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ABSTRACT

Carbon nanotube (CNT) synthesis in flame has enormous potential as an
energy-efficient and economical production method compared to the conventional
catalytic chemical vapor deposition (CCVD) synthesis process. However, synthesis
control remains a great challenge for flame synthesis due to the limited understanding
on the effect of flame inlet condition toward CNT growth region in a heterogeneous
flame environment and premature catalyst surface encapsulation by the amorphous
carbon layer. The present study formulates a simple, yet accurate method called wire-
based macro image analysis (WMA) for thorough growth region identification. The
WMA method is employed to investigate the effects of reactant composition and
aerodynamics on the spatial distribution of CNT growth region. Besides that, bend
wire method is developed to provide cross-sectional analysis of the CNT growth region
with focus on the amorphous carbon layer thickness (ACLT) at variable reactant
concentration including fuel from 50% to 100% and oxygen from 19% to 27%, with
addition of water vapor up to 0.14 mg/sec mass flow rate within the fuel stream. The
CNT is synthesized on a 0.4 mm diameter pure nickel wire within the methane
diffusion flame with a stainless-steel wire mesh placed on top and water vapor is
introduced in a fuel stream using a bubbler mechanism. The CNT growth region is
confined within the flame sheet, gradually shifts from flame front to flame centreline
as height above the burner increases. The growth region is more sensitive towards the
change in the oxygen concentration compared to that of the fuel concentration due to
the significant change of flame height caused by the former. A segregation of growth
region temperature with temperature difference of 100 °C that is observed between the
upstream and downstream growth region is governed by the proximity with respect to
the flame sheet. The ACLT reduces in lean flame due to the reduction in excess carbon
concentration and the addition of water vapor remarkably reduces ACLT by 17% on
average in any combination of inlet conditions due to the water-induced etching and
oxidation of amorphous carbon on the catalyst surface. Development of the WMA and
bend wire method leads to deeper fundamental understanding of CNT flame synthesis
and further enhance possibility of highly efficient and economical CNT production

process in the future.
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ABSTRAK

Sintesis karbon tiub nano (CNT) menggunakan api mempunyai potensi besar
sebagai kaedah pembuatan yang cekap tenaga dan ekonomik jika dibandingkan dengan
proses sintesis konvensional menggunakan pemangkin deposit wap kimia pemangkin
(CCVD). Walau bagaimanapun, kawalan sintesis dalam api menjadi cabaran utama
disebabkan oleh persekitaran heterogen dan enkapsulasi pramatang permukaan
pemangkin oleh lapisan karbon amorfus. Kajian ini mencipta satu kaedah yang mudah
dan tepat yang dinamakan sebagai analisis imej makro berasaskan wayar (WMA)
untuk pengenalpastian ruang pertumbuhan CNT. Analisis WMA digunakan untuk
mengkaji kesan komposisi reaktan dan aerodinamik pada ruang pertumbuhan CNT di
dalam api. Di samping itu, kaedah lenturan wayar dicipta untuk analisis keratan rentas
ruang pertumbuhan CNT dengan memberikan tumpuan khusus kepada ketebalan
lapisan karbon amorfus (ACLT) pada komposisi reaktan berbeza termasuklah
kepekatan bahan bakar dari 50% hingga 100% dan oksigen dari 19% ke 27% dengan
tambahan wap air sehingga 0.14 mg/s di dalam aliran bahan bakar. CNT disintesis
pada dawai nikel tulen dalam api di bawah jaring keluli tahan karat dan wap air
ditambah dalam aliran bahan bakar menggunakan mekanisma gelembung. Ruang
pertumbuhan CNT terkurung di dalam kawasan nyalaan, secara beransur-ansur beralih
dari tepi ke tengah kawasan nyalaan dengan peningkatan ketinggian di atas pembakar.
Ruang pertumbuhan lebih sensitif terhadap perubahan kepekatan oksigen berbanding
bahan api kerana perubahan panjang nyalaan yang disebabkan oleh kepekatan oksigen.
Perbezaan suhu ruang pertumbuhan setinggi 100 °C di antara ruang pertumbuhan hulu
dan hiliran nyalaan adalah disebabkan oleh kedekatan dengan lapisan nyalaan. ACLT
berkurang dalam nyalaan yang kurang kerana pengurangan kepekatan karbon yang
berlebihan dan penambahan wap air membantu mengurangkan ACLT sebanyak 17%
dalam sebarang gabungan komposisi salur masuk. Ini disebabkan oleh pengoksidaan
dan penghakisan karbon amorfus yang disebabkan oleh wap air pada permukaan
pemangkin. Penciptaan kaedah analisis WMA dan lenturan wayar membantu
menjadikan proses CNT sintesis di dalam api lebih difahami secara mendalam dan
menambah kebarangkalian untuk proses pembuatan CNT yang sangat efisien dan

ekonomik di masa hadapan.

viil



TABLE OF CONTENTS

TITLE PAGE

DECLARATION iii
DEDICATION v
ACKNOWLEDGEMENT vi
ABSTRACT vii
ABSTRAK viii
TABLE OF CONTENTS ix
LIST OF TABLES xiii
LIST OF FIGURES XV
LIST OF ABBREVIATIONS Xxiv
NOMENCLATURE XXV
LIST OF APPENDICES XXVi
CHAPTER 1 INTRODUCTION 1
1.1 Problem Background 1
1.2 Problem Statement 2
1.3 Hypothesis 3
1.4 Objectives of the Study 4
1.5 Significance of the Study 4
1.6  Research Scope 5
CHAPTER 2 LITERATURE REVIEW 7
2.1 Introduction 7
2.2 General CNT Growth Mechanism 8
2.3 Flame Configuration 11
2.4 Fuel Selection 13
2.5  Catalyst Type and Concentration 17
2.5.1 Substrate Supported Catalyst 20

2.5.2 Gas-phase Catalyst 25

1X



2.6
2.7

2.8

2.9
2.10
2.11

CHAPTER 3
3.1
3.2

33

3.4

3.5

3.6

3.7

3.8

3.9
3.10

Catalyst Residence Time

Gas-phase Composition and Temperature Distribution
Within the Flame

2.7.1 Importance of CO, Cz, Ha2, and Equivalence
Ratio

2.7.2 Effect of Temperature

2.7.3 Effect of Inert Diluent

Growth Enhancer

2.8.1 Application of Growth Enhancer in CCVD
2.8.2 Application of Growth Enhancer in flame
Growth Region Identification

Nanomaterials Characterization

Summary

RESEARCH METHODOLOGY
Introduction

Phase 1: Baseline System Development of Flame
Synthesis System

Phase 2: Development of WMA method and CNT
Growth Region Distribution Analysis

Phase 3: Bend Wire Method Development and
Amorphous Carbon Layer Thickness (ACLT) Analysis

Flame Synthesis Test-Rig
3.5.1 Methane Diffusion Burner with Water Bubbler

3.5.2 Instrument for Flow, Temperature, and Position
Measurement

CNT Synthesis in Flame

Wire-based Macro-image Analysis (WMA) Method
3.7.1 Accuracy and Consistency

3.7.2  Transient Growth Region Analysis

Wire Bend Method

3.8.1 Accuracy and Consistency

Water Vapor and Equivalence Ratio Calculation

Flame Characterization

27

28

29
33
35
37
37
41
43
44
45

47
47

48

49

51
53
53

55
59
60
62
66
67
68
71
73



3.11
3.12

3.13

CHAPTER 4

Soot Region Measurement
CNT Characterization
3.12.1 Transmission Electron Microscopy Analysis

3.12.2 Field Emission Scanning Electron Microscope
(FESEM) Analysis

3.12.3 Raman Spectroscopy Analysis
Energy-dispersive X-ray Spectroscopy (EDX)

FLAME SHAPE, SPATIAL DISTRIBUTION OF

CNT GROWTH REGION, AND THERMAL ANALYSIS

4.1
4.2

43

4.4

Introduction

Flame Characterization at Varying Reactant
Conditions

4.2.1 Effects of Fuel Concentration on Flame Shape

4.2.2 Effects of Oxygen Concentration on Flame
Shape

4.2.3 Effects of Water Vapor Concentration on Flame
Shape

4.2.4 Effects of Air Flow Rate on Flame Shape

Effect of Reactant Conditions and HAB on Spatial
Distribution of Growth Region

4.3.1 Analysis of Transient CNT Growth Region

4.3.2 Spatial Distribution of Growth Region at
Varying Height Above Burner

4.3.3 Spatial Distribution of Growth Region at
Varying Water Vapor Concentration

4.3.4 Spatial Distribution of Growth Region at
Varying Fuel Concentration

4.3.5 Spatial Distribution of Growth Region at
Varying Oxygen Concentration

4.3.6 Spatial Distribution of Growth Region at
Varying Air Flow Rate

4.3.7 Soot Distribution Analysis

Effect of Reactant Concentration on Growth
Temperature

4.4.1 Thermal Analysis of Flame and Growth Region
at Varying Fuel Concentration: Segregation of
Growth Region Temperature

X1

75
76
77

77
78
80

83
&3

83
84

86

88
90

91
91

92

93

95

97

100
104

105

106



4.5

CHAPTER 5

4.4.2 Thermal Analysis of Flame and Growth Region
at Varying Oxygen Concentration: Control in
Growth Region Temperature

4.43 Thermal Analysis at Varying Water Vapor
Concentration: Minimal Effects of Water
Vapor on Thermal Properties of the Flame and
Growth Region

4.4.4 Thermal Analysis of Flame and Growth Region
at Varying Air Flow Rate at Fixed HAB

Summary

CARBON NANOMATERIALS MORPHOLOGY

AND AMORPHOUS CARBON LAYER THICKNESS ANALYSIS

5.1
52

53

54
5.5

5.6

CHAPTER 6
6.1
6.2

REFERENCES

Introduction

Substrate Surface Condition: A Detail Analysis on
Nanoparticle Formation

Carbon Nanotubes Morphology and Characteristics
5.3.1 General Morphology of the Synthesized CNT
5.3.2  Detail Morphology of CNT

5.3.3 Graphitic Properties

Soot Morphology

Effect of Water on CNT Purity and Catalyst
Encapsulation by Amorphous Carbon Layer

5.5.1 ACLT Analysis at Varying Exposure Time

5.5.2 ACLT Analysis at Varying Reactant and Water
Vapor Concentration

5.5.3 ACLT Analysis at Varying Air Flow Rate

Summary

CONCLUSION AND RECOMMENDATIONS
Conclusions

Recommendation for Future Research on CNT
Synthesis in Flame

LIST OF PUBLICATIONS

Xii

110

111

113
114

117
117

117
124
124
125
128
132

133
133

135
140
141

143
143

145

146

173



TABLE NO.

Table 2.1

Table 3.1

Table 3.2

Table 4.1
Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 5.1

Table 5.2

Table 5.3

LIST OF TABLES

TITLE

CNT generated from different combination of flame
configuration, substrate-supported catalyst type, and
fuel/oxidizer/diluent

Comparison of the measurement of the CNT growth region
using FESEM images analysis and the WMA method.
Region 1 and 2 represent the growth region on the wire once
exposed in flame. Growth region that occurred within the
flame centreline with have single growth region and vice-
versa.

Range of EDX measurement of the composition of the
elemental component on the analysed surface within the
CNT growth region.

Flame ID convention

Flame ID for flame used in the experiment without water
vapor

Calculated theoretical flame length using Equation (9) and
(10).

Flame ID for flame employed in the experiment with
addition of water vapor in the fuel stream. The water vapor
is not considered as inert diluent in the equivalence ratio
calculation.

Mass flow rate measurement of water vapor at the burner
inlet

Raman spectra measurement of Ip/lg, Ig+/Ip, and
FWHM(G) at nearby point of a single sample in the middle
of the CNT growth region in flame with 100% fuel and 19%
oxygen concentration

Raman spectra measurement of Ip/lg, Ie+/Ip, and
FWHM(G) at dual (min HAB) and single (max HAB) CNT
growth region with in flame with 100% fuel and 19%
oxygen concentration.

Raman spectra measurement of Ip/lg, Ig+/Ip, and
FWHM(G) at the outer (near to flame sheet), middle, and
inner (near to flame centreline points of a CNT growth
region.

Xiii

PAGE

15

64

71
84

85

85

88

89

131

131

131



Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Calculated equivalence ratio for flame with water vapor
addition, the mass flowrate of the water vapor assumed as
inert diluent and deducted from the total mass flowrate of
methane gas.

The measured relative humidity of methane gas at the
burner fuel inlet.

CNT growth region measurement using WMA method with
a varied threshold value in binary image conversion

Raman spectra measurement of Ip/lg, Ig+/Ip, and
FWHM(G) of CNT synthesized in flame with varied fuel
and oxygen concentration.

Raman spectra measurement of Ip/lg, Ig+/Ip, and
FWHM(G) of CNT synthesized in flame with and without
water vapor in the fuel stream.

Raman spectra measurement of Ip/lg, Ic+/Ip, and
FWHM(G) of CNT synthesized in flame with varied
oxidizer flow rate (compressed air).

X1V

162

163

166

168

168

168



FIGURE NO.

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

LIST OF FIGURES

TITLE

[lustration of tip and base growth model of carbon
nanotubes ((a) and (b)) and nanofibers herringbone ((c) and
(d)) or stacked ((e) and (f)) [15].

Schematics for (a) premixed flame, (b) counter-diffusion
flame, (c) diffusion flame, and (d) inverse diffusion flame
used in CNT synthesis process. [40]

FESEM images of CNTs produces with different transition
metal alloy composition in methane seeded acetylene
counter diffusion flame. Metal alloy composition: (a) 45%
Ni/55% Cu (b) 80% Ni/20% Cr (c) 60% Ni/16% Cr/24%
Fe. Adapted from Xu et al. [59]

TEM image of carbon nanotubes synthesized on (a)
stainless steel wire mesh without catalyst deposit (b) Co
coated stainless steel wire mesh, in identical flame
(Ethylene, ¢=1.62) [82].

[lustration of multiple-steps synthesis process of SWNT
using gas-phase catalyst in premixed flame. This
illustration represent experiment performed by Height et al.
using acetylene/oxygen/15 mol% Ar premixed flame with
Fe(CO)s vapour as catalyst [98]. Top part represents each
process regions. The luminous flame zone represented by
the grey band at around 5 mm height above burner (HAB)

SEM images of carbon nanotubes morphology as CO
concentration increases (at nearly constant H2
concentration) (a) Ethane flame (CO mole fraction=0.0699)
(b) Ethylene flame (CO mole fraction=0.105) (c) Acetylene
flame (CO mole fraction=0.145) [41].

Comparison between carbon nanotubes synthesized using
methane counter diffusion flame with nickel wire catalyst.
SEM images of CNTs synthesized in (a) undiluted CHa, (b)
CHa4 +21% N2 (¢) CHa + 33% N2 [58].

[Nlustration of Ostwald ripening and hydroxyl stabilization
process of Fe catalyst on Al20O3 substrate support (a) CCVD
process without water vapour (b) CCVD process with
addition of water vapour [133].

Ilustration of water vapour effect toward catalyst particle
mobility and CNTs growth [139]

XV

PAGE

10

11

21

24

26

32

36

38

39



Figure 2.10

Figure 2.11

Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Synthesized CNTs height comparison using 27
combinations of carbon sources and  growth
enhancers [128].

FESEM cross sectional image of SWNT synthesized using
water assisted CCVD with varied water vapour
concentration; (a) 0 sccm, (b) 30 sccm, (¢) 50 sccm, (d) 100
sccm, (e) 150 sccm. Adapted from Hu et al. [146].

Overall work flowchart of the present study

Phase 1: Development of the CNT synthesis rig using
methane diffusion flame.

Phase 2: Development of the WMA method producing
comprehensive CNT growth region distribution and
temperature analysis at varied flame inlet and synthesis
condition.

Phase 3: Development of the bend wire method for
amorphous carbon layer thickness analysis at varied flame
inlet and synthesis condition.

Schematic diagram of methane diffusion flame with water
bubbler unit.

Diffusion flame burner and positioning system setup.

Position of catalyst wire and wire mesh on the substrate
holder attached to the positioning system.

Schematic diagram represent positioning of thermocouple
underneath stainless-steel wire mesh with view from (a) the
top and (b) the line-of-sight, indicating the positional
relative to the wire mesh openings and the distance between
the wire mesh and the thermocouple bead head. Images of
the thermocouple underneath stainless-steel wire mesh.
Figure (c): Position of the thermocouple bead head under
the wire mesh. Figure (d): Image of the thermocouple bead
head from top of the wire mesh.

Schematic diagram of typical methane diffusion flame
established using the test rig under wire mesh.

Actual setup of macro image capture of exposed nickel
wire.

Exposed nickel wire attached to the silicon wafer with
calibration grid before FESEM analysis.

FESEM images at 100x magnification of the CNT growth
region on nickel wire with a silicon wafer grid in the
background. Figures (a) to (d) represents examples of the
actual measurement of CNT growth region with the white

Xvi

40

42
47

49

51

52

54
57

57

59

60

61

62



Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19
Figure 3.20

Figure 3.21

Figure 3.22

Figure 3.23

Figure 4.1

Figure 4.2

dashed horizontal bars represent the measured border of the
CNT growth region.

Conversion of actual macro image to a binary image using
a varied threshold value. The dashed bar indicates the
region considered as CNT growth region.

Normalized CNT deposit region length for flame with 1, 4,
7, and 10 slpm air flow rate at varying exposure time. L and
t axis represent the normalized values of deposit region
length and exposure time to the maximum values recorded
in flame at 4 and 1 slpm air flow rate respectively. Gradient
values of the linear trendlines represent the effective growth
rate of the CNT deposit region in the respective flames.

Bended exposed wire at the CNT growth region and
FESEM image of the corresponding wire surface.

FESEM image of growth region flakes at 500 magnification
with (a) 15 minutes and (b) 3 minutes of exposure time in a
similar flame

FESEM image of CNT flake cross-sectional surface at 50k
magnification. Inset is a FESEM image at 120k
magnification of the amorphous carbon layer.

ACLT at various HAB in baseline flame with 100% fuel
and 19% oxygen.

Soot formation in laminar diffusion flame [155]

Effect of oxygen concentration to the flame length for
methane diffusion flame on circular burner [155].

Soot formation on the flame facing surface compared to the
wire mesh facing surface on wire exposed in methane
diffusion flame for three minutes.

Bended wire samples for cross-sectional FESEM analysis
on top of metal stage coated with platinum using sputter
coater.

Samples attached on top of glass slide using double sided
tape for Raman spectra analysis.

Images of standing (a) FlamelCWy (b) Flame2CWo and
(c) Flame3CWy with the corresponding flame under wire
mesh taken at an angle with HAB = 10 mm.

Images of standing (a) Flame3AWo, (b) Flame3BWo, (c)
Flame3CWo, and (d) Flame3DWy with the corresponding
flame under wire mesh taken at an angle with HAB =
10 mm.

XVvil

63

65

66

68

68

69

70
73

75

76

78

80

86

87



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Line-of-sight view of (a) FlamelAWo and (b)
Flamel AW 100 under stainless-steel wire mesh respectively
at HAB = 10 mm.

Line-of-sight view of the 1,4,7, and 10 slpm flame under
wire mesh at HAB = 10 mm.

Macro image of pure nickel wire exposed in methane
diffusion flame with 100% and 19% fuel and oxygen
concentration respectively, with different exposure time at
8 mm HAB. The black region indicates the CNT growth
region.

Stacked actual images of baseline flame Flamel AWo under
stainless-steel wire mesh at three different HAB that are 6,
10, and 15 mm respectively. Black bar represents the CNT
growth region and the grey dashed-vertical line represents
the boundary of fuel side of the burner. The line
corresponding to the radial distance=0 is the flame
centreline.

The black and grey horizontal bar represents the CNT
growth region and soot deposit region respectively at the
specific HAB in for flame with increasing water
concentration in the fuel stream; (a) FlamelAWo,
(b) Flame1AWa33, (¢) Flamel AWses, and (d) Flamel AW 1oo.
Vertical dashed grey line indicates the fuel boundary of the
burner. The line corresponding to the radial distance =0 is
the flame centreline.

The black and the grey horizontal bar represents the CNT
growth region and soot deposit region respectively at the
specific HAB in flame of (a) Flame1 AWo, (b) Flame2 AWo,
and (c) Flame3AWo, (d) FlamelAWioo, (¢) Flame2 AW oo,
and (f) Flame3AWio0. The grey dashed vertical line
represents the border of the fuel side of the burner. The line
corresponding to the radial distance=0 is the flame
centreline.

Linear trendlines represent the upper and lower limit of
CNT producing HAB for flame with 19% oxygen
concentration at varied fuel concentration.

The black and the grey horizontal bar represents the CNT
growth and soot deposit region respectively at the specific
HAB in flame with varied oxygen concentration. The grey
dashed vertical line represents the border of the fuel side of
the burner. The line corresponding to the radial distance = 0
is the flame centreline. Figures (a) to (d) represents
Flamel AWo, Flame1BWoy, FlamelCW,, and FlamelDW,
without water and Figures (e) to (f) represent

XViil

&9

90

91

93

94

96

97



Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14
Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

FlamelAWi00, FlamelBWioo, FlamelCWioo, and
Flame1 DW 100 with water respectively.

Maximum CNT producing HAB for flame with varied
oxygen and 100% fuel concentration.

The black and grey horizontal bar represents the CNT
growth region and soot deposit region respectively, at the
specific HAB in flame with 100% fuel and (a) 1 slpm, (b) 4
slpm, (c) 7 slpm, and (d) 10 slpm air flow rate. The grey
dashed vertical line represents the border of the fuel side of
the burner. The line corresponding to the radial distance = 0
is the flame centreline.

The black horizontal bar represents the CNT growth region
at 10 mm HAB in flame with varied oxidizer (compressed
air) flow rate. Grey dotted line indicates the edge of the fuel
side of the burner. The line corresponding to the radial
distance = 0 is the flame centreline.

Soot formation with increase in HAB in Flamel AWo.

Soot formation in flame at varying oxygen concentration,
with five minutes exposure time.

Temperature of growth region, flame centreline, and flame
sheet at CNT producing HAB for flame at varying fuel
concentration that are FlamelAWo,, Flame2AWo and
Flame3 AWy at growth region. The solid and hollow marker
indicates the measured temperature of Tfc, and Tfs
respectively. The Tgrowth range is represented by the
horizontal bars.

Average Tgrowth in flames with varied fuel and oxygen
concentration at growth region, including average
Tgrowth for Flamel AW 0.

CNT synthesis in FlamelAWo (a) spatial distribution of
growth region, (b) distribution of temperature, and (c)
spatial distribution of growth region at 6, 10, and 15 mm
HAB superimposed on the line-of-sight image of the flame

Temperature of growth region, flame centreline, and flame
sheet at CNT producing HAB for flame with varying
oxygen concentration and 100% fuel concentration. The
solid and hollow marker indicate the measured Tfc and T f's
respectively. The Tgrowth range is represented by the
horizontal bars.

Temperature of growth region, flame centreline, and flame
sheet at CNT producing HAB for flame with and without
water. The solid and hollow marker indicate the measured

X1X

99

100

101

103
104

105

107

108

109

110



Figure 4.21

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Tfc and Tfs respectively. The Tgrowth range is
represented by the horizontal bars.

Temperature of growth region, flame centreline, and flame
sheet for flame with varied air flow rate at a fixed 10 mm
HAB. The fuel concentration of the flame was fixed at
100%. The solid markers represent the measured T fs, and
Tfc. The vertical bar represents the temperature range of
the Tgrowth.

FESEM images at 10k magnification of nickel wire that
was (a) unexposed in flame and exposed in flame for (b) 10
seconds, (c¢) 30 seconds, (d) 60 seconds, and (e) 1k
magnification of image in (d) in 4 slpm flame at a similar
location within CNT deposit region. All inset images are
captured in the respective region with 30k magnification.

FESEMs images at various radial locations for flame with
2 slpm air flow rate. FESEM images at (a) Region I, (b)
Region II, (c) Region 111, (d) Region IV, and (e) Region V.
The main FESEM images are captured with 30k
magnification. All inset images are captured in the
respective region with 80k magnification.

CNT growth process on nickel wire surface in flame via
formation of catalyst nanoparticles through surface breakup
process.

FESEM images (a) and (b) represent catalyst surface
conditions within Region I after exposure time in flame for
30 seconds and 4 minutes respectively. FESEM images (c)
and (d) represent surface conditions within Region V after
exposure time in flame for 30 seconds and 4 minutes
respectively.

Schematic diagram of nickel wire exposed at varied HAB
of methane diffusion flame. Regions I, I1I, V indicated on
the wire with regions II and IV are located in between
regions LIII and IIL,V respectively.

SEM images at 30k magnification of CNT on the deposit
region synthesized in 4 slpm flame. (a) Top view of the
CNT deposit region and (b) side view of the growth region.

HR-TEM image of the typical synthesized CNT internal
structure. An example of the measurement of the lattice
distance of the CNT walled is shown.

HR-TEM image of a bundle of a synthesized CNT with
some nickel nanoparticles. Inset shows a higher
magnification of the internal structure of a CNT stain. The

XX

112

113

118

119

121

122

123

124

125



Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

nickel nanoparticles crystal lattice is observable at high
magnification.

HR-TEM images shows the synthesized CNT with (a) 10,
(b) 19, and (c) 13 layers of wall.

HR-TEM images of typical synthesized (a) carbon
nanofiber and (b) nano-onion

Raman spectra of CNT synthesized in Flamel AWo,
Flame2 AWo, and Flame3 AWo.

FESEM images of the soot deposit on top of nickel wire
exposed in flame with 100% fuel and 24% oxygen
concentration. The FESEM images (a) and (b) are soot
deposit on the side of the flame sheet with 5k and 30k
magnification respectively. Figures (c) and (d) are soot
deposit in the similar region at the opposite side at 5k and
30k magnification respectively.

FESEM images of CNT flake cross-section at 50k
magnification for a sample with (a) 3 minutes and (b) 15
minutes exposure time in flame. The dashed black box in
the two images indicates the difference in amorphous
carbon layer thickness with different exposure times.

Amorphous carbon layer thickness with varied exposure
time. The polynomial trendlines represent the trend of
ACLT growth with longer exposure time.

Normalized ACLT with varied (a) oxygen and (b) fuel

concentration. The X in the flame ID indicates the varied
parameter.

Normalized ACLT at various equivalence ratios. Each solid
line represents flame with fixed fuel concentration, the
dashed line represents flame with fixed oxygen
concentration in the oxidizer stream, and the dotted line
represents varied water vapor concentration in flame with
fixed fuel and oxygen concentration. Error bar represents
the standard deviation of the ACLT measurements.

Amorphous carbon layer thickness in CNT growth region
with varied oxidizer flow rate with similar fuel and oxygen
concentration.

FESEM images of cross-sectional CNT growth region in
flame with 100% fuel and 19% oxygen concentration with
(a) 4 slpm and (b) 10 slpm oxidizer flow rate. The vertical
white dashed line indicates the upper borderline of the
amorphous carbon layer.

XXx1

126

127

128

129

132

133

134

136

137

140

141



Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Comparison side by side B type thermocouple with K type
thermocouple, (a) without wire mesh and (b) under wire
mesh.

Temperature measurement of baseline flame with 19%
oxygen and 100% methane concentration at 10 and 14 mm
HAB using B and K type thermocouples.

The black and the grey horizontal bar represents the CNT
growth region and soot deposit region respectively at the
specific HAB in flame with increasing water concentration
in the fuel stream. Figure (a) FlamelCWo,
(b) Flame1CW33, (c) Flame1CWes, and (d) Flame1CW o0.
Vertical dashed grey line indicates the fuel boundary of the
burner. The line corresponding to the radial distance = 0 is
the flame centreline.

Example of conversion of actual macro image to a binary
image using a varied threshold value. The dashed bar
indicates the region considered as CNT growth region.

Stacked macro image of exposed nickel wire with a dark
band of the CNT growth region synthesized at different
HAB. Soot region at the end of both sides of the wire
indicated in the image.

Temperature of growth region, flame centreline, and flame
sheet at CNT producing HAB for flame with 66% fuel and
19% oxygen concentration, with and without water vapor
in the fuel stream at CNT producing HAB. The solid and
hollow marker indicates the measured temperature of the
flame centreline and flame sheet respectively. The CNT
growth region temperature range is represented by the
horizontal bars.

Temperature of growth region, flame centreline, and flame
sheet at CNT producing HAB for flame with 100% fuel and
21% oxygen concentration, with and without water vapor
in the fuel stream at CNT producing HAB The solid and
hollow marker indicates the measured temperature of the
flame centreline and flame sheet respectively. The CNT
growth region temperature range is represented by the
horizontal bars.

FESEM images of a cross-sectional image of CNT flake at
50k magnification (a) without gold coating and (b) with
gold coating.

Example of EDX analysis on the bottom and substrate
underneath the peeled CNT flake

Example of EDX analysis result of CNT growth surface and
nickel wire surface

XX11

161

161

164

165

165

167

167

168

169

170



Figure 6.11 Change in the ACLT with the increase in water vapor
concentration 171

XX1il



AAO

ACLT
AFM
CCVD
CNF
CNT
CNO
DSLR
EDX
FESEM
FWHM
HAB
HR-TEM
IPM
LED
m-IDF
MWNT
PAH
PVD
RBM
SEM
STEM
SWNT
TEM
TGA
WMA

LIST OF ABBREVIATIONS

Anodic aluminium oxide

Amorphous carbon layer thickness

Atomic force microscopy

Catalytic chemical vapor deposition
Carbon nanofiber

Carbon nanotubes

Carbon nano-onion

Digital single-lens reflex
Energy-dispersive X-ray spectroscopy
Field emission scanning electron microscope
Full width at half maximum

Height above burner

High-resolution transmission electron microscopy
Interacting particle model

Light emitting diode

Multiple-inverse diffusion flame
Multiwalled carbon nanotubes

Polycyclic aromatic hydrocarbon

Physical vapor deposition

Radial breathing mode

Scanning electron microscope

Scanning transmission electron microscopy
Single-walled carbon nanotubes
Transmission electron microscope

Thermal gravimetric analysis

Wire-based macro-image analysis

XX1V



NOMENCLATURE

Tgrowtn - Growth region temperature

Tfc - Flame centreline temperature

Ty - Flame sheet temperature

Ip, Ig, I - D, G, and G’ band intensity

%RH - Percentage of relative humidity

B, - Water vapor pressure

B, - Saturation water vapor pressure

Piot - Total pressure

M, - Molecular mass of water

My - Molecular mass of dry methane gas
ppm,, - Parts per million weight

© - Equivalence ratio

Ls - Flame length

Qr - Fuel volumetric flow rate

To - Oxidizer temperature

Tr - Fuel temperature

S - Molar stoichiometric oxidizer-fuel ratio
X032 - Mole fraction of oxygen in the oxidizer
Xdil - Diluent mole fraction in the fuel stream
Meyer - Mass flow rate of fuel

myx - Mass flow rate of oxidizer

Zst - Stoichiometric mixture fraction

XXV



LIST OF APPENDICES

APPENDIX TITLE PAGE
Appendix A Thermocouple calibration 161
Appendix B Calculated flame equivalence ratio 162
Appendix C  Measured relative humidity 163
Appendix D CNT growth region related supplementary data 164
Appendix E  Supplementary temperature analysis data 167
Appendix F Raman, FESEM and EDX additional data 168
Appendix G Additional ACLT data 171
Appendix H Experimental Data Cloud Database 172

XXVi



CHAPTER 1

INTRODUCTION

11 Problem Background

The discovery of a third carbon allotrope, Buckminsterfullerene C60 in 1985
by Kroto, Curl, Smalley, and co-workers marked the beginning of an era of carbon
nanostructured materials [1]. With remarkable electrical, thermal, and mechanical
properties, coupled with rapid development of nanoscience and nanotechnology, last
three decades has seen the emergence of carbon nanostructures in various application
for modern society. Nobel Prize that are awarded to Curl, Kroto, and Smalley for the
work on Buckminsterfullerene, and to Geim and Novoselov for extracting single layer
carbon atoms known as graphene in 1996 and 2010 respectively, are clear indications

of the significant contribution of carbon nanostructured material to the society [2,3].

Combustion-based synthesis of carbon nanotube (CNT) has significant
potential to revolutionize the conventional CNT synthesis process. The combination
of the autothermal condition and the continuous supply of carbon sources within flame
produce an energy-efficient synthesis process. Theoretically, the flame synthesis is
capable to synthesize CNT at an order of magnitude faster compared to that of the
catalytic chemical vapor deposition (CCVD) to significantly reduce the overall cost of
the CNT production [4,5]. Furthermore, the process is technically simple to be scaled
up for large volume production, proven with current production of widely used
nanoparticles such as carbon black, fumed silica, and titania in the order of millions of
tons valued at over 15 billion dollar per year [6,7]. These compelling fundamental
advantages of flame synthesis process have driven researchers to enhance the
understanding on the flame synthesis process for the last three decades. As the CNT
market continues to expand each year, the search for a novel and optimized synthesis
process for producing low-cost CNT remains strong [5]. Numerous research groups

are currently active in exploring new possibilities to exploit the advantages of



combustion-based CNT synthesis to produce an improved synthesis method through

experimental works and modelling [4,8—12].

However, limited progress has been reported in the development of industrial
scale of CNT synthesis process in flame. The development of a stable and well-
controlled synthesis process within highly complex flame environment has been
proven to be the stumbling block for mainstream acceptance of the technology [5,7].
Compared to CCVD, the degree of complexity of the CNTs growth is significantly
amplified in flame environment due to the combustion process that creates dynamic

gas phase kinetics with significant temperature gradient within the flame.

1.2 Problem Statement

Even though theoretically flame synthesis is capable of producing similar yield
of CNTs at much higher growth rate compared to that of CCVD, none of the recorded
lab-scale experiments able to achieve major breakthrough for mass production to the
best of author’s knowledge. The complex interrelation between fuel, oxidizer, and
temperature that are coupled with other synthesis parameters like catalyst type and
composition, lead to highly complex optimization parameter space which requires
extensive analysis on the effect of flame inlet condition toward certain specific set of
synthesis parameters toward CNT growth region distribution. Unfortunately,
conventional method of CNT growth region identification using repetitive scanning
electron microscopy (SEM) analysis is impractical especially for large-area
heterogeneous flame synthesis environment which inhibit a comprehensive parametric

study on spatial distribution of CNT growth region in flame to be performed.

Besides practical and precise growth region identification, one of the main
obstacles in optimizing CNT synthesis in flame is maintaining the delicate balance of
carbon supply rate and flame temperature. Oversupply of carbon will lead to the
formation of the amorphous carbon layer which will encapsulate catalyst nanoparticles
and caused a premature catalyst poisoning. On the other hand, the oversupply of

carbon in most cases is dictated by the amount of fuel required to achieved desirable

2



temperature within the flame for CNT inception and growth. The formation of
amorphous carbon layer on catalyst nanoparticles has been extensively studied in the
context of CCVD. Application of additive such as water vapor in CCVD process has
been widely accepted as an effective method of minimizing formation of amorphous
carbon. The same has not been systematically studied in the context of flame synthesis.
Limited understanding on the effect of flame inlet condition on formation of
amorphous carbon layer on catalyst nanoparticles in flame environment hinders further

optimization of the CNT synthesis process in flame.

1.3 Hypothesis

CNT growth region surface is generally recognizable by its characteristically
deep black colour covered with dense CNT. Utilizing concept of colour segregation,
the CNT growth region is expected to produce high contrast to the surrounding
substrate surface and can be visually distinguishable using high magnification image

which allow for a low cost and practical growth region identification process.

Since the catalytic growth mechanism of CNT in CCVD and flame
environment are similar, it is expected that reduction of amorphous carbon layer on
the catalyst nanoparticles can be minimize through precise control over carbon supply
rate on the catalyst nanoparticles surface. Manipulation flame inlet condition in
diffusion flame will have significant effects toward the carbon supply rates in region
within the flame front which will has significant effect on the distribution of CNT
growth region and formation of amorphous carbon layer. Additionally, water vapor as
a weak oxidizer is expected to produce etching effects on the amorphous carbon layer
on the substrate-supported catalyst surface in the flame environment as has been shown
in the synthesis chamber environment of CVD. However, water vapor may also
inadvertently change the local temperature and species distribution in flames. Though
the etching effects are desirable, an ideal temperature and carbon precursor
concentration must be maintained to achieve the desired CNT synthesis characteristics

in the flame.



14 Objectives of the Study

The objectives of the present study are:

1. To determine the effect of flame inlet condition toward the distribution of CNT
growth region in methane diffusion flame using wire-based macro-image

method.

2. To analyse the effect of flame inlet condition toward the thickness of
amorphous carbon layer within CNT growth region using cross-sectional

analysis.

1.5 Significance of the Study

The present study analyses the effect of flame inlet conditions toward spatial
distribution of CNT growth region and formation of amorphous carbon layer. The
objectives will be achieved through development of a novel CNT growth region
identification method using wire-based macro-image analysis (WMA) method and
amorphous carbon layer analysis using cross-sectional imaging technique through
bend wire method. The simplification of growth region identification using WMA
method allow in depth and thorough growth region distribution analysis in flame with
varied inlet condition. Whereas the bend wire method reveals the cross-sectional
condition within the growth region and enable extensive study on the effect of flame
condition toward the formation of amorphous carbon layer on the substrate surface.
Furthermore, the work also explores effects of water vapor in fuel stream toward CNT
growth region, temperature, and formation of amorphous carbon layer. The analyses
will provide fundamental understanding on the etching effect of water on catalytic
growth of CNTs in flame. It is envisaged that the develop methodologies and findings
in the present study will be the foundation toward further development of effective
manipulation of flame parameters especially for enhancement of the yield, growth rate,

and the quality of CNTs produced in flame synthesis in the future.



1.6 Research Scope

The present study is an experimental-only work on CNT growth region
characterization and amorphous carbon formation analysis using wire-based macro-
image analysis and bend wire method respectively within methane diffusion flame.
Pure methane gas is employed to ensure consistency and significant size of growth
region for measurement reliability. Dilution of methane is done through addition of
pure nitrogen gas to the fuel stream. Mixture of pure oxygen and nitrogen gas were
utilized to provide desired concentration in the oxidizer stream, whereas in the oxidizer
flow rate experiments, compressed dry air is employed for economical purposes. Pure
nickel wire with 0.4 mm diameter without any pre-treatment is used as catalyst. The
utilization of the wire provide consistency in terms of catalyst preparation and
eliminate any contributing factor in catalyst preparation toward the effect of CNT
growth. The established flame characterization done through direct image capture and
temperature measurement. The growth region is characterized through measurement
of spatial distribution and temperature. The synthesized CNT is analysed using
FESEM, TEM, EDX, and Raman spectra analysis only.
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