts by 

combustion method. Precursor solution was made by dissolving all the salts in water. 

The catalyst was obtained by evaporating the precursor solution and then suddenly 

combustion, followed by annealing above 500 oC to remove any organic residues. If 

cobalt nitrate were used as starting materials, the resulting catalysts (CoMo/MgO) are 

oxides. However, in the case of cobalt sulfate as starting materials, since combustion 

  
Figure 67 HRTEM images of SWNTs and DWNTs synthesized using catalyst 
CoMo/MgO (3/0.5/200) from Co(SO4)2 (left) and from Co(NO3)2 (right) at 850 oC by 
CO-CVD. 
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reaction generally complete within seconds, most of sulfates will not decompose 

during combustion step. They also will not decompose during annealing step (500 oC) 

since the decomposition temperature of sulfates is normally over 900 oC, which 

implies SO4
2- survival in catalyst. During CVD process, the sulfates may be reduced 

by CO and decomposed to release some S species which has been well known to aid 

the growth of SWNTs in floating catalyst CVD[62]. We performed CVD at 950 oC 

and did not find any difference between the products using catalyst from sulfates and 

those using catalyst from nitrates. This is understandable because sulfates decompose 

at 950 oC and all S species are gone with Ar (the purging gas) before CO introduced 

during preheating step. To further confirm the S effects, we should add some S 

containing compounds together with CO as feeding gas. 

5.3.3 Highly Pure DWNTs 

 Under certain conditions, most of products are DWNTs, few SWNTs can be 

found though. Because DWNTs are much more chemically stable than SWNTs 

against oxidizing agents, we can remove those chemically active SWNTs by a simple 

purification process, burning the raw materials in diluted air at certain temperature. As 

shown in Figure 68a, those signals between 220 cm-1 and 250 cm-1 should be from 

SWNTs since the intensities of those peaks decrease when purification T increases. 

The peak (about 270 cm-1) is from the inner shell of DWNTs because it is not affected 

by the purification step. When the purification T is higher than 500 oC, the signals 

from SWNTs are totally disappeared (Figure 68b), which indicates DWNTs are the 

only products after purification. TEM analysis confirms that more than 95% of CNTs 
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are DWNTs with narrow distribution of inner-tube diameters (Figure 69), which is 

consistent with the Raman analysis.  
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Figure 68 Raman Spectra taken with 785nm excitation laser for the raw samples (a, 
black) and samples purified at 350 oC (a, blue), 450 oC (a, red) and 525 oC (b). 
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Figure 69 HRTEM images of DWNT bundles and Inner-tube diameter distribution 
of DWNTs measured from HRTEM images.  
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  Figure 70 shows a graphene sheet map of possible nanotube structures with (n,m) 

values labeling semiconducting species. The thickness of each hexagonal cell border 

is proportional to the observed spectral intensity for the enclosed (n,m) structure. 

The most abundant structures of inner shell of DWNTs are (6,5) and (10,2), 

corresponding to 0.757nm and 0.886nm in diameter. The fluorescence spectra 

(Figure 71) of DWNT/SDBS revealed that only a few structures dominate the 

semiconducting nanotube distribution in our DWNT samples. The diameter is in the 

range of 0.68-1.25nm and the average diameter is 0.86nm, which indicates the light 

emissions are all from the inner shell of DWNTs. This result also fit very well with 

those from Raman and TEM analysis. 

 

 

 
 

Figure 70 (n,m)-Resolved intensity map for the DWNTs. 
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Figure 71 Fluorescence spectra of DWNTs excitated with 785nm (up) and 658nm 

(down ) laser, respectively. 
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5.3.4 Highly Conductive FWNT films 

 Since structures of CNTs can be approximately controlled by CO-CVD, we can 

investigate how the structures affect the properties of CNTs. We prepared a serious of 

CNT samples at 850 oC with different catalysts by CO-CVD. TEM revealed the 

higher the Mo/Co ratio, the more the DWNTs and the less the SWNTs in the purified 

samples. Raman confirmed there were almost pure DWNTs in the samples from 

catalysts 103 and 105, as shown in Figure 72. We fabricated CNT buckypapers using 

this series of purified samples and measured the conductivities, the results are shown 

in Table 6. 
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Figure 72 Raman spectra of different purified CNTs taken with 785nm laser
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Table 6 Conductivities of buckypapers from different types of CNTs 
 

Co/Mo/MgO 1/0.1/100 
101 

1/0.2/100 
102 

1/0.3/100 
103 

1/0.5/100 
105 1/1/50 

CNT Types S+D S+D D D FWNT 
Thickness 

(mm) 0.03 0.03 0.01 0.02 0.06 

Average V/I 
(Ω) 0.2356 0.1627 0.3281 0.0304 0.0353 

Rsheet 

(Ω/ ) 
1.0678 0.7374 1.4871 0.1376 0.1598 

Resistivity 
 (Ω⋅m) 3.2×10-5 2.2×10-5 1.5×10-5 2.7×10-6 9.6×10-6 

Conductivity 
(S/cm) 312 452 672 3634 1043 

 

 The trend is the more the Mo concentration, the more the DWNTs in the purified 

samples, and the better the conductivity. However, both samples 103 and 105 are 

mainly DWNTs, but the conductivity of 105 is about 6 times higher than that of 103. 

By carefully studying the HRTEM images (Figure 73), we found that the diameter of 

DWNTs in 105 is in the range of 1.5~3nm, a little thicker than those in 103, which is 

normally smaller than 2nm in diameter. Moreover, there are some TWNTs which can 

be found in sample 105. This result is consistent with our previous studies which 

show the higher the Mo/Co ratio, the larger the diameter of CNTs. 
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Figure 73 TEM images of samples 105. 
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 As shown in table 7, the sheet resistances of the buckypapers are pretty 

reproducible even using the different batch samples if fabricated according to the 

same procedures. The errors of conductivities are mainly from the measurements of 

the thickness of the buckypapers due to the accuracy of the micro caliber we used. So 

far the highest conductivity is up to 5441 S/cm, corresponding to the resistivity of 

1.87×10-6 Ω⋅m, which is comparable with the best results from SWNTs (1.5×10-6 Ω

⋅m)[132]. However, our DWNTs are synthesized only at 850 oC while those SWNTs 

were grown by pulse laser ablation method. We believe we can further improve the 

conductivity of FWNT buckypapers by improving the quality, the diameter and the 

length of our FWNTs by adjusting the growth conditions. 

 

Table 7 Reproducibility of FWNT buckypapers 
 

Catalyst 
CoMo/MgO 

1/0.5/100 

Conditions 20mg CO (850-550) 
Thickness (mm) 0.02~0.03 0.02~0.03 0.02~0.03 
Average V/I (Ω) 0.0278 0.0291 0.0211 

Rsheet (Ω/ ) 0.1260 0.1291 0.0936 

Resistivity 
(Ω⋅m) 2.47×10-6 2.58 ×10-6 1.87 ×10-6 

Conductivity 
(S/cm) 4054~2703 3873~2582 5441~3627 

 

 

 

 



 133

 We also fabricate transparent conductive films (TCF) using samples 105 by 

different methods, the results are summarized in Table 8. The formula used to 

calculate DC conductivity is б = (√T/ (1-√T))* 75200/Rs, where Rs is directly 

measured by a commercial four probe meter and T is obtained from a UV-Vis 

spectroscopy. In fact, our FWNTs are not well dispersed in SDS solution since there 

are FWNT aggregations observed under SEM, so the uniformity of the TCF is not 

good enough, resulting in the low transmission of TCF. Besides improve the quality of 

FWNTs, the fabrication technique should be also improved to generate much more 

homogeneous TCF for the further enhancement of the conductivity. 

 

Table 8 Conductivity of transparent conducing films from sample 105 
 

Sample Name Transmission 
T (%) Rs (ohms/sq) Conductivity 

б (S/cm) 
PET-3-1 74 154 3005 
PET-3-2 83 292 2638 
PET-3-3 80 240 2655 
PEN-3-1 82 236 3055 
glass-5-1 73 120 3677 
glass-5-1 68 93 3802 
glass-5-2 91 553 2816 
glass-5-2 88 435 2619 
glass-5-3 93 1140 1785 
glass-5-3 93 1100 1850 

ANODISC-1 52 52 3807 
ANODISC-2 67 100 3392 
ANODISC-3 65 95 3293 
ANODISC-4 87 480 2173 
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5.4 Conclusions 

 The structures of CNTs can be approximately controlled using CO-CVD by 

adjusting the growth conditions. Among them, temperature is the most important one 

because it has great effects on the reducing ability of CO, the aggregation of metal 

nanoparticles and the decomposition rate of CO disproportional reaction. At lower 

temperature, Co metal particles are reduced and well separated by Mo species on the 

support so that small diameter SWNTs can be produced. On the contrary, both Co and 

Mo are reduced and larger nanoparticles are generated due to serious aggregation at 

higher temperature, resulting in the formation of the thicker FWNTs and even 

MWNTs. In addition, low temperature favors carbon formation and high temperature 

favors carbon consumption since CO disproportional reaction is exothermic, thus 

there are large amount of amorphous carbon at low reaction temperature while less 

amorphous carbon at high reaction temperature. To synthesize small diameter CNTs at 

high temperature, W is used as promoter instead of Mo because tungstate is much 

harder to be reduced to release metal nanoparticles at high temperature than 

molybdate, therefore small metal nanoparticles can be well separated by W species 

while no Mo species are left to prevent the aggregation of Co nanoparticles since Mo 

is reduced at high temperature. We also discover that SWNTs can be prepared using 

the catalyst from sulfates precursor while DWNTs are the products using the catalyst 

from nitrates precursors, the effects of S species need further evidences. 

 Highly pure DWNTs with narrow distribution of inner shell diameter are 

synthesized by CO-CVD combined with a simple purification method. The DWNTs 
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are characterized by TEM, Raman and fluorescence spectra. The results show the 

SWNTs and impurities are effectively removed after the purification step. TEM and 

Raman results show the diameters of inner shell are mainly around 0.9nm, which is 

consistent with those results from fluorescence spectrum. Moreover, we found that all 

the light emissions are from the inner shell of the DWNTs, which provide us the 

chance to use this highly pure DWNT for bio-imaging in the future because we can 

selectively functionalized the out-shell of DWNTs to make them water soluble so that 

we can inject the water soluble DWNTs into organism and then detect their 

distributions by using the NIR spectroscopy. 

 Another type of DWNTs with a little larger diameter are synthesized and found to 

be an excellent material to fabricate buckypaper and TCF. The electrical properties of 

the TCF from this type of CVD-grown DWNTs are comparable with those from 

SWNTs made by laser ablation methods. However, there are much more spaces for us 

to improve the quality of our DWNTs or even FWNTs by CO-CVD methods than by 

other methods. In addition, this CO-CVD method is much more promising for the 

scale-up synthesis to fit the requirements of mass production in industry. 

 Future works will be focus on more precisely control of the structures, such as the 

diameter, the length and the numbers of layers, of the FWNTs since the properties of 

the FWNTs have been greatly affected by their structures. On the other hand, the 

fabrication techniques of TCF need to be improved for better performance of TCF 

based nano photonic devices, such as in organic LED and organic solar cell. 
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Chapter 6 

 
Solution-Phase Synthesis of Single-Crystalline Iron 

Phosphide Nanorods/Nanowires 
 

6.1 Introduction 

Compared with bulk materials, nanoscale materials have large surface areas and 

possible quantum-confinement effects. They often exhibit distinct electronic, optical, 

magnetic, chemical and thermal properties. Recently, one-dimension nanostructures 

such as wires, rods, belts and tubes with well-controlled dimensions, composition, and 

crystallinity have become the focus of intensive research for investigating 

structure-property relationships and related scientific and technological applications 

due to their dimensional anisotropy[142-144]. 

Significant efforts have been taken on the synthesis of various 1D nanoscale 

materials. Gas phase synthesis such as vapor-liquid-solid (VLS) methods have been 

successful for the preparation of various nanowires with well-controlled diameters 

and lengths[16, 142, 145, 146], especially for key semiconducting materials of groups 

II-VI, III-V, and IV. However, the nanowire diameters are typically larger than the 

strong confinement limit, and the synthesis temperatures are generally high. The 

liquid/solution-phase synthesis of anisotropic nanocrystals has the potential to become 

a general synthetic method because it proceeds at a relatively lower reaction 

temperature and the diameters of the produced nanocrystals can be controlled down to 

several nanometers. However, as compared to the gas phase synthesis, the 
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liquid/solution-phase synthesis has only been demonstrated for a limited number of 

examples, including CdSe[147-149] and CdTe[150], Si[151, 152], GaAs[153-157], 

InAs[158], Cu2S[159] and metal nanowires[144, 160, 161], etc. In this thesis, we 

describe the use of liquid/solution-phase synthesis to prepare single-crystalline metal 

phosphide nanorods and nanowires with uniform diameters. 

The studies on nanostructures of metal phosphides were much less advanced in 

comparison to other semiconductor materials because of their difficult synthetic 

chemistry[162, 163]. Many of the bulk metal phosphide materials are technically 

important materials as phosphorescent, magnetic, and electronic materials[164-166]. 

They are important in the study of magnetism because the inter atomic spacing and 

the anion electro negativity lie in an intermediate range between those for metals and 

for the oxides[166]. Traditionally, bulk iron phosphides have been prepared by a 

variety of high-temperature methods[165, 167, 168] and sonochemical methods[169]. 

Ultrafine powder of iron phosphides was also synthesized by a solvothermal 

method[170], but the morphology is ill-defined and the average particle size was large 

(about 200 nm in diameter). Over the last year, the preparation of nanostructured 

metal phosphides has gained significant interest due to the need to explore the 

size-dependent physical properties in these materials. Nanoparticles of Fe2P, FeP, and 

other metal phosphides have been prepared recently[171, 172]. However, the 

diameters of the produced nanoparticles are not uniform. Our group first reported the 

high-quality and uniform iron phosphide nanorods and nanowires on 2004[173]. After 

that, similar results were obtained by other group[174]. 
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 In this chapter, we report a novel one-step solution-phase route to prepare iron 

phosphide nanorods and nanowires. Our experiments have used a mixed solvent 

(trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP)) that is commonly 

used by many groups for the preparation of various nanostructures. We have shown 

here that TOP react with Fe precursors and act as P source for the formation of iron 

phosphide nanostructures rather than behaving as inert solvent in previous 

experiments. By controlling the experimental parameters, different structure of iron 

phosphides can be obtained. 

 

6.2 Experimental Methods 

Materials 

Trioctylphosphine oxide (TOPO, 99%), tributylphosphine oxide (TBPO, 95%), 

trioctylphosphine (TOP, 90%), tributylphosphine (TBP, 97%), iron pentacarbonyl 

(99.999%), and other organic solvents were purchased from Aldrich and used as 

received. 

Stock solutions 

 Stock solution 1 with 1:1 molar ratio of Fe/P was made from 1mL Fe(CO)5 

dissolving in 4mL TOP in a glove box under N2 atmosphere. Stock solution 2 with 1:1 

molar ratio of Fe/P was made from 1mL Fe(CO)5 dissolving in 4mL TBP in a glove 

box under N2 atmosphere. 
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Nanorods synthesis in TOPO/TOP solvent system 

 All the ratios of TOPO in TOP were given in weight percent, unless otherwise 

stated. Pure TOP, 25% TOPO in TOP, 40% TOPO in TOP, 55% TOPO in TOP and 

pure TOPO were used as initial solvent and then heated to over 300 oC with constant 

stirring under N2 atmosphere. For each of these experiments, 0.2ml stock solution 1 

was injected into hot solvent solution. Aliquots were taken at 30 min after the 

injection and then dispersed in hexane. 

FeP nanowires synthesis by multiple injections 

 A typical synthesis as follow: 55% TOPO in TOP solvent solutions (5 g of TOPO 

and 5 mL TOP) were heated to a desired temperature (> 300 oC) with vigorous stirring 

under N2 atmosphere. 0.5mL stock solution 1 was quickly injected into this rapidly 

stirred, hot TOPO/TOP solution. The temperature dropped to about 300 oC with the 

injection and this temperature was kept for further growth. At each 30 min intervals, 

0.2mL portion of the stock solution 1 was injected to prepare longer nanowires. The 

growth of nanowires was monitored by extracting aliquots from the reaction solution. 

The removed aliquots were dispersed in hexane and checked by TEM. No further 

purification was performed. 

Synthesis of Fe3P nanorods in TBPO/TBP solvent system 

 50% TBPO in TBP solvent solution (5 g of TOPO and 6 mL TOP) were heated to 

reflux (about 270 oC, which is the boiling point of TBP/TBPO mixture.) with 

vigorous stirring under N2 atmosphere. 0.5mL stock solution 2 was quickly injected 
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into this rapidly stirred, hot TBPO/TBP solution. The temperature was kept at 270 oC 

for further growth. At each 30 min intervals, 0.2mL portion of the stock solution 2 

was injected to prepare longer nanorods. The products were dispersed in hexane and 

checked by TEM. 

Characterization 

The produced nanocrystals were characterized with a Philips 301 

Transmission Electron Microscope (TEM) operated at 80kV. High-resolution TEM 

(HRTEM) images were obtained using a Philips CM200 TEM operated at 200kV. The 

chemical composition was determined by X-ray Photoelectron Spectroscopy (XPS, 

Riber LAS-3000) and Energy Dispersive X-ray spectrometer (EDX) attached to an 

SEM (Hitachi S-3200N). An X-ray diffraction (XRD) scattering pattern was collected 

at a scanning rate of 0.1°·min-1 on a Rigaku X-ray diffractometer with CuKα1 

irradiation. 

6.3 Results and Discussions 

6.3.1 FeP nanocrystals in TOPO/TOP 

If only TOPO was used as initial solvent and pure Fe(CO)5 was injected, spherical 

Fe nanoparticles were produced because under relatively high temperature (>250 oC) 

Fe(CO)5 decomposes quickly to form small Fe clusters (Figure 74a). However, when 

appropriate amounts of TOP were introduced into the reaction system, rod-shape 

nanocrystals came into being (Figure 74b). By optimizing the experimental 

parameters high aspect ratio nanorods with uniform diameter were strongly favored 
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(Figure 74c). These nanorods are not ferromagnetic at room temperature since they 

cannot be attracted to a magnet. 

 

 

 

 
Figure 74 TEM images of nanocrystals prepared in different solvents. a: Fe(CO)5 
injected into TOPO, 300 oC; b: Fe(CO)5/TOP injected into TOPO, 300 oC; c: 
Fe(CO)5/TOP injected into 55%TOPO/TOP , 300 oC 

 

a b 

c 
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Figure 75 TEM images of FeP nanowires prepared in 50 wt % TOPO in TOP 
via (a) single injection and multiple injections (b, 2 times; c, 3 times; d, 6 
times; and e, 15 times). 
 

a b

c d

e 
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We also found that higher aspect ratio nanowires cannot be prepared by simply 

increasing reaction time due to the consumption of monomers. Thus additional 

injections of stock solutions were employed to obtain longer nanowires. As expected, 

the longer nanowires with uniform diameters of about 5nm were obtained by using 

nanorods as seeds with multiply injections of stock solutions at relatively low 

temperature (300 oC). The aspect ratio of nanowires can be approximately controlled 

by the total number of injections (Figure 75a-d). Interestingly, the length of the 

nanorods increases as a function of reaction time while the diameter remains 

essentially unchanged. Nanowires with length up to a few microns (aspect ratio >200) 

can be prepared by this multiple injection method (Figure 75e). 

 

 

 
Figure 76 Energy-dispersive X-ray spectroscopy (EDX) of FeP nanowires. The Cu 
signal is from copper TEM grid. 
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Energy-dispersive X-ray spectroscopy (EDX) analysis of the nanowires showed 

that Fe and P were the main elemental components (Figure 76). Quantitative EDX 

analysis showed the mole ratio of Fe:P was in the range of 1:1 to 1:1.5. Analysis of 

these nanowires using XPS further confirms the observation. Oxygen and carbon were 

also found in the XPS spectrum, which could come from surface adsorption of oxygen 

and carbon dioxide[175]. Another source of the oxygen and carbon signals could be 

the surfactant TOPO that was not completely removed by the surface-cleaning step. 

To reduce the effect of surface adsorption, we used an ion gun to etch the surface of 

our samples for 10 and 20 min to remove approximately 1 and 2 nm of the surface 

layer. The resulting binding energy changes were shown in Table 9. There were slight 

chemical shifts between the Fe and P on the surface and those in the inner part of the 

nanowires. From the binding energy of Fe and P on the surface, we can exclude the 

possibility of any type of iron oxides and phosphates formation, which should have 

binding energies larger than 709 and 130 eV, respectively[175]. 

 

Table 9 Binding Energy (BE) of Fe and P in FeP Nanowires 

 Surface 10 min spattering 20 min spattering 

Fe 2p 707.3 eV 707.0 eV 707.0 eV 

P 2p 129.1 eV 128.8 eV 128.8 eV 

 

All peaks in the X-ray diffraction (XRD) pattern (Figure 77) can be indexed to 

the orthorhombic cell of the FeP phase with space group Pnma (lattice constant a = 

5.191 Å, b = 3.099 Å, and c = 5.792 Å)[176]. We can also know that the FeP 
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nanowires have much better crystalline structures than the FeP nanorods from the 

XRD patterns because of the longer reaction time for the formation of nanowires. 

 

High-resolution TEM images and electron diffraction pattern further confirmed 

that the produced nanowires were single-crystalline FeP nanowires. The electron 

diffraction pattern (Figure 78a) was taken on bundles of the FeP nanowires. Ring 

diffractions with d values of 2.740, 2.427, 1.993, 1.879, 1.754, 1.624, and 1.536 Å can 

be identified as (011), (111), (112), (211), (301), (212), and (020) peaks from the FeP 

orthorhombic structure, respectively. A weak diffraction at 2.207 Å cannot be 

identified using the FeP structure, presumably from either Fe or Fe2P impurities. 
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Figure 77 XRD pattern of FeP nanowires and nanorods. All peaks can be indexed 
according to the orthorhombic structure of FeP. 
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High-resolution TEM (Figure 78b,c) studies indicate most of these nanowires grow 

perpendicular to either (011) or (013) planes. In addition, the wires are usually 

covered with a thin layer of amorphous coating. 

 

 

 

 
Figure 78 Electron diffraction pattern (a) and HRTEM images of FeP nanowires 
(b, c). The nanowires grow perpendicular to (013) and (011) planes in b, c, 
respectively. 

 

a 
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Consistent with the HRTEM results, XPS analysis results also indicated that the 

surfaces of FeP nanowires were possibly coated with the surfactant TOPO, or some 

other unknown amorphous Fe-P compounds. Moreover, the quantitative EDX 

analysis also showed the mole ratio of FeP was in the range of 1:1 to 1:1.5, which also 

proved that the nanowires were mainly FeP; the excess amount of P should come 

from the amorphous layer on the surface, most likely the surfactants. 

 To understand the formation mechanism of these nanowires and identify the 

source of phosphor, we have performed a series of experiments. We have first 

excluded the possibility that the phosphor source was the impurities in TOPO and 

TOP because the amount of phosphor in the products far exceeds the amount of 

impurity in the solvents. We have then found that such nanostructures can only be 

prepared in the presence of TOP. As stated previously, when pure TOPO was used, 

only spherical Fe nanoparticles were prepared under identical reaction conditions. 

Obviously, the TOP in the mixture not only functions as a co-solvent but also as the P 

sources in our experiments. As reported previously, a variety of phosphine-substituted 

iron carbonyl intermediate species could form when Fe(CO)5 is dissolved in 

TOP[169]. We assume that after being injected into hot TOPO/TOP solutions at high 

temperature, these intermediate species could decompose to produce FeP by cleaving 

the Fe-C and P-C bonds. The process could be simply described as follows: 

 

Fe(CO)5 + TOP → (CO)xFe(P(C8H17)3 )y + heat→ FeP 
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Multiple injection of stock solution provided feedstock for further growth of FeP 

structures. However, to grow long and uniform nanowires, the ratio between TOP and 

TOPO is very important. Although FeP nanorods can prepared without TOPO (Figure 

79) or at low concentration of TOPO (Figure 80), the diameter distribution is much 

broader and the aspect ratio is lower. At higher TOPO concentration, although the 

diameters are uniform, the lengths are usually only tens of nanometers (Figure 81). 

The optimal ratio of TOPO/TOP is about 50% (Figure 75) to obtain uniform nanorods 

and nanowires. 

 

 

 
Figure 79 TEM images of FeP nanoparticles prepared in TOP via (a) single 
injection and multiple injections (b, 5 times and c, 10 times). 

a b

c
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Figure 80 TEM images of FeP nanoparticles prepared in 40% TOPO in TOP via 
(a) single injection and multiple injections (b, 2 times and c, 4 times). 

a b

c 
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Figure 81 TEM images of FeP nanoparticles prepared in 90% TOPO in TOP via 
(a) single injection and multiple injections (b, 5 times; c, 9 times and d, 14 times). 

a b

c d
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Several recent studies have given some insight into the shape control of 

anisotropic nanocrystals[144, 177]. Briefly, at a thermodynamic equilibrium, a crystal 

has the shape with the minimum total specific surface energies. Thus the surface of a 

crystal with the highest free energy should be the fastest growing plane and thus leave 

behind the slowest growing plane, which has the lowest surface energy. The 

thermodynamic growth is generally driven by a sufficient supply of thermal energy 

and a low flux of monomers. In contrast, under non-equilibrium kinetic growth 

conditions with a high flux of monomers, selective anisotropic growth between 

different crystallographic surfaces is facilitated. It is well accepted that the existence 

of an appropriate amount of capping reagents can alter the surface energies of various 

crystallographic surfaces to promote selective anisotropic growth of nanocrystals. 

Figure 82 simply shows three kinds of growth mechanisms. 

 
Figure 82 Growth mechanisms of 1D nanostructure. 
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According to Scheme1, appropriate surface modifiers can make the nanocrystals 

growth fall down to the combination regime of thermodynamic growth and kinetic 

growth for the aim of high aspect ratio and well-controlled morphology of the 1D 

nanocrystals. In our cases, we believe TOPO played the role of capping reagents since 

TOPO was more easily coordinate with the Fe atom on the surface of FeP than TOP 

and the morphology of the produced nanowires is greatly affected by its concentration. 

From the experimental results, TOPO molecules absorbed on the FeP nanocrystals 

greatly increased the growth rate along the direction perpendicular to (011) and/or 

(013) planes of the FeP structure relative to all other crystal planes. It was easily 

understood that the concentration of TOPO in our system must get to a special range 

so that the amount of TOPO was enough to cause the enough large difference among 

the growth rates of various crystallographic surfaces since TOPO may strongly bind 

to other surfaces while weakly bind to (011) and (013) faces. Additionally, TOPO 

played a very important role in promoting atom exchange between nanoparticles, a 

requirement for size distribution focusing and kinetic control[178]. A similar effect 

may also exist in our system. TOP in the mixture reacts with Fe(CO)5 for the 

formation of FeP. Without TOPO, the produced nanocrystals were a mixture of 

nanorods and nanoparticles. 

On the other hand, the decomposition rate of molecular precursor is also critical 

for growth process. In our cases, the three P-C bond in TOP is hard to break compared 

with P-Si bond in P-Si(CH3)3 which is generally used as P source to make covalent 

phosphides[179-181], using the TOP as the P source slowed the decomposition rate of 
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Fe-P precursors, which indicates a relative lower monomer flux in the reaction system. 

This requirement facilitated thermodynamic growth. Thus, higher injection frequency 

of stock solution (the source of monomers) became very important to supply a higher 

flux of monomers for preparing nanowires. Decreasing injection frequency from 0.2 

mL per 0.5h to 0.2 ml per 3h while keeping other conditions constant, rectangular FeP 

nanostructure were obtained, as shown in Figure 83.  

 

 

 
Figure 83 TEM images of nanocrystals via thermodynamic controlled growth 
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6.3.2 Magnetic properties of the FeP nanowire 

Magnetic properties of the FeP nanowire have been studied using SQUID 

magnetometry in a temperature range between 2 and 400 K and a field range up to 5 T. 

Bulk FeP exhibits a double helical magnetic structure propagating along the c-axis 

below a Ne´el temperature TN of 115 K[182, 183]. The helimagnetic structure consists 

of two types of Fe sites with respective magnetic moments of 0.46 and 0.37 µB. This 

ordering is suppressed in the nanowires. As shown in Figure 84, the differential 

magnetic susceptibility χ of the nanowire powder, defined as BM ∂∂ , exhibits a 

Curie-Weiss paramagnetism down to 10 K with 

χ = C/(T – θ) 

where C is the Curie constant and õ is the Curie-Weiss temperature. At lower 

temperatures, it deviates from the Curie- Weiss law and rises to a peak around 5 K. 

The respective paramagnetic parameters obtained from the fits of the behavior at 

fields above (1.1±0.2)×10-5 μB-K/G per Fe and -10±2 K. The measured Curie constant 

for Fe corresponds to an effective magnetic moment of 0.7±0.2 µB, which is 

consistent with the bulk value but nearly a factor of 10 smaller than the values for free 

Fe spins. The negative Curie-Weiss temperature indicates the presence of 

antiferromagnetic interactions, and the low-temperature peak of ø further suggests the 

presence of antiferromagnetic correlation. The observed magnetic behavior appears to 

be independent of the morphology of the nanostructures. However, the low-field 

signal from the nanowires is not detectable, because of the presence of a small 

quantity of unknown ferromagnetic clusters (possibly Fe or Fe2P, <0.1 wt %) in the 
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powder with a TC of ~ 270 K, so more quantitative interpretation of possible ordering 

is not possible, which would require quantitative measurements of the behavior at 

very low fields (<< 0.1 T). 

 

 

 
 

Figure 84 Magnetic susceptibility χ (≡ BM ∂∂ ) of FeP nanowires at B ~ 2 T as a 

function of temperature. Circles are measurements using SQUID magnetometry. 
The line is a Curie-Weiss law fit of the data with a Curie constant of 
(1.1±0.1)×10-5 μB-K/G and Curie-Weiss temperature of -9±1 K. The former 
corresponds to an effective polarization of 0.7 μB per Fe, and the latter indicates 
the presence of antiferromagnetic interactions. 
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6.3.3 Fe3P nanorods in TBPO/TBP 

The TEM images of produced nanorods by multiply injections using TBP and 

TBPO system (m.p. = 270 oC) were shown in Figure 86. These nanorods were 

ferromagnetic since they were attracted to a magnet at room temperature. According 

to the Fe-P phase diagram[184], iron phosphides have four different compositions, 

Fe3P, Fe2P, FeP and FeP2. Among them, only FeP2 is anti ferromagnetic, the other 

three kinds of iron phosphides are ferromagnetic with Tc = 433 oC for Fe3P, Tc = -7 oC 

for Fe2P and Tc = -58 oC for FeP. Fe3P is the only ferromagnetic iron phosphide at 

room temperature. XRD analysis (Figure 85) confirmed that the nanorods are mainly 

Fe3P. Two main peaks can be indexed to the tetragonal cell of Fe3P phase with lattice 

constant a=9.107 Å and c=4.460 Å[185]. Another relative weak peak with d-spacing 

equal to 1.88 Å from XRD pattern can be indexed to (2 1 1) face of orthorhombic FeP, 

indicating these Fe3P nanorods are not very pure. 

As for the formation of Fe3P nanorods, the reaction temperature and the carbon 

chain length of capping agents might be the two key factors. The relative shorter 

four-carbon chain of TBPO (compared with eight-carbon chain of TOPO) meant 

smaller steric effects, which facilitated higher monomer feeding rate. However, the 

relative low reaction temperature (m.p. of TBPO/TBP equal to 270 oC) decreased the 

decomposition rate of P-C bond, resulting in the lower feeding rate of P compared 

with Fe during the growth process of nanocrystals.  
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Figure 86 TEM images of nanorods prepared in TBPO/TBP 

 
Figure 85 XRD pattern of Fe3P nanorods. Peaks can be indexed with 
tetragonal Fe3P (a=9.107Å  c=4.460Å) 
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6.4 Conclusions 

 In summary, high-quality FeP nanorods/nanowires have been synthesized in the 

TOPO/TOP solvent systems via a simple one step solution-phase route. The length of 

the nanorods/nanowires can be continuously increased by a multiple injection method. 

Unlike previous reports of nanostructure synthesis in the TOP/TOPO system, TOP 

acts as both solvent and phosphor source in our experiment. Interestingly, a recent 

article also reported that under the right conditions, dodecanethiol, which is typically 

used as a capping ligand, can function as a sulfur source for nanorod synthesis[159]. 

These findings showed that we need to be very careful in selecting the solvent and 

capping agents in nanoparticle and nanowire synthesis. Inert solvent and capping 

ligands for one reaction may be reactive for a similar but different reaction. 

Additionally, the produced FeP nanowires exhibit paramagnetism down to 10 K, 

below which the presence of antiferromagnetic correlations was observed. 

With the similar method, Fe3P nanorods were also prepared in TBPO/TBP system. 

We believed that our solution phase approach has the potential application in 

synthesizing the other kinds of metal phosphide nanostructures if appropriate 

precursors, solvents and capping agents were selected. 
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Chapter 7 

Conclusions 
  

There have been significant developments achieved for the studies of carbon 

nanotubes since 1990s. This novel one-dimensional material has been predicted to 

have potential applications in many research and industry areas due to its superior 

optical, electronic, thermal and mechanical properties. However, those applications 

are limited mainly resulting from the fact of either the low quality of carbon 

nanotubes (such as MWNTs) or their high cost (such as SWNTs, which is much more 

expensive than gold). FWNTs, which have much better quality than MWNTs and are 

much easier synthesized than SWNTs, would be one of the best candidates to solve 

those problems. Thus, the synthesis techniques for the FWNTs with high quality and 

low cost in large scale might be in the top-priority for scientists and engineers. 

  The first part of the research discussed in this dissertation is all about this 

promising materials, FWNTs. By controlling the three basic parameters of CVD 

process, temperature, catalyst composition and carbon source, FWNTs with controlled 

structures can be synthesized with high quality and high purity as well as in relatively 

large scale. Instead of putting efforts in purification, the synthesis of as-grown FWNT 

materials with less carbonaceous impurities are much more important. FWNTs show 

excellent field emission properties and highly pure FWNTs can be used to fabricate 

TCF and make composites with other functional materials. However, all these studies 

are still in the starting stages. The production of FWNTs is still far away to satisfy the 
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requirement for real applications in industry. A continuous CVD processing using 

floating supported catalyst may be one of the proper ways and should be done in the 

near future. The more accurate control over the structures of FWNTs is necessary for 

different applications. For example, longer and large diameter DWNTs prepared in 

high temperature would be the ideal candidate for high performance TCF. Overall, 

controlled synthesis is still the base of all researches of FWNTs and we know there 

should be still a long way to go. 

 The second part of this dissertation describes a solution-phase route to synthesis 

iron phosphide nanocrystals. Actually, this method has been extended to prepare lots 

of other metal phosphides[186]. We believe the principles from our methods can be 

further utilized to synthesize nanocrystals of III-V phosphides, the excellent 

semiconducting materials such as InP and GaP. 
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