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Chapter 1

Introduction

1.1. General Introduction

Carbon is basic chemical element for all known life forms and the 4™ most
abundant element in the universe after hydrogen, helium, and oxygen being present in
the sun, stars, meteors, comets, and in the atmosphere of most planets. It is a known
element by human for over 6000 years. Carbon is the 15™ most abundant element in the
earth’s crust. In combination with oxygen to form carbon dioxide is dissolved in the air

and in the water bodies, mainly in the ocean (Figure 1.1) [1.1].
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Figure 1.1 the relative abundances of the elements in the universe and on earth
[1.1].

The diversity in bonding makes carbon the most important element in variety of

disciplines. The catenation property, i.e. the ability to form large stable frameworks of



interconnecting bonds with different hybridization allows carbon to form distinct solid
state allotropes with diverse structures and properties ranging from sp’ hybridized
diamond to sp” hybridized graphite. Mixed states are also possible and form the basis of
amorphous carbon, diamond-like carbon, and nanocrystalline diamond (Figure 1.2)

[1.2].

L

c Carbon nanotubes Nanodiamond

Figure 1.2 allotropes of carbon [1.2].

Diamond is a metastable from of carbon that possesses a three-dimensional
cubic lattice with a lattice constant of 0.357 nm and C-C band length of 0.154 nm. In
contrast, graphite is the most thermodynamically stable form of carbon at room
temperature and consists of a layered two dimensional structure where each layer
possesses a hexagonal honeycomb structure of sp> bonded carbon atoms with a C-C

bond length of 0.142 nm. These single atom thick layers interact via non-covalent van



der Waals forces with an interlaying spacing of 0.335 nm. The weak interlayer bonding
in graphite implies that single graphene layers can be exfoliated via mechanical or
chemical methods. Graphene is often viewed as the two-dimensional building block of
other sp® hybridized carbon nanomaterials in that it can be conceptually rolled or
distorted to form zero-dimensional fullerenes, one-dimensional carbon nanotubes or
carbon nanofibers.

Twenty-first century, the merging need for high speed electronics and renewable
clean energy has motivated researchers to discover, develop, and assemble new classes
of nanomaterials in unconventional device architecture. Among these materials, carbon
nanomaterials have a unique place in nanoscience owing to their exceptional electrical,
thermal, chemical and mechanical properties and have found application in areas
diverse as composite materials, energy storage and conversion, sensors, drug delivery,
field emission devices and nanoscale electronic components. Consequently, significant
recent effort has been devoted to the mass production of structurally homogenous, high

purity, and low cost [1.3].

1.2. Carbon Nanofibers

Carbon nanofibers (CNFs) are solid or hollow structures with graphene layers
arranged as stacked cones, cups or plates (Figure 1.3) [1.4]. CNFs have diameters
varying from a few to hundreds of nanometers and lengths ranging from less than a
micron to millimeters [1.3]. Materials in a form of fibers are of great practical and
scientific importance. The combination of high specific area, flexibility, and high
mechanical strength allow nanofibers to be used in our daily life as well as in

fabricating tough composites for vehicles and aerospace. CNFs could be fabricated by



the right combination of electro-spinning of organic polymers and thermal solution by
using electrostatic forces. Electro-spun based nanofibers exhibited noticeable properties,
such as nanosized diameter, high surface area and thin web morphology, which make
them applicable to the fabrication of high performance nanocomposites, tissue scaffolds

and energy storage devices [1.3, 1.5].
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Figure 1.3 schematic cross sectional illustration of CNFs [1.4].

Among the various synthesis methods for CNFs, a catalytic chemical vapor
deposition (CCVD) method has been considered as a promising method for large-scale
production because this method has been shown to be more controllable and cost
efficient than the arc discharge or laser ablation methods[1.6]. In general, CCVD
methods for growth of CNFs, carbon feedstock were passing the reaction chamber over
nano-sized catalyst metal at high temperature, which is very similar to the growth
condition of carbon nanotubes. However, their geometry is different from concentric
carbon nanotubes containing an entire hollow core, because they can be visualized as
regularly stacked truncated conical or planar layers along the filament length [1.4].

Generally, metal catalysts, typically iron-group elements (Fe, Co, Ni) and their



alloys, are indispensable for the growth of CNFs by CVD methods. However the
unavoidable metal species remaining in the products would result in obvious
disadvantages for both intrinsic property characterization (e.g., chemical, electronic and
magnetic properties, thermal stability, and toxicity) and application exploration (e.g.,
catalyst supports, biology, and medicine) of CNFs and CNTs. Detriment effects of these
metal particles to carbon nanomaterials based electronic devices are also of concern
because metal catalyst residues are incompatible with silicon semiconductor technology.
Despite sustained efforts, it has been until now an intractable problem to remove metal
catalysts completely from carbon nanomaterials without introducing defects and
contaminations.

Recent experimental and theoretical studies show that hydrocarbon-molecule
decomposition and graphite formation abilities are not essential and lead to a new
interpretation of the role of catalyst particle in CNFs and CNTs growth: only a pore
structures or nanoscale curvature would be necessary to grow CNFs and CNTs if carbon
atoms are supplied to the nanocurvature [1.7, 1.8]. From a view point of process

simplification and product purification, catalyst-free synthesis is attractive.

1.3. Carbon Nanotubes

Carbon nanotubes (CNTs) are hollow cylinders made of seamlessly rolled
graphene perfectively. Structure well-ordered CNTs were discovered and their structures
were well characterized by Iijima in 1991 [1.9]. CNTs composed of one sheet of
graphene are called single walled carbon nanotubes (SWNTs), and those made of more
than two sheets, multiwall carbon nanotubes (MWNTSs).

There are numerous ways of rolling a sheet of the sheet of the honeycomb



pattern into a seamless cylinder, which gives rise to vast range of diameter and various
helical structures. The way the graphene sheet is wrapped is represented by a vector Cy
=na; + ma,. The integers n and m (0 < 'm| < n) denote the number of unit vector (ay,
a;) along two directions in the honeycomb crystal lattice of graphene. T
denotes the tube axis, and a;, a, are unit vectors (Figure 1.4). The structure of CNTs can
be characterized by chiral indices n and m. CNTs with n = m and m = 0, called armchair
type and zigzag type, respectively. CNTs with other chiral indices (n = m #* 0) have
helical structures and are called chiral type. In Figure 1.5 (a-c), structure models of

armchair, zigzag, and chiral type CNTs, respectively, are shown.

(n,0) zigzag

. N . . e

{(m,11) armchair

Figure 1.4 the unrolled sheet of honeycomb lattice of graphene. Cj, is an example of a chiral vector.

T denotes the tube axis, and a,, a, are the unit vectors [1. 10].



chiral

Figure 1.5 structure models of CNTs exhibiting different chiralities (a) armchair-, (b) zigzag-,

(¢) chiral-type [1.11].

Arc discharge, laser vaporization, and chemical vapor deposition (CVD)
methods have been actively investigated for the synthesis of CNTs. In 1991, lijima
reported the first observation of MWNTSs in carbon soot produced by arc discharge. The
first syntheses of SWNTs were also achieved by using arc discharge methods. By using

the laser ablation method, high quality SWNTs having narrow diameter distributions



have been obtained. In 1996, gram-scale synthesis of SWNTs was achieved using laser
ablation [1.12]. Both arc discharge and laser ablation methods involve the condensation
of carbon atoms generated from evaporation of solid carbon sources. The temperatures
required in these methods of 3000 °C - 4000 °C are close to the melting temperature of
graphite.

CVD is one of the more promising methods to realize large-scale synthesis of
CNTs [1.13, 1.14]. The general CNTs growth mechanism in CVD is the dissociation of
the carbon source catalyzed by a transition metal, and dissolution and saturation of
carbon atoms in the metal nanoparticles. The precipitation of carbon from the saturated
metal particle leads to the formation of tubular carbon solids. Catalysts are heated to
600-1200 in a furnace, and after reaching the reaction temperature, the carbon source
such as hydrocarbon and alcohol vapor is introduced into the reactor chamber for a
specific period of time. CNTs grown over the catalyst are collected after cooling the
system to room temperature. The key parameters in the synthesis of CNTs are the
carbon source, the catalyst used and the growth temperature.

CNTs show a variety of electronic behavior from metallic to semiconducting,
depending on their composition, chirality, etc. However, it is still a big challenge to
control precisely these parameters during the process of CNTs. the deliberate
introduction of defects and impurities into the CNTs could offer a possible route to
change and tune its electronic properties. Heteroatoms (boron, nitrogen, phosphorous)
[1.15-1.17] doping into graphitic carbon lattice effect various properties of sp2 carbon
material. The advantage of such nanotubes is that their electronic properties are
primarily determined by composition and are thus relatively easy to control. Among

these heteroatoms boron and nitrogen atoms are the most effective dopant. Recent



research in that field reveals that incorporated nitrogen atom in carbon nanostructure
can enhance the mechanical, electrical properties and increase the energy storage

capacity [1.17].

1.4. Graphene

Graphene, a planar monolayer sheet of sp’-hybridized carbons arranged on a
two-dimensional hexagonal lattice, has become one of the most exciting topics of
research in the recent years. It is distinctly different from carbon nanotubes and
fullerenes, exhibiting unique properties which have fascinated the scientific community.
Graphene can be considered as the parental compound for the carbon allotropes of other
dimensionalities (Figure 1.6) [1.18-1.20]. Typically important properties of graphene are
fractional quantum Hall effect at room temperature, an am-bipolar electric field effect
along with ballistic conduction of charge carriers, tunable band gap and high elasticity.
Although graphene is expected to be perfectly flat, ripples occur because of thermal
fluctuations. Ideally graphene is a single-layer carbon atoms thick of materials but
graphene samples with two or more layers are being investigated with equal interest.
One can definite three different types of graphene: mono-layer graphene, bi-layer
graphene and few layer graphene (number of layers < 10). Graphene has been
characterized by a variety of microscopic and other physical techniques including
atomic force microscopy, transmission electron microscopy, scanning tunneling

microscopy and Raman spectroscopy.
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Figure 1.6 graphene is a 2D building material for carbon materials of all other
dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D CNTs or
stacked into 3D graphite [1.19].

A plenty of graphene preparation methods have been reported, e.g. mechanical
exfoliation, epitaxial growth on SiC single crystal [1.21], chemical vapor deposition
(CVD) growth on transition metals Cu [1.22], Ni [1.123], Co [1.24], Fe [1.25], and
other metallic single crystal substrates like Ir (111) [1.26], Rh (111) [1.27], and Ru
(0001) [1.28]. Normally CVD processes employ gaseous hydrocarbon as carbon
precursors. Nevertheless, it was recently report by Srivastava et al. [1.29] that

centimeter size, uniform, and continuous single- and few-layer graphene was
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synthesized on polycrystalline Cu substrates using liquid precursor (hexane). Sun et al.
[1.23] reported that high quality graphene can be converted from a solid carbon source
(poly methyl methacrylate (PMMA)). The use of soft polymer as carbon source not only
increases the experimental safety, but also makes it possible to coat graphene only on
desired area of the substrate. Following that, various polymer, such as polystyrene
spheres (PS), poly acrylonitrile (PAN), and camphor have been used to synthesize

graphene successfully [1.30, 1.31].

Figure 1.7 molecular models showing the types of nitrogen doping in a
graphene sheet, in which the gray and green atoms denote carbon (C) and
nitrogen (N), respectively. The sites N1, N2, and N3 represent substitutional
graphitic nitrogen, pyridine-like nitrogen, and pyrrole-like nitrogen,
respectively [1.35].

Recently, many research efforts are directed toward the elaboration of methods
that allow inducing and fine-tuning of a band gap of graphene. The promising approach

for tuning and controlling the electronic properties of graphene is doping with
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heteroatoms [1.32-1.34], similar to that elaborated for the silicon-based technology.
Thus, doping with boron or nitrogen atoms allows graphene transformation into p-type
or n-type semiconductor respectively, accompanied by opening of a band gap. For
nitrogen-doped graphene, there are usually three kinds of ways of introducing nitrogen
atoms within the hexagonal lattice, and these are substitutional graphite-like nitrogen
(N1), pyridine-like nitrogen (N2) and pyrrole-like nitrogen (N3) as shown in Figure 1.7
[1.35]. The ability to tune the electron-hole doping in graphene opens perspectives for
developing tunable electronic devices through external control of the electron-phonon
coupling. Another issue is that n-type or p-type graphene is also a promising candidate

for applications in electrochemical biosensing, lithium battery, and fuel cells.

1.5. Purpose and Organization of Dissertation

As was mentioned above, due to their unique structural and properties, carbon
nanomaterials have attracted much attention in materials science and nanoelectronicas
technology. Synthesis of carbon nanomaterials with simple, low-cost and high purity is
a one of the fundamental research to understand growth mechanism and intrinsic
properties. Among the various synthesis methods, thermal CVD method was considered
to be a simple and cost effective method for the industrial synthesis. The chief purpose
of this thesis is to synthesize -catalyst-free CNFs, nitrogen-doped CNTs and
Nitrogen-doped graphene from a single liquid precursor by simple thermal CVD
method.

In this chapter, the structure, synthesis method, and general properties of CNFs,
CNTs, and graphene are introduced, their historical backgrounds, and purpose of this

thesis are described. The present thesis consists of five parts. In chapter 2, the

12



catalyst-free synthesis of CNFs by ultrasonic spray pyrolysis of alcohol was reported.
The reaction temperature, substrates, and alcohol type dependence on CNFs are studied.
In chapter 3, the nitrogen-doped CNTs were synthesized directly on the metal (Ni and
Fe) substrates by thermal CVD of monoethanolamine were reported. The reaction
temperature and substrates dependence on nitrogen-doped CNTs are studied. In chapter
4, the nitrogen-doped graphene were synthesized on Polycrystalline Ni substrates by
thermal CVD of monoethanolamine were reported. The growth temperature, deposition
time, and nitrogen doping level dependence on nitrogen-doped graphene were studied.
In the last chapter, summary of the present work and suggestion for future work have

been discussed.
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Chapter 2
Catalyst-Free Synthesis of Carbon Nanofibers by Ultrasonic

Spray Pyrolysis of Alcohol

2.1. Introduction

CNFs [2.1] have attracted considerable attention as promising carbon materials
because of their high aspect ratio, small radii of curvature, low chemical activity, and
mechanical toughness properties. They are expected to be applied for various
applications such as in electron field emission source [2.2], probe tip [2.3], and fuel
cells [2.4].

Chemical vapor deposition (CVD) is a promising technique for mass producing
CNFs because it is a simple, low cost fabrication process. Synthesizing CNFs by CVD
generally requires using transition metals as catalysts. Aoki et al. have grown
amorphous CNFs by thermal CVD with CuNi alloy films as a catalyst in a mixture of
acetylene and helium [2.5]. CNFs have also been synthesized by plasma-enhanced CVD
using Fe, Ni, Co, and their alloys (e.g., FeCo) as catalysts CNF [2.6, 2.7].

Zhang et al. recently synthesized CNFs without using transition metal catalysts
by ultra-sonic spray pyrolysis. CNFs that are several tens of nanometers in diameter
have been produced using graphite, fullerene, or boron as nucleating site [2.8, 2.9].
Deng et al. developed a simple method for synthesizing CNFs that involves
non-catalytic thermal decomposition of acetylene on a copper substrate [2.10]. From a
view point of process simplification and product purification, catalyst-free synthesis is

attractive. Several methods have been reported for synthesizing CNFs using
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non-transition metal catalysts [2.8, 2.9], but the details of these methods have not been
clarified. Therefore further study of catalyst-free CVD methods for synthesizing CNFs
is required.

In this chapters, synthesis of CNFs by ultrasonic spray pyrolysis of alcohol only
without using a catalyst were reported. The dependence of carbon deposition on the
substrates, position of the substrate in the reaction tube and alcohols type were

investigated.

2.2. Experimental Details

Figure 2.1 shows the schematic diagram of ultrasonic spray pyrolysis [2.11].
Alcohol was placed in a medication cup and pure nitrogen gas was used to transport the
precursor mist generated in the atomization chamber to a quartz tube (length: 65 cm;
diameter: 28 mm) in the electric furnace. Silicon and quartz substrates (size: 10 mm X
10 mm) were cleaned in acetone and methanol, washed in de-ionized water, and dried
using nitrogen blower. Substrates were placed in quartz boats, which were placed at
three different positions (positionl, 2, and 3 in Figure 2.1). When the furnace
temperature was set to 850 °C, a thermocouple measured temperature of 890 °C, 8§20 °C,
and 570 °C at position 1, 2 and 3 in the quartz tube; respectively. Both ends of the
quartz tube were then closed by quartz joints; one ends was connected to a nebulizer
and other end was connected to water bubbler. A constant nitrogen flow with a flow rate
of 0.5 I/min was applied until the temperature reached 700 °C -1000 °C. After the
furnace reached the set temperature, the nitrogen flow rate was increased to 11/min and
this state was maintained for 5 min. An alcohol mist was passed through the reaction

tube for 20 min — 120 min. After deposition, the furnace was turned off and allowed to
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cool to room temperature. As-produced samples were characterized by atomic force
microscopy (AFM, SII, SPA300), field emission scanning electron microscopy
(FE-SEM, JEOL-7001F), scanning electron microscopy (SEM, Hitachi s-3000H), and
transmission electron microscopy (TEM, Hitachi JEM-Z2500 and JEOL JEM-2100F) to
check the quality and overall morphology. Raman spectroscopy was performed using

JASCO NRS-1500W with 532-nm-wavelength excitation.

Quartz Tube
* gy
—8 & & & - ,
Qutlet ! : .|
! a
i : i Electric Furnace
1 1 I
i : : Ethanol mist
Position 3 Position 2 Position 1 anotmis
~tH 570°C g20c 8¢ __[rew N,
|9l T
= | \g=
bO o,
Nebulizer
Water bubbler

Figure 2.1 schematic diagram of ultrasonic spray pyrolysis of alcohol.

2.3. Results and Discussion
2.3.1 Substrates Dependence

Figure 2.2 (a-c) shows FE-SEM images of the as-grown samples on quartz
substrates at positions 1, 2, and 3, respectively, at 850 °C using ethanol as carbon source.
The samples at positions 1 and 2 have amorphous carbon films with carbonaceous
nanoparticles on their surface, whereas the sample at position 3 clearly exhibit CNFs.

Substrates dependence of carbon deposition on silicon substrates were

19



investigated also. Figure 2.3 (a-d) show AFM images of the samples synthesized at
850 °C using ethanol as carbon source at positions 1 and 2 on silicon and quartz
substrates, respectively. There is not so remarkable difference of surface morphology
between the films formed on silicon and quartz substrates. Figure 2.4 show SEM images
of CNFs synthesized at 850 °C on silicon substrates at position 3. Similar results were

observed on the silicon substrates.

2011 /0
WD

2011706527
WO St




A

1pm 2011706427
X 10,000 s SEM WD Arm

Figure 2.2 (a-c) FE-SEM images of the as grown samples on quartz substrates at

position 1, 2, and 3, respectively, using ethanol as carbon source at 850 °C.
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Figure 2.3 AFM images of the as-grown samples synthesized at 850 °C using
ethanol as carbon source at position 1and 2 on (a, b) silicon and (¢, d) quartz
substrates, respectively.

Figure 2.4 SEM images of the CNFs at position 3 on silicon substrates using
ethanol as carbon source at 850 °C (a) low magnification (b) high magnification.

2.3.2 Deposition Temperature Dependence

To investigate the temperature dependence of carbon deposition, the furnace

22



temperature was varied in the range of 700 °C -1000 °C. Some carbon particles were
formed at position 1 and 2 in the temperature 700 °C. Deposition of amorphous carbon
films were observed on the samples at position 1 and 2 in the temperature range of
800 °C -1000 °C is shown in Figure 2.5 (a-j). In contrast, CNFs formed on the samples

at position 3 for temperature between 800 °C and 900 °C is shown in Figure 2.6 (a-c).
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Figure 2.5 AFM images of as-grown samples on silicon substrates at position
1 and 2 at (a, b) 700 °C, (c, d) 800 °C, (e, ) 900 °C, (g, h) 950 °C, and (i, j)
1000 °C, respectively.

o ————————————
f1 WD10. 3mm 25.0kV x5.0k  10um S f1
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900x3 WD 9. 7Tmm 25. Ok ‘ N S 900x3 WD 9. 7mm

Figure 2.6 low and high magnification SEM images of CNFs synthesized on
silicon substrates at position 3 using ethanol as carbon source at (a, b) 800 °C (c,
d) 900 °C.

Figure 2.7 (a) shows a low-magnification TEM image of CNFs synthesized at
850 °C on silicon substrate; they exhibit bamboo-like (i.e., hollow fibril) morphology.
The CNFs are about 20 nm in diameter. As shown in Figure 2.7 (b), these CNFs are

open consisting of fringes with a low degree graphitization and small sheets.

26



Figure 2.7 (a) low magnification and (b) high magnification TEM images of CNFs
synthesized at position 3 using ethanol as carbon source. The furnace
temperature was set to 850 °C.

Raman spectroscopy is a powerful tool to identify and evaluate the quality of
as-grown carbon nanomaterial. The as-grown samples synthesized at 850 °C on quartz
substrates were characterized by Raman spectroscopy. As shown in Figure 2.8, two
distinct peaks were observed at about 1350 cm™ and 1597 cm™, corresponding
respectively to the D- and G-band of graphite materials. The broadening of these lines
into bands implies that the CNFs have a low crystallinity and are composed of small
sheets with a low degree of graphitization. The D-band maybe associated with structural
defects and disorder in the CNFs. The G-band is due to vibration of sp® bonded carbons
in a 2D hexagonal lattice [2.12]. The prominent D-band in Figure 2.8 indicates a low

graphitization degree and presence of a many defects and disorder. Samples at positions
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1, 2, and 3 have intensity ratio Ip/Ig of 1.19, 1.12, and 0.93, respectively; the ratio of the

sample at position 3 is considerably lower than those position 1 and 2.
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Figure 2.8 Raman spectra of as-grown samples located at position 1, 2, and 3, on

quartz substrates using ethanol as carbon source at 850 °C.

2.3.3 Alcohol Type Dependence

The dependence of alcohols type for catalyst-free synthesis of CNFs was
investigated. Figure 2.9 shows photograph of the as-produced samples were synthesized
on the quartz substrates (Icm x 1cm) at 850 °C using methanol, ethanol, and 2-propanol,
respectively. The carbon deposition clearly depends on alcohol type and the substrate
position. The quartz substrates at position 1 and 2 appeared to be completely black
when methanol ethanol and 2-propanol were used as the carbon source, whereas when
methanol was used as the carbon source, the substrates at position 1 and 2 were

transparent.
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Figure 2.9 photograph of the as-produced samples were synthesized on quartz

substrates (1cm x 1cm) at 850 °C using methanol, ethanol, and 2-propanol as

carbon source.

Figure 2.10 shows SEM images of the samples formed by using different carbon
source on silicon substrates at position 1, 2, and 3. When methanol used as the carbon
source, CNFs were observed at position 1 and 2, whereas a few carbon particles were
observed at position 3. In contrast, when ethanol and 2-propanol were used as the
carbon source, the samples at positions 1 and 2 were amorphous carbon films with
carbonaceous nanoparticle on their surface, whereas the sample at position 3 clearly

exhibited CNFs.
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Figure 2.10 SEM images of as-grown samples on silicon substrates at position 1, 2,
and 3, using methanol, ethanol, and 2-propanol, as carbon source.

To investigate the temperature dependence of CNFs using methanol and
2-propanol as carbon source, the furnace temperature was varied in the range 700 °C -
1000 °C. When methanol was used as carbon source, CNFs were observed at positions 1
and 2 in the range 850 °C - 1000 °C (Figure 2.11). In contrast, when 2-propanol was
used as the carbon source, CNFs were observed at position 3 in the range 750 °C -

850 °C (Figure 2.12).
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Figure 2.11 SEM images of CNFs synthesized on silicon substrates at position 1
and 2, using methanol as carbon source at (a, b) 900 °C, (¢, d) 950 °C, and (e, f)
1000 °C, respectively.
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Figure 2.12 SEM images of CNFs synthesized on silicon substrates at position 3,
using 2-propanol as carbon source at (a) 750 °C and (b) 800 °C.

Figure 2.13 shows a sample synthesized on silicon substrates at 850 °C on
position 2 using methanol as carbon source, (a) low magnification and (b) high
magnification TEM image. The CNFs are about 50-100 nm in diameter with solid

amorphous carbon body surrounded with graphitized shell.

Figure 2.13 (a) low and (b) high magnification TEM images of CNFs synthesized
on silicon substrates at position 2 using methanol as carbon source at 850 °C.
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Figure 2.14 shows a sample synthesized on silicon substrates at 850 °C on
position 3 using 2-propanol as carbon source, (a) low magnification and (b) high
magnification TEM image. They similar to CNFs synthesized on silicon substrates at
850 °C on position 3 using ethanol as carbon source; exhibit some hollow structure. The

CNFs are about 20-50 nm in diameter, thinner than using methanol as carbon source.

Figure 2.14 (a) low and (b) high magnification TEM images of CNFs synthesized

on silicon substrates at position 3 using 2-propanol as carbon source at 850 °C.

Figure 2.15 (a-c) shows Raman spectra of the as-grown samples synthesized on
the silicon substrates at 850 °C using methanol, ethanol, and 2-propanol, respectively, as
the carbon source. Two distinct peaks were observed at about 1350 and 1597 cm’,
corresponding to the D- and G-bands, respectively. The broadening of these lines into
broad bands implies that the CNFs have poor graphitization or amorphous structure
[2.12]. We also found that all of the D- and G-peak intensity ratio Ip/Ig of CNFs were

smallest compared to samples without formed CNFs (shown in the left inset of Figure
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2.15 (a-c)).
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Figure 2.15 (a)-(c) Raman spectra of as-grown samples on silicon substrates
located at positions 1, 2, and 3, using methanol, ethanol, and 2-propanol,

respectively, as the carbon source. The furnace temperature was 850 °C.

To investigate a deposition time effects for CNFs growth, shorter deposition
time experiment were performed. As shown in Figure 2.16, the nanoparticles were
formed on the surface of substrates, and a few nanoparticles grow into filament
morphologies. Recent experimental and theoretical studies show that
hydrocarbon-molecule decomposition and graphite formation abilities are not essential
and lead to a new interpretation of the role of catalyst particle in CNFs and CNTs
growth: only a pore structures or nanoscale curvature would be necessary to grow
CNFs and CNTs if carbon atoms are supplied to the nanocurvature [2.8, 2.9, 2.14].

On the basis of the results and discussion above, the mechanism of the
catalyst-free CNFs synthesized by alcohol only is proposed that: first, alcohols were
decomposed on the substrates and formed nanoparticles. Second, these nanoparticles
play as a nucleation site and grow into CNFs.

The alcohols type and substrate’s position dependence of the morphology of

carbon deposition on the substrates are currently unclear. However, similar results in
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both ethanol and 2-propanol were observed that large amount of carbon deposition was
formed in the center of reaction tube whereas some hollow structure CNFs were formed
in the downstream of reaction tube. On the other hand, amorphous structures CNFs
were formed in the center of reaction tube when methanol was used as the carbon
source. This was considered that the presence of the alkyl groups in the alcohols worked
important role in the CNFs growth. Assuming that the bonds in alcohols dissociated
thermally along the sequence of their bond energies, the C-C bonds should dissociate
first as they were found to be the weakest in both ethanol and 2-propanol. In methanol,
the weakest bond is H-C because of the absence of C-C bonds (shown in Table 2.1)
[2.13]. Therefore, using methanol as the carbon source some different results compared

to ethanol and 2-propanol were obtained.

+ .Ethanol

2-prop'ano'f"f S

Figure 2.16 as-grown samples synthesized at 850 °C for 20 min using methanol,

ethanol, and 2-propanol, respectively.
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Alcohols Bonds Energy (kJ mol™!)
Methanol CH,OH C-0: 385
H-C: 335
O-H: 437
Ethanol C,H;OH C-0: 391
C—C: 365
H-C: 411
O-H: 464
2-propanol C;H,OH O-H: 438
C-0: 392
C-C: 370
C-C: 356
H-C: 422
O-H: 443

Table 2.1 bond energies of alcohol molecules [2.13].

2.4. Summary

In this chapter, the CNFs synthesized on silicon and quartz substrates by
catalyst-free ultrasonic spray-pyrolysis using alcohols only (methanol, ethanol,
2-propanol) were reported. The morphology of carbon deposition on the substrates
strongly depended on the substrate location in the reaction tube and the carbon source

species. Amorphous carbon films were formed on the center of the reaction tube
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whereas some hollow structure CNFs were formed in the downstream area of the
reaction tube when ethanol or 2-propanol was used as the carbon source. Amorphous
carbon structures CNFs were formed at the center of the reaction tube when methanol
was used as the carbon source, whereas similar results were in both ethanol and
2-propanol that some hollow structure with a thin diameter of CNFs were formed at the
downstream of the furnace. Thus, it is concluded that the presence of the alkyl groups in
the alcohols played important role in the CNFs growth with a different morphology. The
mechanisms of catalyst-free CNFs synthesized by alcohols only were concluded that
carbon nanoparticles were formed at the first stage, and these carbon nanoparticles were

played to nucleation site grow into CNFs.
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Chapter 3
Synthesis of Nitrogen-Doped Carbon Nanotubes on Metal

Substrates from a Single Liquid Precursor

3.1. Introduction

CNTs were first imaged by lijima in 1991 [3.1], and are now being investigated
worldwide for potential applications such as field emission, sensors, and fuel cells
[3.2-3.4] because of their unique physical properties and morphology. Doping CNTs
with other elements could be an interesting way to tune their properties [3.5]. This has
led to an increasing interest in preparing nanotubes of other elements such as boron
nitride [3.6, 3.7], and CNTs doped with other elements such as boron [3.8], nitrogen
[3.9, 3.10], and phosphorous [3.11]. The advantage of such nanotubes is that their
electronic properties are primarily determined by their composition, and are thus
relatively easy to control. Nitrogen is considered the most effective dopant for CNTs.
Doping with nitrogen is expected to enhance the conductivity of CNTs, because it
provides additional electron carriers for the conduction band [3.12].

Two methods have generally been used to synthesize Nitrogen-doped CNTs
(N-doped CNTs). One involves multiple steps including preparation of the catalyst
and/or supporting materials and the growth process. The other uses two precursors
(nitrogen and carbon sources and/or catalyst). Yun et al. synthesized N-doped CNTs
by thermal chemical vapor deposition (CVD) of methane/ammonia and
acetylene/ammonia mixtures on silicon substrates coated with FeCl « 4H,O [13]. Hao et

al. fabricated N-doped CNTs by floating catalyst CVD using a mixture of ferrocene and
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melamine on silicon substrates with an aluminum buffer layer [3.14]. Recently, some
interesting progress has been made in controlling the morphology and structure of
N-doped CNTs using different liquid nitrogen precursors using an aerosol method [3.15,
3.16]. However, further development of simple methods to synthesize N-doped CNTs is
required.

In this chapter, commercially available metal (Ni, Fe) substrates are investigated
as alternative substrates to grow N-doped CNTs in the temperature range of
850-1000 °C. N-doped CNTs are synthesized by simple thermal CVD of
monoethanolamine on Ni substrates without additional catalyst or processing. The
structural characteristics of the N-doped CNTs are investigated by electron microscopy,

and their composition is determined using X-ray photoelectron spectroscopy (XPS).

3.2 . Experimental Details

N-doped CNTs were synthesized on Ni and Fe substrates (thickness of 0.1 mm
and area of 1 cm % 1 cm Nilaco) by CVD from a single precursor without additional
catalyst. The deposition apparatus is showed in Figure 3.1. This is consisted of two
horizontal furnaces fitted with a quartz tube (length of 120 cm and inner diameter of 26
mm). Monoethanolamine was placed at the center of the first furnace. Metal substrates
were cleaned in acetone and methanol, washed in de-ionized water, and then dried under
a stream of nitrogen. The cleaned metal substrates were inserted at the center of the
second furnace. The CVD process was carried out at atmospheric pressure. The second
furnace was raised to the desired reaction temperature under a flow of N, of 1 I/min, and
then annealing at the reaction temperature for 10 min. After annealing, the temperature

of the first furnace was raised to 120 °C. The reaction was carried out by introducing
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monoethanolamine into the second furnace for 20 min. After the reaction, the furnace
was cooled to room temperature. Scanning electron microscopy (SEM, Hitachi,
S-3000H) and transmission electron microscopy (TEM, JEOL JEM-2100F) were used
to check the quality, layer structure, and overall morphology of products. X-ray
photoelectron spectroscopy (XPS, SSX-100 XPS spectrometer using Al K, X-ray source
with 1486.6 eV) to confirm nitrogen atoms doping levels and bonding configurations of
incorporated nitrogen atoms in the N-doped CNTs. Annealed Ni substrates surface
morphology were characterized by atomic force microscopy (AFM, SII, SPA300) to

examine the dependence of growth temperature.

/ N/ N\
Furnace (2nd) Furnace (1st)

Metal ,.—2 substrates

!! \ 850 °C - 1000 °C J 120 C / “

Figure 3.1 schematics diagram of thermal CVD set-up.

3.3 . Results and Discussion
3.3.1 Nitrogen-Doped Carbon Nanotubes Synthesized on Ni Substrates
SEM characterization was performed to check the products morphology on the

Ni substrates. Figure 3.2 (a-d) show SEM images of the N-doped CNTs grown on Ni
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substrates for 20 min at 850—-1000 °C. As shown in Figure 3.2, the average diameter of

the N-doped CNTs increased with increasing of synthesis temperature.

WD10. /mm 20. OkV x10k aum

42



. »]

-~
WD10. 7mm 20. OkV x10k 5um

Figure 3.2 SEM images of N-doped CNTs synthesized on Ni substrates for 20 min
using monoethanolamine at (a) 850 °C, (b) 900 °C, (¢) 950 °C, and (d) 1000 °C,

respectively.
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To determine N-doping level and the bonding configurations of incorporated
nitrogen atoms in the N-doped CNTs, XPS was performed on the N-doped CNTs
samples. Figure 3.3 show a Survey scans of the N-doped CNT samples showed the
presence of the principal C 1s, O 1s, and N 1s core levels (shown in Figure 3.3), and the
atomic percentage of doped nitrogen level was about 2.5 at %, 2.3 at %, 2.5 at %, and
2.0 at % for the N-doped CNTs prepared at 850 °C, 900 °C, 950 °C, and 1000 °C,
respectively. The C 1s, N 1s and O 1s peaks appear at 284.5 eV, 400.5 eV, and 533.5 eV,
respectively, for all of the CNT samples. An intense, sharp peak at 284.5 eV confirms
that the major component of the samples is carbon. The O peaks reflected the presence
of oxygen in the air and/or adsorbed on the surface of the nanotubes. High-resolution N
Is spectra of the samples produced at 850 °C, 900 °C, 950 °C, and 1000 °C are
presented in Figure 3.4 (a), (b), (c) and (d), respectively. The concentration of nitrogen
in the N-doped CNTs did not depend on synthesis temperature. All of the N 1s spectra
contain three components, which are fitted into peaks at 398.77 eV — 399.00 eV (N1),
401.02 eV —401.35 eV (N2), and 404.16 eV — 404.76 eV (N3). The two peaks N1 and
N2 are related to the two different chemical environment of the nitrogen atom in the
as-grown samples. The peak N1 corresponds to ‘pyridine’ nitrogen whereas the peak N2
corresponds to ‘graphite’ nitrogen. The term ‘pyridine’ nitrogen is used to refer to the
nitrogen atoms that contribute the o-system with one p-electron. The ‘graphitic’ nitrogen
corresponds to highly coordinated nitrogen atoms substituting inner C atoms on the
graphene layers. The peak N3 corresponds to molecular nitrogen encapsulated or
intercalated in the nanotubes, respectively [3.14]. In this experiment results, the ratio

of N1 to N2 increased with increasing the synthesis temperature.
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Figure 3.3 wide-range XPS spectra of N-doped CNTs synthesized on Ni substrates

for 20 min using monoethanolamine at temperature range of 850 °C - 1000 °C.
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Figure 3.4 (a-d) high-resolution XPS spectra of the N 1s signal of N-doped CNTs
synthesized on Ni substrates for 20 min at temperature of (a) 850 °C, (b) 900 °C,
(C) 950 °C, and (d) 1000 °C, respectively. (¢) Dependence of the ratio of

pyridine-like to graphite-like nitrogen on synthesis temperature.
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To investigate the structure morphology of the N-doped CNTs, they were
characterized by TEM. TEM images of the N-doped CNTs prepared at different
temperatures are depicted in Figure 3.5. The N-doped CNTs prepared at all temperatures
exhibit bamboo-like, corrugated structures. High-resolution TEM images of N-doped
CNTS grown at 850 °C and 950 °C are shown in Fig. 3(e) and (f), respectively. The
N-doped CNTs synthesized at 850 °C contain ridged graphitic sheets over a large area,
showing a lower degree of crystallinity than those synthesized at 950 °C whereas have a
same nitrogen doping level in both N-doped CNTs synthesized at 850 °C and 950 °C.

Therefore, this is concluded that the crystallinity of the N-doped CNTs was improved

with increasing the synthesis temperature.
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Figure 3.6 high magnification TEM images of N-doped CNTs on Ni substrates for
20 min at temperature of (a) 850 °C and (b) 950 °C.

To investigate annealing temperature influence for Ni substrates surface AFM
measurement were carried out. AFM images of the Ni substrates after annealing for 10
min under a flow of N, of 1 I/min at temperatures of 850 °C, 900 °C, 950 °C, and
1000 °C are presented in Fig. 3.7 (a-d). As the annealing temperature increased from
850 °C to 1000 °C, the root mean square (RMS) roughness of the Ni substrates
increased considerably. This is indicates that Ni substrates surface became more roughly
and some large curvature Ni island were formed. Therefore, this is considered that
increasing of Ni substrates surface RMS were result to average diameter of N-doped

CNTs became large with increasing the synthesis temperature.
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Figure 3.7 AFM images of Ni substrates surface annealed in the nitrogen
atmosphere for 10 min at temperature of (a) 850 °C, (b) 900 °C, (¢) 950 °C, and (d)
1000 °C, respectively.

3.3.2 Nitrogen-Doped Carbon Nanotubes Synthesized on Fe Substrates

Syntheses of N-doped CNTs on the Fe substrates from a monoethanolamine
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were carried out at temperature 900 °C and 1000 °C. Figure 3.8 show SEM images of
N-doped CNTs synthesized on the Fe substrates for 20 min at temperature of (a) 900 °C
and (b) 1000 °C. The average diameter of N-doped CNTs synthesized on Fe substrates
were slightly decreased with increasing the synthesis temperature.

To further investigate the structure morphology of the N-doped CNTs
synthesized on Fe substrates, they were characterized by TEM. Figure 3.9 show a TEM
images of N-doped CNTs synthesized on Fe substrates for 20 min at 900 °C (a) low
magnification and (b) high magnification. The N-doped CNTs synthesized at 900 °C

exhibits bamboo-like and corrugated structure.
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Figure 3.8 SEM images of the N-doped CNTs synthesized on Fe substrates for 20
min using monoethanolamine at temperature of (a) 900 °C and (b) 1000 °C.
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Figure 3.9 TEM images of N-doped CNTs synthesized on Fe substrates for 20 min
at 900 °C (a) low magnification and (b) high magnification.

In order to measure the doping concentration and understand the doping level
and chemical states of the doped nitrogen atoms, XPS was applied to study the
N-doping CNTs synthesized at 900 °C for 20 min on Fe substrates. The survey scan
spectra of the samples were presented at Figure 3.10 (a). The C 1s, N 1s and O 1s peaks
appear at 284.5eV, 400.5 eV, and 533.5 eV, respectively, and nitrogen doping level is 2.3
at %. An intense, sharp peak at 284.5 eV confirms that the major component of the
samples is carbon. The O peaks reflected the presence of oxygen in the air and/or
adsorbed on the surface of the nanotubes. High resolution N 1s spectra of the sample
produced at 900 °C was presented at Figure 3.10 (b). From XPS spectra it has been

revealed that N 1s signal was split into three peaks at 398.8 eV, 401.5 eV, and 404.7 eV.
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The peak at 398.8 eV and 401.5 eV are corresponding to pyridine-like and graphite-like
nitrogen. The peak around the 404.5 eV corresponds to molecular nitrogen encapsulated

or intercalated in the nanotubes [3.14].
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Figure 3.10 (a) wide-range XPS spectra and (b) high-resolution XPS spectra of the
N1s signal of N-doped CNT synthesized on Fe substrates for 20 min at 900 °C.
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3.4. Summary

In this chapter, N-doped CNTs with a nitrogen concentration of 2.0-2.5 at %
were synthesized on Ni substrates by simple thermal CVD of monoethanolamine
without any additional catalyst or processing at temperature range of 850 °C-1000 °C.
The N-doped CNTs exhibited a bamboo-like, corrugated structure independent of
synthesis temperature, whereas the ratio of pyridine-like nitrogen to graphite-like
nitrogen increased with increasing the synthesis temperature. The degree of crystallinity
increased with increasing of synthesis temperature whereas have a same nitrogen
concentration (2.5 at %). The average diameters of the N-doped CNTs synthesized on
Ni substrates increased as the growth temperature were increased from 850 °C to
1000 °C. Thus this is concluded that large curvature Ni islands were formed at higher
growth temperature. The N-doped CNTs synthesized on Fe substrates with a nitrogen
doping level of around 2.3 at % at 900 °C and exhibit bamboo-like, corrugated structure
also. Compared to samples synthesized on Ni substrates the average diameter of

N-doped CNTs decreased with synthesis temperature increasing.
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Chapter 4
Synthesis of Nitrogen-Doped Graphene by Thermal Chemical

Vapor Deposition from a Single Liquid Precursor

4.1. Introduction

Graphene, a monolayer of carbon atoms arranged in a two-dimensional
honeycomb lattice, has attracted much attention because of its unique properties and
many potential applications [4.1-4.5]. Doping of graphene by foreign atoms [4.6-4.9] is
of interest because this doping allows modification of the band structure and
physicochemical properties of the materials, further extending the potential applications.
Among numerous potential dopants, nitrogen is considered to be an interesting element
for chemical doping of graphene with a wide variety of potential applications for the
materials, including lithium batteries [4.8], electrochemical biosensor [4.10] and fuel
cells [4.11, 4.12].

A number of approaches have been proposed to synthesize nitrogen-doped
graphene, such as heat treatment of graphene oxide under an ammonia atmosphere
[4.13], nitrogen plasma treatment of graphene [4.10], and wet chemical reactions [4.14].
Recently, CVD growth has been demonstrated using hydrocarbon gases in an ammonia
atmosphere [4.11], or using a single precursor compounds that contain both carbon and
nitrogen [4.15, 4.16]. Development of liquid precursors based on nitrogen and carbon
containing material may be expected to be a milestone in nitrogen-doped graphene
synthesis because of their ease of use.

In this chapter, the synthesis of nitrogen-doped graphene by an ambient pressure
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thermal CVD technique using monoethanolamin as the sole source of both carbon and
nitrogen were reported. The dependence of the growth temperature and deposition time
on the nitrogen/carbon composition, number of layers, and the quality of nitrogen-doped

graphene were investigated.

4.2. Experimental Details

Nitrogen-doped graphene were synthesized on polycrystalline Ni substrates
(thickness of 0.1 mm, Nilaco) using thermal CVD of monoethanolamin. The deposition
apparatus consist of two horizontal furnaces fitted with a quartz tube having length of
120 cm and an internal diameter of 26 mm. monoethanolamin was placed at the center
of the first furnace. The Ni substrates were inserted at the center of the second furnace.
The CVD process was carried out under nitrogen atmosphere at ambient pressure. The
second furnace was raised to the desired temperature (1000 °C -1100 °C) under a
nitrogen flow of 500 ml/min, and then annealed at the reaction temperature for 10 min.
After annealing, the temperature of the first furnace was raised to 120 °C. The reaction
was carried out by introducing monoethanolamin into the second furnace for the desired
deposition time (3 min - 12 min) after the reaction, the furnaces were turned off and the
Ni substrates were pushed mechanically to the cool temperature zoon and a cooled to
around 100 °C at a rate of 200 °C/min. after cooling, the products were characterised by
SEM (JEOL JSM7001FF), atomic force microscopy (AFM, SII, SPA300), TEM (JEOL
JEM-2100F), X-ray photoelectron spectroscopy (XPS, SSX-100 using an Al Ko X-ray
source at 1486.6 eV), and spatially resolved Raman spectroscopy (JASCO; NRS-3300).
The Raman mappings were measured over 50 um x 50 um in 5 - um steps. The

excitation wavelength of the laser used in the Raman measurement was 532 nm.
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4.3. Results and Discussion
4.3.1 Deposition Temperature Dependence

First of all we investigated temperature dependence on the number of layers and
the quality of nitrogen-doped graphene from 1000 °C to 1100 °C. Raman measurements
were carried out to determine the number of layers and the graphene materials quality.
The intensity ratio of the G peak at around 1580 cm™ to the 2D peak at around 2700
ecm” (Ig/Lp) and full width at half maximum (FWHM) of the 2D peak provide
information on the number of graphene layers [4.17, 4.18]. Figure 4.1 (a-c) shows the
Raman mappings for the FWHMs of the 2D peaks of samples synthesized at 1000 °C,
1050 °C, and 1100 °C on polycrystalline Ni substrates with 7 min. The samples
synthesized at 1000 °C and 1050 °C show broader 2D-FWHMs. Compared with the
samples synthesized at 1000 °C and 1050 °C, there were smaller 2D-FWHM regions,
coloured in red, in the mapping of the sample synthesized at 1100 °C. Figure 4.1 (d-f)
shows the maps of Ig/I,p in the same area. Comparisons between the 2D-FWHM and
Is/I,p maps reveal that narrower 2D-FWHM regions are almost consistent with smaller
Is/Ip regions. As the growth temperature increased from 1000 °C to 1100 °C, smaller
2D-FWHM and Ig/l,p were increased. This indicates that with increasing the growth
temperature decrease the number of graphene layers on Ni substrates.

Figure 4.2 (a-c) shows the Raman mappings results for the intensity ratio of the
D- and G-band (ID/IG) with the same area in Figure 4.2. There was an obvious decrease,
with increasing synthesis temperature (coloured in red). Figure 4.2 (d) show Raman
spectra taken from circles A marked in Figure 4.2 (a-c). We infer that increasing the
growth temperature both improves the quality and decrease the number of graphene

layers formed on Ni substrates.
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Figure 4.1 Raman mapping results of (a-c) 2D-FWHM (d-f) I¢/I,p values
as-grown samples on polycrystalline Ni substrates using monoethanolamine
for 7 min at 1000 °C, 1050 °C, and 1100 °C, respectively.
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Figure 4.2 (a-c) shows Raman mapping results of Ip/I values correspond to same
area in Figure 4.1. Figure 4.2 (d) shows the Raman spectra obtained at the

circles A marked in Figure 4.2 (a-c).

To investigate surface morphology SEM characterization were carried out.
Figure 4.3 (a-c) shows SEM images of nitrogen-doped graphene sheets synthesized on
polycrystalline Ni substrates at 1000 °C, 1050 °C, and 1100 °C with deposition time of
7 min, at low magnification. Figure 4.3 (d-f) shows high magnification SEM images of

the regions in Figure 4.3 (a-c). As increasing the growth temperature large area

homogenous films were formed.
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Figure 4.3 SEM images of as-grown samples synthesized on polycrystalline Ni
substrates for 7 min at 1000 °C, 1050 °C, and 1100 °C (a-c) low magnification
(d-f) high magnification.
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4.3.2 Deposition Time Dependence

Deposition time dependence for quality, layer numbers, and nitrogen-doping
levels of the nitrogen-doped graphene formation from 3 min to 12 min were
investigated. To investigate the synthesized graphene materials composition, XPS was
performed on the graphene materials formed at 1100 °C and various deposition times.
The survey scans from the XPS analysis in Figure 4.4 (a) shows the C Is peak at 284.5
eV, the N 1s peak 401.3 eV, and the O Is peak at 534.5. The nitrogen-doping levels
were 0 at %, 1.5 at %, and 2.9 at %, at deposition times of 3 min, 7 min, and 12 min,
respectively. The nitrogen content clearly increased with increasing a deposition time.
Figure 4.4 (b-d) shows the high-resolution scan of the N 1s signals, no N 1s peaks were
observed for the sample synthesized at a deposition time of 3 min (shown in Figure 4.4
(b)). As shown in Figure 4.4 (c, d), the N1s peaks were observed for the samples grown
at longer deposition times and could be fitted by three components, centred at ~399.2 eV,
~401.3 eV, and ~402.6 eV, corresponding to pyridine-like, pyrrole-like, and
graphite-like nitrogen atoms doped into the graphene, respectively [4.8]. Figure 4.5
(e-g) shows high-resolution scans of the Cls peaks. All the Cls peaks could be fitted by
five components centred at ~284.8 eV, ~285.4 eV, ~286.5 eV, ~288.6 ¢V, and ~291.3 eV,
corresponding to sp°C-sp”C, N-sp°C, N-sp°C, carboxyl functionalities, and the m-m*
satellite peak, respectively [4.7, 4.8]. Increasing the doping level of nitrogen reduced the
proportion of sp® bonded carbon. This indicates that the graphene sheets were partially

substituted nitrogen atoms.
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Figure 4.4 (a) wide-range XPS spectra of as

substrates at 1100 °C for 3 min, 7 min, and 12 min. High-resolution XPS

spectra of N 1s signal for (b) 3 min, (¢) 7 min, and (d) 12 min.
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Figure 4.5 high-resolution XPS spectra of C 1s signal corresponding to Figure 4.4
(b-d) and C 1s species distribution.

Figure 4.6 (a-c) shows the Raman mappings results for the 2D-FWHM of
nitrogen-doped graphene synthesized at 1100 °C with deposition times of 3, 7, 12 min,
on polycrystalline Ni substrates. In Figure 4.6 (a) the samples synthesized with a
deposition time of 3 min shows a smaller 2D-FWHM regions over a large area of the
substrate, coloured red. In Figure 4.6 (b), smaller 2D-FWHM regions were decreased
compared with the samples synthesized at a deposition time of 3 min. Extending the
deposition time broadened the 2D-FWHM (coloured blue) in Figure 4.6 (c). This
indicates that the number of nitrogen-doped graphene layers increased with the

deposition time. Figure 4.6 (d-f) shows the Raman spectra obtained at circles A and B
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marked in Figure 4.6 (a-c). As the deposition time increased from 3 min to 12 min, the
intensity of the D-band peak increased. This indicates that nitrogen atoms doped into the

sheet introduced topological defects.
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Figure 4.6 Raman mapping results of 2D-FWHM for samples synthesized on
polycrystalline Ni substrates at 1100 °C for (a) 3 min, (b) 7 min, and (c) 12 min.
(d-f) Raman spectra taken at circle A and B marked in Figure 4.6 (a-c).

Figure 4.7 (a-c) shows SEM images of nitrogen-doped graphene sheets
synthesized on polycrystalline Ni substrates at 1100 °C with deposition time of 3, 7, and
12 min, at low magnification, and Figure 4.7(d-f) shows high magnification SEM
images of the regions in Figure 4.7 (a-c). Large area homogenous films were formed at
shorter deposition times.

Figure 4.8 (a-f) show AFM images of as-grown samples synthesized at 1100 °C
for 3 min, 7 min, and 12 min on polycrystalline Ni substrates. At shorter deposition time,
large size grain were observed compared to samples synthesized at longer deposition

time.
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Figure 4.7 SEM images of nitrogen-doped graphene synthesized on polycrystalline
Ni substrates at 1100 °C for 3 min, 7 min, and 12 min at (a-c) low

magnification and (d-f) high magnification.
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Figure 4.8 (a-f) show AFM images of as-grown samples synthesized at 1100 °C for
3 min, 7 min, and 12 min on polycrystalline Ni substrates.

To confirm the nitrogen-doped graphene sheets morphology and numbers of
layers TEM characterization were carried out. The sample synthesized on
polycrystalline Ni substrates with 7 min at 1100 °C were dispersed in ethanol and
drying a few drops to holey carbon TEM grids. TEM were operated at 200 kV. As
shown in Figure 4.9 (a), the graphene planar sheets are clearly observed, indicating that
the features of high surface/volume ratio and the two-dimensional structure. The edges
of the suspended film partially fold back, allowing for a cross-sectional view of the film.
The observation of these edges by HRTEM provides an accurate way to measure the
number of layers (shown in Figure 4.9 (b)). Typically, sections of monolayer - >10
layers (shown in figure 4.9 (c-h)) are observed in close agreement with Raman mapping

results.

81



82



Figure 4.9 (a) low-magnification TEM image of nitrogen-doped graphene

synthesized on polycrystalline Ni substrates at 1100 °C for 7 min, (b)
high-resolution TEM images of circle A marked in (a), (c-h) high-resolution TEM
images of (c) one-, (d) two-, (e) three-, (f) five-, (g) six-, and (h) fifteen-layers
nitrogen-doped graphene.

On the basis of the results and discussion above, the possible mechanism of
nitrogen-doped graphene is proposed that; with increasing the growth time, grain
boundary were increased, allows more carbon and nitrogen atoms diffused and
segregated to surface of polycrystalline Ni substrates to formed thicker layers

nitrogen-doped graphene and increase the nitrogen concentration [4.20].

4.4. Summary

In this chapter, synthesis of nitrogen-doped graphene by ambient pressure
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thermal CVD technique using monoethanolamin as a precursor that combines carbon
and nitrogen on polycrystalline Ni substrates were presented. As the growth temperature
increased from 1000 °C to 1100 °C, the intensity of the Raman D-band peak decreased.
This indicated that increasing the growth temperature improved the nitrogen-doped
graphene quality. XPS results show that nitrogen doping levels were increased from 0
at % to 2.9 at % with increasing the deposition time. High-resolution XPS spectrum of
C 1s signal show that the relative proportion of sp> bonded carbon atoms decreased as
the nitrogen doping level increased. Spatially resolved Raman spectroscopy results
show that longer deposition times increased the number of nitrogen-doped graphene
layers. Low magnification TEM characterization show nitrogen-doped graphene have a
planar sheet morphology, and HRTEM confirm that nitrogen-doped graphene layers
formed with thickness between a monolayer and >10 layers. I believe that these results
will play an important role in the development of facile synthetic routes to pristine

graphene and nitrogen-doped graphene materials using liquid precursor.
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Chapter 5

Summary and Future Works

5.1 Summary

Synthesis of carbon nanomaterials with low cost and high quality is a one of the

fundamental research to understand growth mechanism and intrinsic properties. In this

thesis, carbon nanomaterials (CNFs, N-doping CNTs, and N-doping graphene) were

synthesized by simple thermal CVD of single liquid precursors and the basic

experimental parameter dependence were investigated. The main achievements of the

thesis are as follow:

1.

CNFs were synthesized on silicon and quartz substrates by ultrasonic spray
pyrolysis of alcohol (methanol, ethanol, and 2-propanol) without using additional
catalyst. The Substrates, growth temperature, and alcohol type (carbon precursor)
dependence were investigated. When methanol was used as carbon precursor, the
CNFs with an amorphous structure were formed at the center of furnace, whereas
similar results were in both ethanol and 2-propanol that some hollow structure thin
diameter of CNFs were formed at the downstream of the furnace. This is concluded
that the presence of the alkyl groups in the alcohols played important role in the
CNFs morphology. The mechanisms of catalyst-free synthesis of CNFs by
ultrasonic spray pyrolysis of alcohol is proposed that: first, alcohol mist were
decomposed on the surface of the substrates then formed carbon nanoparticles,

second, these carbon nanoparticles played to nucleation site and grow to CNFs.

2. In general, syntheses of N-doping CNTs have a multi process and/or multi feedstock.
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In this thesis N-doping CNTs were synthesized on the metal (Ni and Fe) substrates
by thermal CVD method of monoethanolamine only without using additional
catalyst and process at temperature range of 850 °C — 1000 °C. All of the prepared
N-doping CNTs were exhibit bamboo-like and corrugated structures. The
concentration of nitrogen in the N-doped CNTs did not depend on synthesis
temperature. However the ratio of pyridine-like to graphite-like nitrogen increased
with increasing the growth temperature. The crystallinity of the N-doping CNTs
were improved with increasing the growth temperature, whereas have a same
nitrogen doping levels. The average diameters of the N-doped CNTs were increased
with increasing the growth temperature; this is concluded that with increasing the
growth temperature the large curvature Ni islands were formed on the surface of the
Ni substrates.

. Nitrogen content controllable graphene were synthesized by thermal CVD of
monoethanolamine on polycrystalline Ni substrates at ambient pressure. The growth
temperature and growth time dependence were investigated. The N-doping graphene
qualities were improved with increasing the growth temperature whereas the layers
of N-doping graphene were decreased. Moreover, with increasing the growth time
large Ni grain covered with graphene sheets were formed. The nitrogen content was
controlled by the growth time at 1100 °C. However with increasing the nitrogen
content the numbers of N-doping graphene layers were increased. Based on our
experimental results, the possible mechanism of nitrogen-doped graphene is
proposed that; with increasing the growth time the grain boundary were increased
and allows more carbon and nitrogen atoms diffused and segregated to surface of

polycrystalline Ni substrates to formed thicker layers nitrogen-doped graphene and
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increase the nitrogen concentration.

5.2 Future Works

For the future work I would like to improve the experimental apparatus explore
the growth mechanism of CNFs synthesized by ultrasonic spray pyrolysis of alcohol
and optimize the experimental parameters to fabrication CNFs films then to characterize
the optical and electronic properties.

Improve the experimental apparatus and optimize the experimental parameters
to synthesize the large area uniform N-doping graphene and transferred to insulation
substrates to characterize the transparent and sheet resistance moreover to compare the
nitrogen doping and pristine graphene for the further understanding the nitrogen doping

effects.
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