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2018



Copyright ➞ 2018 by Yiguo Xu
All rights reserved



Acknowledgements

First, I would like to express my sincere gratitude to my supervisors Prof.

Jinbo Bai and Prof. Laurent Zimmer for giving me the opportunity to carry

out my doctoral research, and their continuous support of my PhD study. I am

deeply impressed by their hard-working spirit, serious attitude towards research,

which are invaluable in my future life. It is a great challenge for me to complete

my thesis. I learned a lot from their constant encouragement, guidance and

suggestions. It would not have been possible to finish my thesis without their

support. Special gratitude is also extended to Delong He, Anthony Dichiara

and Yang Ma. I was completely unfamiliar with my doctoral project three years

ago. They always had the patience to teach me to use different equipments and

solve the numerous issues. Every discussion with them was of benefit to me.

Then I would also like to thank the members of the jury: Christophe

Bichara, Pascale Desgroux, Brigitte Tretout, Laurent Zimmer, and Anthony

Dichiara. It was my honor and a great pleasure to receive their valuable com-

ments and suggestions, which are very helpful for me to improve my thesis.

Meanwhile, I would like to acknowledge the financial support from China

Scholarship Council (CSC), the MATMECA consortium and the ANR under

contract number ANR-10-EQPX-37 in the past three years.

I would also like to thank the engineers who have helped me to do the

measurements: Mr. Gilbert Le Gal for fabricating the special-designed CVD

iii



reactor, Mr. Thomas Reiss and Ms. Nathalie Ruscassier for SEM observations,

Mr. Paul Haghi-Ashtiani for TEM observations, and Ms. Pascale Gemeiner

for Raman analyse. I am also indebted to Ms. Farida Djebbari, Ms. Sokona

Konate, Mr. Eric Perrin et al. for their assistances.

I also owe my sincere gratitude to my colleagues and friends. It was a

pleasure working with you. Studying in CentraleSupélec is a precious experience

in my life.

Last but not the least, I would like to thank my beloved parents for giving

birth to me and for supporting me spiritually all the times. I hope that I can

spend more time with them in the future.

iv



Abstract

Controlling the formation of iron-based catalyst nanoparticles is highly de-

sired to synthesize carbon nanotubes (CNTs) with well-defined structures and

properties at a large scale. However, it remains a big challenge. This work con-

tributes to the quasi-in-situ detection of nanoparticles by laser induced incan-

descence (LII) technique during the floating catalytic chemical vapor deposition

(FCCVD) synthesis of CNTs.

First, high resolution transmission electron microscopy (TEM) was used to

characterize the nanoparticle nature and size. The theoretical LII signal was

simulated by considering the nanoparticle density, heat capacity and size distri-

bution, etc. A detailed sensitivity and uncertainty of the key parameters on the

evaluated particle size for this model was estimated. The LII model was vali-

dated by a comparison of the evaluated results with the ones obtained by TEM

measurements. Then, the developed LII technique combined with TEM was

applied to investigate the evolution of nanoparticles in the gas phase along the

reactor axis. The influence of the temperature, ferrocene concentration, carbon

source and hydrogen ratio on the nanoparticle size was also demonstrated. Fi-

nally, the roles of nanoparticles in the gas phase during CNT synthesis process

were discussed by correlating information on the axial nanoparticle evolution

and the morphology of CNTs synthesized on the substrate along the reactor

axis. And a model based on the thermodynamics of the nanoparticle nucle-
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ation was proposed to describe the nanoparticle formation process during the

FCCVD process. It is found that the as-formed nanoparticles in the gas phase

exhibit core-shell structures with an α-Fe core and a carbon shell. Hence iron

nanoparticles in the gas phase could not contribute to the CNT growth on the

substrate because of the carbon encapsulation. Meanwhile the evaluated size

of nanoparticles by LII is in good agreement with the TEM determined one.

This study, showing potential relations between the floating nanoparticles and

the CNTs on the substrate, reveals the important LII application prospect to

understand and to improve the FCCVD process.
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Résumé

Le contrôle de la formation de catalyseur de nanoparticules à base de fer est

hautement souhaitait synthétiser des nanotubes de carbone (NTCs) avec des

structures bien définies et propriétés à grande échelle. Cependant, cela reste

un grand défi. Ce travail contribue à la quasi-in-situ détection des nanopartic-

ules par la technique d’incandescence induite par laser (LII) pendant le dépôt

chimique en phase vapeur avec catalyseur flottant (FCCVD) de NTCs.

Premièrement, la microscopie électronique en transmission (MET) à haute

résolution était utilisé pour caractériser la nature et la taille des nanoparticules.

Le signal théorique de LII a été simulé en considérant la densité des nanopar-

ticules, la capacité thermique et la distribution de taille, etc. La sensibilité et

l’incertitude concrètes des paramètres clés sur la taille évaluée des particules

pour ce modèle ont été estimées. Le modèle LII a été validé par la comparai-

son des résultats évalués avec ceux obtenus par la MET. Ensuite, la technique

mature LII combinée avec MET a été appliquée pour étudier l’évolution des

nanoparticules dans la phase gazeuse le long de l’axe du réacteur. L’influence

de la température, de la concentration de ferrocène, de la source de carbone

et de la proportion hydrogène sur la taille des nanoparticules a également été

démontrée. Enfin, les rôles des nanoparticules dans la phase gazeuse au cours

du processus de synthèse des NTC ont été discutés en corrélant les informations

sur l’évolution axiale des nanoparticules et la morphologie des NTC synthétisés
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sur le substrat le long de l’axe du réacteur. Un modèle basé sur la thermo-

dynamique de la nucléation des nanoparticules a été proposé pour décrire le

processus de formation des nanoparticules au cours du processus DCVCF. Il

est constaté que les nanoparticules as-formé en phase gazeuse présentent des

structures coeur-coquille avec un noyau de α-Fe et la coque de carbone. Ainsi,

les nanoparticules de fer en phase gazeuse ne pourraient pas contribuer à la

croissance de NTC sur le substrat à cause de l’encapsulation de carbone. En

même temps, la taille des nanoparticules évaluée par LII est en bon accord avec

celle-ci déterminée par MET. Cette étude, montrant les relations potentielles

entre les nanoparticules flottantes et les NTCs sur le substrat, révéle une per-

spective importante de l’application de LII pour comprendre et améliorer le

processus DCVCF.
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Abbreviations and Symbols

Abbreviations

AFM Atomic Force Microscope

ANOVA Analysis of Variance

CFD Computational Fluid Dynamics

CNTs Carbon Nanotubes

CVD Chemical Vapor Deposition

DFT Density Functional Theory
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DWNTs Double-walled Carbon Nanotubes

EDS Energy-dispersive X-ray spectroscopy

FCCVD Floating Catalyst Chemical Vapor Deposition

HAADF High Angle Annular Dark Field

HiPCO High Pressure CO Disproportionation

LII Laser Induced Incandescence

LIF Laser Induced Fluorescence

MD Molecular Dynamics

MWNTs Multi-walled Carbon Nanotubes

PECVD Plasma-enhanced Chemical Vapor Deposition

PMT Photomultiplier

SAED Selective Area Electron Diffraction
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SWNTs Single-walled Carbon Nanotubes

SEM Scanning Electron Microscopy

STEM Scanning Transmission Electron Microscope

TAC Thermal Accommodation Coefficient

TEM Transmission Electron Microscopy

TGA Thermogravimetric Analysis

TRLII Time Resolved Laser Induced Incandescence

VdW Van der Waals

VLS Vapor-Liquid-Solid
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Symbols

c Speed of light (2.998✂1010cm/s)

CMD Count Median Diameter (nm)

cp Heat capacity of nanoparticle (kg/m3)

cpg Molecular heat capacity of gas (J/gK)

d CNTs diameter

dp Diameter of nanoparticle (nm)

E♣mq Dimensionless refractive index

Fgas Total gas flow rate (L/min )

h Planck constant (6.626✂10✁34Js)

△Hv Average enthalpy of formation of sublimed species (J/mol)

kB Boltzmann constant (1.381✂10✁23J/K)

mp Mass of nanoparticle(g)
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µg Average gas molecular weight (g/mol)

ρp Density of the nanoparticle (g/cm3)

pv Average partial pressure of sublimed carbon species (bar)

pg Gas pressure (Pa)

pref Reference pressure in Antoine and Clausius-Clapeyron equa-
tions (Pa)

q♣tq Laser temporal intensity (J/cm2)

qabs Laser energy flux absorbed by nanoparticles (J/s)

qcond Energy flux during convective heat transfer (J/s)

qrad Radiation energy flux from the surface of nanoparticles (J/s)

qevap energy flux from the surface of the nanoparticle during evapo-
ration (J/s)

Jevap mass loss rate form the particle surface in evaporation process
(g/s)

R Gas constant (8.3145J/molK)

Rm Gas constant in effective mass units (8.3145✂107gcm2molKs2)

Rp Gas constant in effective pressure units (83.145barcm3/molK)

SLII LII signal intensity (J/cm2)

SBB LII signal intensity form a blackbody source (J/cm2)

t Time (s)

Tp Particle temperature (K)

T 0
p Particle heat-up temperature (K)

K Calibration constant

Kn Knudsen number

Tref Reference temperature used in Clausius-Clapeyron equation (K)

TBB Temperature of a blackbody source (K)

Wv Average molecular weight of sublimed carbon species (g/mol)
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αT Thermal accommodation coefficient (TAC)

αM Mass accommodation coefficient of vaporized carbon clusters

γ Heat capacity ratio of the gas

ε Emission coefficient of nanoparticle

λlaser Laser wavelength (nm)

λ Detection wavelength (nm)

σSB Stefan-Boltzmann constant (5.6704✂10✁12W/cm2K4)

ct Average thermal velocity of gas molecules (m/s)

σg Standard deviation in the log-normal function
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1
Introduction

1.1 Motivation

Carbon nanotubes (CNTs) have been extensively investigated in the last

decades for their outstanding properties and a wide range of potential applica-

tions, such as electronics [1–3], photonics [4, 5], energy storage [6, 7], water and

air purification [8, 9], structural composites [10, 11]. Different techniques have

been employed for the CNT growth, including arc discharge [12], laser ablation

[13] and chemical vapor deposition (CVD) [14, 15] etc. Among all the differ-

ent synthesis methods, floating catalyst CVD (FCCVD) approach, where both

carbon feedstock(s) and catalyst precursor(s) are simultaneously fed into the

reactor, allows low cost, high quality and continuous production for industrial

purposes [16, 17]. It has been believed that thermal decomposition of ferrocene

leads to the nucleation of iron particles, where decomposed carbon can diffuse,

precipitate and assemble into tubular structures. The diameter of CNTs is di-

rectly proportional to the size of catalyst particles [18, 19] and the length of

CNT is also affected by catalyst morphology and activity [20]. Therefore, the
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control of the size and morphology of iron catalytic nanoparticles is critical for

synthesizing large amount of CNTs with well-defined structures and proper-

ties [21, 22]. However, It remains an unsolved challenge. Since the catalytic

nanoparticles originate from decomposition of ferrocene in the gas phase, ho-

mogeneous nucleation is proposed as one possible mechanism for iron nanopar-

ticles formation. Therefore, a quantitative understanding of iron nanoparticle

formation process in the gas phase during FCCVD is desired for large scale

production. In order to study iron-based nanoparticles suspended in the gas

phase, it is critical to provide real time information on the nanoparticle size

and distribution. Traditional techniques like transmission electron microscopy

analysis (TEM) etc. are capable of measuring the nanoparticle size and dis-

tribution. However, it is often difficult to apply to practical CVD conditions

with its limitations. TEM sample holder can not bear the high temperature

(commonly 600-900 ❽ ) inside the CVD reactor. Moreover, nanoparticle in-

formation determined by TEM is given after the CNT synthesis. Samples are

possibly damaged or contaminated and also this procedure is complex and time

consuming. Therefore, it is reasonable to develop an in-situ diagnostic tech-

nique.

Laser-induced incandescence (LII) has been recognised as one of the most

promising techniques for in-situ quantitative measurements of particle size and

distribution and has been used extensively during the last three decades. In

this technique, a laser pulse heats a volume containing nanoparticles to tem-

peratures high enough to emit thermal radiation, and the time-resolved in-

candescence of these particles is recorded. The particle size distribution can be

obtained by fitting the simulated data to the experimentally observed data [23].

The early experiments about LII focus on soot size measurements [24–28]. Due
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to its non-intrusive, real-time and in-situ nature, it has recently been extended

to a variety of a range of sources, such as Cu [29], Ti [30] and Fe [31, 32] and

Fe-C nanoparticles [33, 34].

With its advantages, in this study LII technique was applied for nanoparti-

cle sizing during the FCCVD synthesis of CNTs. High resolution Transmission

electron microscopy (TEM) was used to characterize the nature and size of

nanoparticles. The theoretical LII signal was simulated by taking into account

the nanoparticle density, heat capacity and size distribution etc. A detailed

sensitivity and uncertainty of the key parameters on the evaluated particle size

for this model has also been estimated. Using the developed approach and high

resolution TEM, the evolution of nanoparticles in the gas phase along the reac-

tor axis was investigated. By correlating the information on axial nanoparticle

evolution and the morphology of CNT synthesized on the substrate along the

reactor axis, the roles of nanoparticles during FCCVD synthesis of CNTs were

also discussed.

1.2 CNT synthesis by FCCVD

1.2.1 CNT history

Carbon is known to be the most versatile element that exists on the earth.

It is the fourth most abundant element in the universe by mass after hydrogen,

helium, and oxygen. In addition, carbon is also a fundamental element of life.

Carbon compounds form the basis of all life on the earth and the carbon-

nitrogen cycle provides some of the energy produced by the sun and other

stars. The element carbon occurs in all organic life and is the basis of organic

chemistry. This nonmetal also has the interesting chemical property of being

3



CHAPTER 1. INTRODUCTION

able to bond with itself and a wide variety of other elements, forming nearly

10 million known compounds. Today, the majority of energy we used is based

on the use of carbon-based fossil fuels, such as coal, natural gas and petroleum

[35, 36].

Carbon is the sixth element in the element periodic table, with a ground-

state electron configuration of ♣1sq2♣2sq2♣2pq2, of which the four outer electrons

are valence electrons. Due to its specific electronic structure, carbon atom

has the ability to bond to themselves and to other atoms by mixing different

orbitals, namely s and p orbital. Even a mixture of s, p and d orbitals is

possible. The sp hybridization is the result of the mixture of one 2s orbital and

one 2p orbital, namely 2px. The characteristic angle between the two hybrid

orbitals is 180✆. The two remaining 2p orbitals are available for π bonding

(see Fig. 1.1a). The sp2 hybridization is the combination of one s orbital and

two p orbitals, namely 2px and 2py. They contribute together to a planar

assembly with a characteristic angle of 120✆ between hybrid orbitals forming a

σ bond. The additional pz orbital is perpendicular to the sp2 hybrid orbitals

and forms a π bond (see Fig. 1.1b). In the experiments a binding ability for

four electrons in carbon atom is also detected. The reason is the combination

of one s orbitals and three p orbitals, 2px, 2py and 2pz (see Fig. 1.1c). The

yield is sp3 hybridization. Since there are small energy difference between the

2s and the 2p state, so that it is easy to excite one electron from the 2s state

into the 2p state. In the presence of a external perturbation, such as a nearby

hydrogen, the energy difference is overcome to form four new hybrid orbitals.

The direction of the orbitals and also the center of mass are determined by

the specific contributions of the p orbitals and the s orbital. A combination of

the hybrid orbitals produces a tetrahedral assembly with the center of mass in
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the corners. The characteristic angle between the four hybrid orbitals in sp3

configuration is 109.5✆. The bond nature finally determines the geometry and

properties of carbon allotropes [37].

Figure 1.1. Schematics of sp, sp2 and sp3 hybrid orbital.

Pure carbon is capable of forming many allotropes due to its valency, among

which graphite and diamond are the two most commonly known ones. Their

crystal structures shown in Fig. 1.2. Graphite is a typical example of sp2 hy-

bridization crystal structure (see Fig. 1.2a). It consists of parallel carbon layers.

In each sheet, carbon atoms are strongly connected through σ and π bonds to

three nearest neighbors to form a hexagonal network. Between the layers the π

orbitals give rise to weak Van-der-Waales (VdW) forces. As a result graphite is

one of the softest materials known and it is commonly used in drawing pencil

and as dry lubricants. In addition, graphite is a very good electrical conduc-

tor and opaque, and is widely used as electrodes. In contrary, diamond can

be achieved by assembling many different sp3 hybridization carbon atoms to

one crystal (see Fig. 1.2b). Due to the three dimensional sp3 structure the

binding between neighboring carbon atoms is very strong. Therefore, diamond

is one of the hardest materials known and can be used as cutting tools. Dia-

mond has also been adapted for many other uses because of its extremely high

melting temperature ( 5000 K) [38], marvelous thermal conductivity (900-2320
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Wm✁1K✁1), which is 5 times as large as that of copper at room temperature

[39], as well as wide bandgap and high optical dispersion [40].

Figure 1.2. Crystal structures of (a) graphite and (b) diamond.

In 1985 the first fullerene molecule buckminsterfullerene (C60) was discov-

ered by Kroto, Curl and Smalley et al [41]. C60 molecule contains 60 carbon

atoms arranged in closed shell. It exhibits the structure of a truncated icosa-

hedron with twelve pentagonal rings and twenty hexagonal rings (see Fig. 1.3).

By 1990 gram-sized samples of fullerene powder could be produced readily in a

simple arc evaporation apparatus in all laboratories [42]. Since then, progress

on fullerenes has evolved at a high pace. Consequently, numerous novel physi-

cal and chemical properties of C60 have been explored and a series of fullerene

derivatives (C70, C76, C84 ☎ ☎ ☎ ) with different shapes such as sphere, ellipsoid,

ring or tube, also have been synthesized. The discovery of fullerenes greatly

expanded the number of known carbon allotropes. Thus in 1996 the Nobel

Prize in Chemistry was awarded to Kroto, Curl and Smalley.
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Figure 1.3. Structure of buckminsterfullerene (C60).

The huge interest in fullerenes synthesis directly results in the discovery

of CNTs, which are also carbon allotropes and belong to the fullerene family.

In 1991 Iijima et al. observed for the first time tubular carbon structures in

the by-product of fullerenes synthesized by arc discharge [12]. The as-observed

nanotubes consist of up to several tens of graphitic shells with adjacent shell

separation of ✒0.34 nm, diameters of ✒1 nm and large length/diameter ratios

(see Fig. 1.4). They are called multi-walled carbon nanotubes (MWNTs). Two

years later, in 1993, single-walled carbon nanotubes (SWNTs) were also synthe-

sized by arc discharge [43, 44]. The structure of a SWNT can be conceptualized

by wrapping a one-atom-thick layer of graphite into a seamless cylinder. A sig-

nificant progress is the succuss of synthesis of bundles of aligned SWNTs with

small diameter distribution by laser-ablation [13]. Catalytic growth of nan-

otubes by the CVD method was first reported by Yacaman et al [14]. Inspired

by these achievements, CNTs have always attracted the largest interest over

the last two decades.
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Figure 1.4. TEM images of CNTs observed by Iijima [12].

The two main structures of CNTs are SWNT and MWNT (see Fig. 1.5). An

ideal SWNT can be visualized as a rolled-up sheet of a single layer of graphite

(graphene layer) into a seamless cylinder. While an ideal MWNT is similar

to a collection of concentric SWNTs with the interlayer distance of about 3.4

Å, which is close to the distance between two graphene sheets in graphite.

SWNTs are narrower in diameter than the thinnest line that can be obtained

in electron beam lithography. Most SWNTs have a diameter of close to 1 nm,

while MWNT diameter is larger than few nm. But in both cases the CNT length

can vary from several hundreds nm to few mm. In general, both SWNTs and

MWNTs have a length to diameter ratio of about 1000 and more, so they can

be considered nearly as one-dimensional structure. Nowadays, SWNTs are still

very expensive to produce, hence the development of cheaper means of synthesis

techniques are highly desired. Double-walled carbon nanotubes (DWNTs) are
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the special case of MWNTs. But their morphology and properties are similar

to those of SWNTs.

Figure 1.5. Structures of (a) SWNT and (b) MWNT.

As mentioned above, a graphene sheet can be rolled up more than one way

(see Fig. 1.6a), producing different types of CNTs. The chiral vector C is

often used to describe how the graphene sheet is rolled up. It is defined by the

following equation

C ✏ na1 �ma2 (1.1)

where n and m are integers. And a1 and a2 are two basis vectors of the

graphene lattice. The translation vector T is directed along the SWNT axis and

perpendicular to C. Moreover, the length of C, namely Lc, is the circumference

of the CNT and is given by

Lc ✏ a
❄
n2 �m2 � nm (1.2)

where a is the length of unit vector a1 or a2, 2.46 Å. The angle between the

chiral vector and the zigzag direction in the honeycomb lattice of atoms, called

chiral angle θ ♣0✆ ↕ θ ↕ 30✆q, can be obtained by

θ ✏ tan✁1

✂ ❄
3m

2n�m

✡
(1.3)
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Therefore, a CNT is uniquely specified by the pair of integers (n,m) or the

chiral angle. There are two limiting cases, corresponding to the achiral tubes,

known as zig-zag tubes (m ✏ 0 or θ ✏ 30✆) and armchair tubes (m ✏ n or

θ ✏ 0✆). Otherwise, CNTs with n ✘ m ♣0✆ ➔ θ ➔ 30✆) are called chiral tubes.

The three types of CNTs are presented in Fig. 1.6b-d.

Figure 1.6. (a) Schematic diagram showing how the graphene sheet is rolled up
to form a CNT [45]. The result CNT structures with different chiralities (b) zigzag,
(c) armchair and (d) chiral.
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1.2.2 CNT properties

CNTs have always attracted considerable interest in scientific community

and in industry since their first observation by Iijima in the early 1990s [12].

CNTs exhibit extraordinary electronic, mechanical and thermal properties,

which make them highly desirable in a variety of industrial applications, such as

electronics [1, 2], photonics [4], energy storage [6, 7], water and air purification

[8, 9], structural composites [10, 11]. In past two decades, a huge progress has

been achieved in CNT applications. Some of them have been commercialized,

such as polymers and lithium ion batteries [46].

Electrical properties of CNTs

Since an SWNT can be regarded as a rolled-up sheet of a graphene layer,

the band structure of the SWNT can be derived from the one of the graphene

layer [47]. It is well known that graphene is a semimetal with valence and

conduction bands degenerate at only six corners KB of the hexagonal first

Brillouin zone. The Fermi surface of the graphene sheet is thus reduced to

these six points [48], as presented in Fig. 1.7. When forming a tube, owing to

the periodic boundary conditions imposed in the circumferential direction, only

a certain set of k states of the planar graphite sheet is allowed. Whenever the

allowed k includes the point K, the system is a metal with a non-zero density of

states at the Fermi level, resulting in a 1D metal with two linear dispersing

bands. When the point K is not included, the system is a semiconductor

with different sized energy gaps. Therefore, CNTs with ⑤n ✁ m⑤ ✏ 3i are

metallic tube, and those with ⑤n✁m⑤ ✏ 3i✟ 1 are semiconducting tube, where

i is an integer. It could be concluded that all armchair SWNTs should be
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metallic, while one-third of zigzag and all chiral SWNTs are semiconducting.

However, the electrical properties of MWNTs are quite complex as their inter-

wall interactions non-uniformly distribute the current over individual tubes.

They are often investigated by First-principles calculations and experiments.

Figure 1.7. (a) Three-dimensional plot of the graphene energy bands and (b) a
2D projection. (c) Allowed 1D wavevectors for a metallic (9,0) SWNT. (d) Allowed
1D wavevectors for a semiconducting (10,0) tube [48].

In 1997 a big breakthrough on SWNT electrical conductivity was achieved

by Smalley et al [49]. It was found that CNTs could act as quantum wires.

Due to the confinement of conduction electrons in the transverse direction of

the wire, their transverse energy is quantized into a series of discrete values

E0, E1 and so on, where E0 refers to the lowest energy level. Because of the

quantization of electron energy, the resistance is also quantized. One year later

the quantized conductance in a SWNT was also observed by Frank et al.

G ✏ nG0 ✏ 2ne2④h (1.4)
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where n is integer; e and h are charge of the electron and plank’s constant.

Different from SWNTs, MWNTs exhibit not only multiples of conductance

quantum, but also non-integer quantum conductance values such as G ✏ 0.5G0

[50]. Heer et al. measured the intrinsic resistance of WNNTs. The value

reaches to at most 200 Ω/µm [51]. Hence the momentum mean free path is

greater than 30 µm, much larger than the tube length. It implies that these

tubes are ballistic.

Mechanical properties of CNTs

Due to the strong C-C sp2 bonding, CNTs are expected to have outstanding

mechanical properties including high strength, high stiffness and high flexibility

[52].

In 1996 Treacy at al. obtained the Young’s modulus of an individual

MWCNT by measuring the amplitude of its intrinsic vibration in TEM [53].

The obtained average value is 1.8 TPa, which is much higher than that of typ-

ical carbon fibers, 680 GPa [54]. This technique was also applied to measure

the Young’s modulus of isolated SWNTs and the average value is about 1.25

TPa [55]. However, this method has drawbacks. Firstly, the measured values

of the Young’s modulus by this technique have a considerable spread due to

the inevitable uncertainty in estimation of CNT length. In addition, it can

not evaluate the strength and toughness of CNTs, since the tubes can not be

strained at will.

Wong et al. explored another method to measure the mechanical proper-

ties of MWNTs by the use of atomic force microscopy (AFM) [56]. In this

method, MWNTs were pinned at one end to molybdenum disulfide surfaces.

This method allows us to measure not only the Young’s modulus, but also the
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strength and toughness. The estimated Young’s modulus is 1.26 TPa. CNTs

buckle elastically at large deflection angles of 10✆ for the length of 1 m. The

average bending strength is 14.2 GPa. The toughness is estimated to be 100

keV for a 30 nm diameter CNT, Therefore, CNTs show remarkable ability to

elastically sustain loads at large deflection angles, by which CNTs can store

considerable energy. Yu et al. measured the tensile strength of SWNT ropes

and MWNTs with a “nanostressing stage” located inside a LEO 1530 scanning

electron microscope (SEM). The estimated Young’s modulus of SWNT is from

320 to 1470 GPa [57] and The estimated Young’s modulus of MWNT is between

270 and 950 GPa [58].

Theoretical evaluation of the Young’s and shear modulus could be obtained

by calculating the second derivative of the strain energy with respect to the

nanotube elongation [59]. In the force-constant model the average value of

Young’s modulus is 0.97 TPa and of shear modulus is 0.45 TPa, respectively

[60]. Molecular dynamics (MD) simulations were also implemented to investi-

gate the mechanical properties of CNTs. The C-C interactions were described

by Tersoff-Brenner potentials [52, 61, 62]. For tubes in diameter of 1 nm, the

values of Young’s modulus and shear modulus are 5.5 TPa and 0.8 TPa, re-

spectively. The average value of the Young’s modulus for SWNTs is predicted

to be 1.24 TPa by a non-orthogonal tight-binding model [63]. Pseudopotential

density-functional theory (DFT) calculations were also applied to study the

Young’s modulus SWNTs. It was found that the obtained value for Young’s

modulus significantly depends on the choice of the nanotube volume and the

average value is found to be 56 eV (times nanotube volume) [64]. Table 1.1

shows the main mechanical properties of SWNTs, MWNTs, stainless steel and

Kevlar (an exceptionally strong, light, man-made fibre). As can been seen that
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Table 1.1. Main mechanical properties of CNTs, stainless steel and Kevlar.

Materials Young’s modulus Tensile strength Elongation
(TPa) (GPa) at break (%)

SWNTs ✒1 13-53 16
MWNTs 0.8-0.9 11-150 -

Stainless Steel ✒0.2 0.65-3 15-50
Kevlar ✒0.15 ✒3.5 ✒2

CNTs are the strongest and stiffest material in term of tensile strength and

elastic modulus.

Thermal properties of CNTs

The specific heat and thermal conductivity of CNTs are determined primar-

ily by phonons. The measurements of the specific heat of MWNTs or SWNTs

from 1 K to 300 K reveal the linear dependence of the specific heat over the

entire temperature interval [65–70]. The linear temperature dependence can be

explained by the linear k-vector dependence of the frequency of the longitudi-

nal and twist acoustic phonons [71]. While a T 0.62 behavior of the specific heat

was observed below 1 K [68]. It is attributed to the transverse to the transverse

acoustic phonons with quadratic k dependence [72].

CNTs display the very high thermal conductivity. The MD simulations pre-

dicted an unusual high thermal conductivity of about 6600 Wm✁1K✁1 for an

isolated (10, 10) nanotube at room temperature [73], comparable to the ther-

mal conductivity of an isolated graphene layer or diamond. These high values

are attributed to the large phonon mean free path. Direct measurement of the

thermal conductivity of an individual MWNT was preformed by using a micro-

fabricated suspended device in 2001 [70]. The observed thermal conductivity is

more than 3000 Wm✁1K✁1 at room temperature, which is ✒7 times higher than
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that of copper, 385 Wm✁1K✁1. Furthermore, the temperature dependent be-

havior of thermal conductivity was observed. The thermal conductivity varies

as T 2.5 at temperature range from 8 K to 50 K. At temperature from 50 K to

150 K the thermal conductivity increases quadratically in T . A peak at 320 K

will appear with further increase in the temperature.

Due to their high thermal conductivity and large in-plane expansion, CNTs

exhibit exciting prospects in nanoscale molecular electronics, sensing and actu-

ating devices, reinforcing additive ibers in functional composite materials.

1.2.3 CNT synthesis routes

In 1991 CNTs were first produced by the arc-discharge method [12]. From

then on, a variety of techniques have been explored for CNT production, such

as laser ablation [13], CVD [14, 15], diffusion flame [74–76], electrolysis [77, 78],

use of solar energy [79], heat treatment of a polymer [80], and low temperature

solid pyrolysis [81]. Among them, arc-discharge, laser-ablation and CVD are

the three most popular ones.

Arc discharge

Iijima first observed nanotubes synthesized from the electric arc discharge

technique. This method has been used long before that for carbon fiber and

fullerene synthesis. A schematic of the apparatus of arc discharge is depicted in

Fig. 1.8. The synthesis is performed in a chamber filled with an inert gas (He or

Ar). A voltage, approximately 20 V, is applied to the two rods to achieve a sta-

ble discharge arc. The current is typically 50 to 100 A. The temperature in the

inter electrode plasma region can reach about 6000 K. So the discharge vapor-
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izes the surface of one electrode and forms deposit on the other one. The final

product depends crucially upon the composition of the anode. To synthesize

high purity MWNTs, graphite electrodes are required. To synthesize SWNTs,

we can add some amount of metallic catalyst particles into the electrodes, such

as Fe, Co, Ni [44]. The final products can be controlled by the size of the

graphite rods, the gap between the anode and cathode, the inlet gas and the

voltage etc. A certain amount of hydrogen addition into the inert gas is more ef-

fective for MWNT production [82, 83]. It is explained by the high temperature

and high activity of the hydrogen arc faces. And an angle of 30✆ inclination of

graphite electrodes can accelerate CNT synthesis and yields SWNTs at a rate

of 1 g/min. Large-scale synthesis of SWNTs by arc discharge was achieved by

using a bimetallic Ni-Y catalyst in He ambient gas [84]. Arc discharge is one of

easiest ways to produce CNTs in large scales. CNTs produced by this way have

a good graphitization degree due to high synthesis temperatures. However, this

technique produces a complex mixture of components. Purification procedure

has to be followed after the synthesis to separate CNTs from the impurities in

the products.

Laser ablation

Laser ablation was first used for the fullerene synthesis. It is another popular

method to grow CNTs. It was first demonstrated in 1995 by Smalley et al [86].

Laser ablation works through the same mechanism as arc discharge, but instead

of producing heat through electrical discharge a laser is used. A focused and

powerful laser is used to rapidly heat carbon and vaporize it. The general

set-up for laser ablation is shown in Fig. 1.9. The synthesis is performed in

a quartz tube as the reactor [87]. A pellet of graphite is put in the middle
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Figure 1.8. Schematic of the CNT growth by arc discharge [85].

of the quartz tube. And then the reactor is heated to 1000-1200 ❽ under an

inert gas flow. The vaporization laser is the second harmonic (532 nm) of a

Nd:YAG laser providing 10 ns, 250 mJ pulses at 10 Hz. The nearly Gaussian

output beam is focused onto the target with a 3-mm or 6-mm beam spot.

The laser beam scans across the target surface under computer control. Then,

the CNTs nucleate in the vapor phase and are carried away by the gas flow,

finally deposit on a collector outside the furnace in the cooling zone. In laser

ablation the temperature and the pulse time can be precisely controlled. So

by tuning the process parameters we can obtain high quality CNTs. However,

it suffers from drawbacks. Firstly, it is difficult to scale up production to the

industrial level using these approaches. In addition, this technique produces

a complex mixture of components. It is quite difficult to purify, manipulate,

and assemble CNTs for building nanotube device architectures for practical

applications. CNTs are always damaged during the purification process.

18



1.2. CNT SYNTHESIS BY FCCVD

Figure 1.9. Schematic of the CNT growth by laser ablation [86].

Chemical vapor deposition

Besides arc-evaporation and laser ablation methods, CVD method is also

popular and widely used for CNT synthesis. Catalytic growth of nanotubes

by CVD method was first reported by Yacaman et al [14]. Since then many

research groups in the world showed their great enthusiasm in CVD for CNT

growth. It is technically easy to carry out as in its simplest version it only

requires an oven, a tubular reactor and a set of mass flow controllers to feed

the gas mixture. Therefore, CVD method is the most promising one for large-

scale production at lower cost. [88–92].

CNT synthesis by CVD is based on the catalytic decomposition of hydrocar-

bons on catalysts at temperature about 600-1200❽. Fig. 1.10 shows a schematic

diagram of the experimental set-up used for CNT growth by CVD method. A

wide range of metal catalysts and hydrocarbons can be used. The carbon

sources are methane, acetylene, benzene, xylene [91, 93–95]. Catalysts can be

usually transition metals (Fe, Co, Ni), alloys, in the form of thin films, as-

deposited nanoparticles, liquid (catalytic precursors). A general CVD process

includes several fundamental steps [96], including catalytic or pyrolytic decom-

position of hydrocarbons on the catalyst surface or in the gas phase to release
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reactive carbonaceous species, diffusion of these reactive species on/into the

catalyst, nucleation of the graphitic nuclei on the catalyst surface, and further

incorporation of carbon into the growing graphitic structure to elongate the

tube.

Figure 1.10. Schematic of the CNT growth by CVD [97].

Based on the general principle of CVD illustrated in Fig. 1.10, various types

of variant were developed, such as plasma-enhanced chemical vapor deposition

(PECVD) [98, 99], FCCVD [100] and HiPCO (high pressure CO disproportion-

ation) process [101].

1.2.4 CNT growth mechanism in FCCVD

Among the different synthesis methods, FCCVD is currently the most com-

mon technique to grow CNTs, where carbon sources and catalytic precursors are

injected simultaneously into the reaction system [102, 103]. The organometallic

compounds (ferrocene [104, 105], cobaltocene [106], nickelocene [107]) and iron

pentacarbonyl [101] are the most commonly used catalytic precursors. The car-

bon sources can be methane, acetylene, benzene, xylene [91, 93–95]. Normally,
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the process is carried out under an mixture of hydrogen and inlet gas atmo-

sphere. Despite of enormous experimental and theoretical studies, the growth

mechanism of CNTs remains poorly understood [108].

General mechanism

Vapor-Liquid-Solid (VLS) model is the first approach to understand the

growth of CNTs which originally was suggested by Wagner and Ellis to explain

the growth of Si whiskers [109]. Using VLS model, Baker explained the mech-

anism of carbon filament growth [110]. In this model, carbon atoms from the

decomposition of the hydrocarbon dissolve into the catalyst, and then precipi-

tate on the surface of the catalyst to form a carbon nanofilament. There are two

general cases which distinguish from each other by the interactions between the

metal and the support. The weak interactions yield tip-growth where nanofila-

ment lifts the catalyst from the substrate during the growth, whereas the strong

interactions result in base-growth where the catalyst is strongly attached to the

substrate during the growth process, as presented in Fig. 1.11.

Figure 1.11. Schematics of the root-growth and tip-growth modes for carbon
filament growth [111].
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The growth model for carbon filaments has been widely used for CNT

growth. The VLS mechanism is supported by some experiments, for exam-

ple, in the case of carbon nanofibers and MWNTs growth on iron [112, 113].

It roughly describes the CNT growth process and proposes a possible way to

control the CNT diameter by adjusting the catalyst particle size. However, this

model is too simple to well describe the complex CNT nucleation and growth

processes. Some details on the molecular aspects of CNT growth remain to be

elucidated.

The driving force that pushes carbon atoms to diffuse in the catalyst has

given rise to numerous debates. As the dissociation of many hydrocarbons on

the surface of the metal is exothermic and the precipitation of solid carbon is

endothermic, Baker et al. suggested that the driving force is the temperature

gradient within the catalyst. This hypothesis can explain the growth of CNTs

when the dissociation of the carbon precursor is exothermic. But it encounters

difficulties in the case of dissociation of alkanes [114]. Tibbetts proposed that

the gradient in chemical potential is the driving force [115]. But this hypothesis

also suffers drawbacks. It fails to explain the growth when the particles remain

solid.

Catalyst nanoparticle plays an important role in CNT synthesis. The chem-

ical and physical states of the catalyst should also be addressed. They are

strongly influenced by the catalytic activity, and the solubility and diffusivity

of carbon. Metallic particles (such as Fe, Co, Ni) are commonly considered as

the catalysts for CNT formation. In fact they are often observed during CNT

growth [116–119]. Beside Fe, Co and Ni, CNT growth have been reported using

a wide range of metallic particles, such as Pd, Pt, Au, Mn, W, Ti, Mg , Al, In,

Na, K, Cr and Cs [120–127] and other mixed compounds, such as FeSi, SiC,
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SiO2, Al2O3, TiO2, ZnO, Er2O3 [128–131]. The mixture of active catalysts, such

as Fe, Co and Ni are also frequently used as the catalysts [132, 133]. Accord-

ing to the VLS model a metal carbide phase is expected to form during CNT

growth. In fact, in the case of iron-based catalyst, iron carbide phase (Fe3C)

is often detected by ex-situ post-experimental characterizations [134]. In-situ

high resolution TEM observed that the transformation from Fe into Fe3C pri-

ors to CNT growth, indicating that Fe3C phase is active for CNT formation

[135, 136]. Mazzucco et al. reported that the cementite (Fe3C) structure are

active for CNT growth by combining in-situ TEM and DFT calcualtions [137].

However, CNT growth directly using Fe3C as the catalyst ended up in failure

[138], implying that Fe3C can not catalyze CNT growth. Thence the chemical

and physical states of the catalyst are still under debate.

VLS model suggests that catalytic particles might be liquid during CNT

growth process, because during the growth, the particle exhibits a liquid-like

morphology by in-situ high resolution TEM, which is similar to a melted metal

droplet [110]. CVD processes are commonly conducted at temperatures 500-

800 ❽ which is far below the melting temperature of iron 1534 ❽ and the iron

carbon eutectic temperature 1147 ❽. However, for nanosized metal particles,

the melting temperature is dependent on their sizes. It could be estimated that

metal particles with diameters less than 2-3.5 nm are expected to be in liquid

state. After dissolving certain amounts of carbon, the above evaluated diameter

values might be increased a little. However, the melting point of the particles

is still much higher than the CNT synthesis temperature in some cases [139].

Oberlin et al. observed that catalyst metal particles may be solid by using high

resolution TEM and selected area electron diffraction (SAED) analysis. They

also found that there is a strong correlation between the crystalline structure
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of the catalyst metal particle and the one of the graphene sheets [140]. In 2004

Helveg et al. for the first time recorded, in real time, MWNT growth from a Ni

particle inside a high resolution TEM (Fig. 1.12) [141]. In the high resolution

TEM image, the lattice fringes can be clearly seen. Hofmann et al. investigated

SWNT growth on both Ni and Fe by using in-situ high resolution TEM and

in-situ X-ray photoelectron spectroscopy (XPS) [142, 143]. They also found

that SWNTs grow from solid particles. Based on these in-situ observations,

vapor-solid-solid (VSS) model was also proposed for CNT growth.

Figure 1.12. Electron micrographs of the Ni catalyst and carbon nanofibres [141].

The carbon diffusion pathway during CNT growth is still a highly debated

issue. Since carbon diffusion pathway is largely influenced by the carbon solu-

bility of caralyst nanoparticles. Baker et al. postulated that carbon diffusion

should take place in the bulk of nanoparticles during CNT growth by measur-
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ing the activation energy of carbon diffusion in catalyst nanoparticles. They

also predicted that carbon diffusion is the rate-limiting step [112]. Besides bulk

diffusion, several groups also reported that carbon diffusion should take place

on the surface of the catalyst particle [141, 144–146]. In 2004 Helveg et al. ob-

served the CNT growth process over Ni particles by an in-situ high resolution

TEM, as shown in Fig. 1.13. They proposed that the nucleation and growth of

graphene layers are found to be assisted by a dynamic formation and restruc-

turing of mono-atomic step edged at the Ni surface. This observation reveals

that the carbon diffusion precedes on the catalyst surface. DFT calculations

found that the activation energy of carbon surface diffusion on Ni is about 0.4

eV, much lower than that for bulk diffusion [147]. Ab-initio MD simulations

also showed that the surface diffusion of carbon atoms on a 1 nm Fe particle

is significantly faster than carbon diffusion in the bulk of the particle [148]. In

addition, Hofmann et al found that sub-surface diffusion is energetically more

favorable than surface or bulk diffusion [147]. Rinaldi et al reported that carbon

migration to the sub-surface is actually favored for both Ni(111) and Ni(100)

(see Fig. 1.14) [149]. According to above studies, it seems that all bulk, surface

and subsurface diffusion are possible during CNT growth. And the type of

diffusion depends on the catalyst chemical composition and morphology. For

Fe, bulk diffusion is more favorable due to the high activity. In contrast, for Ni

and Cu, carbon diffusion proceeds either on the surface or in the subsurface.

The substrate plays an essential role in stabilizing catalyst nanoparticles. A

variety of supports have been used to synthesize CNTs, including SiO2 [150],

Al2O3 [150, 151], MgO [152], CaO [150], zeolite [151], anodic aluminum oxide

(AAO) [153] and graphite [154] etc. The catalyst-substrate interactions can

significantly alter the chemical and physical states of the catalyst and conse-
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Figure 1.13. In-situ high resolution TEM image sequence of a growing carbon
nanofiber. Images (a-h) illustrate one cycle in the elongation/contraction process
[141].

quentially influence the CNT growth mechanism. As mentioned before, the

growth model of CNTs (tip-growth or base-growth) strongly depends on the

catalyst-substrate interactions. For example, CNT growth on SiO2 exhibits a

tip growth mode with a slow growth rate of less than 100 nm/min. In contrast,

the growth on Ta follows a base growth mode with a fast growth rate exceeding

1 µm/min [155]. Two distinct kinds of CNTs, namely crawling and flying nan-

otubes (see Fig. 1.15), can be obtained by fabricating barriers and gaps on the

substrate, due to either a continuous intimate contact with the substrate dom-

inated by vdW forces or a mere substrate anchoring of nanotubes held afloat

during growth [156]. CNT growth is also affected by the morphology of the

substrate. The high magnification SEM images demonstrate that the growth

of CNTs takes place at the crystal step sites, rather than in the flat regions.

The direction of CNT branches is strongly dependant on the orientation of the

crystal steps, as shown in Fig. 1.16. Moreover, the activity of catalyst is in-

fluenced by the substrate. Su and Colomer et al. observed that Fe exhibits

higher activity on Al2O3 than on SiO2 [104, 157]. Willems et al. observed that
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Figure 1.14. Energy (top) and the corresponding configurations (bottom) as a
function of the distance of carbon to the Ni(100) and Ni(111) surfaces. a1 and b1
show the adsorbed configurations, a2 and b2 are the transition states, and a3 and
b3 are the systems with subsurface carbon [149].
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Co-Mo exhibit better results on alumina than on zeolite [151]. Vander Wal et

al. found that Ni is more active on TiO2 than on SiO2, Al2O3 and CaO. While

Cu is more active when supported on CaO and SiO2 and less active on TiO2

and Al2O3 [150].

Figure 1.15. Schematic views of crawling and flying SWNTs with the relevant
forces acting upon them: van-der-Waals attraction (vdW), growth extrusion (G),
alignment forces (A), thermal fluctuations (T) and buoyant lift (B) [156].

Furthermore, the catalyst-substrate interactions can cause deactivation of

the catalyst. Ostwald ripening of catalyst particles during the growth is a well-

known cause of deactivation (see Fig. 1.17) [159]. It arises from Fe particle

migration. The small particles will tend to shrink, since they are thermody-

namically less stable than the large ones, thus leading to growth termination.

A small amount of water addition can avoid Otswald ripening by the formation

of hydroxyl groups on the alumina surface. In addition, the diffusion of metal

into the support can also result in the poisoning of catalysts [160, 161]. In the

case of SiO2 as the catalyst, the growth termination is ascribed to the forma-

tion of the catalytically inactive silicide compounds which prevent the catalyst

from reacting with the carbon feedstock for further CNT growth. This problem

can be overcome by creating a diffusion barrier on the substrate using an oxide
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Figure 1.16. SEM images of the six-branch hybrid structure consisting of CNTs
and heat-treated µAl2O3 [158].

layer (like thermally oxidized SiO2, MgO, ZnO, TiO2 or Al2O3).

Finally, the CNT growth direction is also related to the crystallographic

orientation of the exposed substrate surface. Su et al. observed SWCNT growth

horizontally on silicon support surface take preferred orientations depending on

the lattice geometry of the support [162]. CNTs preferentially grow at 90✆ on

Si (100) surface, but at 60✆ on Si (111) surface. Similar results were observed

during the CNT growth on MgO. It was found that MgO(001) surface shows

preferential growth of CNTs along (110) direction [163].
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Figure 1.17. Schematic representation of the Otswald ripening mechanism of
catalyst during CNT growth by thermal CVD [159].

Mechanism in FCCVD

The growth mechanism of CNTs in FCCVD follows the general mechanism

as a common CVD process. Both base growth and tip growth mechanisms of

CNTs have been observed in FCCVD. Even the growth model that combine

tip and base growth was reported by some groups [164–166]. But CNT growth

in FCCVD is obviously more complex than the supported catalyst case where

catalysts are pre-deposited. Although CNT growth in FCCVD always occurs on

a substrate, the models developed for supported catalysts can not fully describe

the CNT growth by FCCVD [167].

In FCCVD the catalyst precursor decomposition releases both metal atoms

and reactive carbon species. It is difficult to trace catalyst evolution in ex-

periments. Therefore, catalytic nanoparticles formation mechanism is highly

debated. Two possible situations are frequently discussed. In the first case,

the as-formed suspended catalyst nanoparticles in the gas phase being spher-

ically shaped to minimize their surface energy would be gradually deposited

on the substrate. And finally the CNT nucleation and growth will occur on

the substrate. Whether further reactions like aggregation or coalescence will
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occur or not on the substrate depends on their sizes and nature. Since the

catalytic nanoparticles originate from decomposition of ferrocene in the gas

phase, homogeneous nucleation was proposed as one possible mechanism for

iron nanoparticle formation. Moisala et al demonstrated that thermal decom-

position of ferrocene will result in formation of supersaturated metal vapour in

the reactor, enabling nucleation and growth of iron nanoparticles via condensa-

tion and coagulation in the gas phase due to the very low iron saturated vapour

pressure [168]. Castro et al. found that the change in iron vapor pressure has a

great influence on CNT growth efficiency and diameter. They further deduced

that homogeneous nucleation is the dominant mechanism for iron-based particle

formation in gas phase [169]. Zhang et al. successfully modulated the diameter

of CNTs by controlling the concentration of the iron atom at the initial rate.

It reinforces the hypothesis of homogeneous nucleation of iron nanoparticles in

the gas phase [170]. Castro et al. also found the strong correlation between

the size and the number density of nanoparticles can be well explained by the

homogenous nucleation hypothesis, which further underlines the importance of

controlling the homogeneous nucleation of catalytic particles [171]. Based on

the homogeneous nucleation hypothesis, the formation process and the growth

rate of nanoparticles from thermal decomposition of ferrocene were simulated

by computational fluid dynamics (CFD) methods [172–174]. These simula-

tion results explained the experimental observations that the diameter of iron

nanoparticles increases with the increase in the temperature and the ferrocene

concentration. However, the above-mentioned results are based on speculations

or indirect evidences. Furthermore, CFD simulatitons predicted that the size

of catalytic iron nanoparticles will increase along the reactor axis, while, the

results in the study on position-dependent growth of MWCNTs on alumina

31



CHAPTER 1. INTRODUCTION

microparticle contradict this prediction [175]. In addition, all the nanoparticles

are considered as pure iron in the CFD models, but whether the nanoparticles

in the gas phase are pure iron or not is still needed to be confirmed. In the

second case, the in-situ formed CNT ’embryos’ in the gas phase would reach

to the substrate and elongate following the tip or the root growth model. We

should find the longer CNTs on the substrate while the shorter CNTs in the gas

phase. A recent study reported the simultaneous growth and separation of both

SWNTs and MWNTs during the same CVD synthesis. The MWNTs formed on

the substrate, whereas the SWNTs spontaneously originated in the gas phase

[176]. Chen et al. also reported that CNT morphology can transfer from large-

diameter MWNT arrays to SWNT films by adjusting the temperature. They

postulated that MWNT arrays should grow by the catalysts nucleation on the

surface of the substrate, while SWNT films grew by the catalyst particles di-

rectly nucleated in the gas flow (see Fig. 1.18) [177]. Therefore, the early stages

of CNT growth are still under debate. [177]

Figure 1.18. Sketch map of catalyst landing status for the growth of MWNT
arrays and SWNT films via FCCVD process [177].
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1.3 Laser-Induced Incandescence

1.3.1 LII history

LII phenomenon occurs when a high-energy pulsed laser beam encounters

particular particles like soot or carbon black. When particles are heated up by

a short laser pulse of a few nanoseconds duration, their temperature increases

immediately (✒ 4000 K). Meanwhile, the particles loose energy by heat transfer

mechanisms. The thermal radiation leads to the LII phenomenon. LII could

produce 50 ns to 1 us long light pulses. The research on LII was first outlined by

Weeks and Duley in 1974 [178]. It was found that the aerosol particles generated

form sub-micron powders of carbon black and alumina released a momentary

emission of light when heated by TEA CO2 laser pulses. And the spectrum of

this emission related to the particle size. In 1977 Eckbreth found several inter-

ferences during the Raman scattering experiments, which were identified to be

laser modulated particulate incandescence [179]. They proposed an analytical

model to describe this process, which displays fair agreement with experimen-

tal results. Triggered by these results, a series of works had been made on LII.

The real pioneer of LII technique is Melton. In 1984 Melton improved the equa-

tions governing the laser heating and vaporization of particles [24]. This work

exploited the potentiality of LII as a powerful diagnostic tool for soot concentra-

tion measurement and particle sizing. A time-resolved variant of LII (TR-LII)

was introduced to allow particle sizing by recording the time-dependent particle

emissions during particle cooling after the laser heating by Roth [180, 181] and

Will [25, 26]. These results have been validated by the TEM observations [182].

In the past decades LII had undergone significant developments. Following the

earlier modeling work of Weeks and Duley [178], different detailed models were
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developed to serve as means to extend this technique to a wider variety of con-

ditions, including high pressures and low temperatures [183–189]. In 2002 R.

Vander Wal et al. first applied LII to study the CNT flame synthesis [190].

Snelling and coworkers developed the auto-compensating LII. This technique

can archive a quantitative measurement of volume fraction without further cal-

ibration process by using another soot measurement technique [191, 192]. The

early experiments about LII focus on soot size measurements [24–27]. Due to

its non-intrusive, real-time and in-situ nature, it has recently been spread to

a variety of a range of sources, such as Cu [29], Ti [30], and Fe [31, 32], and

Fe-C binary nanoparticles [33, 34]. Nowadays, LII has proven to be a powerful

tool for particle concentration and primary particle size measurement and was

used in a wide range of applications, such as combustion, particle synthesis and

environment. However, this technique is rarely applied for the CNT growth.

The mechanistic investigation of carbon nanotube formation was examined by

Cau et al. within the framework of laser vaporization [193]. Recently Yatom

et al. also conducted laser-induced incandescence measurements in the carbon

arc discharge for synthesis of CNTs [194]. However, the synthesis of carbon

nanotube by laser vaporization and carbon arc discharge are arguably different

than CNT growth by floating catalyst CVD.

1.3.2 LII model description

The LII model is constructed based on the laws of conservation of energy

and mass during heating by the laser pulse and subsequent cooling of a spherical

nanoparticle, which is outlined in a number of publications [24, 27, 195–199].

The rates of heat and mass transfer are modeled by two time-dependent differ-

ential equations, one is the energy conservation equation and the other one is
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mass conservation equation. The energy conservation equation and the mass

conservation equation for an individual spherical particle imposed to the ab-

sorption of light are written as

d♣mpcpTpq
dt

✏ qabs ✁ qrad ✁ qcond ✁ qevap (1.5)

dmp

dt
✏ ✁Jevap (1.6)

where mp and cp are the mass and the heat capacity of nanoparticles, respec-

tively; Tp is the current temperature of nanoparticles; t is time; qabs is the laser

energy flux absorbed by nanoparticles; qrad is the radiation energy flux from

the surface of a nanoparticle; qcond is the energy flux during convective heat

transfer; qevap is the energy flux from the surface of the nanoparticle during

evaporation. Jevap is the mass loss rate form the particle surface in evapora-

tion process. The main energy transfer process are presented schematically in

Fig. 1.19. The nanoparticle energy absorbed by laser pulse heating is consumed

by thermal radiation as incandescence light, convective heat transfer with the

molecules of surrounding gas, and evaporation of the substance on the surface

of nanoparticles. In order to simplify the model, the nanoparticles are assumed

to be spherically shaped, which do not result in significant deviations in describ-

ing radiation. Some other heat transfer processes, such as oxidation, molecular

arrangement etc., have been neglected. Because these kinds of heat loss are

relatively too weak in our experiment conditions [186, 200].
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Figure 1.19. Heat exchange diagram during laser pulse heating.

The absorption of electromagnetic radiation by a particle in the Rayleigh

limit is described by the equation

qabs ✏ E ♣mq ☎ q ♣tq ☎ π
2d3p

λlaser

(1.7)

where E ♣mq is the particle refraction index; q ♣tq refers to the laser profile (a

gaussian temporal profile was used); dp describes the particle diameter; λlaser is

the laser wavelength.

Different models for describing the heat fluxes due to heat conduction exist,

which are classified according to the Knudsen number. The Knudsen number

is the key system parameter, which is equal to the ratio of the free path of

particles to the typical particle size

Kn ✏ l

dp
(1.8)

In the studied conditions, the Knudsen number is significantly higher than

one, which indicates that the heat and mass transfer proceed in the free molec-
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ular regime. The heat flux from the nanoparticle surface can be expressed as

[201]

qcond ✏ αTπ
d2p

8
pgct

γ � 1

γ ✁ 1

✂
Tp

Tg

✁ 1

✡
(1.9)

where αT is the thermal accommodation coefficient (TAC) of the energy of am-

bient gas molecules at the surface of a nanoparticle; ct ✏
❜

8RTg

πµg
is the average

thermal velocity of gas molecules; pg is the gas pressure; R=8.3145J/molK is

the universal gas constant; µg is the molecular weight of ambient gas molecules;

γ ✏ cpg
cpg✁R

is the ratio of the heat capacities of the gas; cpg is molecular heat

capacity of the gas; Tg is the temperature of the surrounding gas. The value

of TAC is the main parameter for calculating convective heat exchange in the

free molecular regime.

The Stefan-Boltzmann law is used to calculate the thermal radiation heat

loss from the particle surface in all spectra range.

qrad ✏ πd2p ☎ ε ☎ σSB

�
T 4
p ✁ T 4

g

✟
(1.10)

where σSB ✏ 5.6704 ✂ 10✁12W ④cm2K4 is the Stefan-Boltzmann constant. ε is

the emission coefficient of nanoparticles. As the heat loss form radiation is usu-

ally relatively low comparing to the heat loss from conduction and sublimation

[202]. ε is assumed to be 1 in this study to simplification.

In the LII model heat losses by the particle evaporation becomes very im-

portant when heating proceeds to temperatures higher than the evaporation

temperature, the evaporative cooling rate is represented as

qevap ✏ ✁△Hv

Wv

dmp

dt
(1.11)

dmp

dt
✏ ✁πd2p pv

❞
Wv

2πRTp

(1.12)
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where △Hv is the average enthalpy of formation of sublimed species, Wv is

the average molecular weight of sublimed species. The pressure of the vapor

over the particle surface pv is calculated by means of the Clapeyron-Clausius

equation [203],

pv ✏ pref e
✁∆Hv

R

✁
1

Tp
✁ 1

Tref

✠
(1.13)

where pref and Tref are the the temperature and pressure at some point at the

evaporation curve.

For carbon nanoparticles, the contribution of carbon clusters C1-C10 to the

heat losses through evaporation has been analyzed by Michelsen et al. [187]. It

is assumed that all clusters carried away from the carbon nanoparticle surface

are C3 clusters (Wv = 36 g/mol), since the contribution of C3 clusters to the

flow of the substance carried away is dominant comparing to the contribution of

the rest [204]. The evaporation enthalpy value in this model is taken as △Hv ✏
7.78 ✂ 105 J/mol. In order to determine the value of carbon vapor over the

surface of carbon nanoparticles, data on graphite pref ✏ 1 atm and Tref ✏ 3915

K are used in Clapeyron-Clausius equation. For iron particles, In simulating the

heat exchange of iron particles with the ambient gas environment, it is assumed

in this model that iron atoms are carried away from the surface of particles in

evaporation. In order to determine the pressure over the nanoparticle surface,

thermodynamic data on solid iron are used, pref ✏ 3337 Pa, Tref ✏ 2500 K, and

△Hv ✏ 3.76✂ 105 J/mol.

Two-color Pyrometry was applied to determine the maximum heating tem-

perature of nanoparticles by the laser pulse [27, 205, 206]. Under the assumption

that the radiation density is governed by the Planck law with known emissivity

values of nanoparticles at the chosen wavelengths, the exact maximum tem-

perature value of nanoparticles can be determined. The following expression is
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used to determine nanoparticle emission coefficient in the Rayleigh limit

ε ♣λq ✏ 4πdpE♣mq
λ

(1.14)

For simplification, we assume that the energy distribution along the diameter

of the laser beam is homogeneous, all particles achieve the same temperature.

Then the incandescence signal detected at wavelength λ is determined by the

relation

S ✏ K
π2d2phc

2ε ♣λq
2λ5

✁
e

hc
λkBTp ✁ 1

✠✁1

(1.15)

where h is Planck constant; c is the velocity of light in vacuum; kB is the Boltz-

mann constant; K is the calibration constant characterizing the parameters of

the recording system. Application of Eq. (1.15) to the relation of maximum

radiation intensities at two different wavelengths λ1 and λ2 gives the relation

for the maximum heating temperature of nanoparticles:

T 0
p ✏ hc

kB

✁
1
λ2
✁ 1

λ1

✠
ln
✑
S1☎K2☎ε♣λ2q☎λ5

1

S2☎K1☎ε♣λ1q☎λ5
2

✙ (1.16)

where S1 and S2 are the LII signals. λ1 and λ2 are the two selected detection

wavelengths (in this study they are 492 nm and 694 nm). ε ♣λ1q and ε ♣λ2q are
the emission coefficients. For small particles in the Rayleigh limit, the ratio of

emissivities of nanoparticle can be approximated by [207]

ε ♣λ2q
ε ♣λ1q ✒

λ1

λ2

(1.17)

K1 and K2 are the calibration constants for each of the two wavelengths,

which can be are experimentally determined. K1④K2 represents the spectral

sensitivity of the detection system at the two wavelengths 1 and 2. The K1④K2
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is known for a fixed detection system. Then the system can be calibrated using

a blackbody source of the known temperature. So we have

T 0
p ✏

hc

kB

✁
1
λ2
✁ 1

λ1

✠
ln
✑
S1☎K2☎ε♣λ2q☎λ5

1

S2☎K1☎ε♣λ1q☎λ5
2

✙
� hc

kBTBB
♣ 1
λ2
✁ 1

λ1
q

(1.18)

where SBB is the signal from a blackbody source at the temperature TBB.

In the present work, the particle temperature as a function of cooling time

can be calculated by solving the differential Eqs. (1.5) and (1.6) with the heat-

up temperature T
p
0 as an initial value. A fourth order Runge-Kutta algorithm

was implemented for this purpose. The intensity of incandescence on the de-

tected wavelength from a single spherical particle with known temperature is

determined by an expression based on the Planck law [180, 181].

Sd ♣tq ✏ C

✔
✕ d3p ♣tq
exp

✁
χTg

Tp♣tq

✠
✁ 1

✁ d3p0

exp ♣χq ✁ 1

✜
✢ (1.19)

where χ ✏ hc
λkBTg

, and dp0 is the initial nanoparticle size before evaporation.

Eq. (1.19) is relevant for a particle ensemble of uniform dp0. It is known that

nanoparticles from synthesis processes obey a certain size distribution. In the

present work, a log-normal size distribution for the particles is assumed, which

is most commonly satisfied for statistical process descriptions [208–210]. The

expression for log-normal function is written as

df ✏ 1❄
2πdp ln σg

exp

✓
✁♣ln dp ✁ lnCMDq2

2 ♣ln σgq2
✛
ddp (1.20)

where CMD is the count median diameter of nanoparticles. σg is the geo-

metrical deviation from the mean size. Then the signal from an ensemble of
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nanoparticles with a size distribution obeying Eq. (1.20) is given by

S ♣tq ✏
➺ d2

d1

Sd ♣tq df (1.21)

Finally, the measured LII signals were evaluated in terms of particle size

by fitting calculated LII curves to the experimental profiles under variation of

CMD and σg by a least-squares method [211]. For comparison purposes, the

the geometric standard deviation σg was also obtained by approximating the

histograms of nanoparticles distribution measured by TEM micrographs using

the log-normal function in some cases.

1.4 Conclusion

In this Chapter, we reviewed some basic knowledges of CNTs, such as the

history and their structures. And then various CNT synthesis routes were

discussed. Among them, the detailed description of FCCVD were presented

due to its large-scale production of well-controlled CNTs. The state of the

art research of CNT growth mechanism was reported. The main questions in

current research on CNT growth were listed. The importance of the study

on nanoparticle formation in the gas phase during FCCVD were underlined.

Moreover, an in-situ diagnostic technique LII was mentioned. LII has been

recognised as one of the most promising techniques for in-situ quantitative

measurements of particle size and distribution. The history, basic physical

principle and mathematic model of LII were all discussed in details. It could

be found that the LII technique could be a very useful tool to achieve a non-

intrusive, real-time and in-situ diagnostic for the nanoparticle sizing during

FCCVD process.
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In the next part of this research, Chapter 2 will introduce the FCCVD pro-

cess used in this research and present the different characterization techniques

to study the CNT growth mechanism. Then, Chapter 3 will present the evolu-

tion of nanoparticles in the gas phase along the reactor axis at different CVD

conditions by in-situ diagnostic technique LII. Chapter 4 will study the roles

of the substrate and the influence of its features on the CNT morphology and

yield. The roles of nanoparticles during FCCVD process will also be discussed.

Finally, Chapter 5 will summarize this research and provide some perspectives

for further investigations.
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2
Experimental procedure

In this Chapter, the FCCVD process for CNT growth, including the mate-

rials and equipments, are presented. Various diagnostic methods during/after

FCCVD process are described. The in-situ characterization methods, including

LII, thermocouple, etc., are used to obtain the information real-timely. After

CNT synthesis samples are also analyzed by the ex-situ characterization meth-

ods, including microscope, Raman, Thermogravimetric Analysis (TGA) etc.

2.1 CNT growth by FCCVD

2.1.1 Materials

The main materials involved in this study are listed in Table 2.1. Argon (Ar,

99.8 % purity) was used as the protection gas. Ferrocene was also applied as

the catalytic precursor due to its good stability, low cost and non-toxicity [212].

High purity hydrogen (99.99%) with levels of 0.1 ppm O2 and 0.5 ppm H2O was

utilized in this study. H2 was also used since suitable content of H2 leads to an
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CHAPTER 2. EXPERIMENTAL PROCEDURE

Table 2.1. Information of the main materials used in this research.

Materials Formula States Origin
Argon Ar Gas Air Liquide

Acetylene C2H2 Gas Air Liquide
Hydrogen H2 Gas Air Liquide
Ferrocene Fe(C5H5)2 Solid Alfa Aesar
Xylene C8H10 Liquid Alfa Aesar
Alumina µAl2O3 Solid (Size in 3-10 um) Perf. Ceramics Comp.

augmentation in carbon supply by promoting the decomposition of hydrocarbon

vapors into more reactive byproducts [213, 214]. Acetylene was also provided to

the system to accelerate the synthesis of CNTs [215–217]. CNTs were synthe-

sized onto two different substrates: quartz plates and micro-spherical alumina

particles µAl2O3, size ranging in 3-10 mm, with 99.8 % purity including 800

ppm SiO2, 600 ppm Na2O. The µAl2O3 particles exhibit a multiphase crystal-

lographic structure, containing mostly the thermodynamically stable hexagonal

αAl2O3, and to a lesser extent metastable tetragonal δ and monoclinic θ phases.

It is also worth noting that no evident phase-transformation occurred when the

µAl2O3 particles were heated at temperatures up to 800 ❽ [158].

2.1.2 FCCVD processes

CNTs were synthesized by the FCCVD process. The schematic of the over-

all CVD system in our experiments is presented in Fig. 2.1. The solid-state

catalyst precursor ferrocene was first dissolved into the carbon source solvent

xylene. Then the solution was injected into the reactor by a spray, which con-

tains two concentric tubes of 0.5 mm diameter, one for gas and the other for

liquid, as depicted in Fig. 2.2. The liquid flow was controlled by an electronic

syringe system (Razel Science, R99-E), while the gas flows were monitored by
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2.1. CNT GROWTH BY FCCVD

thermal electronic gas flow meters (Brook Smart). During the spray process,

the solution will be brought into the reaction zone by the production of small

droplets. In order to achieve a good vaporization of the spray, the speed of gas

flow should be rationally controlled. It should not be too low or too high, since

too low gas flow will result in a bad dispersion of the liquid, while an excessive

flow rate would induce a recirculation in the reactor. The total gas flow rate

was kept to 1 L/min during the whole process, which can make sure a good

dispersion of the liquid.

Figure 2.1. Schematic of the CVD system used in this research.

Figure 2.2. Schematic of the solution spray in the CVD system.

The CNT synthesis was carried out by FCCVD in a reactor. The equip-

ment used in FCCVD is typically a horizontal quartz tube heated by an electric

furnace. However, in this situation NPs inevitably deposited on the inner wall
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of the quartz tube due to the high temperature, which disturbs LII signals

from NPs floated in the gas phase. Therefore, a ’real’ in-situ detection of

NPs suspended in the gas phase was very difficult. Alternatively, a stainless

steel reactor with seven 15-cm long stainless steel open-ended tubes (6.3 mm in

diameter) welded perpendicular to the reactor axis was designed in our exper-

iments and the gas exhaust was probed by laser-induced incandescence at the

end of each 15-cm long tubes, as depicted in Fig. 2.3. And then we conducted

a validation experiment inside the reactor, where a TEM grid was placed into

the tube furnace. This comparative study revealed that there are no statistical

differences in size and structure between the NPs inside the reactor and those

collected at the location where the LII signal was probed. We further validated

the accuracy of our LII method by comparing with TEM data. The good agree-

ment between the LII and TEM sizing data demonstrate the validity of this

approach in this case. In each CVD run, P5 was positioned in the center of the

furnace. Quartz plates and micro-spherical alumina particles µAl2O3 of 3-10

um in diameter were used as substrates for CNT synthesise. When µAl2O3

particles was supported as the substrate, they were homogeneously dispersed

on the surface of a quartz plate, which was put into the furnace. Then the

furnace was heated up by an electrical resistance furnace (CARBOLITE) to

a high temperature (from 650 to 850 ❽ ) under an argon atmosphere. The

temperature at different positions along the CVD reactor were measured by

the Testo-922 thermocouple. And the tube was kept well-sealed with 1 L/min

argon flow during the measurements. The temperature profiles were measured

along the wall of the tube at different set temperatures, as presented in Fig. 2.4

and in Table 2.2.

After the reactor was heated to the set temperature, hydrogen was intro-
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2.1. CNT GROWTH BY FCCVD

Figure 2.3. Schematic of the stainless steel CVD reactor with seven small open-
ended tubes at different positions labeled as P1, P2, P3, P4, P5, P6 and P7 along
the reactor.

Figure 2.4. Temperature profiles along the reactor of the stainless steel tube at
different set temperatures.

duced into the reactor. The total gas was composed of a mixture of argon

and hydrogen with different ratios. And the total gas flow rate was kept at 1

L/min. This process lasted for about 20 min for equilibrium [218]. Yang et

al. simulated the hydrogen percentage evolution as a function of time in the

reactor. Results show that 20 min is enough to stabilize the system at a gas

flow of 1.0 L/min, as shown in Fig. 2.5. The precursor solution consisted of

a liquid feedstock of carbon source xylene with dissolved ferrocene (form 0.01

to 0.1 g/mL) was injected at 0.2 mL/min in the form of spray. Acetylene was
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Table 2.2. Temperature values measured along the furnace at different set tem-
peratures.

Distance (cm) 650 ❽ 750 ❽ 850 ❽
0 501 584 682
2 511 618 755
7 592 678 799
12 628 735 824
17 646 747 838
22 651 746 845
27 657 752 854
32 657 751 856
37 653 748 851
42 646 752 844
47 641 745 836
52 630 734 823
57 602 710 798
60 556 638 720

also provided to the system at a rate of 0.02 L/min to accelerate the synthe-

sis of CNTs [215, 216]. In general, the injection lasted for 12 min, except for

some special situations. Nanoparticles at different positions were detected in

order to investigate the evolution of nanoparticles in the gas phase. Finally, the

injection of all carbon and catalytic sources was stopped and the reactor was

cooled down to the room temperature under argon at 1.0 L/min. CNTs were

collected on the substrate for characterizations.

2.2 Characterization methods

In this research, to investigate the evolution of nanoparticles in the gas phase

and their roles during CNT growth. Different characterization techniques were

used. They include the ex-situ characterization methods, such as microscope,

Raman, TGA, et. al. Besides the ex-situ characterization methods, the in-situ
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2.2. CHARACTERIZATION METHODS

Figure 2.5. Simulation for the gas stabilization time [218].

characterization methods, such as LII, were also applied. These characteriza-

tion methods, as well as their principles, are presented below.

2.2.1 Electron microscopy

In this research, Scanning electron microscopy (SEM) was conducted on FEI

Quanta 200 SEM instrument with an accelerating voltage of 5 kV. Transmis-

sion electron microscopy (TEM) was performed using a FEI Titan instrument

equipped with an probe-corrected condenser operating at 200 kV. SEM was

used to observe the CNT morphology. Samples were collected on the substrate

after the CVD synthesis without any exaction. Due to the limited resolution of

SEM, the diameter distribution should obtain by TEM observations. For CNTs

synthesized on the substrate, TEM samples were prepared by dispersing a small

number of as-synthesised nano-structures in ethanol. Brief ultrasonication was

used to disperse CNTs, after which carbon-coated grids were immersed into the

suspension and allowed to dry thoroughly. The typical SEM and TEM images

of CNT structure are depicted in Fig. 2.6. For nanoparticles in the gas phase,
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TEM grids were put directly at the outlet of the small open-ended tubes at the

different positions along the reactor axis for about 5 s. For all the samples, a

thorough statistical analysis of over 50 nanoparticles or tubes were conducted

for each synthesis condition. The results were subjected to one-way analysis of

variance (ANOVA). Statistical differences in CNT or tube diameter were deter-

mined with p-values smaller than 0.05. Our TEM system also was equiped with

Energy-dispersive X-ray spectroscopy (EDS) analyse and selective area electron

diffraction (SAED), which allow us to identify the structure, composition and

crystallization of nanoparticles.

Figure 2.6. Typical (a) SEM and (b) TEM images of CNTs grown on µAl
2
O

3
.

2.2.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was conducted using a Netzsch analyzer

(STA449F3 Jupiter). During the analysis process, a thermogravimetric analyzer

continuously measures the mass while the temperature of a sample increased

from between 50 ❽ to 900 ❽ at a heating rate of 10 ❽/min under an oxidizing

atmosphere (flow rate of mixture of N2 and O2, 20 ml/min: 20 ml/min). It can

provide information about thermal the stability of products. Fig. 2.7 showed
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the typical TGA/DTG curves of CNTs-µAl2O3 hybrid samples. The main

mass loss is attributed to the oxidation of carbon. The oxidation temperature

for as-synthesized CNTs was in the range of 400-650 ❽, while the weight loss

at 350 ❽ was associated to the non-crystalline carbonaceous structures [79].

Therefore, TGA curve could be used to evaluate the ratio of carbon in the total

production mass. The main reactions involved are presented below:

3C� 2O2 Ñ 2CO� CO2

4Fe� 3O2 Ñ 2Fe2O3 or 3 Fe� 2O2 Ñ Fe3O4

Figure 2.7. Example of the TGA/DTG curves for CNTs grown on the µAl
2
O

3

substrate.

2.2.3 Raman spectroscopy

The CNT-based samples were also characterized by Raman spectroscopy

analysis, which was performed in the range of 1000-2000 cm✁1 by a Jobin Yvon

LabRam spectrometer using the 632.8 nm emission of a He-Ne laser source.

Fig. 2.8 shows the typical Raman spectrum of CNTs-based sample. CNT-based
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samples display two first-order peaks near 1330 and 1580 cm✁1, assigned to the

D-bands and G-bands, respectively. The G-band is the characteristic peak for

the stretching vibration of carbon sp2 bonds in a hexagonal lattice, and the

D-band corresponds to the disordered sp2 phase plus possible contributions of

the scattering of sp3-bonded carbon [219]. For each sample, spectral noises

and background broadband deformations are removed with the Savitzky-Golay

smoothing procedure. The integrated intensity ratio of the G-band to the D-

band (IG④ID) is commonly invoked as a benchmark of the CNT crystallinity

[220]. A lower IG④ID ratio thus suggests fewer structural defects in CNTs as

well as higher purity.

Figure 2.8. Example of the Raman spectrum for CNT samples growth on the
quartz substrate.

2.2.4 LII

During CNT growth, it is commonly recognized that the control of the size

and morphology of iron catalytic nanoparticles is critical for high yield syn-
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thesis of CNTs with well-defined structures and properties [21, 22]. However,

the catalyst formation mechanism is still not clear. Catalysts come from ther-

mal decomposition of ferrocene in the gas phase. It is essential to monitor

nanoparticle evolution in the gas atmosphere. So in this study a real-time di-

agnostic technique LII was applied for in-situ characterization of nanoparticles

in the gas phase. The overall system for LII signal measurements is depicted

in Fig. 2.9. Due to the difficulties of NP detection by LII sampling in the gas

phase inside the reactor, the reactor was opened at seven positions using 15-cm

long stainless steel tubes (6.3 mm in diameter) welded perpendicular to the re-

actor axis to provide optical access to the reactive atmosphere for LII analysis.

And the gas exhaust was probed by laser-induced incandescence at the end of

each 15-cm long stainless steel open-ended tubes. A pulsed 2 Hz Nd:YAG laser

(Excel, Surelite II-10) generating at the wavelength of 1064 nm with a pulse

duration of 7 ns and a beam diameter of about 7 mm is used as a source for

heating nanoparticles. The laser energy has been measured by an energy meter

(GENTEC-EO solo2 with a power detector UP19K-15S -VM-D0) at different

Q-switch values. The laser pulsed 100 times, allowing the calculation of the

average output laser energy. The energy fluence can be obtained by measuring

the laser pulse interaction area with a flashpaper, reported in J/cm. The results

of these measurements are summarized in Table 2.3.

In this research, Q-Switch Delay was fixed at 350 us, which makes sure a

suitable LII siganl in all CVD conditions. The pulse energy was measured to

be 66.5 mJ per pulse, corresponding to a laser fluence of 0.19 J/cm2. Exposed

to the laser pulse, the particle temperature increases sharply (nearly up to 3000

K within several ns) due to the energy absorption. Then the LII phenomenon

occurs. In this process, the absorption is dominant for the particles heat trans-
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Figure 2.9. Experimental setup for LII measurements. 1. Nd:YAG pulsed laser
(10 Hz, 1064 nm). 2. The stainless steel CVD reactor. 3. Small open-ended tubes
installed at different positions along the reactor (P1-P7). 4. Area containing NPs
(outlet of the small tube). 5. Laser energy meter. 6. 550 nm Dichroic shortpass
filter. (7,8). Bandpass filter 492 and 694 nm. (9,10) Two PMTs. 11. Oscilloscope.
(12,13). Reflection mirror. 14. Optic fiber.

Table 2.3. Laser Energy Measurements.

Q-Switch Delay (µs) Laser Energy (mJ) Fluence J/cm2

260 295 0.84
270 238 0.68
280 227 0.65
290 179 0.51
300 154 0.44
310 145 0.41
320 123 0.35
330 94.7 0.27
340 78.4 0.22
350 66.5 0.19
360 55.2 0.16
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fer. Once the laser pulse terminates, the particles will cool down due to the

heat transfer such as conduction, radiation, evaporation. The optical detection

system is composed of a 550 nm Dichroic Shortpass Filter, two Bandpass filters

(492 and 694 nm) with 10nm FWHM (Edmund optics) and two high-speed

photomultipliers (PMTs) (Hamamatsu, H10721-20) equipped with their ampli-

fiers (Hamamatsu, C5594-44). The data then were written to a 2 GHz digital

oscilloscope (Lecroy, Wavejet 354A). 5000 datum points were recoded for each

LII event. Each LII curve was processed by the Savitzky-Golay smoothing pro-

cedure in order to remove noises [221]. The typical view of the LII signals are

showed in Fig. 2.10. Finally the measured LII signals were evaluated in terms of

particle size, by fitting the calculated light flux arriving at the detector surface

to the experimental profiles using a least-squares method by Levenberg and

Marquardt algorithm [211].

For comparison purposes, physical samples of the floating particles were

collected at the outlet of each open-ended tube. Sampling was conducted by

introducing copper grids at the positions where the LII signals were recorded.

The copper grids were withdrawn after being exposed to the gas outlet for five

seconds and used for TEM observation.

2.3 Conclusion

In this chapter, the experimental procedure of FCCVD process was first

illustrated, including materials and equipments used in this research. And

then in-situ/ex-situ characterization methods has been presented, specially, the

setup of the LII detection system. The procedure of LII signal measurement

and processing were emphasized. Table 2.4 below presents a summary for the

55



CHAPTER 2. EXPERIMENTAL PROCEDURE

Figure 2.10. Typical view of incandescence signals. 1. 694 nm. 2. 492 nm.

mentioned characterization methods used in this study.

Table 2.4. List of the different characterization techniques in this research.

Techniques Measured factors Comments
LII Suspended nanoparticle size In-situ

SEM CNT morphology Ex-situ

TEM Nanoparticle size, component and structure Ex-situ

CNT diameter
TGA/DTG CNT crystallization and yield Ex-situ

Raman CNT crystallization Ex-situ
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3
Nanoparticles in the gas phase

In this Chapter, an in-situ diagnostic technique LII was applied for nanopar-

ticle sizing during the FCCVD synthesis of CNTs. The theoretical LII signal

was simulated by taking into account the nanoparticle nature, density, heat

capacity and size distribution etc. A detailed sensitivity and uncertainty of the

key parameters on the evaluated particle size for this model has also been esti-

mated. And the model was validated by TEM. Using the developed approach,

the evolution of the nanoparticles in the gas phase along the reactor axis was

investigated at different CVD conditions.

3.1 Implementation of LII

3.1.1 Material properties and key parameters

Nanoparticle nature

The samples of nanoparticles were collected in the gas phase at the center

of the reactor P5 at 850 ❽ with 0.2 mL/min of ferrocene dissolved into xylene
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CHAPTER 3. NANOPARTICLES IN THE GAS PHASE

at 0.05 g/mL. The gas flow was composed of a mixture of 0.78 L/min Ag, 0.2

L/min H2 and 0.02 L/min C2H2. The CVD process lasted for 12 min. And then

nanoparticles were collected by putting TEM grid directly at the outlet of the

small open-ended tubes for about 5 s. Then the samples were analyzed. The

typical TEM image of nanoparticles are shown in Fig. 3.1a. In the TEM image

the spherical particles 5-30 nm in size are found. The nanoparticles contain

3-10 graphite layers. And they exhibit a core-shell structure with an iron core

and a carbon shell. For many particles, lattice fringes of the core material are

visible, showing that they are crystals (Fig. 3.1b). The selected area electron

diffraction patterns (EDP) analysis (Fig. 3.1a inset) indicates that the iron core

is α-Fe (ferrite, BCC, a=0.287 nm).

Figure 3.1. (a) High resolution TEM image of nanoparticles the center of heated
zone (P5). (b) STEM image shows the lattice fringes of the iron core of nanopar-
ticles at P5. (Selected area electron diffraction patterns (EDP) in the iron core
region is shown in inset.)

In addition, the elemental analysis of nanoparticles in the samples was car-

ried out by EDS. The spectrum of chemical elements and the map distribution

of the elements in nanoparticles are presented in Fig. 3.2. From the spectrum

of elements (Fig. 3.2a), it can be seen that copper, silicon, iron and carbon
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elements are detected. The peaks around 1.0 and 8.0 and 9.0 keV correspond

to copper, resulting from the copper grid used for nanoparticle support. The

peak around 1.8 keV, corresponding to silicon element, is probably related to

impurities from the quartz during sampling. The week peak intensity shows

that silicon element is in low quantity. The peaks around 0.6 and 6.4 keV

correspond to iron element, which comes from the iron core of nanoparticles.

The high angle annular dark field scanning transmission electron microscopy

(HAADF STEM) was also performed. The STEM image is shown in Fig. 3.2b,

and the map of spatial distribution of iron and carbon elements in the samples

is presented in Fig. 3.2c,d. We can see a high concentration of iron element,

which distributes mainly in the center of nanoparticles. Owing to the TEM

grid covered by the thin carbon layer for nanoparticle support. The presence of

carbon element peak in all samples is presumably related to the carbon cover

on copper TEM grids or graphite layers around iron core. Hoverer, accord-

ing to the map of spatial distribution of iron and carbon, there are always

some carbon elements around the iron core at suspended region in the sample.

This is the direct evidence of the presence of amount of carbon content in the

nanoparticles, which is in a good agreement with TEM image (see Fig. 3.1a).

The histogram of particle size distribution is presented in Fig. 3.3b. It

was fitted by a log-normal size distribution by the least-squares method. The

obtained count median diameter CMD and standard deviation σg in this case

are found to be 11.7 nm and 1.31 correspondingly. In the present model stan-

dard deviation σg is assumed to be constant at 1.31. Since the evaluated mean

particle diameter is only slightly biased by the choice of the standard deviation

[31, 222].

According to above observations, a majority of nanoparticles formed in the
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Figure 3.2. (a) Spectrum, (b) STEM image and (c,d) map distribution of chemical
elements in the sample of nanoparticles obtained at the center of the heated zone
(P5).

gas phase during CVD process exhibit a core-shell structure with an iron core

and a carbon shell. Therefore, for implementation of LII sizing to binary parti-

cles, the procedure of the calculation of the theoretical LII signal was adjusted

relatively to that applied to monocomposite nanoparticles. It is a quite com-

plicated task to take into account the effect of thermo-physical properties of

nanoparticles by the carbon layers in the LII model. The investigation of the

thermo-physical properties of this kind of nanoparticles is out of the goal of

this study. Therefore, we simply use the density (ρp=7700 kg/m3) and heat

capacity (cp=0.65 J/gK) of bulk iron in this model [31, 223, 224], since the

total mass of nanoparticles presumably comes from the iron core. According

the TEM images, for a nanoparticle with 60% iron core in diameter, the mass
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Figure 3.3. Nanoparticle size distribution in the gas phase at the center of the
heated zone in the CVD reactor P5 at 850 ❽.

ratio of the iron core to that of the carbon shell is estimated to be about 1:1.

Peak particle temperature measurements

The heat-up temperature of nanoparticles T 0
p , which is equal to the nanopar-

ticle temperature at the beginning of the cooling process, were measured by

Two-color Pyrometry. The heat-up temperatures in dependence on laser fluence

are presented in Fig. 3.4. As can been seen, the particle heat-up temperature

increases with the increase of the laser fluence. As mentioned before, Q-Switch

Delay was fixed at 350 µs, corresponding to a laser fluence of about 190 mJ/cm2

in our experiments. Therefore, the measured particle heat-up temperature is

about 2946 K. It is lower than the sublimation temperature of graphite (around

3900 K) and the boiling temperature of bulk iron (around 3100 K) [225]. So

the contribution of evaporation is neglected in this model [206, 226, 227]. In
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addition, Bougie et al. found little sensitivity of inferred best-fit soot particle

diameters when changing the assumed initial soot particle temperature [228].

Therefore, evaluations were done with an initial temperature of 2946 K as a

fixed parameter in the model.

Figure 3.4. Particle heat-up temperature T 0
p of laser heated particles obtained at

different laser fluences.

Thermal accommodation coefficient (TAC)

TAC αT is the main parameter for an evaluation of the nanoparticle size

[229]. A commonly used way to obtain the value of αT is comparing the evalu-

ated results with the ones obtained by a reliable sizing technique, such as TEM.

Another approach is the variation of αT as an additional fit parameter together

with CMD during the fitting process. Fig. 3.5a shows a typical example of the

normalised χ2 (maximum likelihood estimator) as a function of CMD and αT .

As can been seen, a valley of minimum values is reached at the two input pa-
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rameters. It confirms the uniqueness of the two-parameter data-fit procedure

for this case. The best fit in the present case was obtained at αT=0.99 and

CMD=12.0 nm. Fig. 3.5b shows the normalized χ2 at different valses of αT

near the minimum values of normalized χ2. The CMD values associated to αT

are not presented in the graph. As been observed, The χ2 first decreases with

αT ranging from 0.03 to 0.09, where the minimum χ2 are reached. And then

the χ2 gradually increases with further increase of αT . However, it should be

note that χ2 for αT ranging from 0.07 to 0.17 are very close.

To further determine the value of αT , TEM was also performed. Fig. 3.6

is plot of the normalized χ2 as a function of αT with CMD fixed at 11.7 nm

(TEM measurements). As depicted, the minimum χ2 value was established

at αT=0.09. Fig. 3.7 shows a measured cooling curve and three best fits for

three different valses of αT with CMD fixed at 11.7 nm. It can clearly be seen

that the best fit is found for αT=0.09. According to above results, αT=0.09 is

applied in the present model.

3.1.2 Sensitivity and uncertainty analysis

With the knowledge of αT it is possible to evaluate the particle sizes from

the measured cooling curves. However, it is important to note that the value of

αT , the nanoparticles density ρp and the nanoparticle heat capacity cp depend

on the carbon shell structure, which introduces additional uncertainties. Varia-

tions in the assumed properties and also the experimental conditions may cause

systematic errors of the evaluated particle sizes. Uncertainty of the nanoparti-

cle density ρp depends on the Fe/C mass ratio in the particles. According to

the TEM results, in the case of Fe/C mass ratio at 1:1, the uncertainty of the

nanoparticle density is between -38% and 5%. While in the case of Fe/C mass
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Figure 3.5. (a) Least-squares error χ2 as a function of thermal accommodation
coefficient αT and CMD. (b) Least-squares error χ2 as a function of thermal ac-
commodation coefficient αT (The CMD values associated to αT are not presented
in the graph).
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Figure 3.6. Least-squares error χ2 as a function of thermal accommodation coef-
ficient αT with CMD fixed at 11.7 nm (TEM measurement).

Figure 3.7. Measured LII signal of nanoparticles in the gas phase and the best
fit curve of calculated LII signals for αT=0.01, αT=0.09 and αT=0.5 with CMD

fixed at 11.7 nm (TEM measurement).
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ratio 5:1, the uncertainty of nanoparticle density is ranging from -13% to 5%.

The carbon shell structure has a more profound influence on the nanoparticle

heat capacity. For nanoparticles with a Fe/C mass ratio at 1:1, the maxi-

mum possible uncertainty of the nanoparticle heat capacity reaches +119%,

which is the difference between the pure iron heat capacity value and the value

for nanoparticles with Fe/C mass ratio 1:1. The value of αT is determined

by comparing the LII measurements with TEM results, which relies on other

parameters. Hence the real uncertainty can not be estimated. Since the differ-

ences of χ2 for αT from 0.07 to 0.17 are very small during the two-parameter

data-fit procedure (Fig. 3.5b), the possible value of αT is from 0.07 to 0.17.

The molecular weight of ambient gas µg and the ratio of the heat capacities of

the gas γ are related to the gas composition. The gas composition will change

with the CVD conditions. µg can be in the range of 28.74 (for air) to 39.39

(for argon). While, γ is ranging from 1.39 (for air) to 1.667 (for argon). The

deviation of the gas temperature Tg and the heat-up temperature T p
0 are set to

be ✟5%.

Sensitivity analysis is a widely used method to understand how the solution

of a model is dependent on the model parameters [230–232]. In the present

study Sobol’s method was used to perform a detailed sensitivity analysis for our

LII model by considering each parameter’s contributions (the first-order index

Si) and the total contribution (the total-order index ST i) [233]. The greater

the sensitivity indices are, the more critical parameters are for the model. An

input factor will be considered to be important if it explains more than 1④k
(k is the number of the estimated parameters) of the output variance. For a

given factor, a notable difference between ST i and Si flags an important role of

interactions for that factor in the output. A detailed sensitive analysis of these

66



3.1. IMPLEMENTATION OF LII

influences (ρp, cp, αT , γ, µg, Tg, T
p
0 ) on the evaluated particle size for our model

at different Fe/C mass ratios is presented in Fig. 3.8a,b. Results show that

the relative sensitive is related to the Fe/C mass ratio in the nanoparticles. In

the case of nanoparticles with 1:1 Fe/C mass ratio, cp is the most important

parameter. It explains 45.3% of the output variance. Followed by αT and ρp,

the total-order index for αT and ρp are 0.338 and 0.182, both larger than 0.143.

Thus, αT and ρp are also important variables. Furthermore, all the input factors

explain 97.8% of the output variance singly. The small difference between the

total-order index and the first-order index for each parameter stands for the

weak interactions between the parameters, which proves their independence.

For nanoparticles with a Fe/C mass ratio at 5:1, the Sobol sensitivity index for

ρp and cp decrease to 0.04 and 0.173, respectively. Thus ρp and cp becomes less

important with the increase in the Fe/C mass ratio. More attention should be

paid to the parameter αT in the experimental application since it become the

most important parameter, accounting for 85.6% of the variance of the response

variable. The sum of the first-order index reaches 0.93, which means that the

variance of the response variable can be well explained by the uncertainty from

the individual parameter.

The uncertainty of the key parameters resulted in deviations of particle

size extracted in our model at different Fe/C mass ratios are is presented in

Fig. 3.9a,b. The results show the uncertainty is strongly depending on the

structure of nanoparticles. The possible deviation for nanoparticles with a

Fe/C mass ratio at 1:1 caused by the ρp and cp are 61.1% and -54.4%. But

for nanoparticles with a Fe/C mass ratio at 5:1, the uncertainty resulted from

ρp and cp decrease to -28.4% and 14.4%. Furthermore, among all the parame-

ters, ρp, cp, αT , γ exhibit a strong influence on the calculated particle diameter.
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Figure 3.8. The first-order Si and the total-order ST i Sobol sensitivity index of
the main parameters in the LII model at the Fe/C mass ratio (a) 1:1 and (b) 5:1.

The maximum deviation reaches 67% when αT =0.17 is chosen in the present

model. Whereas T p
0 has a very week influence on the evaluated particle diam-

eter. ✟5% deviations in T
p
0 only cause 0.39% and -0.14% uncertainty on the

resulted particle diameter.

3.1.3 Comparison of LII and TEM particle-sizing

LII model was validated by a comparison of the evaluated results with TEM

measurements. Two different cases have been conducted: case 1, nanoparticles
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Figure 3.9. Uncertainties in particle sizing by LII at the Fe/C mass ratio (a) 1:1
and (b) 5:1.

at the center of the reactor P5 at 750 ❽. Case 2, nanoparticles at rear of

the reactor P7 at 850 ❽. For both cases, nanoparticle size was determined by

high resolution TEM and by LII technique separately. In case 1, Fig. 3.10a

presents a measured cooling curve and its best fitting curve with σg=1.31. It

can clearly be seen that the best fit is found at CMD=5.9 nm. And the σg

and CMD extracted by approximating the particle size distributions by log-

normal function are 1.28 and 5.9 nm (see Fig. 3.10c). It suggests that the

evaluated CMD by LII is in good agreement of TEM measurements. Since

σg is extracted to be 1.28 by TEM measurements (see Fig. 3.10d), CMD is
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also evaluated by LII model with σg=1.28. The resulted value of CMD is 6.1

nm, which is close to the one with σg =1.31. It indicates that the evaluated

CMD does not strongly rely on the variation of σg. In case 2, as can be seen in

Fig. 3.10b, the evaluated values of CMD are 11.1 nm and 11.9 nm with σg=1.31

and σg=1.26, respectively. For both selected σg, the predicted CMD by LII is

in good agreement with the TEM analyse, by which the CMD is measured to

be 10.3 nm. It is also found that CMD by LII only slightly changed by the

choice of σg. According to these results, it is found that LII can be an useful

tool for in-situ detection of nanoparticles in the gas phase with an acceptable

accuracy.

Figure 3.10. Measured LII signals of nanoparticles in the gas phase and the best
fit curves of calculated LII signal for (a) case 1 (750 ❽, P5 ) and (b) case 2 (850
❽, P7 ). The corresponding size distribution of nanoparticles in (c) case 1 and (d)
case 2.
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3.2 Nanoparticle evolution in the gas phase

3.2.1 Nanoparticles along the reactor

As mentioned in Chapter 1, homogeneous nucleation is proposed as one

possible mechanism for iron nanoparticle formation in the gas phase. Based on

the homogeneous nucleation hypostasise, CFD simulations predicted that the

size of catalytic iron nanoparticles will increase along the reactor axis [172–174].

In order to verify this prediction, the nanoparticle size was examined in-situ

by LII at different positions along the reactor at 850 ❽. The ferrocene/xylene

solution with the concentration of 0.05 g/mL was fed at 0.2 mL/min. And

a mixture of 0.78 L/min argon, 0.2 L/min H2, 0.02 L/min C2H2 were also

provided as the carried gas. We did not detect any LII signals at P1. And at

P2 the LII signals were too week to be analyzed for particle sizing. It indicates

that few nucleation of nanoparticles take place in the gas phase. From P3 to P7

we can obtain strong LII signals. Fig. 3.11 shows the evaluated nanoparticle

size at locations from P3 to P7. The nanoparticle size at position P3, P4, P5,

P6 and P7 are 10.7, 10.3, 12.5, 12.2 and 11.0 nm, respectively. It is found that

the nanoparticle size does not show obvious difference along the reactor.

The evolution of nanoparticles along the reactor axis was also investigated

by TEM at the same CVD conditions. At P1 we did not observe any NPs at

all, which is in accordance with the LII results. It indicates that nanoparticles

do not nucleate at P1 in the gas phase. Whereas we successfully detected

nanoparticles in the gas phase from P2 to P7. The typical TEM images of

nanoparticles obtained in the gas phase at different positions (from P2 to P7)

are shown in Fig. 3.12. In the TEM images, the spherical particles of 5-30

nm in size are found. In addition, particle agglomerates are observed. As
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Figure 3.11. Nanoparticle size evolution in the gas phase at different positions in
the CVD reactor at 850 ❽.

aforementioned, nanoparticles at the center of the heated zone P5 are identified

to be carbon-encapsulated iron nanoparticles with the size of about 5-30 nm

(see Fig. 3.1 and Fig. 3.2).

Noteworthy, at the front of the reactor (P3), a large number of nanopar-

ticles exhibit another kind of structure, as depicted in Fig. 3.13. No obvious

graphite shell or very thin layer of carbon around iron core is found in these

particles. In addition, the samples of nanoparticles at the front of the heated

zone P3 were also analyzed by EDS. The typical spectrum of NPs is presented

in Fig. 3.14a, Similar to the results for nanoparticles at P5, copper, silicon,

iron and carbon elements were detected. While it is interesting to note that

oxygen element was found in nanoparticles at P3. The HAADF STEM was

also performed. The STEM image is shown in Fig. 3.14b, and the map of

spatial distribution of iron and carbon elements in the sample are presented in

Fig. 3.14c-e. It can be observed that oxygen elements are distributed on the
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Figure 3.12. Typical TEM images of nanoparticles with low resolution obtained
in the gas phase at the different positions (a) P2, (b) P3, (c) P4, (d) P5 (e) P6
and (f) P7.

edge of nanoparticles, indicating that nanoparticle surface is oxidized. In our

CVD conditions, iron nanoparticles are protected from been oxidized in argon

in the reactor. Therefore, oxidation must take place at the outlet of small tubes

along the reactor. However, oxygen element is not found in nanoparticles at

P5. These results indicate that iron nanoparticles have been encapsulated by

the graphite layer inside the reactor at P5. The graphite layer can effectively

prevent nanoparticles from been oxidized. Hence no oxygen element is found

in nanoparticles at P5. While, the surface of some nanoparticles at P3 is not

completely covered by carbon atoms, there are still some active iron atoms on

the surfaces of nanoparticles. They will be oxidized in the oxygen environment.

Therefore, we find the presence of oxygen in nanoparticles at P3. These ob-

servations indicate that some nanoparticles display the structure change from

iron nanoparticles to carbon-encapsulated iron ones in the reactor.

The size evolution of nanoparticles along the reactor axis was also inves-
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Figure 3.13. High resolution TEM image of nanoparticles at the front of the
heated zone P3.

tigated by TEM. Since both iron nanoparticles and carbon-encapsulated iron

nanoparticles are observed in the TEM images and iron nanoparticles are com-

monly considered to be catalytic active for hydrocarbon decomposition, only

the size distribution of the iron core was taken into account. The size distribu-

tion of the iron core in the reactor is presented by the histogram in Fig. 3.15.

The CMD of nanoparticles is obtained by fitting size distribution by a log-

normal function. The CMD of the iron nanoparticles at position P2, P3, P4,

P5, P6 and P7 are 4.2, 5.6, 6.2, 7.1, 8.2 and 7.6 nm, respectively. In the front

of the reactor, the mean diameter of nanoparticles is found to increase form 4.2

nm at P3 to 7.1 nm at P5 along the reactor. The bigger nanoparticles are found

closer to the center of the furnace. However, nanoparticle size distribution does

not show obvious difference from P5 to P7.

The formation process and the growth rate of nanoparticles from thermal de-

composition of ferrocene were predicted by CFD simulations in previous works

[172–174]. In these models, the nanoparticle growth process in an argon at-
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Figure 3.14. (a) Spectrum, (b) STEM image and (c-e) map distribution of chem-
ical elements in the sample of nanoparticles obtained at the front of the heated
zone P3.
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Figure 3.15. Nanoparticle size evolution in the gas phase at different positions in
the CVD reactor at 850 ❽.

mosphere was described by the homogeneous nucleation theory. Nanoparticles

formed by homogeneous nucleation and then grew up by coalescence. CFD sim-

ulations predicted that the nanoparticle size increased along the reactor. As

can be seen in Fig. 3.16 [172], at 1000 K the formation of particles with diame-

ters about 7-8 nm only needs several seconds. It indicates that the nanoparticle

nucleation and growth happen very quickly. Based on this prediction, we can

make an rough estimation in our experiment conditions. In our experiment

the gas flow rate is fixed at 1.0 L/min and the diameter of the reactor 45 mm,

thus the speed of the gas in the reactor will be about 0.01 m/s. We simply

assume that nanoparticles suspended in the gas phase has the same speed as

the gas flow. And the temperature in our experiment is 1123 K, higher than
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1000 K. Hence formation of a 7-8 nm nanoprticle will occur within 7-8 s. A

7-8 nm nanoparticle can only travel less than 7-8 cm along the reactor. It also

means that iron nanoparticles can only survive within less than 7-8 s inside the

reactor.

As observed in Fig. 3.15, the nanoparticle size increase from P1 to P5 in the

front of the reactor, which is in good agreement with the prediction. However,

nanoparticle size distribution does not show obvious difference form P5 to P7.

This phenomenon contradicts the CFD prediction. It is worth emphasizing that

nanoparticles are assumed to be pure iron nanoparticles and the effect of carbon

element on the iron nanoparticles growth are not take into account in the CFD

models. While in our experiments nanoparticles are not pure iron nanopar-

ticles but carbon-encapsulated iron ones. The iron core is always covered by

the carbon layer, as shown in Fig. 3.1a. Furthermore, according to the EDS,

oxygen element is not found in the nanoparticles at P5, indicating that iron

nanoparticles have been encapsulated by the graphite layer inside the reactor

at the center of the heated zone P5. The graphite layer can effectively prevent

nanoparticles from being oxidized. Whereas we can find the presence of oxygen

in these nanoparticles at P3, implying that the surface of the nanoparticles are

oxidized. According to the above discussions, we attribute the termination of

the nanoparticle growth to the carbon encapsulation under the studied condi-

tions. Iron atoms generate from thermal decomposition of ferrocene. Once the

iron partial pressure is higher than its saturated vapor pressure, iron nanopar-

ticles will form by homogenous nucleation. Since direct bond cleavage pyrolysis

of hydrocarbon only happen at temperature much higher than 850 ❽ [34], it

can be concluded that the carbon atoms mainly come from catalytic decompo-

sition of hydrocarbon on iron NP surface. They dissolve into iron nanoparticles
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during the growth process, finally precipitate from the iron nanoparticle sur-

face. During the growth process, nanoparticles are pure iron nanoparticles or

the carbon/iron mixture. Once nanoparticles are encapsulated by amount of

carbon atoms, the growth will stop. Because the temperature at front of the

reactor is lower than that in the center of the heated zone, the nanoparticles

been found in the center of the heated zone are larger than those at the front

of the furnace.

Figure 3.16. Comparison between MOMIC simulation and analytical solutions.
The reaction temperature is 1000 K and the initial ferrocene concentration is 280
ppm [172].

3.2.2 Nanoparticles at different CVD conditions

It is well known that the length of CNTs is strongly related to the CVD

duration. A good understanding of the nanoparticle evolution with CVD dura-

tion is of paramount importance to elucidate the roles of nanoparticles in the

gas phase during CNT growth. For this purpose, the mean size evolution of

nanoparticles in the gas phase as a function of CVD duration was investigated

by LII measurement at 650, 750 and 850 ❽. CVD procedures were preformed
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at 850 ❽. 0.05 g/mL ferrocene/xylene solution was injected at the rate of 0.2

mL/min. 0.78 L/min argon, 0.2 L/min H2, 0.02 L/min C2H2 were fed as the

carrier gas. It is found that the temperature exhibits a pronounced effect on

nanoparticle formation in gas phase. No LII signals were detected at 650 ❽ at

all positions along the reactor. Whereas LII signals were detected successfully

at 750 and 850 ❽. Fig. 3.17 shows the mean size evolution of nanoparticles

in the gas phase at the center of the reactor as a function of CVD duration.

The CMD of nanoparticles are almost constant in all 60 min at both 750 and

850 ❽. It means that the system reaches an equilibrium state during the FC-

CVD process with the continuous injection of ferrocene and carbon sources.

Furthermore, the evaluated CMD of nanoparticles in the gas phase by LII at

750 and 850 ❽ are about 5.1 nm and 12.5 nm in all the time, respectively. It

indicates that the CMD of nanoparticle greatly increases with the tempera-

ture increasing from 750 to 850 ❽. At high temperature, fast decomposition

of ferrocene will result in a higher iron vapor pressure. It can promote the

nucleation and coalescence of nanoparticles in the gas phase, finally leading to

larger nanoparticles. It also can been seen that the evaluated CMD by LII is

in good agreement with the one by TEM measurements.

As mentioned before, during the whole nanoparticle growth process free car-

bon atoms or clusters generate by catalytic decomposition of hydrocarbon on

the iron nanoparticles surface, dissolve into nanoparticles and finally precipitate

from the surface of nanoparticles. Once iron nanoparticles are encapsulated by

the carbon layer, they stop growing up. So the final size of iron-based nanopar-

ticles will depend on the competition between the rate of iron nanoparticle

growth and carbon encapsulation. In order to investigate the effect of CVD

conditions on the nanoparticle size, the size distribution of the iron core was

79



CHAPTER 3. NANOPARTICLES IN THE GAS PHASE

Figure 3.17. Nanoparticle size evolution in the gas phase at the center of the
reactor as a function of CVD duration.

examined at different experiment conditions, such as ferrocene concentration,

H2 flow rate and C2H2 flow rate. Since nanoparticles at the center of the heated

zone P5 are encapsulated by the carbon layer, in the following CVD runs, the

nanoparticles at P5 were collected by TEM. For ferrocene concentration ranging

from 0.01 to 0.05, 0.1 g/L at 750 ❽, the mean nanoparticle diameters are 2.9,

3.9 and 4.5 nm, as depicted in Fig. 3.18. The mean diameter of nanoparticles

increases with the ferrocene concentration. The increase of nanoparticle size

can be attributed to the enhanced nucleation due to the higher iron concentra-

tion in the gas phase. High ferrocene concentration will result in a higher iron

vapor pressure. It can promote the nucleation and coalescence of nanoparticles

in the gas phase.

The nanoparticle size distributions at different H2 flow rates are demon-

strated in Fig. 3.19. As can been seen, the mean nanoparticle diameters are

5.2, 3.9 and 4.9 nm with a H2 flow rate of 0 L/min, 0.2 L/min and 0.4 L/min,
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Figure 3.18. Nanoparticle size distribution at different ferrocene concentrations.

respectively. The mean nanoparticle diameter first increase with higher H2 up

to 0.2 L/min and also the size distribution is noticeably narrowed. When the

H2 flow rate increases further to 0.4 L/min, the mean nanoparticle diameter

increases to 4.9 nm. It seems that H2 serves a dual role during the nanoparticle

growth process in the gas phase. Therefore, the effect of H2 on nanoparticle

growth can be both facilitating and inhibiting depending on the amount of H2

in the CVD conditions. It can be interpreted by the homogeneous nucleation

hypothesis. At relatively low H2 flow rate (0.2 L/min), the replacement of

20 % Ar (molar mass: 40 g/mol) by a lighter gas H2 (molar mass: 2 g/mol)

will change the nucleation rate though its influence on the collisions during

the nanoparticle growth process in the gas phase. Since the energy exchange

per collision is too small for too small molar masses [234–236]. 0.2 L/min H2

addition will increase the nucleation rate, finally results in the reduction of the

size of nanoparticles. At higher flow rate (0.4 L/min), the etching effect of H2
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becomes dominate. H2 can react with carbon and reduces the carbon deposi-

tion rate on the surface of iron nanoparticles [237]. Thus, the nanoparticle size

increases with the increase of the H2 gas flow rate form 0.2 L/min to 0.4 L/min.

Figure 3.19. Nanoparticle size distribution at different H
2
flow rates.

Fig. 3.20 shows the nanoparticle size distributions at the C2H2 flow rate

ranging from 0 L/min to 0.08 L/min. As can be observed, the CMD of nanopar-

ticles is 5.0 nm when no C2H2 is injected. The CMD diminish to 3.9 nm when

0.02 L/min C2H2 is provided. Further increase in the C2H2 flow rate will make

the CMD decreases to 3.4 nm at a C2H2 flow rate of 0.08 L/min. It suggests

that carbon supply rate is enhanced at a higher C2H2 flow rate. More carbon

atoms will accumulate on the catalyst surface, iron-based nanoparticles will

more easily be encapsulated before they grow up to larger ones.

Among all the CVD parameters, the temperature exhibits the strongest

influence on the nucleation process. It is in accordance with CFD simulations

that both nucleation and collision become important, while the surface growth
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Figure 3.20. Nanoparticle size distribution at different C
2
H

2
flow rates.

is less important in our temperature range.

3.3 Conclusion

To sum up, an in-situ diagnostic technique LII was applied for nanoparticle

sizing during the FCCVD process. High resolution TEM shows that nanopar-

ticles in the gas phase exhibit a core-shell structure with an iron core and a

carbon shell. Therefore, the theoretical LII signal was simulated by taking into

account the carbon-encapsulated iron NP density, heat capacity and size distri-

bution etc. A detailed sensitivity and uncertainty of the key parameters on the

evaluated particle size for this model was also estimated. Using the developed

approach, the evolution of nanoparticles in the gas phase was investigated. It

was found that the mean nanoparicle size increase quickly at the front of the

reactor while does not change during the downstream region in the reactor. In
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addition, the CVD conditions, such as temperature, ferrocene concentration,

gas flow rate, also exhibit a great influence on the mean nanoparticle size.
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4
CNTs on the substrate

In this Chapter, CNTs were synthesized on the substrate under different

CVD conditions. The as-grown CNTs were characterized by SEM, Raman,

TGA and high resolution TEM. By correlating the information on the axial

nanoparticle evolution and the morphology of CNTs synthesized on the sub-

strate along the reactor axis, the roles of nanoparticles in the gas phase during

FCCVD synthesis of CNTs were also discussed.

4.1 CNT evolution on the substrate

As discussed in Chapter 3, the mean nanoparicle size increase quickly at

the front of the reactor while does not change during the downstream region

in the reactor at 850 ❽. To provide insight on the roles of nanoparticles in

the gas phase during the CNT growth, CNTs were also synthesized on the

substrate at the same CVD condition. CVD were performed at 850 ❽ with 0.2

mL/min of ferrocene dissolved into xylene at 0.05 g/mL under 0.78 L/min Ar,

85



CHAPTER 4. CNTS ON THE SUBSTRATE

0.2 L/min H2, 0.02 L/min C2H2 atmosphere. It was found that CNTs grew only

in the front of the reactor (from P1 to P4) on the quartz plate; no CNTs were

observed from P5 to P7. Fig. 4.1a-d display the typical morphology of CNTs

synthesized on the quartz plate in the reactor at different axial locations (from

P1 to P4) at 850 ❽. As observed, the start of the CNT growth on the quartz

plate occurs at the location P1 along the reactor. However, the as-synthesized

CNTs exhibit a poor degree of alignment, short lengths (6 µm) and low density

(Fig. 4.1a). From P2 to P4, the high dense well-aligned CNTs synthesized on

the quartz plate (Fig. 4.1b-d). The obvious length change can be observed

along the reactor. The length of CNTs at P2 increases to 24 µm, then reaches

its maximum 42 µm at P3. When it is closer to the center of the reactor, the

length of CNTs becomes shorter (33 µm) at P4. However, form the center of

the reactor (P5) to the rear (P7), no CNTs were observed on the quartz plate.

Raman profiles of CNTs at different axial locations are presented in Fig. 4.1a.

All specimens display two first-order peaks near 1330 and 1590 cm✁1, assigned

to the D-bands and G-bands, respectively. The G-band is the characteristic

peak for the stretching vibration of carbon sp2 bonds in a hexagonal lattice,

and the D-band corresponds to the disordered sp2 phase plus possible contri-

butions of the scattering of sp3-bonded carbon [219]. The intensity ratio of the

G-band to the D-band (IG④ID) is commonly invoked as a benchmark of the

CNT crystallinity. Fig. 4.2b is a plot of the IG④ID ratio of CNTs at different

locations. The IG④ID ratio first increases form 0.73 at P1, passing 0.87 at P2, to

1.05 at P3, where high dense well-aligned CNTs with long length are observed.

Finally, The IG④ID ratio decreases again to 0.99 at P4. Comparing Fig. 4.2b

with Fig. 4.1a-d, it can be found that the IG④ID ratio and the length of CNTs

display the similar tendency. There results indicate that longer CNTs tend to
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present higher crystalline quality, which is consistent with other studies [238].

Figure 4.1. SEM images of CNTs grown on quartz plate in the reactor at different
axial locations (a) P1, (b) P2, (c) P3 and (d) P4.

It should be noted that no nanoparticles were detected at P1 in the gas

phase, as described previously. But CNTs were synthesized successfully at the

same location on the substrate. It means that homogeneous nucleation is not

the prerequisite for CNT growth on the substrate. In addition, the TEM image

of CNTs on the quartz plate at the front of the heated zone (P3) is presented

in Fig. 4.3. The typical structure of CNTs can be identified. The diameter

of CNTs is about 20-40 nm. The interesting observation is the presence of

nanoparticles decorated on the CNT wall. They are in size of about 4-15

nm, the sizes of which are similar to the nanoparticles in the gas phase. It
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Figure 4.2. (a) Raman spectra and (b) the corresponding intensity ratio between
D band and G band (IG④ID) of CNTs grown on quartz plate in the reactor at
different axial locations (form P1 to P4).

is reasonable to assumed that these nanoparticles nucleate in the gas phase.

They attach to the CNTs synthesized on the substrate by the gas flow. It is

also significant that the nanoparticle size detected in the gas phase is far from

that measured on the substrate, revealing that nanoparticles in the gas phase

do not directly attach to the substrate for CNT growth. It can be verified

by the observation that the size of nanoparticles in the gas phase increases

quickly along the reactor axis form P2 to P5 and keeps constant form P5 to

P7, while nanoparticle evolution on the substrate does not exhibit the similar

trend. If nanoparticles in the gas phase can further participate of CNT growth

on the substrate, they must coalesce on the substrate. However, as depicted

previously, iron nanoparticles are encapsulated by the graphite layers. Due

to the graphite layer, carbon-encapsulated iron nanoparticles are very stable,

they can not coalesce on the substrate to form large nanoparticles for CNT

growth on the substrate. According to these discussions, it can be deduced

that nanoparticles in the gas phase can not directly attach to the substrate for

CNT growth or aggregate on the substrate to larger catalytic nanoparticles for
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CNT growth once they are encapsulated by the graphite layer.

Figure 4.3. TEM image of CNTs grown on quartz plate at the front of the reactor
(P3).

In addition, CNT evolution along the relator on the quartz plate was also

investigated at 650 ❽. It is found that CNTs were observed in the all region

of the heated zone except for the first 5 cm. Fig. 4.4 shows the distribution of

CNTs obtained on the quartz plate. As indicated, the obvious change in the

CNT density and length can be observed along the reactor. In the front of the

reactor (10-15 cm) the very short CNTs with a poor degree of alignment are

observed. The length of CNTs is less than 10 µm. Toward to the center of the

reactor, the CNTs become longer. From 20-35 cm, the high dense well-aligned

CNTs with the length about 20-30 µm are found on the quartz plate. From

35-60 cm, CNTs gradually become shorter and the CNT density also decreases.

As demonstrated in Chapter 2, when the furnace is set to 650❽, the isother-

mal area (✟10 ❽) is found from 20 to 40 cm. CNTs in the isothermal area

were also analyzed by Raman spectroscopy. The Raman spectra and the corre-

sponding intensity ratio between D band and G band (IG④ID) are presented in
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Figure 4.4. Schematic of CNT deposition on quartz plate at 650 ❽. The typical
SEM images of CNTs grown at (a) 5-20 cm, (b) 20-35 cm, (c) 35-45 cm and (d)
45-60 cm. Note: P1 is put at the position of 0 cm, P5 is at 30 cm.

Fig. 4.5. The disorder induced D-band and the graphite like G-band is clearly

visible at near 1330 and 1590 cm✁1 in all three cases. As seen in Fig. 4.5b,

from P4 to P6, IG④ID continuously decreases form 0.92 at P4, passing 0.69 at

P5, to 0.62 at P6. It indicates that the crystalline quality of CNTs become

worse along the reactor in the isothermal area. Furthermore, the typical TEM

images and the diameter distribution of CNTs obtained in the isothermal area

on the quartz plate are shown in Fig. 4.6 and Fig. 4.7. The typical structure of

CNTs can be found in TEM images. The mean diameter of CNTs at P4, P5

and P6 are 13.7, 13.0 and 13.3 nm, respectively, which shows that the mean

diameter of CNTs in the isothermal area are almost the same. It has been

recognized that the diameter of CNTs is directly proportional to the size of

catalyst particles [18, 19]. Hence the mean diameter of catalytic nanopaticles
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in the isothermal area should be almost the same. According to the above

results, it demostrates that the substrate acts as the ’templet’ for anchoring

nanopaticles. Only nanopatticles with a certain size are thermal stable on the

substrate.

Figure 4.5. (a) Raman spectra and (b) the corresponding intensity ratio between
D band and G band (IG④ID) of CNTs grown on quartz plate in the isothermal area
at 650 ❽.

Figure 4.6. Typical TEM images of CNTs obtained on the quartz plate at (a) P4,
(b) P5 and (c) P6.

CNTs were also synthesized on µAl2O3 at different temperatures. As can

be observed in Fig. 4.8a, at 650 ❽ the highly dense CNTs are found to be well

aligned and perpendicular to the µAl2O3 surface at the center of the heated

zone (P5). The length of CNTs reaches up to 10-15 µm. When increasing the
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Figure 4.7. CNT diameter distribution on quartz plate in the isothermal area.

temperature to 750❽, less CNTs are observed on the substrate at P5. And they

exhibit a poor degree of alignment, short lengths and low density (Fig. 4.8b). At

850❽, no CNT growth are observed on µAl2O3 at P5 (Fig. 4.8c). Moreover, the

yield of CNTs at the center of the heated zone (P5) measured by TGA exhibits a

good correlation with observations in the SEM images, as shown in Fig. 4.9. The

oxidation temperature for the as-synthesized CNTs is in the range of 400-650❽.

The yield of CNTs declines from 24.4 wt.% to 6.8 wt.% when the temperature

increases from 650 ❽ to 750 ❽. Further increase in the temperature to 850 ❽,

the yield drops to 2.1 wt.%. The output of CNTs on the substrate follows an

opposite trend with the mean diameters of nanoparticles in the gas phase. The

poor alignment and low yield of CNTs on the substrate at high temperature can

be explained as follows. At high temperature, more carbon-encapsulated iron

nanoparticles form in the gas phase, which will consume a large number of iron

atoms and carbon atoms. Since carbon-encapsulated iron nanoparticles are not
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responsible for CNT growth on the substrate, the effective iron and carbon are

greatly reduced. Less iron will participate in the formation of catalytic iron

nanoparticles on the substrate, resulting in the poor alignment and low yield

of CNTs on the substrate. It is also emphasized that nanoparticles are not

detected at any place in the gas phase at 650 ❽. But vertically-aligned CNTs

synthesized successfully on the substrate. It further confirms that homogeneous

nucleation is not the prerequisite for CNT growth on the substrate. Therefore,

there must be another nanoparticle formation mechanism for CNT growth on

the substrate.

Figure 4.8. SEM images of CNTs grown on µAl
2
O

3
at the center of the heated

zone (P5) at (a) 650 ❽ , (b) 750 ❽ and (c) 850 ❽.
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Figure 4.9. TGA curves of CNTs synthesized on µAl
2
O

3
at different temperatures.

4.2 Two kinds of nanoparticle formation mechanisms

According to the above results and discussions, we can deduce that there are

two kinds of nanoparticle nucleation mechanisms in FCCVD process (Fig. 4.10).

One kind of nanoparticle formation mechanism is homogenous nucleation, which

occurs directly in gas phase. Nanoparticles formed by homogenous nucleation

are about 4-12 nm. They always are encapsulated by the carbon layer. An-

other kind of nanoparticle formation mechanism happens on the substrate by

heterogeneous nucleation. Nanoparticles formed by heterogeneous nucleation

are about 20-35 nm, which are much larger than those in the gas phase at the

same position along the reactor. They are utilized as catalysts for the vertical-

aligned CNT growth on the substrate in the studied conditions. The different

sizes of nanoparticles in gas phase and on the substrate can be explained by the

thermodynamics of the nanoparticle nucleation [239]. The relationship between

the free energy change to form nanoparticles from the vapour by heterogeneous
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nucleation and by homogeneous nucleation can be described by the following

equation:

Ghetero ✏ 1

4
♣1✁ cosθq2♣2� cosθq ☎Ghomo (4.1)

where Ghetero is the energy needed for forming critical nucleus for heteroge-

neous nucleation. Ghomo is the energy needed for forming critical nucleus for

homogenous nucleation. θ is the contact angle between the critical nucleus and

the substrate. According to Eq. (4.1), Ghetero ➔ Ghomo. The heterogeneous nu-

cleation can lower the energy barrier. Therefore, the heterogeneous nucleation

is always easier than the homogeneous nucleation, which means nanoparticles

have a higher opportunity to form on the substrate than in the gas phase. In

previous studies, Lu et al. and Elliott et al. observed that the morphology of

CVD product strongly depends on the carbon feeding rate [240, 241]. There-

fore, In our CVD conditions, a supply of carbon in the initial feedstock with a

C/Fe molar ratio of 284 always lets the smaller iron nanoparticles to be encap-

sulated in the gas phase , but allows the larger nanoparticles to be utilized as

the catalysts for CNT growth on the substrate.

As aforementioned, a moderate carbon feeding rate is necessary for CNT

growth [240]. Therefore, the C/Fe molar ratio in the initial feedstock is expected

to have a great influence on the nanoparticle morphology both in the gas phase

and on the substrate. To valid this speculation, CVD was preformed at a

low C/Fe molar ratio and a high C/Fe molar ratio, respectively. At a low

C/Fe molar of 132, when no C2H2 was provided and ferrocene concentration

was fixed at 0.1 g/mL. The temperature of the furnace was set to be 750 ❽.

Interestingly, CNTs directly grow in the gas phase as shown in Fig. 4.11a. The

diameter of CNTs is about 11.5 nm (Fig. 4.11b), comparable to the diameters

of the iron nanoparticles located at tube ends, but larger than the diameters of
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Figure 4.10. Proposed models for nanoparticle formation in the gas phase and on
the substrate under FCCVD condition.

the abundant carbon encapsulated iron nanoparticles. These lightweight CNTs

are easily carried away with the gas flow and deposit at the end of the quartz

tube. The results are in agreement with the previous observations [176, 177].

Figure 4.11. TEM images of products collected directly in the gas phase under
FCCVD condition at a C/Fe molar ratio of 132.

In contrast, the products were also collected on the quartz substrate at a

much higher C/Fe molar ratio of 4356. In order to avoid the effect of homoge-
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nous nucleation in the gas phase, CVD was conducted at 650 ❽. A solution of

0.01 g/mL ferrocene/xylene was injected into the reactor. Meanwhile, the injec-

tion of acetylene as the carbon source was performed at a flow rate 0.4 L/min.

The corresponding C/Fe molar ratio is about 4356. The SEM and TEM mi-

crographs of collected power on the quartz substrate are shown in Fig. 4.12.

As can be seen in Fig. 4.12a, no vertically-aligned CNTs were found in the

collected powder. TEM results show that the collected powder consists of iron

NPs, which are confined by carbon layers (Fig. 4.12b). The diameter of iron

NPs is about 8.1 nm, which is much smaller than that of NPs on the substrate

at lower C/Fe molar ratio. In addition, the samples were also analyzed by EDS.

The typical spectrum is presented in Fig. 4.13a. It indicates that the powder

is composed of mainly iron, carbon and copper elements. The HAADF STEM

was also performed. The STEM image is shown in Fig. 4.13b, and the map of

spatial distribution of iron element in the sample are presented in Fig. 4.13c. It

demonstrates that iron nanoparticles on the substrate will also be encapsulated

by the carbon layer at a high C/Fe molar ratio in the initial feedstock,. These

results confirm our speculation of the two kinds of iron-based NPs nucleation

mechanisms in the gas phase and on the substrate.

4.3 Conclusion

In this chapter, CNTs were synthesized on the substrate at different CVD

conditions. According to the morphology of CNTs synthesized on the substrate

along the reactor axis, the roles of nanoparticles in the gas phase during CNT

synthesis process were discussed. It is found that nanoparticle in the gas phase

could not directly contribute to the CNT growth on the substrate. And the

97



CHAPTER 4. CNTS ON THE SUBSTRATE

Figure 4.12. (a) SEM and (b) TEM image of the products collected on the quartz
substrate under FCCVD condition at C/Fe molar ratio of 4356.

Figure 4.13. (a) Spectrum, (b) STEM image and (c) map distribution of chemical
elements in the sample of the power.
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different morphology of CVD product in the gas phase and on the substrate

can be well explained by the thermodynamics of the nanoparticles nucleation.
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5
Conclusions

5.1 General conclusions

In the present work, we have provided some contributions to in-situ detec-

tion of nanoparticles by LII technique during the FCCVD synthesis of CNTs.

The main results are concluded as follows:

✌ LII technique for in-situ monitoring An in-situ diagnostic tech-

nique LII was applied for nanoparticle sizing during the FCCVD synthesis of

CNTs. High resolution TEM shows that nanoparticles in the gas phase ex-

hibit a core-shell structure with an iron core and a carbon shell. Therefore, the

procedure of calculation of the theoretical LII signal was developed for imple-

mentation of LII sizing to carbon-encapsulated iron nanoparticles. A detailed

sensitivity and uncertainty of the key parameters on the evaluated particle size

for this model was estimated. The results show a strong dependence of the

sensitivity and uncertainty on the structure of nanoparticles. In the case of

nanoparticles with 1:1 Fe/C mass ratio, according to Sobol sensitivity index,
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the heat capacity of nanoparticles cp, TAC αT and the density of nanoparticles

ρp are important parameters. The possible deviations caused by the ρp and

cp are 61.1% and -54.4%. While for nanoparticles with 5:1 Fe/C mass ratio,

cp and ρp become less important. αT becomes the most important parameter.

And the uncertainty resulted from ρp and cp also decrease to -28.4% and 14.4%.

Then the model was also validate by TEM measurements. It is found that the

evaluated CMD by LII is in good agreement with the one obtained by TEM

measurements. Therefore, LII can be an useful tool for in-situ detection of

nanoparticles in the gas phase with an acceptable accuracy.

✌ Nanoparticle evolution in the gas phase The evolution of iron-

based nanoparticles in gas phase during the CVD process for CNT synthesis

was investigated by combining in-situ LII particle sizing and TEM measure-

ments. It was found that homogeneous nucleation really occurrs in the gas

phase at temperature above 750 ❽ under the conditions studied and the size

of nanoparticles increases quickly in the front of the reactor and keeps constant

during the downstream region in the reactor due to carbon encapsulation. The

as-formed carbon encapsulated iron nanoparticles exhibit core-shell structures

with an α-Fe core and a carbon shell. And the CVD conditions, such as tem-

perature, CVD duration, ferrocene concentration, C2H2 gas flow and H2 gas

flow, have a great influence on the nanoparticle size.

✌ Roles of nanoparticles in the gas phase By correlating information

on the axial nanoparticle evolution and the morphology of CNTs synthesized

on the substrate along the reactor axis, the roles of nanoparticles in the gas

phase during CNT synthesis process were also discussed. As observed, the

nanoparticles in the gas phase are carbon-encapsulated iron particles and their
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sizes are far from those on the substrate. In addition, in some situations no

nanoparticles formed in the gas phase, but CNTs synthesized successfully at the

same location on the substrate. Therefore, it is reasonable to hypothesize that

homogeneous nucleation is the dominant mechanism for nanoparticle formation

in the gas phase when the saturated vapor pressure was archived, but they could

not directly contribute to CNT growth on the substrate. While nanoparticles

on the substrate form by heterogeneous nucleation. The substrate plays a key

role in promoting nanoparticle nucleation, which results in much larger iron

nanoparticles than those in the gas phase. Therefore, In our CVD conditions, a

supply of carbon always lets the smaller iron nanoparticles to be encapsulated

in the gas phase, but allows the larger NPs to be utilized as the catalysts for

CNT growth on the substrate.

5.2 Perspectives

There are many potential extension and perspectives to this work. The

following questions would be very interesting for the future research.

✌ Laser-induced florescence (LIF) As mentioned in the thesis, LII

is limited to the detection of nanoparticles with the size larger than serval nm.

The whole nanoparticle nucleation concerns some fundamental processes, such

as decomposition of ferrocene and atoms collision. Thus in order to investigate

the early stage of nanoparticle nucleation, another diagnostic technique, by

which an atom or selective species could be detected in-situ, is highly desired.

In this respect, LIF can be very useful for the study of the early stage of the

particle nucleation process. The presence of iron atoms and carbon radicals in
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the gas phase would confirm the nanoparticle nucleation mechanism.

✌ Nanoparticle volume density A quantitative analysis for the nanopar-

ticle volume density is critical to understand the ferrocene decomposition and

nanoparticle nucleation in the gas phase. LII should be extended to measure

the nanoparticle volume density evolution during the CVD process. The LII

maximum intensity has been proved to be positively related to the volume den-

sity of nanoparticles. Therefore, it is possible to preform a quantitative analysis

for the nanoparticles volume density by LII after a calibration.

✌ Nanoparticle aggregation In Chapter 3 the agglomeration of sus-

pended nanoparticles in the gas phase was observed in the high resolution TEM

images. But it is admitted that the particle aggregation was not taken into ac-

count in our LII model. Therefore, the size of nanoparticles are overestimated

by our LII model. When the point contacts between particles transformed to

dense contact, the carbon shells around the whole aggregate represent the re-

sulting particle surface. The particle surface area is responsible for its cooling

by collisions with surrounding gas molecules. Hence, the particle cooling pro-

cess became slower. As a result, LII will overestimate the size of nanoparticles.

Hence, the nanoparticle aggregation should be taken into account in the new

LII model to decrease the uncertainty.

✌ Nanoparticle structure The sensitivity and uncertainty of the key

parameters in the LII model are strongly depending on the structure of nanopar-

ticles. But the effect of the carbon layer on the thermo-physical properties of

nanoparticles was ignored in our LII model and we simply used the density

and heat capacity of the bulk iron, which introduces additional uncertainties.
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Therefore, the thermo-physical properties of carbon encapsulated iron nanopar-

ticles should be investigated to determine the accurate values of the density and

heat capacity in the LII model. Also the C/Fe ratio varies according to the CVD

conditions. Thus the effect of CVD parameters on the C/Fe ratio should be

studied. It is helpful to elucidate the nanoparticle nucleation mechanism.

✌ Gas composition In the LII model, the thermal conduction part has

the dominant influence on the heat loss. Hence it is important to determine the

molecular weight of ambient gas molecules µg and the ratio of the heat capacity

of the gas γ. According to sensitivity and uncertainty analysis, we should pay

more attention to γ, because it is more important than µg. And the maximum

deviation caused by γ can reach 40%. In our situation, µg is in the range of

28.74 (for air) to 39.39 (for argon). While, γ is ranging from 1.39 (for air) to

1.667 (for argon). The exact values vary according to the gas composition and

temperature. Therefore, the gas composition should be taken into considera-

tion in the LII model, which can be determined by Mass Spectrometry. The

temperature can be accurately measured by the thermocouple.

✌ Early stage of the ’real’ catalytic nanoparticles As proposed in

this study, iron nanoparticles in the gas phase generate by homogeneous nucle-

ation from decomposition of ferrocene. Since they will quickly been covered by

carbon layer, they do not directly attach to the substrate for CNT growth or

aggregate into larger ones for CNT growth. The possible early state of catalyst

should be small iron atoms or clusters which were hidden in the ferrocene gas.

But they are thermodynamic instability in the studied conditions. They can

survive for only a very short time (➔ 1 ms). Therefore, it is deduced that the

real ’catalyst’ on the substrate should come from the continuous decomposition
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of ferrocene. Along the reactor, ferrocene is gradually consumed. The density

of CNTs becomes smaller. And at the rear of the reactor, no ferrocene left.

We did not observe the CNT growth. This speculation can be confirmed by

detecting ferrocene along the reactor.
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[230] Tamás Turányi. Sensitivity analysis of complex kinetic systems. tools and
applications. Journal of mathematical chemistry, 5(3):203–248, 1990.

[231] Alison S Tomlin. The use of global uncertainty methods for the evaluation
of combustion mechanisms. Reliability Engineering & System Safety, 91(10-
11):1219–1231, 2006.
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Titre :Détection quasi-in situ de nanoparticules par incandescence induite par laser pendant la synthèse par

dépôt chimique en phase vapeur de nanotubes de carbone
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Résumé : Ce travail contribue à la quasi-in-situ

détection des nanoparticules par la technique d’in-

candescence induite par laser (LII) pendant le dépôt

chimique en phase vapeur avec catalyseur flottant

(FCCVD) de nanotubes de carbone.

Premièrement, la microscopie électronique en trans-

mission (MET) à haute résolution était utilisé pour ca-

ractériser la nature et la taille des nanoparticules. Le

signal théorique de LII a été simulé en considérant

la densité des nanoparticules, la capacité thermique

et la distribution de taille, etc. La sensibilité et l’in-

certitude concrètes des paramètres clés sur la taille

évaluée des particules pour ce modèle ont été es-

timées. Le modèle LII a été validé par la compa-

raison des résultats évalués avec ceux obtenus par

la MET. Ensuite, la technique mature LII combinée

avec MET a été appliquée pour étudier l’évolution

des nanoparticules dans la phase gazeuse le long

de l’axe du réacteur. L’influence de la température,

de la concentration de ferrocène, de la source de

carbone et de la proportion hydrogène sur la taille

des nanoparticules a également été démontrée. En-

fin, les rôles des nanoparticules dans la phase ga-

zeuse au cours du processus de synthèse des NTC

ont été discutés en corrélant les informations sur

l’évolution axiale des nanoparticules et la morpho-

logie des NTC synthétisés sur le substrat le long

de l’axe du réacteur. Un modèle basé sur la ther-

modynamique de la nucléation des nanoparticules

a été proposé pour décrire le processus de for-

mation des nanoparticules au cours du processus

DCVCF. Il est constaté que les nanoparticules as-

formé en phase gazeuse présentent des structures

coeur-coquille avec un noyau de α-Fe et la coque de

carbone. Ainsi, les nanoparticules de fer en phase ga-

zeuse ne pourraient pas contribuer à la croissance

de NTC sur le substrat à cause de l’encapsulation

de carbone. En même temps, la taille des nanopar-

ticules évaluée par LII est en bon accord avec celle-

ci déterminée par MET. Cette étude, montrant les re-

lations potentielles entre les nanoparticules flottantes

et les NTCs sur le substrat, révéle une perspective

importante de l’application de LII pour comprendre et

améliorer le processus DCVCF.
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Abstract : This work contributes to the quasi-in-situ

detection of nanoparticles by laser induced incandes-

cence (LII) technique during the floating catalytic che-

mical vapor deposition (FCCVD) synthesis of Carbon

nanotubes.

First, high resolution transmission electron micro-

scopy (TEM) was used to characterize the nanopar-

ticle nature and size. The theoretical LII signal was si-

mulated by considering the nanoparticle density, heat

capacity and size distribution, etc. A detailed sensiti-

vity and uncertainty of the key parameters on the eva-

luated particle size for this model was estimated. The

LII model was validated by a comparison of the eva-

luated results with the ones obtained by TEM mea-

surements. Then, the developed LII technique com-

bined with TEM was applied to investigate the evo-

lution of nanoparticles in the gas phase along the

reactor axis. The influence of the temperature, ferro-

cene concentration, carbon source and hydrogen ratio

on the nanoparticle size was also demonstrated. Fi-

nally, the roles of nanoparticles in the gas phase du-

ring CNT synthesis process were discussed by cor-

relating information on the axial nanoparticle evolu-

tion and the morphology of CNTs synthesized on the

substrate along the reactor axis. And a model based

on the thermodynamics of the nanoparticle nucleation

was proposed to describe the nanoparticle formation

process during the FCCVD process. It is found that

the as-formed nanoparticles in the gas phase exhi-

bit core-shell structures with an α-Fe core and a car-

bon shell. Hence iron nanoparticles in the gas phase

could not contribute to the CNT growth on the sub-

strate because of the carbon encapsulation. Meanw-

hile the evaluated size of nanoparticles by LII is in

good agreement with the TEM determined one. This

study, showing potential relations between the floating

nanoparticles and the CNTs on the substrate, reveals

the important LII application prospect to understand

and to improve the FCCVD process.
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