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INTRODUCTION

In 1959, Richard P.Feynman sparked a frezy in the field of physics with his
seminar titled “There’s Plenty of Room at the Bottom”, which focused on exploring
and observing the infinitesimally small[1]. Feynman introduced the beginnings of what
is now known as nanoscience and nanotechnology, using the example of cellular activity
on a nanometric scale in biological systems. This involves manipulating matter at a
billionth-of-a-meter scale, which can create new materials and processes. To properly
appreciate the potential of the new discipline, it is necessary to understand that the
matter is governed entirely by quantum effects, which literally modify its physical
properties at the nanometric scale. As a result, reducing the size of a material can
reveal previously undiscovered physical and chemical properties at a microscopic or
macroscopic scale. Nanotechnology has already been implemented in various industrial
markets, resulting in achievements such as the increase in the computer speed, the
development of genetically active drugs, and the creation of high-performance

miniaturized sensors.

In this context, since 1980s, carbon nanostructures have been a significant
component of nanophysics and nanotechnology. Their family regroups all the diversity
of the geometrically constrained nano-objects. For instance, fullerenes, discovered in
1985 |2] and awarded the Nobel Prize in Chemistry in 1996 to by Curl, Smalley and
Kroto, are allotropes of carbon confined in all direction (0D), existing at the interface
between molecules and solids in relation to their number of atoms and their structure.
As a result, their study is both a matter of physics and chemistry. Similarly, carbon
nanotube, first observed in 1991 by S.lijima in Japan|3], are one-dimensional (1D) due
to their tubular shape with a nanometric diameter and a micrometric or millimetric
length. Graphene, which was isolated in 2004[4], has same sp? hybridization of carbon
atoms as fullerenes and carbon nanotubes, but is structured in two dimensions. For
their contribution to graphene research, Geim and Novoselov were awarded the Nobel

Prize in Physics in [5]. In recent years, other 0D carbon nanostructures have been
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developed; such graphene quantum dot [6], which have the same structure as graphene,

but are confined in both directions of the plane.

(d)

Figure 0.1. Structure of allotropic forms of carbon: (a) amorphous, (b) graphite, (c) diamond, (d) fullerene, (e)
carbon nanotube[7]

Carbon nanotubes, as an allotrope of carbon, offer two particularly exciting
perspectives: the incredible versatility of their properties in term of structure and
dimension make them unique and original objects for fundamental studies and the
exploration of nanoworld[8]—[10], while their outstanding physical properties such as
mechanical strength, electrical conductivity, thermal conductivity, and optical
properties give numerous prospects for industrial application [8]-[13]. Despite their
promising prospects, several challenges remain, especially in controlling the
manufacturing process to realize their full technological potential. Although mass
production methods have been developed in recent years, there are still uncertainties
in the understanding of the growth mechanisms[14], [15]. To full harness the potential
of carbon nanotubes, significant process is necessary in understanding the factors
controlling the synthesis yield, the sample purity, the crystalline quality, the length

and chirality of carbon nanotubes.

The main focus of this manuscript is the investigation of the single-walled
carbon nanotube (SWCNTs) growth using low-pressure chemical vapor deposition
(LPCVD) and various characterization techniques, both ex-situ and in-situ. Chemical
vapor deposition (CVD), and more particularly low-pressure CVD from methane, CHy,
is one of the potential ways to fabricate these single-wall carbon nanotubes. Carbon

nanotubes have already been fabricated in recent years at LPICM with different types
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of reactors on silicon oxide substrates, SiO2. The main objective of this work has been
to develop and parametrize a macroscopic CVD synthesis path compatible with the
potential coupling with the in-situ and real-time experiments inside NanoMAX

equipement an modified environmental transmission electron microscope (ETEM).

In the framework of thesis, the first chapter aims to provide a literature review
on carbon nanotube, with a particular focus on single-walled carbon nanotubes
(SWCNTSs) and their structure and properties. Chapter 2 will delve into the main
synthesis process of SWCNTSs, with a detailed explanation of the chemical vapor
deposition (CVD) principle and its unique characteristics. Furthermore, the different
chemical mechanisms occurring in the gas phases and on the surface of catalysts, as
well as the kinetic laws associated with the growth of CNTs from methane, will be
discussed. The chapter will also include a review of existing literature on the influence

of key operating parameters on the density and diameter of SWCNTs.

Chapter 3 will describe the technique wused for the fabrication and
characterization of SWCNTs. This includes a detailed description of the catalyst
preparation by molecular beam evaporation (MBE) and the homemade hot-filament
CVD method. The principles of Raman spectroscopy, scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) will be discussed in the context
of SWCNT characterization. The chapter will also introduce the concept of the in-situ
SWCNT synthesis through ETEM. All the experimental results obtained in the

framework of our study will be presented in the subsequent chapters.

The fourth chapter focuses on the investigation of the crystalline quality,
density, and diameter of as-grown SWCNTs when using the Mo-Fe binary metallic
catalyst. A qualitative and quantitative comparison will be made with the Fe catalyst,

which the most commonly used catalyst for SWCNT growth.

The fifth and sixth chapters are focused in presenting the results of the study
on the reproducibility and the uniformity SWCNTSs growth concerning process pressure

and temperature. We will then describe the influence of the growth pressure and
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temperature on the density and the diameter of SWCNTs. Finally, a diagram
summarizing the experimental observations and the proposed interpretations will be

discussed.

The work presented in these chapters sets the path for a reproducible synthesis
of SWCNTs at low-pressure HFCVD, which could be used as a prototype for studying
the synthesis conditions of SWCNTSs in the in-situ Environmental TEM — NanoMax.
The seventh chapter focuses on the nucleation and growth of SWCNTSs in case of in-
situ experiments in ETEM-NanoMax. We will describe their evolution in function of
the different growth parameters and then propose an interpretation to explain the

observed results.

This manuscript will end with a summary and the perspectives opened by this

work.
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Carbon nanotubes : structure and properties

1. Carbon nanotubes: Structure and properties

Defect-free single-walled carbon nanotubes (SWCNTSs) are carbon atoms
arranged in a cylindrical structure with a diameter in nanometer scale ranging from
0.4 to 5 nm and an unconstrained length. The structure of SWCNTSs is similar to a
graphene sheet rolled up on itself. This discovery of SWCNTs was firstly reported by
Bethune et al [16], Ijima and Ichihashi[17] in 1993. Although the rolling of graphene
sheet is not representative of the growth process, the concept of rolled graphene is used
to account for the fundamental structure and properties of SWCNTs. In this chapter,
we will provide a brief overview of the SWCNTs structure, followed by a review of the

various properties of SWCNTSs based on previous research.

1.1. Structure of SWCNT

The carbon atoms in the graphene structure are arranged in an in-plane
hexagonal configuration due to their sp? hybridization. This structure may be
considered as a hexagonal Bravais lattice whose unit is composed of two atoms
separated by an inter atomic distance ac.c = 1.42A and can be described through two

direction vectors a; and a,, which are represented in basic orthonormal vectors (€, and

5y):

— \/§ - 1 - — \/§ - 1 - .
azf(% ey ; %ey> ; a1*<% T ey> with b V3 ac.¢ (1.1)

When the graphene is rolled up in a particular direction (Figure 1.1) [9], [10], [18], it
might be interpreted in the following way: (i) the circumference of a nanotube is defined
as starting at a point A and terminating at a point B, which is crystallographically
equal to A, (ii) the graphene sheet is generated by unwinding this nanotube, and (iii)

the circle AB becomes a straight line connecting two crystallographically equivalent

positions of the graphene sheet. The vector AB, also defined as the chiral vector —éh, is

a linear combination of the two unit vectors d;, d, of the Bravais lattice of graphene
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Carbon nanotubes : structure and properties

sheet through the relative integers m and n, which are also known as the Hamada

indices or chiral indices, named after the person who first introduced them in 1992 [19].

Cy, = nd; + mdy (0<|n| <m) (1.2)

_____ .@.8.‘@di.@..€3# -
Recele o2t %
N (OA N HA I 2

Figure 1.1. Schematic representation of the relationships between the radius (r), chiral angle (8), and chiral

vector (Z"h) for a single-walled carbon nanotube. We roll up the sheet so that point A coincides with point B, thus

forming a nanotube whose 3 types of chirality are indicated on Figure [9], [15]
The pair of integers (n,m) uniquely defines the helicity of nanotube and identifies
structural characteristic of a given nanotube, such as its diameter (d;), the translation
vector T (smallest vector belonging to the graphene lattice and orthogonal to Z’h), and
the chiral angle (6) [10] between the vector Cy, and the unit vector @;:

d = % — % X /n2+mn+m2 (13)

I T

- ., n+2m_  2n+m_
T=ta;+ toag=- P a;+ P ag (1.4)

V3xm (1.5)

2n-+m

0 = arctan
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Carbon nanotubes : structure and properties

where a¢.¢ is the distance between two neighboring carbon atoms (ac.¢ = 1.424 for

graphene) and P is greatest common divisor of (n+2m) and (2n+m).

Indeed, it is feasible to distinguish various families of SWCNTSs based on the values of
these indices. While most tubes are statistically chiral, defined by the non-
superimposition of their image by mirror symmetry, some of tubes have particular
symmetries since they are wound along symmetrical axes of the graphene. These are
referred to as armchair tubes when the two chiral indices are equal (m=n or 8 = 30°)
while m = 0 or 8 = 0°, the SWCNT displays a zig-zag type. Both these types of tubes

are achiral and exhibit a planar mirror symmetry with respect to the nanotube axis.

+ Description in the reciprocal space

The chiral vector (6h) and the translation vector (T) introduced previously

delineate the elementary mesh of a SWCNT in real space. The first Brillouin zone in

the reciprocal space is therefore described by the vectors (Kf, E) that satisfy the

relations:
C_h)xE:QT[; TXE:O;C_IJXE):O;TXEZQT[ (16)

We obtain vectors E parallel to 6}1, directed perpendicular to the tube axis, and E

parallel to T, directed along the tube axis, such that:

Eiﬁ[tQE—tlg] ;K—z):ﬁ[—mb_1)+nb_2)] (1.7)

Where E and b_z) are primitive vectors in the first Brillouin zone of graphene as

shown in Figure 1.2 and N is number of hexagons in an elementary cell of a SWCNT,

. . C—h) AT 2(n2+nm+ m?
which is expressed as: N= |_, — | . )
la7 A ag | p

We can define any vector K of the reciprocal space decomposed according to:

K=k L%—Fk//% (Figure 1.2). Assuming an infinite medium in the direction of the

nanotube axis, k/, varies continuously, over [—TE / |T)|,n / |T>|] in the first Brillouin zone.

On the other hand, depending on the circumference, the chiral vector (_jh in real space
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Carbon nanotubes : structure and properties

refers to an identical position. The corresponding periodic boundary condition implies

the relation k x C_h):2pn that is:
k= ulKi|; p=0, 1, .., N-1 (1.8)

(a) (b)

Figure 1.2 Reciprocal space of graphene defined by the vectors (E, E) (a) the first Brillouin zone,
(b)Quantization along the circumference of the nanotube results in a restriction of this space for carbon
nanotubes. The reciprocal space of a (5, 2) nanotube is shown in dashed lines, with the first Brillouin zone in

solid lines. [20]
1.2. Electronic and Optical properties

From the beginning of research on SWOCNTSs, theorists expected unusual
electronic properties due to their dual membership in the macroscopic world (by their
length) and the quantum world (by their diameter). In the same way as for their
crystalline structure, the analogy between the nanotube and graphene makes it possible
to deduce the electronic properties of nanotubes from those of graphene, which may
be obtained by using the tight-binding (TB) approach for the carbon m electrons [21]—
[23]. In the case of a graphene layer, each carbon atom has four electrons in its valence
band. The 2s orbital and two in-plane 2p, and 2p, hybridize to form o bond at 120°
and define the plane of the graphene sheet. The out-plane 2p, orbitals, which form m
bonds, are delocalized on the lattice, and dominate the electronic properties of graphene.

With the simple assumptions (restriction of the interatomic interaction to the first
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Carbon nanotubes : structure and properties

neighbors and neglecting the overlap integral between two nearest p, orbitals), the

dispersion relation could be expressed as|22]:

V3ka  kya k,a
cos % +4cos? % (1.9)

E(kck,)= % v, [1+4 cos

where ky and ky are the basis vectors of the reciprocal space, y is the value of the
transfer integral between two neighboring carbon atoms and the sign 4+ represents
respectively the energies of the conduction (anti-bonding) band and valence (bonding)
band [24]. The energy dispersion of graphene, which is derived from equation 1.4, is
represented in Figure 1.3. The K and K’ points of the first Brillouin zone, which are
located at Fermi level, are points of electronic singularities where the conduction band
and valence band are joined, which gives graphene its properties of zero gap

semiconductor.

Figure 1.3. Three-dimensional representation of graphene dispersion. The vertical axis gives the energy, and the
horizontal azis is the reciprocal lattice of graphene. The coordinates(ks,ky) are rotated by an angle /3. In the

vicinity of the K points, the dispersion is isotropic and linear [23], [25]

In the case of carbon nanotubes, the similar dispersion relation can be maintained to

a first approximation by exclusively taking into account the restriction of the accessible

E; vector in the reciprocal space due to the quantization along the circumference of
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the tube [22|. The nanotube dispersion is given by the zone folding approximation of

Ky

T2 +uK;)with u = 0, 1, 2, ..., N-1; -

the graphene dispersion [22], [26]: By, =E,p(k

n/T<k<n/T.

The  vectors K; and Ky are  expressed  through  the  reciprocal lattice

vectors by and bs of the graphene sheet as

_ tebittiby o mbinb (1.10)

1— N ’ 2— N
These results in a profound variation in the electronic properties of nanotubes

depending on their winding geometry. Indeed, for a (n,m) nanotube, if the (n-m) is a
multiple of 3 or %K x E’)h =2n (%K describes a wave vector of six K points in the first
Brillouin of graphene lattice), the %K vector intersects the K point of the BZ (Figure
1.4a and Figure 1.4b), which thus exhibits metallic properties. In the group of metallic
CNTs, armchair carbon tubes (n, n) show always metallic property with zero
bandgap. Based on the experimental results, some CNTs are regarded as metallic at
room temperature when they have a tiny small gap whose energy is inversely
proportional to R?, where R is radius of tube[27]. On the other hand, CNT is a
semiconductor with a large gap when IQK vector does not intersect the K point (Figure

1.4c¢) or (n — m)/3 is non-integer.
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Figure 1.4. First Brillouin zone of carbon nanotubes with the different K-lines: (a) (5,5) metallic, (b) (9,0)
metallic, and (c¢) (10,0) semiconductor. (d) Mapping of chiral indices of carbon nanotubes. Depending on the

difference in indices, a carbon nanotube can be either metallic or semiconductor. (e) Electronic band structure of

CNTs [9]

The band structure of SWCNTSs corresponds to the intersection of the surface

of scattering energy of graphene and the parallel vector k of the length — [22]. The

||Ch||

energy dispersion relations are used to calculate the density of state (DOS), n(E),
which represents the number of states available to be occupied for a given interval dE.
Figure 1.5 illustrates the DOS of metallic (5,5), metallic (9,0), and semiconducting

(10,0) tubes. The Fermi level crossover for armchair tubes, which are invariably

metallic, is at k= i% . The level crossing of zig-zag tubes, on the other hand, lies in
0
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the center of the Brillouin zone (k=0), and they may be metallic or semiconducting,.
Near the Fermi level placed at E = 0, the DOS of a semiconducting tube is zero (Figure
1.5¢) while non-zero for the metallic tube (Figure 1.5a and Figure 1.5b). In both cases,
the peaks are symmetrically distributed with respect to E=0. These different peaks are

known as Van Hove singularities (VHS), characteristic of DOS of a one-dimensional
system, which is proportional to % [28], [29]. Indeed, this ratio tends towards infinity
E

at the point of high symmetry I, which is the center of the Brillouin zone. Because
these statistics relate to infinite, ideal, and isolated tubes, certain geometric parameters,
such as the arrangement of nanotubes in bundles, are likely to change the electronic
structure. It has been shown, for example, that the energy of VHS depends not only
on the diameter but also on the chirality when the nanotubes are structured in bundles

[30]-[33].
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Figure 1.5 Density of state for carbon nanotubes (a) metallic (5,5), (b) metallic (9,0) and (c) semiconductor
(10,0). We consider the model of m electron and a Fermi level at 0eV [34]
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For an isolated nanotube, the optical properties are directly related to the
electronic properties described above and in particular to the density of state. The
transitions for absorption and photoluminescence in carbon nanotubes are possible to
be determined due to the Fermi’s golden rule[35]. The transitions occur between the

singularities (7) symmetric with respect to the Fermi level, with the energy E;; denoted

as[36]:
. bac.oX
E;_viwtallzc: ac-c yO (111)
dy
emiconductin 2&0_0)(}/
premiconducting_ —a 0 (1.12)

Where ac.¢ is the carbon-carbon distance ( ac.o=1.424 ) and Y, 1s transfer
integral corresponding to the interaction energy between two adjacent C, estimated
2.8¢V+0.1e, and d; is the diameter of the SWCNT. It is worth noting that the
transition energy of a metal tube is three times greater than that of a semiconducting

tube for a given diameter. For a semiconducting SWCNT, the possible transitions are

Ef 2FF, AEY, 5EY, TE, etc .. and for a metallic tube, EY, 2EY. etc...
1.3. Mechanical properties: Strength and Elasticity of SWCNTs

Each carbon atom in SWCNTs, like in graphene, is tightly connected with three
neighboring atoms through the sp? covalent bond, in which the C-C covalent bond of
graphene is one of the strongest in nature, thus the mechanical properties of SWCNTs
are expected to match those of the strongest current materials. Early theoretical studies
predict the Young’s modulus value for SWCNTs of the order of 1TPa[37], [38]. This
prediction is in good agreement with the values reported in the experimentally results
[39]. The mechanical properties of CNTs are also different from other graphitic species
due to their hollow structure. A plastic extension of 280% at 2000°C has also been
reported for the synthesized SWCNTs by Huang et al [40]. Since the density of
SWCNT is up to 3 or 4 times lighter than steel, and its tensile strength (Tswont =
13-53GPa) is approximately 139 times that of steel (Tsteel = 0.38-1.55GPa)[41]-[43],
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SWCNTs could become excellent reinforcement fillers for materials such as rubber and

polymers to enhance their strength, wear-resistance, and friction.

1.4. Thermal properties

The thermal conduction of a material results from the exchange of phonons,
which are generated by lattice vibrations and the displacement of electrons in a
material. In 1999, Hone et al. [44], [45] found that the thermal conductivity of a bundle
of nanotubes could vary between 1800 and 6000 Wm™K-! at room temperature. The
theoretical thermal conductivity of a defect-free, isolated SWCNTs in the longitudinal
direction at the room temperature was evaluated at 6600 WmK-1[46], but this value
decreases to 2980 Wm'K-! [47], when the defects in the SWCNTs are considered.
Similar measurements on individual and isolated nanotubes show that the conductivity
of SWCNTSs at the room temperature for a diameter of 1.7nm is 3500 Wm-K-! [48].
These values are greater than those of the best-known thermal conductors, such as
diamond for example (around 1000 Wm™K-1[49]). Such results could lead to the
development of composites with improved thermal conduction or to microscopic
temperature measurement and control systems, but the shaping of these materials is
still insufficiently controlled. The short length of the nanotubes, the poor quality of
their junctions, and the porosity of the material continue to affect the thermal

conductivity values obtained on aligned SWCNTs [50].

1.5. Chemical properties

Initially, it was believed that carbon nanotubes were chemically inert due to
their exposed surface consisting solely of graphene plane, which is known to have low
reactivity. However, oxidation tests revealed that the ends of the tubes were more
reactive than the sides and could be selectively opened [51]. The additional curvature
and the presence of pentagonal defects are responsible for this heightened reactivity,
particularly at the ends. Simple oxidation with nitric acid or hydrogen peroxide in
acidic medium generates carboxyl functions that can be used as sites for grafting of

new function[52], [53]. Alternatively, nanotubes can be functionalized non-covalently
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using molecules of the pyrene family, which possess several fused aromatic rings and
can stably adsorb onto the nanotube wall [54], [55]. This milder process has the
advantage of causing less modification to the structure and properties of the nanotubes.
By grafting chemical or biological functions onto the nanotubes, it is possible to better
control their solubility, their reactivity and develop specific nano detectors [56], [57].
Finally, carbon nanotubes have an additional characteristic: the empty, straight, and
one-dimensional channel in their center. Due to the high stability of nanotubes, this
inner cavity constitutes a unique environment to study chemical reactivity, offering in
addition a great potential for stabilization and spatial confinement within a

controllable pore size.
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2. Carbon nanotube: Synthesis methods

Since the discovery of carbon nanotubes, synthesized initially by the arc-
discharge method [58|, several techniques for CNTs production have been developed
based on a combination of three essential ingredients: a carbon source, nanoparticle
catalyst and energy input. The synthesis processes for CNTs can be broadly divided
into two categories depending on their operating temperature: the high temperature
processes that include the arc-electric discharge and the laser ablation, and the low
temperature processes, generally chemical vapor deposition (CVD) technique and its
derivatives. In the following paragraph, a short descriptive overview of each of these
processes will be developed, with a particular focus on the hot filament assisted

chemical vapor deposition (HFCVD) and low-pressure chemical vapor deposition

(LPCVD) used in our study to synthesize SWCNTSs.

2.1. High-temperature processes

This type of synthesis process is based on the sublimation of a solid carbon source
which occurs from onset of 3200°C in vacuum or an inert atmosphere. The arc-electric
discharge and the laser ablation methods are two well-known representatives of this
group. The process consists of sublimating the carbon atoms from graphite and then
allowing their rapid condensation in the presence of a catalyst under a strong
temperature gradient. The various methods using this principle are distinguished from

one another by the graphite sublimation process.

2.1.1. Arc-electric discharge

The arc-electric charge was the first approach utilized to synthesize CNTs,
invented by Kroto et al. in 1985 [2]|. Although this approach was simple to access and
quite popular during the incipient period of CNTs studies, the cost of manufacture was
found to be prohibitively high. This method is based on the sublimation of a graphite
electrode using a strong electric current arc discharge. The parameters generally used

to achieved the growth of CNTs are as follow: an inert gas (He or Ar) pressure between
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100-300mbar, a reaction temperature of the order of 2000 to 3000°C at the discharge
level, and an applied DC current of 100A for a voltage of 20V [59], [60]. A typical
schematic diagram is shown in Figure 2.1 [61]. The process of arc-electric discharge for
synthesizing CNTs involves ionization of gas between the two electrodes, turning it
into a conductor. An arc is then created which causes the graphite at the anode
electrode to evaporate. The anode is moved closer to the cathode during the process
to compensate for the deterioration of the cathode and to maintain the inter-electrode
distance. The resulting product settles on the cooler reactor walls. It is possible to
favor the growth of various types of CNTs by changing the parameters. For example,
using pure graphite electrodes primarily leads to the growth of MWCNTs and a
significant amount of by-products (amorphous carbon, fullerenes, graphite carbon, etc).

However, using a graphite anode with a metal core, typically an alloy containing Co,

Ni, or Fe, can favor the growth of SWCNTs.

Glass window

Gas Outlet

Precursor +
Catalyst

Closed Chamber

m Power Supply

L

Figure 2.1. Schematic cross-sectional view of carbon arc fullerene generator[61]

In general, while the arc-electric discharge is a straightforward method to
synthesize CNTs, it has a major drawback due to the low purity of the resulting

products. Additional purification steps such as filtration, chemical treatments and/or
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centrifugation are often necessary. Furthermore, due to the discontinuous and unstable
nature of the arcing process, scaling up this method for mass production of CNTs is
challenging. Several studies have shown that impurities and carbon nanoparticles are
typically present with CNTs owing to the inhomogeneity of carbon vapor density and
temperature [60]-[63]. To address this issue with traditional arc-electric discharge
method, researchers have developed improved systems to increase efficiency. For
instance, Lee et al. designed a plasma rotating arc-discharge system that induces
vorticity to enhance the evaporation of carbon atoms in a vertical direction relative
to the anode electrode [64]. This rotation leads to a more uniform discharge and
produces a stable plasma, resulting in increased plasma volume and temperature. The
CNTs synthesis yield using this method was 60% at a rotational speed of 5000 rpm
and a temperature of 1025°C, with a possible yield of up to 90% at higher rotation
speeds and temperature (1150°C)(|65]-page 124).

2.1.2. Laser ablation

In 1995, Dr.Smalley’s research group reported the use of pulsed Nd:YAG laser
ablation to synthesize CNTs from a catalyst-enriched carbon target [66]. This process
involves focusing a pulsed laser beam on the target, which is placed inside a furnace
(Figure 2.2), consisting of a quartz tube surrounded by heating filament. The synthesis
takes place at high temperature of around 1200°C, under an inert atmosphere of Helium
(He) or Argon (Ar) at a pressure of about 500Torr. The target, composed of carbon
and a metal such as Cobalt (Co), Nickel (Ni), or Iron (Fe), is ablated by the laser and
vaporized. The metal catalyst on the target facilitates the nucleation of CNTs, which
grow during the transport and condense on a cooled collector. The intensity and type
of laser used in the ablation process, along with the temperature and the pressure
within the furnace, are critical factors affecting the quality and purity of the final
product. The development of this synthesis technique was done using a Nd:YAG laser,
but other types of lasers have also been used successfully. For example, Braidy et al.
[67] reported the synthesis of SWCNTSs using a KrF laser. While this technique can

selectively produce single-walled CNTs with high purity (>70%)[68|, the product is
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typically mixed with residues of the metal catalyst and requires chemical purification.
However, the installation and the production costs as well as the production speed are
major obstacles to large-scale industrial use of this method. As in the case of the electric
discharge synthesis, the raw product of the synthesis is in the form of a powder or

roughly rubbery agglomerate formed by tangles of CNTs.

Reaction
chamber Furnace Water
cooled
collector
_____ . .’. ...

Nd -YAG
Laser

Graphite C deposits
target

Figure 2.2. Diagram of a pulsed laser ablation synthesis reactor [12]

Compared to the electric arc method, the laser ablation method has the
advantage of producing a product with higher purity, exceeding 90%. However, this
method is still not economically viable as the production yield is low, the laser source
requires high power, and the graphite targets need to be of high purity, all of which

contribute to high production cost.

2.2. Medium temperature processes — Chemical vapor deposition (CVD)

The medium-temperature (600-1200K) route encompasses all techniques derived
from the chemical vapor deposition (CVD). The formation of carbon filaments by the
catalytic decomposition of hydrocarbon gas on the metal surface has been known for
several years [69]|-[71]. This technique has been adapted to synthesize carbon
nanotubes in a furnace and has become a widely used technique for the CNTs

synthesis|72]. Figure 2.3 shows the schematic of CVD and the steps necessary for the
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synthesis of CNTs. The growth of the nanotubes is initiated by injecting gaseous
hydrocarbons that are thermally decomposed at the precise place where the catalyst
(mainly Ni[73|, Fe[74], Co[74]) is deposited. Due to the use of the catalysts, it is
sometimes referred to as the catalyst assisted CVD (CCVD) method. The CVD allows
to grow the SWCNTs at various growth pressures from several bar [75], [76] to 10mbar
[77]-[79]. The hydrocarbon gas is then flowed from minutes to hours over the catalyst
at temperatures ranging from 500°C to 1100°C, where most hydrocarbon dissociate
into carbon and hydrogen. Carbon released on the metal nanoparticles diffuses into
them, and when the carbon content reaches the saturation value, the nucleation, and
the subsequent growth of CNT's begins. Acetylene (C2H2)[80], methane (CHy4)[81] and
ethane (CaHg) [82] are the most widespread hydrocarbon gases used in the CNTs
synthesis diluted in a carrier gas (generally Ho or Ar). This process allows the synthesis
of CNTs on a multitude of different substrate such as quart, silicon and silicon oxide,
metals such as steel, copper, nickel, carbon fibers. The simplicity of CVD process makes

this technique very interesting for the synthesis of CNTs on substrates|83]-[90].

The growth of CNTs by the CVD technique can occur in entanglement form or in
vertical /horizontal alignment. It is possible to switch from an entangled growth to
aligned growth by controlling the density of CNTs, which must be large enough for
the nanotubes to “hold” each other through Van Der Waals interaction (see for example
[91]). This condition can be achieved specifically by manipulating the catalyst
nanoparticle layer on the substrate, as demonstrated by Chiu et al [92] and An et al
[93]. However, the conventional CVD requires high temperature for hydrocarbon gas
decomposition, which may pose a challenge for heat-sensitive substrates. Therefore, it
should be note that an alternative approach is the hot filament assisted chemical vapor
deposition (HFCVD), in which the gas decomposition occurs at an extremely high
temperature locally under the filament heating, while keeping the substrate

temperature low.
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Figure 2.3. Schematic of typical Chemical vapor deposition (CVD)[94]

4+ Hot filament assisted chemical vapor deposition (HFCVD)

The hot filament assisted CVD method is commonly used in diamond
synthesis[95]. This method utilizes metallic filaments that possess a catalytic ability to
break down hydrogen molecules into atomic hydrogen at elevated temperature,
typically around 2000°C. These activated atomic hydrogen particles are effective in
enhancing the growth of diamonds by creating chemisorption sites for carbon species,

as well as facilitating the preferential etching of graphite or amorphous carbon|96].

The HFCVD methods have been adapted for synthesis of carbon nanotube
(CNTs) to enhance their quality. The filaments are usually made of refractory
transition metals, and the most common in HFCVD are tungsten[97]-[99] filament,
but there are also reported use of tantalum[100], rhenium|[101], [102], or molybdenum
filaments. Tungsten filaments, in particular, have been found to be highly catalytic
and efficient in dissociating methane and hydrogen molecules into radicals, as reported
by Choi et al in 2007 [103] They also indicated the dependence of tungsten filaments
temperature on the growth rate of CNTs, with a significantly increase in growth rate
observed when the temperature was reduced to 1900°C, particularly at high ratios of
methane to hydrogen. Hong et al. [104], [105] obtained a height of 1.24mm for a
VACNT forest on a 3x3cm? substrate by utilizing four tungsten filaments that were

positioned parallel to the top of sample.
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The HFCVD approach offers the advantage of dissociating gases such as
methane and hydrogen, at much higher temperature than the substrate temperature.
This allows for the growth of CNTs at lower substrate temperature than in
conventional CVD. The metallic filaments used in this method heat the gas phase to
around 2000°C, while the substrate is heated to approximately 600°C, as reported by
Xu et al[106]. The gas is thermally decomposed when it collides with the resistively
heated filament and then flows towards the substrate. The high amount of atomic
hydrogen produced facilitates the formation of catalytic nanoparticles, while also
preventing the deposition of amorphous carbon[107]. However, the metallic filaments
can also become carburized due to the presence of carbonaceous species[105], [108],
[109], which weakens or make them brittle; and alters their resistivity. Therefore, the
applied current to the filament needs to be adjusted regularly to maintain a constant
temperature of the filaments and substrate. For example, Haubner et al in 2008 [100]
installed a power regulator the compensates for the loss of filament temperature due

to the deposition of amorphous carbon on the filaments.

2.3. Growth Mechanism of carbon nanotubes (CNTs)

The growth of carbon nanotubes is a complicated process that has not yet been
fully mastered. Nowadays, there is a lack of understanding regarding the main physical
mechanisms that determine the structure, growth kinetic, and final length of carbon
nanotubes under standard synthesis conditions. Over the years, numerous hypotheses
on growth mechanisms have been proposed, resulting in accentuating the divergence
of theory on nanotube growth in the scientific community. It is particularly challenging
to establish a model that can define the primary steps involved in carbon nanotube
synthesis and apply it across different processes and reactors. Therefore, it is crucial

to identify and elucidate any factors that may impact the growth of carbon nanotubes.

This section will review the main mechanisms proposed to explain the growth

of a nanotube. Various factors that are known to play an important role in this process,
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including the catalyst, carbon precursors and the surrounding environment will be also

discussed.

2.3.1. Nucleation and growth of the CNTs on the metallic catalyst

Since the 1970s, after the discovery of carbon fibers and later the nanotubes,
many models of growth mechanisms have been proposed. The new generation of
characterization techniques, such as the transmission electron microscope, has allowed
the elaboration of new theories, confirming or contradicting the previous models. The
main models of nanotube nucleation and growth are detailed below in order to
understand the different theories on this subject. Adapting from the vapor-liquid-solid
(VLS) model of silicon filaments proposed by Wagner and Ellis[110], the VLS model
of the carbon filaments was first reported by Baker et al [111|-[113]. The mechanism
of growth by this model can be described in three distinct steps: (i) the carbon
precursors are absorbed and dissociated into carbon atoms on the surface of hot
metallic catalytic particles; (ii) these carbon atoms are subsequently dissolved into the
nanoparticle, resulting in the a liquid carbon-metal solution; (iii) The carbon then
diffuses through the liquid nanoparticles until reaching the saturation which causes
carbon to precipitate in the form of a cylindrical sp? carbon network. The CNTs will
continue to grow as long as carbon is provided via an effective continuous
decomposition of the carbon precursor at the catalytic surface. When too much carbon
is absorbed on the surface of the catalyst nanoparticles, the CNTs do not have time to
form and an amorphous carbon crust forms on the surface of the substrate, which stops

the reactions|114].
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Figure 2.4 Schematics of a hypothetical gradient in temperature (a) or in carbon concentration (b) in the metallic
nanoparticles to explain the localized precipitation of a carbon nanotube on the particles [115]

To explain the diffusion of carbon in the nanoparticles, Baker postulates the
existence of temperature gradient in the particles[112], which would allow an
exothermic decomposition of the gaseous species on hottest zone of the particle and
the endothermic precipitation of carbon on the coldest zone of the particle as shown
in Figure 2.4a. The theory of the temperature gradient was quickly replaced by that
of the carbon concentration gradient (Figure 2.4b), which is proposed by Ducati et al
in 2004 [116], and then confirmed by thermodynamic calculations [117]. This new
theory is also consistent for the small size nanoparticle within the VLS model [115],
[118]. Indeed, there are some problems with the carbon diffusion in the VLS model.
Since the dissociation of many hydrocarbons on a metal surface is exothermic, Baker’s
explanation may remain valid, but these assumptions are invalid to explain the
observed growth of CN'T's when the precursor dissociation is endothermic, which is the

case for alkanes [119], [120]

The diffusion of carbon only in volume in the nanoparticles has not always been
verified. Oberlin et al proposed in the 70’s that the growth by diffusion of carbon
taking place on the surface or subsurface rather than in the volume of the nanoparticles

[69], which was then reported by Yang et al in 1989 [121]. They assumed that the
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particles existed in a solid state. In 2007, Hofmann and Robertson[122|, through
coupling CNTs growth results obtained under HRETEM with XPS and EELS analysis,
reported that the Fe and Ni nanoparticles remained in a metallic and active state
during the CNT growth phase. These results serve as the foundation for building the
vapor-solid-solid (VSS) model. This growth hypothesis is supported by the fact that
successful growths were also performed on non-metallic particles with rather low
carbon solubility. These non-metallic particles are not favorable for carbon diffusion in
volume and therefore nanotube growth is rather promoted by surface carbon
diffusion[123]. Rinaldi et al proposed that carbon diffusion can also be subsurface, i.e.
in the first atomic layer on the surface of nanoparticles, and this type diffusion does

not require high temperature[124].
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Figure 2.5. Growth mechanism for CNTs based on the state of metal catalyst and the diffusion way of carbon a)
VLS, b) VSS (these images were reproduced from ref [125])

Page | 28



Carbon nanotube: Synthesis methods

2.3.2. Physical and chemical states of the catalyst

The size, phase and catalytic activity distribution of the catalytic nanoparticle
population complicates the understanding of the growth mechanisms. Since the growth
of carbon nanotubes, many authors have asked the question of the physical and
chemical state of the catalyst before and during growth in order to understand the
growth mechanisms. Today, the in-situ observation of the catalyst by HR-TEM (in
addition to other characterization methods) has allowed establishing more precise
theories on the state of the nanoparticle. However, the observations can be
contradictory from one process to another, which still generates controversy on this

subject.

2.3.2.1. Physical state of catalyst

A material retains the same physical and chemical properties at the macroscopic
scale as at the microscopic scale. From a hundred nanometers, when the size of the
particle decreases, the physical properties evolve. This evolution is caused by the
increase in the ratio of the number of atoms on the surface compared to the number
of atoms in the volume of particle. Indeed, when the size of the nanoparticle decreases,
its carbon solubility increases while its melting temperature decreases. The melting

point of a nanoparticle can be modified by:

% Incorporating carbon into a metal having a eutectic in its metal-carbon phase
diagram: The melting temperature may decrease by a few degrees [126]. Wirth,
Hoffman and Robertson calculated that the melting point of 1-2 nm iron particles can
be reduced [127]. Ding et al. confirmed a lower melting temperature of an iron/carbon

compound than pure iron via a series of simulations (Figure 2.6) [128].
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Figure 2.6 Comparison of the melting temperature evolution in pure iron nanoparticles and Fe/C compound

nanoparticles as a function of their size N, by Ding et al in 2004[128]

¢ Decrease the size of the particle to less than a hundred nanometers: the melting

temperature decreases slightly and then drastically when it exceeds the threshold of

ten nanometers (Figure 2.7 [129])

Recently, the physical state of the nanoparticle during growth is still unclear.

The nanoparticle can be liquid or solid [130]. Observed by TEM, the deformation of

the particle visible in the nanotube has caused this controversy over the state of the

nanoparticle. Nevertheless, in situ TEM images showed that nanoparticles remained

crystalline during nanotube growth [122], [131], [132].

Page |30



Carbon nanotube: Synthesis methods

1600 S —

‘ 11536
1400 | Tiss

__________ 11064

iron
fffffffff nickel

Melting temperature, °C
o o o o o o
o (] o o o o
1 1 1 1 1 1

silver

o

Figure 2.7 Evolution of the melting temperature of Fe, nickel, gold and silver as a function of their nanometric

diameter[129]
2.3.2.2. Chemical state of catalyst

The role of the chemical state of the catalyst is still under discussion, especially
the carburization or oxidation of the metal before or during nanotubes growth. There
are several contradictory theories on the carburization of the metal. For example, for
the growth on iron (Fe) nanoparticles, the formation of Fe3C (iron carbide) leads to
the end of lifetime of the catalyst|[133|. Yoshida and his team showed in 2008 on in-
situ HR-TEM images that the nanoparticle was in the form of FesC in the solid
state[130]. Esconjauregui et al.[134] and other authors [135], [136] have also shown the
presence of a carbide intermediate phase in nickel (Ni). In a contrasting observation,
Hofmann and his team [127] found that nickel (Ni) and iron (Fe) nanoparticles are
metallic during carbon nanotube growth via the analysis of XPS data. In 2004, de Los
Arcos [137] observed that iron was metallic on some supports, such as TiN, but was

oxidized (FeO) when it was on alumina.

Nevertheless, it is possible that the nanoparticle is not only or fully metallic or
a carbide. The presence of FezC could indeed be just partial in the nanoparticle [138].

The nanoparticle may be a carbide only on the surface or on the extrusion area of the
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nanotube and stay metallic in the core. The carbide formation may also be present
just prior to the growth [139] and become metallic during the nanotube growth. It is
also possible that the nanoparticle becomes carbide-forming during growth and then
metallic again as soon as the growth is complete. On the other hand, Wirth et al. [140]
note that there may be a mixture of phases (alpha - ¢ or gamma - y) in the iron
nanoparticles. Iron o could generate an iron carbide while the iron y remained metallic

during the growth.

2.3.3. Growth through tip or base-growth mode

On the other hand, during the growth, there is a competition between the
adsorption of carbon on the surface of catalyst nanoparticles and the recombination of
C radicals with H atoms. Due to the adhesion strength of the catalyst particles on the
substrate, there are two possible growth modes of CNTs growth, which are tip-growth
and base—growth, respectively, as shown in Figure 2.8. Following the absorption of
carbon on the surface of the catalyst nanoparticles, two scenarios can occur that depend

on the position of nucleation site relative to the nanoparticle.

% In the tip-growth mode (Figure 2.8a), the interaction strength between the
catalyst and the substrate is weak and the dewetting angle is large, the nucleation
occurs at the interface between the nanoparticle and the substrate. The carbon found
preferentially at the interface of nanoparticle and substrate creates a concentration
gradient that will determine the direction of the absorbed carbon diffusion, the catalyst
particles are then pushed off the substrate surface and transferred to the top of CNTs.

% In the case of base—growth mode (Figure 2.8b), due to the strong catalyst-
substrate interaction strength, the catalyst particles still adhere to the substrate,
carbon precipitates and form into a hemispherical dome on top of the catalyst

nanoparticle, which then continues to grow as a cylinder to form CNTs[114].
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Figure 2.8. (a) Tip-mode and (b) Base-mode of the carbon nanotube growth (these images were reproduced from
ref [125])

The time-resolved in-situ high-resolution transition electron microscopes (HR-
TEM) have been employed to study not only the growth mechanism but also the
structure properties of CNTs [122], [141]-[143]. For example, Yoshida et al. [130] used
the environmental HRTEM to study the base-growth mode of SWCNTSs from the
acetylene decomposition on the Fe nanoparticles on SiOy substrate at 600°C. Figure
2.9a presents the sequence of HRTEM images of the consecutive growth stages
extracted from a continuous video. Several research groups have also documented
SWCNT's base—growth mechanism [122], [144]-[146]. Figure 2.9b, extracted from
studies by He et al. in 2019[147], records the growth of SWCNTSs by the tip—growth
mode of CNTs with CO as the carbon feedstock on a MgO support and Co catalyst at

700°C.
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Figure 2.9. In-situ HRTEM images of: (a) base-growth mode of SWCNT synthesized from Fe catalyst [130], (b)
tip-growth mode of SWCNT with Co catalyst [1/8]

In addition to the above two growth models, studies in recent years have
investigated a correlation between the size of the nanoparticles and the diameter of the
SWCNTs based on statistical analyses from TEM data, thereby proving basis to
demonstrate the existence of two other growth models: the tangential and the
perpendicular growth models [149], [150]. The carbon wall of the CNTs grows in a
direction perpendicular to the surface of the catalyst nanoparticles in the perpendicular
growth model. As a result, the diameter of the nanotube is smaller or different than
that of the nanoparticle. In the tangential growth model, on the other hand, the carbon
wall grows in a direction tangential to the nanoparticle surface, resulting in nanotubes
with a diameter near to that of the nanoparticle. These two growth models are shown
to be dependent not only on the nanoparticle diameter but also on the synthesis time
[151]. With a short synthesis time (40 seconds to 2 minutes), CNTs grow in a tangential
growth mode mainly; in contrast, the perpendicular growth model predominates with

a lengthy synthesis time (10 min to 30 min).

2.4. Key factors in the growth of carbon nanotubes

The growth of carbon nanotube (CNTs) generally takes place within a narrow
window of conditions including several parameters such as pressure (total and partial),
temperature (gas and substrate) and gas flow/dilution that vary depending on the
catalyst, the gaseous precursor, and the substrate. These parameters influence the

activity of the catalyst, the density and length of the nanotube in addition to the
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structure of the nanotube. The choice of a catalyst/substrate couple and the gaseous
precursor must be adapted for the growth of carbon nanotubes. This section presents
the main catalysts and precursors that are efficient for the growth of carbon nanotube

and discusses the theories on the origin of this efficiency.

2.4.1. The reactive gas phases.

The choice of the carbonaceous precursor in the growth of a nanotube is based
on different criteria, such as its thermal stability and its hydrogen and oxygen supply.
The carbonaceous precursors for the synthesis of SWCNTs can be unsaturated
hydrocarbons (acetylene or ethylene) [80], [90], [133], [152], saturated hydrocarbons
(methane)[81], [153], oxygenated compounds (ethanol, carbon monoxide) [154]-[156],
or aromatic compounds (xylene, toluene, benzene) [157]-[159]. Most carbonaceous
precursors used for nanotube growth decompose exothermically, except methane. The
majority of existing studies are based on CVD experiments using acetylene as a carbon
precursor and point to that an increase in growth temperature leads to the increase in
the diameter of SWCNTSs [160]. The reactivity of the carbon precursor, or its thermal
stability, can be represented by its Gibbs free energy (free enthalpy) as a function of
temperature in the Ellingham approximation [161] (Figure 2.10). In the context of
CNTs growth, the Gibbs free energy (4G) change for the reaction determines whether
the process is energetically favorable: if the AG is negative, the reaction is
thermodynamically favorable; In other words, the formation of CNTs from precursor
molecules is spontaneous under the given condition. Most carbonaceous precursors used
for nanotube growth decompose exothermically, except methane. Methane is
thermodynamically stable up to rather high temperatures and its pyrolysis begins at
temperatures above 1000 °C [162]. However, as compared to acetylene, the use of
methane as a carbon precursor leads to different growth dynamics. For example, when
CH,4 dissociates during the reaction, it produces more Hy than CoHs dissociation|[163].
Hs is thought to help minimize catalyst poisoning and cleans the surface of the sample

during the growth of CNT's [164].
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The gas phase can be supplemented by other gaseous species such as Ha [106],
[162], [165], H2O [166], [167], NH3 [168], N2 [90], [169], and even COy [170], [171] in
order to improve the growth of the single walled nanotubes and/or the lifetime of the
catalyst. Hata et al. [166] showed the beneficial effects of adding a few ppm of water
to the gas phase on the catalyst lifetime. Amama et al. [172] assumed that hydroxyl
groups from water intercalate between the catalytic nanoparticles reducing the
Ostwald ripening and thus increasing their lifetime. The carbonaceous precursor can
also be combined with an oxygen growth stimulator, such as water or ethanol, to
increase the efficiency of the carbon nanotube growth [173]. The role of the oxygenated
stimulator is to activate the catalyst by cleaning the amorphous carbon layer that
covers it. On the other hand, Chen's team studied the effect of methane
supplementation on growth. They showed that a small amount of methane added to
acetylene could prevent the increase of iron particle size, increase the duration of

growth [174], and improve acetylene-activated growth.
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Figure 2.10 Gibbs free energies of reaction per mole of carbon for the formation of carbon and metal carbides (at

atmospheric pressure) [126]
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2.4.2. Catalyst

Generally, the role of a catalyst is to facilitate a chemical reaction by creating
an intermediate state of lower energy. This decrease in energy required for the reaction
depends strongly on the strength of the catalyst-reactants bond [175]. In the case of
CNTs synthesis by CVD, the catalyst will accelerate the decomposition of the
carbonaceous precursor[175]. Iron [74], [176]-[179], nickel [176]-[179], and cobalt|16],
[74], [176], [177], [179], [180]are widely used to catalyze the synthesis of carbon
nanotubes. As for the gaseous precursors, Esconjauregui et al. [134] performed
calculations on the variation of the free enthalpy of reaction of acetylene on different
metals (nickel, cobalt, iron, tungsten and molybdenum) with temperature. They found
that the highest variations in free enthalpy were for nickel, cobalt and iron (Figure
2.11). Catalytic activity is strongly dependent on the electronic structure of the metal.
Metals with few vacant d orbitals, such as Ni, Co, and Fe, are the best catalysts for
the nucleation and growth of carbon nanotubes. Their ability to catalyze the
decomposition of gaseous carbonaceous precursors, their ability to form carbides and
the possibility for carbon atoms to diffuse in volume or on the surface have been known
for a long time, especially in the context of carbon fiber growth [113], [181]. In the case
of carbon nanotubes, a great deal of work has reported the growth of MWNTSs or
SWNTs from these three metals. Hongo et al [182] reported a growth of SWCNTs
from the Fe catalyst in the growth temperature range of 650-800°C. Lee et al [183]
controlled the CNTs growth with CHy source gas and Hs carrier gas via the oxidation
of Ni catalyst in specific positions. Besides, other species have also enabled the growth
of SWCNTs: (i) Takagi et al. [184] demonstrated the SWNTs synthesis with catalytic
gold particles with diameter smaller than 5 nm, (ii) Zhou et al.[185] studied the growth
of SWNT with copper (Cu) particles under certain conditions, and (iii) Takagi et al.
[186] and Yuan et al. [187] went even farther by successfully growing SWNT with a
whole range of new catalysts such as Fe, Co, Ni, Cu, Pt, Pd, Mn, Mo, Cr, Sn, Au, Mg
and Al by catalytic-CVD.
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Figure 2.11 Calculation of the free enthalpy variation (Gibbs energy) for the reactions between nickel and (a)
CoHy, (b) CoHy, (c) CHY, and (d) CO. Estimation of the free enthalpy of reaction between CoHy and (e) Ni, (f)
Co, (g) Fe, (h) W, and (i) Mo[13}]

In the process of the catalyst development for the selective CN'Ts synthesis via
CVD, there is a trend of the preparation of bimetallic catalysts by adding a second
metal as a co-catalyst which is not found to be active alone but which, when combined,
improves the overall catalytic performance of the catalyst. Molybdenum [188] is by far
the most used in the case of SWCNTs synthesis, but we have noted catalysts containing
tungsten|[189], tin [190], platinum[191], palladium|[191] or chromium[191]. The
contribution of molybdenum as a co-catalyst for the growth of CNTs, especially
SWCNTs, has been recognized for a long time. The best known example is surely the
CoMoCat catalyst of the Resasco team [188], [192], which has led to the filing of a

patent [193] exploited today by SouthWest Nanotechnology. It is a catalyst composed
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of cobalt and molybdenum deposited on different supports. This catalyst is very active
for the production of SWCNTs from the disproportionation of carbon monoxide. This
selective synthesis presents a good yield thanks to the combined effect of two metals:
they likely form a mixed oxide that resists reduction and allows to stabilize and keep
dispersed the Co?' species that generates the active species. As soon as the
carbonaceous species is injected at high temperature of the process, the mixed oxide
reacts to logically give a molybdenum carbide and release the active species to directly
initiate the growth. The advantage of this stabilization by formation of a mixed oxide
is the elimination of any coalescence, very likely at this temperature without
stabilization, which allows to give the active species in a suitable form and size as soon
as the carbon species is introduced. The presence of excess cobalt oxide (Coz04) is
ultimately a source of by-products (multiwall nanotubes, encapsulated particles,
nanofibers) because these particles are not stabilized and are likely to coalesce during

the process.

2.4.3. Nanoparticles/substrate interactions

In order to improve the growth conditions, the effect of the catalyst on growth
has been studied many times. As seen in section 2.3.2.2, the chemical state of the
catalyst can vary from one growth to another. The catalyst can undergo different
treatments before growth which subsequently influences its catalytic activity. The
nature of the substrate can also have an impact on the growth efficiency. It is for these
reasons that the choice of a pretreatment and the type of substrate are important

factors to take into account in order to optimize the growth of SWCNTs.

2.4.3.1 Catalyst pretreatment

The catalyst can undergo a pretreatment step under oxygen (calcination)
and/or under hydrogen before the start of nanotubes growth. Pretreatment under
oxygen is intended to eliminate carbonaceous contaminants and to reduce the Ostwald
ripening phenomenon. Catalysts like nickel, cobalt or iron type oxidize easily under air,

causing a change in morphology. The Ellingham diagram makes it possible to evaluate
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the predisposition of an element to oxidation. For example, we can read in the
Ellingham diagram (Figure 2.12) that FeO is more difficult to reduce than NiO or CoO.
The oxides and hydroxides of iron, nickel and cobalt can be reduced under hydrogen

[194], ammonia [195] or under methane at high temperature [196].

Thermal pretreatment of the catalyst under the reducing gas - hydrogen just
before growth changes the morphology and catalytic activity of the metal film [197].
The parameters of the hydrogen pretreatment should be optimized to improve the
growth efficiency. Adjusting the time and temperature of the pretreatment can indeed
control the diameter of the tubes [194], [198] and then the density of CNTs [107], [194].
A hydrogen plasma can also have an influence on the metal catalyst film, both on the
size of the nanoparticles and their size distribution [199], [200]. Kim et al. [107] used
atomic hydrogen exposure for the catalyst pretreatment process. They showed that by
decreasing the pretreatment temperature, the tube diameter could also be reduced.
However, hydrogen treatment may not always have the desired effect. Excess hydrogen
can degrade the catalytic activity by sintering the nanoparticles and changing the
interaction between the nanoparticles and the oxide layer[201], [202]. Hydrogen in a
small amount can provide better dewetting and increase of the contact angle between

the nanoparticle and the substrate.

2.4.3.2. Support layer

The particular interaction between the metal catalyst and its support plays an
essential role in the synthesis of nanotubes. It influences the morphology, the dispersion,
and the electronic properties of the active phase and consequently the growth process
of the nanotubes. The three most common supports are silica (Si02)[203], alumina
(Al03) [88], [204], [205] and magnesia (MgO) [206]. Other supports have also been
reported: (i) zeolites (Y, MCM-41, ZSM-5, ...) [207], [208] for their confinement effect,
(ii) titanium oxide (TiO2) [209] for semiconductor properties, (iii) water-soluble
supports such as calcium carbonate (CaCOg) [210], [211] for their purification which is

much easier to implement after synthesis, (iv) the carbon in the form of nanofibers or
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nanotubes [212] or graphite [213], or (v) more exotic supports such as perovskites [214]
or zirconia [209]. Experimental studies comparing several substrates for the same metal
catalyst and the same preparation method [210], [215], [216] provide extremely diverse
and divergent results with regard to the choice of an optimal substrate. This variability
arises due to significant differences in electronic interactions, particularly charge
transfer, and metal-support affinities that can vary widely from one metal to another.
The nature of the metal-support interaction is pivotal in this context, and it primarily
occurs through a process of charge transfer between the metal catalyst and the support
material. This charge transfer is not a singular phenomenon but can result from
different types of reactions[210]: oxidation/reduction, acid/base (Lewis),
donor /acceptor. The surface functions of the support, including their density, nature,
and properties, play a critical role in regulating the quality of the metal-support
interaction. These surface functions act as active sites for the charge transfer process
and significantly influence the catalytic properties of the system. The diversity in the
nature of metal-support interactions ultimately impacts the electronic structure and

dispersion of the active catalytic phase.

This intricate interplay between the metal and support is especially crucial in
the context of nanotube growth mechanisms. The metal-support interaction, by
influencing the electronic structure and dispersion of the active phase, essentially
dictates the preferred mechanism for nanotube growth. Consequently, understanding
and controlling the quality of the metal-support interaction are pivotal factors in
tailoring and optimizing the catalytic properties for various applications. The choice
of substrate, in conjunction with the specific metal catalyst and preparation method,

becomes a critical consideration in achieving desired and reproducible catalytic.
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3. Experimental methods

The aim of this chapter is to describe the different techniques used in the
framework of this thesis work. It is divided into three main parts: the synthesis methods,
the characterization methods, and the in-situ experimental method with ETEM. The
first part details the catalyst preparation via molecular beam evaporation (MBE) and
the SWCNTs synthesis using the new HFCVD approach developed in our team, with
a main focus on the experimental protocols used to synthesize SWCNTs at low-pressure.
In order to obtain reproducible results, we performed series of SWCNTSs’ growth in our
home-made HFCVD system followed by the optimization of different parameters that
highlighted the necessity to achieve a well-controlled and systematic method of
fabrication and calibration of the SWCNTs. In the second part of this chapter, we will
present the different techniques used for the quantification of the CNTs’ structural
properties (Raman spectroscopy, Transmission electron microscopy), CNTs densities
(Scanning electron microscopy) and will explain the method needed to infer on the
chemical state of catalytic nanoparticles, for example X-ray photoelectron spectroscopy
(XPS). The rest of the chapter is dedicated to the in-situ growth of SWCNTSs using

the CVD-assisted environmental TEM.

3.1. Synthesis of SWCNTs

Our SWCNTs synthesis process distinguishes the catalyst preparation step from
the SWCNTs growth step. The catalyst preparation steps consist of depositing a film
of catalyst on a substrate and subjecting it to pretreatment process before the carbon

nanotubes growth.

3.1.1. Catalyst thin film preparation

The catalyst film deposition methods can be referenced into two categories: the
dry methods, which includes physical vapor deposition (PVD), and wet methods. The
most popular PVD techniques for catalyst deposition are sputtering [218], [219],

vacuum evaporation [106], [196] and related electron beam PVD also known as e-beam
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evaporation |[220], [221] . Regarding the wet methods, the sol-gel [222| and
impregnation [223], [224] methods are the best known for the growth of SWCNTs. In
our study, the catalyst and buffer layers are deposited by physical vapor deposition
(PVD) method, namely the molecular beam evaporation (MBE). This method allows
the evaporation of metal with high melting temperatures by transferring a large
amount of energy into the source materials[225|. The photo and schematic diagram of
our MBE are presented in Figure 3.1. An inlet lock, where the sample was put in or
taken out, is connected with the main chamber through a gate valve (Figure 3.1b),
which serves as a barrier between the inlet lock and the main chamber. When the valve
is closed, it isolates the inlet lock from the main chamber, preventing any potential
disturbance to the ultra-high vacuum (UHV) conditions within the main chamber. In
our study, Si wafers covered with a 200nm thick thermal oxide (SiO3) were used as a
substrate. This substrate was first cleaned using an ultrasonic bath of acetone for
30minutes and then divided into several 0.5¢cm? specimen before loading in the
evaporator. There are 4 available metals in our system: cobalt (Co), iron (Fe),
molybdenum (Mo) and nickel (Ni). Additionally, we also have two oxide sources:
alumina (AlyO3), and oxides silicon dioxide (SiO2). An electron emitted from the hot
tungsten filament bombard not only the crucible, but also the region surrounded and
partially ionize the evaporated vapor stream. The partially ionized vapor beam was
measured as a flux current, acting like a local partial pressure gauge, which allows us
to determine the time of evaporation by using the equation:

T(nm) xC(uAnm 'min™)
F (uA) ’

t(min)=

where T is desired thickness of thin-film, C is constant of evaporation, F' is flux
current. The constant requires preliminary calibration and is various for each material,
for example Capos=1.2 pAnrn'lmin'1 , Cpe = 0.22 pAnm‘lmin'1 and Cy =
0.35 wAnm'min™. In our study, a thin layer of Alumina (AlyO3) was first deposited
under ultra-high vacuum (10mbar). This alumina layer is known as a catalyst

supporter, which acts as a barrier layer between the catalyst and the substrate to not
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only prevent the diffusion of catalyst nanoparticles (NPs) into the substrate but also
to reduce the hydrocarbon contamination [226], restrict the NPs mobility [205] and to
stabilize the oxidation state of NPs [227]. Following this step, a catalyst layer was
evaporated on top of the alumina layer at room temperature in the same set-up

experiment.

Substrate holder
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Figure 3.1. Home-made Molecular Beam Evaporation (MBE) (a) photo and(b) schematic diagram

3.1.2.  Chemical vapor deposition (CVD) set-up

A versatile platform named Facility for Elaboration of Nanomaterials with in-
situ and real-time analysis at X (FENIX) was designed to perform carbon nanotube
growth in a hot filament assisted CVD reactor and to in situ analyze the sample surface
by XPS (X-ray photoelectron), AES (Auger electron) and ELS (energy loss)
spectroscopy. This configuration makes it possible to study the nucleation and growth
of carbon nanotubes on the same substrate by successive deposition and analysis. The
set-up consists of three chambers placed under ultra-high vacuum (ultimate vacuums
of 108, 108 and <10“mbar in the synthesis chamber, the transfer chamber, and the
analysis chamber, respectively) and isolated between them by valves. The transfer of

a substrate from one chamber to the other is done with a transfer rod. From two gas
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cylinders, one of which contains high purity hydrogen and the other containing pure
methane, the composition and the flow rate of the gas mixture are controlled and

regulated by a debimetric mixer.

Synthesis chamber .éf%e:‘m

o 1

|

'\ Transfer chamber

Figure 3.2 Facility for Elaboration of Nanomaterials with in-situ and real-time analysis at X (photo by Ecole
polytechnique - J.Barande) [228]

In the synthesis chamber, the HFCVD allows us to grow the carbon nanotube
in the large temperature (500°C — 1200°C) and pressure (from UHV to few hundreds
of mbar) ranges. The reactor chamber fitted with a 6 Ta-filaments assembly confined
within the gas inlet, a heated substrate holder, and pumping ports. The chamber is
initially evacuated with a turbo molecular pump which helps us reach ultra-high
vacuum (at least 10® mbar of base pressure), which help to minimize the wall
contamination particularly for experiments performed at low pressure conditions. Then,
the reactor is filled with chosen specific gas flow (in sccm) of hydrogen, and the valve
of the turbopump is slowly closed until the chamber reaches the desired growth
pressure. The IR heated substrate temperature was measured with a thermocouple

mounted within the heated block directly under the substrate. In parallel, the filaments
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can be powered in order to increase the temperature locally and allow the independent
decomposition of gases into the reactive species. In our experiments, Hs is significant
for the growth SWCNTs. It not only helps to shape the catalyst during pretreatment,
but it also dewetting the catalyst layers to form metal clusters and assists in the
elimination the excess of carbon arriving to the surface of catalyst during the growth
[197]. In the case of using the radical gas, it could help to form the catalytic NPs with
smaller sizes, restrict the cluster migration and contribute to a lower synthesis
temperature [229]. After the pretreatment time, the mixture of gas (hydrogen and
methane) is introduced to initiate and sustain the growth of CNTs for 30 minutes. The
growth pressure is continuously adjusted to maintain the set value. The synthesis of
CNTs can be sharply terminated as soon as the valve is fully opened so that the reactor
returns to high vacuum environment (within seconds). Subsequently the gas valves are

totally closed and the power supply for the filament and substrate heating turned off.
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Figure 8.3. (a) The HFCVD reactor in FENIX, (b) Schematization of our HFCVD reactor
3.2. Characterization techniques

There are many available techniques to characterize the structural and
morphological characteristics of SWCNTs [230]. Among these, available in the

laboratory are Scanning electron microscopy (SEM) and Raman spectroscopy which
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were performed to get first overview of the quality and structural characteristic of our
samples. Furthermore, Transmission electron microscopy (TEM) allowed us to access
structural and morphological characteristics (growth mode, diameter, length) of the
SWCNTs after growth. In-situ experiments using two different techniques, XPS and
ETEM were also carried out to study the chemical state, nucleation of the catalyst

and the growth mechanism of SWCNTs.

3.2.1. Raman Spectroscopy

Raman spectroscopy is a non-destructive characterization technique providing
information on the structure of a material by observing vibrational modes. When a
beam of the monochromatic laser beam produced by a continuous laser is focused on
the surface of the sample, the scattered photons are reflected in all directions. If their
energy is the same as that of the incident photons, this phenomenon is described as
elastic scattering or Rayleigh scattering. If the photons are re-emitted at a different
frequency compared to that of the incident photon, the process is known as inelastic
scattering or Raman effect. In Raman effect, the incident photons exchange energy
with the matter with the creation (process “Stokes”), or annihilation (process “anti-
Stokes” of an excitation. The anti-Stokes process involves the scattering of incident
photons and the generation of new photons with different energies, a result of the
interaction with vibrational or rotational modes of the sample. The energy of these
excitations is then analyzed by a chromatic detector, corresponding to the Raman shift.
The depth of Raman interaction with matter depends on various factors: wavelength
of incident light, sample preparation and properties, and instrument configuration. A
Raman spectrum presents the Raman intensity scattered as a function of the frequency
difference between incident photon and scattered photon: if we consider the Stokes
lines, this difference is positive and zero in the case of Rayleigh scattering. In practice,

this frequency difference is converted into a wavenumber V defined by the following

14

— 1 . . . <
relation: ¥ — 2= where 7 is wavenumber (in cm™), A is the wavelength of radiation
C

(in cm), » is the frequency of radiation (in Hz), and c¢ is the speed of light in a vacuum.
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Figure 3.4. Interaction between a photon and a molecule characterized by vibrational energy levels: (a) Rayleigh
process, (b) Stokes process, (c) Anti-stokes process(20]

The use of Raman spectroscopy for the analysis of carbon materials appears as
one of the most powerful, non-invasive method for the characterization of SWCNTs
[226], [227]. Generally, at different wavelengths of laser-excited, the Raman spectrum
of SWCNTs has two principal regions: a low-frequency region with radial breathing
mode (RBM) peaks and a high-frequency region consisting of D and G peaks [20]
(Figure 3.5a).

Radial Breathing Mode (RBM): The RBM region is mainly used to study
the diameter of single-walled carbon nanotubes. It provides information on the
electronic structure of the tube (peak intensity) and allows assigning the chirality (n,
m) of the tube[20], [233]. It corresponds to the in-phase vibration of the carbon atoms
in the radial direction as if the tube is breathing. This mode, which is characteristic of
SWOCNT, exhibits a maximum range of 100 cm™ to 350 cm! for tubes with diameters
from 0.7 nm to 2 nm. RBMs are not observed in MWCNTs due to their layered
structure; MWCNTSs consist of many concentric cylinders with oscillation modes at
different frequencies, which can interfere with each other leading to the quenching of
RBM. This mode is an excellent way to identify if a sample contains SWCNTs and to
calculate their diameter by following the relationship[20], [231], [233], [234]:

WRBM = Et +B (8.1)
Where d is the diameter of the tube, A and B are constants that are determined
experimentally. The constants A and B are highly dependent on different

environmental effects: Van der Waals interactions, adsorption of molecules to surfaces,
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interactions with the substrate, tube bunding. For bundles of SWCNTs with an
average diameter of 1.5 nm, the diameter can estimated using values A = 234 cm™'nm
and B = 10 [234], [235]. For SWCNTs-HiPco scattered in SDS surfactant, the
relationship between diameter and wavenumber of Raman shift is determined through
A = 223.5 cm'lnm and B = 12.5 [236]. For single-walled carbon nanotubes isolated
and deposited on a substrate of oxidized silicon, values of A = 248 cm'nm and B = 0
were found [233], [234] and furthermore we will only use this approximation.
Nevertherless, it is important to highlight the constraint associated with using Raman
spectroscopy for characterizing the diameter of SWOCNTs: Challenge in
indistinguishability of diameter (The Raman spectroscopy encounters difficulties in the
distinguishing between tubes with similar diameters, especially when dealing with

SWCNTs that have a narrow diameter distribution)

G mode: The most intense characteristic band for graphitic materials is the G
band, which lies in the frequency range 1500 to 1600cm™! (Figure 3.5a). The G peak
comes from the phonons with E2g symmetry near the I' point and is associated with a
first-order single-phonon Raman process [237]. The excited electron scatters
inelastically staying in the same electronic band of the Dirac cone and emitting a
phonon. Unlike the G band of graphite (similar to that of a MWCNT) represented by
a single Lorentzian peak at 1582cm™, the G band of an SWCNT comprises several
peaks[231]. Its characteristic shape results from the superposition of several lines
corresponding to different tangential vibration modes of carbon atoms. In general, the
G band is composed of two peaks, which have the most vigorous intensity. The first
peak is called G peak, located at 1590cm! and corresponding to the displacement of
atoms along the axis of the tube. The second component (G- peak) is located at 1570cm-
I and corresponds to the vibrational modes of the atom along the circumferential
direction of CNTs. The shape of the G-band makes it possible to distinguish the
metallic or semiconductor nature of the SWCNT: Lorentzian for a semiconductor tube

and Breit — Wigner type (Fano widening) for a metallic tube [32], [238]. The frequency
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at the component G- is linked to the diameter of the nanotube, to its metallic or

semiconductor property, but it is independent of the chirality angle[239].

D (Disorder) mode: The D band in the Raman spectrum of the SWCNTSs
appears in the range from 1250 - 1450 cm™, depending on Ej,ee[240]. Tt is associated
with the out-of-plane vibrations generated by the presence of defects inside the
SWCNTs such as twisted tubes, impurities in the lattice, or the existence of amorphous
carbon|231], [240]. Several calculations of Saito et al [241] indicates that no D band
intensity occurred in the study of defect-free SWCNTs. However, in the experimental
observations, the SWCNTSs always contain various types of defects, resulting in the
presence of D-band. For example, Duesberg et al [242| concluded that the D band
signal comes from bending, defects or finite size effects when analyzing the separated
and purified SWCNTs on a glass substrate. These SWCNTSs were guaranteed to be
free of amorphous carbon after purification. Another study of Pimenta et al [243]
indicates that the D-band frequency of isolated SWCNTs grown by CVD is linearly
dependent on the diameter of SWCNTs. Moreover, the intensity ratio between G band
and D band (Ig/Ip) is often used to estimate the amount of defects in a sample of
nanotubes [244|-[246]. The smaller this ratio, the greater the structural disorder of the
carbon material considered|241], [247], [248]. Another interpretation of Raman spectra
is generally accepted: the degree of crystallinity decreases when the G band becomes

more expansive and the D band more intense [249].

The nano-Raman spectrometer used in all our experiments is a HORIBA Jobin
Yvon, LabRam HR 800 set-up installed at LPICM. Three different lasers (633nm,
532nm and 473nm) were used as excitation wavelengths. For all the experiments, and
for each laser, several mappings were carried out by using x100 objective and scanning
50um by 50pm surface with a step of 5um to obtain the overview evaluation of diameter
and chirality of the SWCNTSs. The diameters of SWCNTs were calculated from the
frequency of RBM peak through Eq 3.1, and then were compared with the Kataura
diagram|250| to determine the chirality (n,m) (Figure 3.5b), thereby estimating their

electronic property (metal or semiconducting tube). Reportedly, the transition energy
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between a pair of singularities depends on the diameter of the tubes|32]. It is presented
in the Kataura diagram which is used as a basis for the interpretation of the Raman
scattering spectra of carbon nanotubes (Figure 3.5b). This diagram shows the
transition energy (Ei) as a function of the CNTs diameter. Depending on the laser
excitation wavelength, a given diameter, either semiconducting tubes or metallic tubes
may enter in resonance. For example, for a tube diameter of 1.5nm, if the laser excites
at 1.96eV, the metallic tubes are in resonance and can be observed, whereas the

semiconducting tubes are observed if the energy of the excitation laser is 2.33eV.
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Figure 8.5 (a) Typical Raman spectrum for an incident wavelength of 785nm for SWCNTs [251], (b) Kataura
diagram based on the ETB calculation, from the equation, y,=2.9 eV and acc = 0.144nm. The black circles
correspond to semiconducting SWCNTs and the orange ones to metallic SWCNTs. Fach excitation energy of
Raman lasers used in this thesis was plotted (red: 633nm/1.96eV, green: 532nm/2.33eV)[250]. (c) Bottom: RBM
of a carbon nanotubes sample for a laser excitation wavelength of 532 nm (2.33 eV). Top: portion of a Kataura
diagram which corresponds the laser energy used to realize the Raman spectrum, and on the abscissa the range of
frequencies where the RBM are observed. Note that the abscissa of this Kataura diagram has been converted into

frequency by using an RBM law of the type w = 235.9/di+5.5[252].
3.2.2.  Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) allows the observation of the morphology
and topology of objects’ surface from macroscopic scale down to nanoscale. The major
difference as compared to optical microscopy is the replacement of the light source
with electrons whose wavelength is equivalent to the size of atoms|253]. It is based on
the detection of secondary electrons emerging from the surface under the impact of
monokinetic primary electron beam that scans the surface of a sample where the
electron-matter interactions occur in a zone called the interaction bulb (as it could be
detected by a sensor that controls the brightness of a cathode-ray oscilloscope whose
scanning is synchronized with that of the electron beam). The electron-matter
interaction gives rise to various types of radiation: emission of low energy secondary
electrons (<50 eV), electron backscattering of the incident beam, X-ray emission in
competition with that of Auger electrons, transmitted electrons, and UV-visible photon
emission. Typically, the SEM image of the object is obtained from the first two types
of radiation: secondary electrons and/or backscattered electrons. The detection of these
two types of electrons can be separated since their energies and trajectories are different.
Thus, the position and the type of the detectors favors one or the other type of electron.
Secondary electrons are resulted from the inelastic interaction of the primary electron
beam and the sample. Due to their low energy, we can collect the electrons emitted
from the sample surface with a depth of only a few nanometers, thus creating a two-
dimensional image of the sample surface [254], [255]. Backscattered electrons are
incident electron beams that bounce back when interacting with the sample surface

through successive elastic collisions. The energy of these electrons depends on the
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number of collisions they have suffered [255], [256]. It will always be greater than the
energy of the secondary electrons. Thus, scattering is highly dependent on the chemical
composition of the sample surface, so the backscattered electron image is helpful for
chemical composition contrast analysis. In addition, the backscattered electrons can be
used to record backscattered electron diffraction images, helping to analyze the crystal

structure[253].

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic compaosition topographical information {SEM)

L Backscattered Electrons (SE)
Characteristic X-ray (EDX) atomic number and phase differences
thickness atomic composition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
electronic states Infcrmatlon
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Inelastic Scattering
composition and bond states (EELS)
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Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Figure 8.6 Schematic view of electron-matter interaction adapted from SEM [257]

All the samples are characterized using a Hitachi S4800 FEG scanning electron
microscope (SEM) (Figure 3.7) at LPICM of Ecole Polytechnique. This instrument is
able to work at equivalent resolution even with a low acceleration voltage. This
sometime allows reducing the sample charging effects and improving the image quality

without a real need of the surface metallization. Two types of detectors are available
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on our equipment and were used for the acquisition of all images: (i) the secondary
electron detector allows obtaining information on the morphology of sample, and (ii)
a backscattered electron detector allows observing the chemical contrast of the sample.
Although the SEM is easy to operate, there are a few constraints specifically related
to our sample preparation, which is poorly electrically conductive and prone to the
effects of accumulation of charges. Thus, all samples were placed on carbon-based tape
to have the best possible charge transfer while the acceleration voltage is fixed at 1kV

(or 0.5kV), and the beam current at 10pA.

Figure 3.7 Photograph of Hitachi S4800 FESEM equipment available at LPICM.

3.2.3.  Transmission Electron Microscopy (TEM)

Another important characterization technique used to access morphological and
structural characteristics of the synthetized carbon nanotubes are transmission electron
microscopy (TEM) based techniques. Similar to light microscopy the electron
microscope operating principle is generally the same: A beam of particle waves is
observed after passing through and interacting with the studied object. The essential
differences arise from: 1) the nature of the incident beam: electron for the TEM and
photons for the light microscopes, 2) the resulting technology: electromagnetic lenses
instead of traditional optical lenses, a high vacuum necessary because of the strong

interaction between electrons and thin samples, and 3) a thin sample with a thickness
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close to ten nanometers. Considering the generator of electron beam, there are two
typical types of guns: thermionic guns and filed emission guns. In the thermionic gun,
a metal filament is heated close to its melting point to extract electrons (2400°C for
tungsten and 1500°C for lanthanum hexaboride single (LaB6) crystal). At the same
time, a very high voltage (up to 200kV in the JEOL 2100) is applied between the
filament and the anode, so that the electrons are emitted from the cloud surrounding
the filament and crossed the Wehnelt, which functions as an electrostatic lens, and
converge in a "cross-over", to finally be accelerated to the anode. A field emission gun
(FEG) produces electrons when a efficiently high electric potential is applied between
the source and the anode. These electrons, which are extracted by field emission at a
lower temperature around 700°C under the effect of an acceleration voltage of a few
kV by tunneling effect from a tungsten tip, will then be accelerated from a second
anode. The combination of these two anodes acts as an electrostatic lens to create the
"cross-over". The tungsten tip must remain free of any contamination and oxidation,
which is why this type of gun must be under ultra-high vacuum (10 Pa). This is the
case of the cold field emission gun where the tip is operational at ambient temperature.
The good condition of the tip can be maintained under a lower vacuum (106 Pa) by
heating it at high temperature. This is the case of the hot field emission gun also called
"Schottky” (for example, tungsten is only heated to temperature of 1800°C). The
emission of FEGs is much brighter (more electrons extracted) but also much more
coherent (electrons more spatially close). The use of accelerated electrons in an electron
microscope causes these charged particles to have a wavelength of about 0.02A, less
than the interatomic distance (about 1A). When these electrons pass through the
sample, they are scattered by the constituent atoms of the sample. It is therefore
important to know the nature of this diffusion process well in order to be able to

interpret the images obtained.

When the electrons of the incident beam interact with the sample, different
signals result as shown in Figure 3.8. The two types of interaction when the electrons

pass through the sample are elastic and inelastic. Elastic scattering results from the
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Coulombic interaction of electrons with the nucleus of the sample atoms. The electron
being much lighter than the nucleus, the energy transfer is negligible. We can therefore
consider, because of these interactions, that the electrons will be scattered at a wide
angle with the same energy as the incident electron. Besides, inelastic scattering results
from the Coulombic interaction of electrons with the electrons of the sample atoms.
This interaction leads to a loss of energy of the incident electrons. This type of

interaction is used in particular in the chemical analysis of samples.

Incident electron beam

X-ray Photons Auger clectrons

Wide-angle elastic diffusion
“

v
Small-angle elastic diffusion Inelastically scatiered e EELS

Transmitted electron beam

Figure 3.8. Nature of the signals resulting from the electron-matter interaction.

The ex-situ post-synthesis characterization of SWCNTSs were conducted within
the CIMEX platform using mainly 2 different transmission electron microscopes: a Jeol
2010F microscope operating at 300kV and a ThermoFischer Titan Themis X-FEG
operating at 80 and 300kV equipped with an EDX detector. The Jeol microscopy
operates Schottky FEG at 300keV. The FEI Titan Themis 300 could operate at 80 and
300keV.

3.2.4. X-ray photoelectron spectroscopy

The chemical composition of the topmost surface was investigated with X-ray
Photoelectron Spectroscopy (XPS) technique, which is a non-destructive surface
characterization technique based on the use of the photoelectric effect discovered by

H. Hertz in 1887 [258], then explained by A. Einstein in 1905 [259]. The current XPS
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technology was developed in the 1950s by K. Siegbahn [260] for which he was awarded
the Nobel Prize in Physics in 1981]261]. The XPS measurement is based on the study
of the kinetic energy distribution of photoelectrons ejected from a sample under the
impact of X-rays of known energy hv[262|. The variation of the binding energy of the
photoelectrons as a function of the chemical state of the atoms from which they
originate is the main interest of this technique: Eg = Eppnot(x-rays) - Ex - ¢ where Eppo
is the energy of the incident photons by the X-ray source, Ep is the binding energy of
the core level under the consideration, Ex is the kinetic energy of the photoelectron
and ¢ is the work function. Indeed, this metrology allows to determine the electronic
structure and the chemical state of the atoms present in the sample, but also to
quantify the elements present in the different layers, to measure the thickness of the
nanometric layers on the surface, and even to perform chemical profile reconstructions
when the instrument allows access to the angular information[263]. This
characterization technique is mainly adapted to the surface study of the sample since
the average free path of the emitted photoelectrons in the material is very low (i.e. of
the order of 5 nanometer). Thus, the depth of analysis does not exceed 10nm [264], a
considerably smaller range compared to depth capabilities of SEM and Raman

Spectroscopy, which typically operate in the range of few micrometers.
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Figure 3.9 Conservation of the total energy during a photoelectronic phenomenon [265]

The XPS system used in this thesis is a part of FENIX platform, with AlKa
radiation at 1486.6 eV. A pass energy of 90eV was used to measure the survey spectra
in the range of 0eV to 1100eV of binding energy. However, there are some interested
regions were recorded with a pass energy of 12eV to obtain the high-resolution spectra
at step-scan of 0.1eV for Fe 2p, C 1s, Ols, Si 2p and Al 2p regions. The observed XPS
peaks were decomposed and fitted using the Thermo Fisher Avantage XPS software
[266] accounting in a smart background and Gaussian-Lorentizian functions. To
compensate for charge-shifts correction to the calibration in binding energy was

conducted using the C 1s as a reference at 284.5 eV.

3.3. In-situ synthesis and characterization by ETEM - NANOMAX

For the in-situ real time TEM experiments we used the NanoMAX electron
microscope, a modified environmental transmission electron microscope (Titan ETEM
60-300ST) available within the CIMEX platform. It is a prototype microscope designed
in collaboration with Thermofischer Scientific which has been developed in the

framework of TEMPOS Equipex by two main parteners LPICM and C2N (Center of

29
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Nanoscience and Nanotechnologies). The microscope is equipped with a Cs image
corrector, an UltraScan 2kx2k CCD camera and a direct electron K2 camera. The
particularity of the microscope relies on the presence of two external ports which give
access to the objective chamber to provide matter to the sample. The base pressure in
the object chamber without the cells mounted is 107 mbar, value which is not affected
when the CVD cells are installed.

During the above processes, the kinetics of the catalyst nanoparticles and the
CNTs were observed and recorded using a Gatan US1000 camera with an exposure
time of 0.25s. The HDvideo plugging in Digital Micrograph was used to record the
videos using a 4fps speed. The structural and morphological characterizations were
performed during or after the growth. The detection of reactants and products was
performed using a (Quadrupole Mass Spectrometer) QMS 220 PrismaPlus from Pfeiffer

with a range of 1-100 amu.
3.3.1. Gas Sources for carbon nanotubes growth

The distinctiveness of NanoMax microscope originates from the matter sources
(gas, radicals, vapors) that could be plugged within the microscope column to generate
different desired nanostructures growth environments. The sources are installed via
two primary ports on the side of TEM column in order to minimize the migration
distance of precursors inside the TEM. There are currently four basic types of matter
sources which could be plugged within the NanoMAX column compatible with two
synthesis techniques: the Molecular Beam Epitaxy (MBE) and Chemical Vapor
Deposition (CVD). For our experiments the CVD cells are fitted via the two ports and
connected to an external differential pumping system. Inside the microscope, the CVD
cells are designed so that their collimators are directed towards the sample holder
reaching 3mm distance far from the growth area (Figure 3.10). Outside the microscope
each cell is connected to a gas distribution board. With the CVD cells two scenarios
can be realized. We can send gas molecules or radicals of different environments such
as Hy, CHy. Each CVD source is designed in such manner that it accommodates a

tungsten filament that can be heated at high temperatures (2500K-3000K) allowing
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thus 99% dissociation of hydrocarbons gases and molecular hydrogen leading to the
production of radicals/activated species before reaching the substrate. This design is
similar to the HFCVD system given in section 3.1.2. The cell can work at different
growth temperatures and different pressure ranging from high vacuum to a few mbars

in the microscope.
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Figure 8.10 (a) Model, and (b) Photography of the radical-assisted CVD modified HR-ETEM (NANOMAX)
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3.3.2. Preparation of samples

A heated sample holder is required to observe and study chemical reactions,
phase transitions as well as the nucleation and growth process in real time and at
atomic scale. Various holders have been developed for imaging and analytical
measurement under applied heat, stress, electrical biasing, magnetic field and optical
excitation. All in-situ observations were done using the Protochips Fusion Select [267]
sample holder that has been slightly modified in order to be compatible with the CVD
cells collimators. This holder is designed with the electrical connectors compatible with
power supplies that are highly sensitive to the heat and biasing (Figure 3.11). Special
supports called E-chips compatible with this sample holder, were used during all our
experiments. For all the experiments we used SiC (silicon carbide) heating membranes
with different coatings provided with the sample holder. The sample could be heated
up to 1200°C when connecting to the source meter via the contact in the holder. The
heating is done by the Joule effect and temperature is controlled and measured via the
Clarity system software. The temperature is controlled by the sample holder and all
the indicated temperatures are based on the company provided calibrations. A
schematic representation of the modified microscope and sample holder are shown in

Figure 3.10.
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Figure 3.11 Illustration of substrate holder and substrates used for all TEM in-situ growth erperiments.
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RESULTS AND DISCUSSION

The previous chapters provided a comprehensive overview of current knowledge of
CNTs, with a particular focus on the hot filament-assisted chemical vapor deposition
(HFCVD) technique. In the chapter 2, section 2.4, we discussed how various
parameters of CVD growth can significantly impact the structure of the resulting CNTs,
and thus potentially offer a means of controlling the growth of single-walled carbon
nanotubes (SWCNTs). In the following chapter, we will focus on the effect of several
key parameters, including temperature, pressure, catalyst nature, on SWCNT synthesis,
which we carried out in our custom-modified ultrahigh vacuum (UHV) (section 3.1.2).
We will also present our in-situ experiments in ETEM-NanoMax to validate the
compatibility between two platforms: LPCVD — FENIX and RaCVDQETEM -

NanoMax, and present several promising results
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4. Growth of SWCNT using PVD catalyst layer in vertical
CVD reactor

This chapter examines the impacts of support /catalyst system on the formation
of nanoparticles as well as the characteristics of single-walled carbon nanotubes
(SWCNTs) growth via hot filament-assisted chemical vapor deposition (HFCVD) in
platform FENIX. The objective is to investigate the growth processes of SWCNTs
under various parameters to produce high-quality, high-quantity, and maximum-height
vertically aligned SWCNTs. In this framework, we conducted systematic studies on
different support layers with monometallic Fe catalyst and various thicknesses of
bimetallic Fe-Mo catalyst to analyze their effects on SWCNT synthesis. We used
Raman spectroscopy, transmission electron microscopy (TEM), and scanning electron
microscopy (SEM) to investigate the properties of the as-grown SWCNTSs from

different samples with respect to their quantity, structural quality, and morphology.

4.1. Study the structure and properties of SWCNTs grown with

monometallic Fe catalyst supported on Al2O3/Si substrate.

In this part of the manuscript we investigated the influence of the alumina layer
(Al2O3), which is widely recognized for its barrier properties in the growth of carbon
nanotubes [88], [205], [268]. Indeed, AlyO3 is known for its excellent combination of
physical and chemical properties, such as thermal stability, chemical inertness, good
electrical insulation, low density and permeability, high strength and toughness|[269].
To evaluate the influence of a deposited AlyOs support layer on the nanoparticle’s
formation, and then the properties of the as-grown SWCNTSs, a set of samples were
prepared, possessing a various thickness of the AloO3 interface layer (0, 3nm, and 5nm)
between the Si/SiOs substrate and the 0.5nm layer of Fe catalyst. The preparation of
the support/catalyst system was performed using the molecular beam evaporation (as
described in chapter 3) and the growth of SWCNT was subsequently conducted in the
HFCVD-FENIX reactor. The three different samples were named as A1(Onm AlyO3/0.5
nmFe), A2(3nm Al»O3/0.5 nmFe), and A3(5nm AlyO3/0.5 nmFe), respectively. The
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growth parameters of the HFCVD-FENIX were set up as summarized in Table 4.1.

The as-grown SWCNTs were then analyzed by Raman spectroscopy, SEM and TEM.

Table 4.1 The parameters of growth SWCNTs via HFCVD-FENIX

Growth temperature 800°C
Growth pressure 2mbar
Filament power 900W

Pretreatment

5 minutes with 30sccmHs

SWCNTs growth

30 minutes with 20sccmCH,4/10sccmHy

The growth of SWCNTSs can be confirmed by the presence of RBM peaks (100-300cm

1), D(71330cm™), and G(71590cm™) peaks in all three sample A1, A2 and A3 as shown

in the Raman spectra of Figure 4.1.
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Figure 4.1 The average Raman spectra of 100 points mapping spectra recorded under the 532nm of excitation

laser: (a) the whole spectra of A1, A2 and A8 samples which includes the RBM region and high frequency region

(D, G, and 2D peaks), (b) focusing on the RBM region. The peak at 300cm! corresponds to Si peak.

In Figure 4.2a, the top-view SEM image shows that the as-grown SWCNTSs on

the sample Al were grown randomly in-plan. During the pretreatment step (see

chapter 3), the reducing gas - Hs will play a role in two different phenomena. Firstly,

it causes the deposited thin layer of Fe catalyst to crack and form small islands which

are more energetically stable[270]-[272] under the certain temperature. This formation
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follows the Volmer-Weber mode on the Si/SiO9 substrate, as the catalyst atoms prefer
to bond to each other instead of the substrate[273]. As a results, the exposure to Hs
gas will reduce the oxidation of the catalyst, and leads to the formation of the particles
with a smaller diameter than those obtained during vacuum heating, as reported by
Cantoro et al[274]. These small islands, typically 2-4nm in size, are more favorable for
the formation of SWCNTs. However, during the 30-minute growth, the catalyst
particles eventually diffuse, ripen and agglomerate to form larger catalyst islands [194].
This results in the formation of MWCNTSs or other carbon nanostructures|275].
Moreover, the formation of larger catalytic island could lead to a decrease in surface
density of the catalyst nanoparticles and an increase in the distance between
nanoparticles, and thus induce the growth of the random network SWCNTs with low
density[276], [277]. Furthermore, the presence of hydrogen could prolong the lifetime
of the catalyst nanoparticles [106], [278] during the carbon nanotubes synthesis by

limiting the absorption of C on their surface[279], [280].

The areal density of as-grown SWCNTs increases significantly when AlyOs is
used as a barrier layer, as depicted in Figure 4.2b and Figure 4.2c. It is also observed
that the resulting carbon nanotubes tend to grow as vertically aligned carpets with
different heights as measured from the cross-sectional SEM images (Figure 4.3): 600nm
and 900nm of height for the sample A2 and A3, respectively. These observations
support the hypothesis that the size of the as-formed catalyst nanoparticles strongly
depends on not only on the initial thickness of the deposited catalyst layer[180], [281],
[282] and the annealing temperature|[279]|, [280], [283], [284], but also on the Ostwald
ripening|285|-[289] and the sub-diffusion of the catalyst atom into the support
layer[290] (as proposed in Figure 4.4). In the particular case of AloO3 as a support
layer, its surface morphology contributes to reducing the Ostwald ripening and
restricting the size of nanoparticles [290]. Moreover, the smaller average Fe
nanoparticle size and narrower size distribution that could be achieved via a dominant
sub-diffusion of iron nanoparticle into the support layer under the activated Hs

environment treatment [290], are essential prerequisites for growth of VACNTs. These
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results are in the good agreement with the investigation of Sakurai et al [290|, which
demonstrated that a disordered Al-Si-O mixed oxide formed during the annealing
process with the presence of Hs as a reducing gas, helps to promote the iron diffusion.
Furthermore, since the metallic Fe has a higher surface energy than the iron oxide
[291], the reduced iron atoms could readily react with the Al,O3 support and diffuse
into AlbO3 layer. The proposed underlaying mechanism is summarized in Figure

4.4[178].

Figure 4.2 : Top view SEM of as-grown SWCNTs on three different samples: (a) A1 — OnmAl2Os/0.5nmFe, (b)
A2 - 3nmAl0s/0.5nmFe, and (c) A3 — 5nmAl03/0.5nmFe
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(a) cross-sectional A2

(b)cross-sectional A3

Figure 4.3 Cross section SEM images of as-gown SWCNTs on monolayer Fe catalyst supported by AlsOs: (a) A2

As- deposited catalyst layer '
before Annealing

- 8nmAlp03/0.5nmFe, and (c) A8 — 5nmAlsO3/0.5nmFe
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Figure 4.4 The mechanism of catalyst nanoparticle formation on AlsOs support layer under Hp gas treatment[178]

As previously stated, compared to SiOs, the use of AloO3 as a support layer can

lead to a reduction in the nanoparticle size and an increase in the areal nanoparticles

density, thus resulting in a decrease of the distance between the active catalyst

nanoparticles [74], [292], especially when using a 0.5nm thick Fe catalyst layer. As a

consequence, the SWCNTSs growth is promoted as vertically aligned due to the Van

der Waals interaction[293|, [294]. On the other hand, the chosen thickness of AlyO3

layer is observed to also influence the height of the vertically aligned SWCNTSs forest.

This observation is consistent with the study of Zhang et al. [295], which showed an

increase in the height of array VACNTSs as the thickness of AlaO3 layer increased from
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5nm to 50nm with a step of 5nm while using fixed Fe layer thickness at 1nm. The
differences in the catalyst nanoparticles formation and the CNTs growth on SiOy /Si

and Si/Si03/Al,03 system are schematically summarized in Figure 4.5.

(a) (b)
. Catalyst depostion

Lo
0 NPs formation

l CH,+H,, t° CH,+H,, t°

in-plane growth

Out-of-plane growth

A\

/

B Fe W A0, [ sio, WM si

Figure 4.5. Schematic of NP formation and SWCNTs growth on: (a) monometallic Fe on SiO3/Si substrate, (b)

monometallic Fe supported by AlsOsz on SiO3/Si substrate.
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4.2. Study of co-catalyst Mo on the Fe-Mo catalyst system supported on
Al1503 for the SWCNT growth.

The Fe-Mo/AlyO3 system has been widely recognized for its effectiveness in the
synthesis of SWCNTs [89], [169], [296]-[299]. Although, the role of this cocatalyst is
still under debate, it has consistently demonstrated high productivity [81],[306]. Several
explanations have been proposed to explain this success. Firstly, the molybdenum
could act as a pre-catalyst facilitating the rapid decomposition of carbon source [306].
Additionally, it would also seem that molybdenum can accelerate the carbon diffusion
within the particle through a synergistic effect between nickel and molybdenum|[301].
In the case of Fe-Mo/AlO3 system prepared by the fluidized bed CVD [298], the
authors have observed a mechanism similar to that of the CoMoCat catalyst. This
involves a FeMoO4 mixed oxide that can resist reductive heat treatment and prevent
the coalescence phenomena until the introduction of the carbonaceous reagent, which
causes the release of the active species and the almost instantaneous carbide formation
reaction. In a paper by Liu et al [80], Fe-Mo/MgO catalysts were prepared through
alumina impregnation with iron nitrate solution and aqueous solution of Mo in water,
then used to synthesize carbon nanotubes by catalytic-CVD from acetylene (CyHa).
The authors noted a positive effect of Mo as a co-catalyst which achieves high yield of
high-quality synthesized SWCNTs. This chapter is particularly interesting as it focuses
on the role of molybdenum and highlights the finding that an optimal Mo content in
the catalyst leads to the formation of an Fe-Mo alloys that slows the growth rate at

the beginning of the reaction but improves stability of the catalytic system over time.

4.2.1. Condition of synthesis

The initial aim of the study was to investigate how the adding of Mo as a co-
catalyst with Fe affects the growth of SWCNTs. The first step involved preparing
samples using different thickness of Mo and 0.5nm of Fe as catalysts, using a molecular
beam evaporator (MBE) under reduced pressure (10-"mbar) at room temperature (as

described in Chapter 3). The Si/SiO; substrate was cleaned and then a 5nm barrier
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layer of AloO3 was deposited using MBE. Thin films of Mo/Fe bilayers with varying
thicknesses were then deposited onto the AloOs layer (as summarized in Table 4.2).
After metal deposition, the sample was quickly transfer to the HFCVD system to carry
out CN'T synthesis. The grow process involved using a temperature of 800°C, a pressure
of bmbar, and a gas flow of 30sccm Hs for Sminutes for pretreatment, followed by a

gas flow of 10sccm Hz/20sccm CHy for 30-minute of the growth.

Table 4.2 The different thickness of Mo layer and the corresponding samples

Thickness of Al,O3 | Thickness of Mo Thickness of Fe
Sample
(nm) (nm) (nm)

CVD1 5 0 0.5
CVD2 5 0.3 0.5
CVD3 5 0.5 0.5
CVD4 5 0.7 0.5
CVD5 5 1.0 0.5

4.2.2. Morphology — SEM observation

In Figure 4.6, the top-view SEM micrographs obtained from CVD1 to CVD5
samples are presented as a function of the amount of Mo added. We can note successful
growth of CNTs for all thicknesses of Mo evaluated in our experiments. The top-view
images show a large amount of entangled CN'Ts that appear uniformly dispersed across
the substrate area, making it difficult to identify the length of the CNTs and their
tube ends. A related work by Pint et al [284] demonstrated a high-density CNTs
growth when using Mo as co-catalyst in Fe-Mo system. The apparent areal coverage
of CNTs was estimated by an image processing program called ImageJ [302], [303].
The results are 88% for CVD1, 79% for CVD2, 77% for CVD3, 80% for CVD4, and
85% for CVDS5, respectively, which indicate that density of CNTs grown from
bimetallic Mo-Fe is lower than that obtained from only Fe catalyst. However, the

determination of the correct threshold using ImageJ encounters difficulty because of
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the imperfection of image focus and contrast, resulting in a fuzzy area surrounding
each CNT. When multiple CNTs overlap, the fuzzy areas of the different tubes are
superimposed, causing bright regions where no CNT actually exists. As a consequence,

the areal coverage results are only estimates and have significantly high errors.

The cross-sectional SEM analysis of CVD1, CVD2 and CVD3 samples reveals
the activation of vertically aligned carbon nanotubes (VACNTSs) growth. The height
of the VACNTS forest of sample CVD1 is approximately 0.5pm, as shown in Figure
4.7a. The CVD2 sample yielded better vertical orientation, density, and height of
VACNTSs compared CVD1. However, the height of VACNTs is reduced to 0.3pm when
the thickness of Mo achieved 0.5nm. In contrast, spaghetti-like CNTs were formed on
the surface of CVD4 and CVDb5 sample, corresponding to the Mo thickness of 0.7 and

1.0nm, respectively, and the VACNTs growth mode was not activated.
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Figure 4.6 Top-view SEM image of HFCVD nanotubes synthesized by different thicknesses of Molybdenum and

0.5nm of Fe: (a)CVD1(0.5nmFe), (b)CVD2(0.3nmMo/0.5nmFe), (¢)CVD3(0.5nmMo/0.5nmFe),
(d)CVD4 (0. TnmMo/0.5nmFe), (e)CVD5(1.0nmMo/0.5nmFe). Experimental conditions: T=800 °C, P=5mbar,
tsynthesis = 30 min with 20scecmCHy/10scemHo
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(a) 0.5nmFe (b) 0.3nmMo/0.5nmFe

(c) 0.5nmMo/0.5nmFe

321nm

Figure 4.7 Cross-sectional SEM image of HFCVD nanotubes synthesized by: (a) CVDI1(0.5nmFe), (b)
CVD2(0.3nmMo/0.5nmFe), (c) CVD3(0.5nmMo/0.5nmFe).

4.2.3. Study of the as-grown SWCNTs via Raman spectroscopy

In order to understand the structure of the as-grown CNTs, Raman spectroscopy
was performed using three excitation wavelengths of 473, 532 and 633nm. The
abundance of single-walled carbon nanotubes (SWCNTs) is confirmed by the distinct
peaks in the low-frequency radial breathing mode (RBM) region (100 to 300cm™) as
observed in Figure 4.9a. In the high-frequency region, D band peaks at approximate
1321cm™! and G band peaks at 1594cm™ are also observed in all samples, however there
is a variation in the intensity ratio of the G to D band which is an indicator of SWCNT's
quality. Figure 4.8a illustrates the comparison between Raman spectra of several
samples with 473nm wavelength excitation laser. In general, the shape of the D and G
band did not considerably change when varying the thickness of the Mo layer. The G
peaks appears separated into two components: G- and GT, indicating that the
SWCNTSs were successfully synthesized. We also plotted the G/D ratio from the

Raman spectrum when varying the amount of Mo to study the relationship between

Page | 74



Study of the Mo as co-catalyst in the Fe-Mo catalyst system

the crystalline quality and the amount of Mo. Whereas the value of G/D ratio of the
same sample changes when the excitation wavelength increased from 473 nm to 532
and 633 nm due to different Raman scattering cross section of the D-band mode for
each laser wavelength[304], this ratio tended to vary similarly between samples at all
three wavelengths. As shown in the Figure 4.8b, the G/D ratio is higher when adding
Mo and reached maxima (9 with 473nm laser, 7.3 with 532nm laser, and 5.3 with
633nm laser for CVD2 sample), which indicates the improvement of SWCNTs quality.
However, the quality of SWCNTSs started to degrade from 0.5nm added Mo, as

suggested by the decrease of the ratio when increasing the amount of Mo.

473nm laser

(a) 1nmMo/0.5nmFe] (b)
9 -4?3nm laser
1N =45 | BT
2 -533 nm laser
——0.7nmMo/0.5nmFe |
I1,=4.5
—— 0.5nmMo/0.5nmFe]
1./1,=5.0
——0.3nmMo/0.5nmFe]|
——0.5nmFe
11,=43

| 1 1 | 1
1200 1300 1400 1500 1600

Raman $hift (cm™)

Intensity (a.u.)

Ratio | /I,

0/0.5 0.3/0.5 0.5/0.5 0.7/0.5 1.0/0.5
Thickness of Mo/Fe (nm)

Figure 4.8 (a) Example of D and G band of different samples as an averaged spectra using Origin software from
the mapping using 473nm laser excitation. (b) The intensity ratio between G and D peaks for different laser
excitation.

Figure 4.9a provides an example of RBM peak identification for the CVD1 sample
at different excitation laser wavelengths. Typically, the RBM peak positions were
recorded through 100 steps of mapping. Furthermore, we estimated the SWCNTs
diameter using the relation with the RBM peak wavenumber in the Raman spectrum
(refer to Chapter 3). These calculated diameters were then compared with the

Kautara's plot to determine their assignment. For the pure 0.5nm Fe sample (CVD1),

Page | 75



Study of the Mo as co-catalyst in the Fe-Mo catalyst system

the diameters distribution is bimodal, with two main regions: 1.0 — 1.5nm (70.8%) and
around 1.8nm (18%). The CVD2 sample contains a larger amount of small diameter
SWCNTSs (<1.0nm), while overall the diameter of SWCNTSs appears to be more evenly
distributed from 0.7 to 2.5nm. In contrast to the other samples, this sample exhibits a
notable increase in the quantity of small-diameter single-walled carbon nanotubes
(SWCNTSs), constituting the most abundant at 39.6% of the total detected SWCNTs.
Other abundant populations are 19% for 1.0 — 1.4nm, 15% for 1.8 — 2.0nm and 14%
for 2.2 — 2.4nm, respectively. The amount of small diameter CNTs decreases gradually
when the Mo thickness increases, and SWCNTs with large diameter (>2.4nm) start to
be observed in larger proportion. Notably, the distribution of sample (d), (e) and (f)
can be fitted with a Gaussian function. Most of the synthesized SWCNTs have
diameters in the range of 1.0 to 1.5nm (CVD3 - 69.7%, CVD4 - 72.5%, CVD5 - 81%)
and the mean diameter is 1.30£0.27nm, 1.374+0.14nm, 1.3040.07nm for the CVD3,
CVD4 and CVD5 sample, respectively. Based on these results, we hypothesize that
with a sufficient amount of Mo added as a co-catalyst with Fe, it can contribute to the
reduction of the nanoparticles size of the main catalyst, resulting in the formation of
small diameter SWCN'T's. However, it gradually loses its effectiveness when the amount

of Mo exceeds a threshold.
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Figure 4.9. (a) An example of RBM region recorded with CVD1 under the excitation of 473nm, 532nm and
633nm wavelengths laser. (b) - (e) The diameter distribution of different samples: CVD1, CVD2, CVD3, CVDj
and CVDS5, respectively.
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4.2.4. Catalyst state before and after growth

To better understand the catalyst behavior before, during and after the growth,
we conducted in-situ X-ray photoelectron spectroscopy (XPS) analyses. These
measurements allowed us to identify the presence of Fe and Mo in the sample and
monitor any changes in their states. Figure 4.10 shows the results of XPS analyses for
the CVD2 sample (0.3nmMo and 0.5nm Fe catalyst). The spectra are relative to a
charge reference of adventitious carbon with a core level binding energy of 285eV. Prior
to the synthesis, the Mo spectrum exhibits two different peaks: 231.4eV for 3d3/2 and
228.4eV for 3ds/2 (Figure 4.10a). A consistent splitting of Mo peaks of 3.2eV is observed,
which is in agreement with the known value of 3.13eV[263|. These values correspond
best to MoO2[263], [305], which suggests that the thin layer of Mo oxidized after the
deposition due to air exposure prior to insertion into the HFCVD reactor. After the
pretreatment with Ho, the peaks centered at 231.5eV and 228.4eV are assigned to Mo**
3d3/2, and Mo*" 3ds/2. We also observed the peak at 226.5e¢V (47.3% atomic), which
could correspond for the 3ds/2 of Mo metal [306], [307]. This could suggest that during
the pretreatment, a part of oxidized Mo was reduced under the Hs environment to
form the metallic state of Mo. After the growth, the core level XPS spectra of Mo-3d
(Figure 4.10c) appears with attenuated intensity and split into 3dz/2 (231.6eV) and
3ds/2 (228.5eV) peaks. The peak fitting shows two chemical states of Mo, including
Mo? and Mo*". The dominant Mo*" peaks and the smaller peak of Mo® could be
attributed to the molybdenum carbide due to the coexistence of MosC and Mo-Mo
bonds in molybdenum carbide[308], [309].
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Figure 4.10 XPS spectra of 0.8nm Mo layer in bimetallic catalyst MoFe at three different process: (a) before the

pretreatment, (b) after 5 minutes of pretreatment and (c) after 30 minutes of CNTs synthesis
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In the X-ray photoelectron spectroscopy (XPS) spectrum of the as-deposited
iron layer, two distinct peaks are observed in the 2p region at 710.7eV and 723.8eV
(Figure 4.11a). These peaks correspond respectively to the 2p3/» and 2pj /s orbitals of
iron. The chemical compositions FeO (Fe(II)), FeaO3 (Fe(III)) or Fe3O4 (mixed oxide
of Fe(Il) and Fe(III))[310] may account for these values. Additionally, two other peaks
at 715.6eV and 729.4eV are distinguishable. The presence of these peaks indicates the
presence of either Fe(IT) or Fe(III). However, they disappear in the mixed oxide[310].
The position of these "satellite" peaks provides information on the oxidation state of
the iron. If the energy difference between the Fe 2p3/2 peak and its satellite is between
4.3eV and 5.6eV, the oxidation state of the iron is II. Conversely, if this difference is
about 8¢V, the degree of oxidation of iron is III[311], [312]. In our spectrum, the energy
difference between the Fe 2p3 /2 peak and its satellite is 4.9eV. Based on this observation,
we conclude that the nanoparticles present on our sample mainly consist of ferrous

oxide thin film (FeO).

Following a 5-minute pretreatment under the hydrogen environment, the Fe2p
core level displays only two primary peaks due to the spin-orbit coupling Fe2p3/2 and
Fe2p; /2, which are located at 707.6eV and 720.4eV, respectively (Figure 4.11b). These
peaks are associated with the metallic state, confirming that the iron oxide thin film
was reduced to form metallic Fe nanoparticles, which serve as the nuclei for the growth
of carbon nanotubes (CNTs). Notably, the shape and position of these two peaks
remain essentially unchanged after the CNTs synthesis, indicating that the iron
nanoparticles still maintain their metallic state. However, it should be noted that the
peak at 707.6eV is close to the position of FesC peak at 708.1eV, which corresponds to
the formation of the carbide state of Fe [313]. TEM analysis further reconfirms the
existence of other carbide states in addition to FesC, which may correspond to a less
carbon-rich Fe carbide. The formation of the Fe carbide could have occurred either
during or after the CNTs synthesis in the presence of a carbonaceous gas flow. This
underscores the possibility of carbide formation as a mechanism of catalyst poisoning

and eventual catalyst deactivation in this system.

Page |80



Study of the Mo as co-catalyst in the Fe-Mo catalyst system

(a) As-deposited (b) After pretreatment

Fe 2p;;

o K
2 K]
= =
= =
2 o
O [$]
L L L L L L L L L L 1 L 1
705 710 715 720 725 730 735 705 710 715 720 725
Binding energy (eV) Binding energy (eV)
(c) After growth
FE Zpaez

Counts/s

705 710 715 720 725 730

Binding energy (eV)

Figure 4.11 XPS spectra of 0.5nm Fe layer in bimetallic catalyst MoFe at three different process: (a) before the

pretreatment, (b) after 5 minutes of pretreatment and (c) after 30 minutes of CNTs synthesis

4.2.5. Ex-situ TEM characterization of SWCNTs

It is important to consider that the structural integrity of carbon nanotubes

(CNTs) may be compromised during the sample preparation procedures of the ex-situ
characterization. The techniques such as transferring CNTs from conventional

substrates (Si/SiO2 wafer) to TEM grids using the ultrasonic bath or scratching the
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support and recovering a small amount of CNTs on the TEM grids may cause
modification or disintegration of the CNTs structure. Verissimo et al [314] observed
the significant damage to MWCNTs after transferring them using an ultrasonic bath
in isopropyl alcohol. To address this issue, a promising solution is to grow the CNTs
directly on the TEM grids [315], [316]. For example, Gu et al [317] reported the
synthesis of SWCNTs on 20nm thick silicon nitrides substrate while using the methane
as a carbon precursor in the chemical vapor deposition. More recent work on the

growth of CNTs on SizsNy substrates was cited by Nerushev et al [318].

Figure 4.12 shows several TEM images recorded on a carbon-coated copper grid
to which the CNTs were transferred from the Si/SiOy substrate using the scratching
method. Although this method confirms the formation of SWCNTs and determines
their diameter, it still contains several limitations, such as: (i) the clustering of CNTs
into high-density clouds (Figure 4.12a), (ii) non-exactly indicative of the length and
changes in the morphology of CNTs due to the damage, (iii) the uncertainty of position
of catalyst nanoparticles relative to the CNTs, making it difficult to conclude the

growth.

Figure 4.12 TEM observation on TEM grids. The CNT transfer was carried out by cracking method.

To overcome these limitations, we choose to perform a parallel experiment, which

includes the strict identical catalyst preparation and CNTs synthesis via HFCVD, with
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the same set-up but carried out directly on the TEM-grid (300 mesh) coated with Au.
After synthesis, TEM images were recorded using the FEI Titan Themis200 TEM
microscope at LPICM. The diameter of approximately 100 CNTs was estimated in
order to plot the distribution histogram and then fitted by Gaussian function to
identify the average diameter. A series of TEM images of the sample grown from 0.5nm
Fe catalyst (TEM1) is shown in Figure 4.13. Several long SWCNTSs with a length of
hundreds of nm are observed from the low-magnification TEM image (Figure 4.13a).
The diameters of the SWCNTs range from 0.6 to 2.4nm, with 69% of the distribution
in the 0.9 to l.4nm range. A Gaussian fitting yields an average diameter of
1.1840.27nm (Figure 4.13f). The dark spots visible in the TEM grid membrane (Figure
4.13b) can be attributed to the Fe catalyst remaining in the sample after the synthesis,
with a size distribution ranging from 3nm to 10nm, which is much large than that of
the observed SWCNTs diameter. Although several ends of tube can be observed as in
Figure 4.13e, it is difficult to identify the associated catalyst nanoparticles either at
the tips or inside the CNTs, which tends to suggest the base-growth mode. However,
precise observation of nanoparticle position in the TEM grid membrane is challenging,
hindering the assignment of growth mode. Most of the observed SWCNTSs exhibited

significant number of defects (i.e., amorphous carbon, bending) on the CNTs walls.
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Figure 4.13 TEM images of SWCNTs synthesized using 0.5nm iron: (a) low-magnification image, (b) the Fe
catalyst nanoparticles remain in the membrane of the gird, (c -d) the estimated diameter of SWONTS from high-
magnification images, and (e) the histogram of SWCNTs diameter, which was fitting by Gaussian function to
determine the mean diameter of SWCNTs

To further investigate by TEM the synthesized carbon nanotubes, we analyzed
the sample called TEM2, containing 0.3nm Mo and 0.5nm Fe). Figure 4.14 gives an
overall view of catalyst nanoparticles after the synthesis, with the sizes ranging from
2nm to 10nm. A high-resolution TEM image and its fast Fourier transform (FFT)
indicates that most of the nanoparticles remaining on the surface correspond to
different structures of iron carbide (such as Fe;Cy, Fe;Csz and Fe3C), which is consistent
with the XPS observation. The formation of iron carbide has also reported by Sharma
et al. [319] when synthesizing the SWCNTs. Similarly, Hofmann et al also observed
FesC during growth by in-situ XPS [127]. Although the contribution of the Fe3C was
small compared to that of Fe, they concluded only that there is a layer of carbide on
the subsurface, and the rest of the particle is metallic, indicating surface or subsurface

diffusion of the carbon atoms during growth.
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Figure 4.14 TEM micrograph of nanoparticles remaining in the membrane of TEM grid and its FFT images.

Low-magnification TEM image (Figure 4.15b) revealed that several long CNTs
are observed in the sample TEMZ2, similar to the observations in the sample TEM1.
However, they appear relatively clean with few amorphous carbons adhering to the
wall. An investigation of the dependence of the as-grown CNTs on the diameter of
nanoparticles can be made using Figure 4.15a. We remind here that while the
nanoparticles with the diameter of <bnm are expected to act as nuclei for the SWCNTs
formation, the MWCNTSs synthesis requires larger catalyst diameter (>6nm). A narrow
diameter distribution with an average diameter of 1.02+0.28 nm from the Gaussian
fitting was determined through 100 observed SWCNTs in the sample TEM2 (Figure
4.15f). This average diameter suggests a reduction in diameter of the as-grown
SWCNTs using 0.3nm thick of Mo as a co-catalyst. Similar observations were also
reported by S.K. Youn and H.G.Park|[320], who found that adding 0.2nm of Mo to a
0.4nm Fe catalyst layer can reduce the size of nanoparticles, thus leading to the

formation of much smaller diameter nanotubes.
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Figure 4.15 TEM images of SWONTs synthesized using 0.3nm Mo and 0.5nm iron as the catalysts: (a) the
catalyst nanoparticles remain in the membrane of the gird, (b -d) the estimated diameter of SWONTS from high-
magnification images, and (e) the distribution of diameter, in which the average diameter was determined by the

fitting through Gaussian function.

The formation of nanoparticles in the binary catalyst Mo-Fe is a complex
process influence by several factors, including the amount of Fe and Mo, the
aggregation of the metal and the surface diffusion during the pretreatment under a
hydrogen atmosphere. During the thermal pretreatment process, Fe tends to form the
nanoparticles, which act as nucleation seeds for the SWCNTs growth[296]. The Mo
itself is not an effective catalyst for SWCNT growth under the conventional conditions
[297], [321], but it could convert to Mo carbide (Mo2C) during the CVD process[178],
[296], [299], [321]-[323]. When interacting with Fe, it can thus be expected that Mo
stabilizes the Fe and limits the Ostwald ripening of the Fe nanoparticles, resulting in
smaller NPs with a narrower size distribution|297], thus translating into the formation

of smaller diameter CNTs.
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Although, the role of Mo as a co-catalyst is still controversial, one explanation
would be that it allows a dilution of the active phase by creating mixed phases which
would release the active metal during the process of initiation and growth of the
nanotubes [324] or it would seem that the formation of mixed oxides allows the
dispersion of the active phase to be increased and maintained for longer. These mixed
oxides are typically resistant to reductive heat treatment, preventing coalescence
phenomena until the introduction of a carbonaceous reagent which causes the release
of the active species and the almost instantaneous carbide formation reaction|[188].
However, our study observes considerable variance in the resulting CNTs when using
different thicknesses of the Mo co-catalyst. With a sufficient quantity of Mo (0.3nm),
the agglomeration/migration of Fe nanoparticles was inhibited, thereby lowering the
size of Fe nanoparticle, preventing the formation of large Fe clusters, and subsequently
reducing the diameter of the SWCNTs. Furthermore, in this sample, the catalyst NPs
appear to form uniformly and densely distribute on the surface of the sample, leading
to the activation of VACNTSs growth condition with high quality and length. However,
the effectiveness Mo co-catalyst decreases as its thickness is increased, particularly in
terms of the density and the related alignment characteristics of CNTs. While more
experiments are required to full understand the Fe-Mo bimetallic catalyst, this study
helps further to improve the preparation and design of catalysts for the synthesis of

CNTs.
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5. Study of the SWCNTs synthesis at different growth

pressure

In recent years, there have been significant efforts toward the industrialization
of single-walled carbon nanotubes (SWCNTSs). However, several restrictions still exist
in their synthesis, including the ability to produce SWCNTs with the desired diameter
and chirality for specific applications [230], [325], [326]. In light of this challenge, it is
essential to improve our understanding of the growth mechanisms of SWCNTs and
develop highly selective chemical vapor deposition (CVD) synthesis methods. While
many studies have examined the influence of the catalysts [74], [176], [177], [327], [328]
or the temperature [115], [195], [196], [280], [329], there is limited literature on the
influence of the growth pressure, particularly in the low-pressure range (less than mbar),
on SWCNTs synthesis. Unlike the diamond, which forms at very high pressure, the
CVD synthesis of SWCNTSs is generally carried out under atmospheric pressure [330],
[331], which could cause the non-uniformity of as-synthesized SWCNTs [332].
Therefore, a low-pressure type chemical vapor deposition (LP-CVD) synthesis method
that guarantees uniformity could be desirable [333]. Despite this advantage, almost no
attempt has been reported to synthesize SWCNTs by LPCVD. Kasumov and co-
workers have obtained a good number of nanotubes synthesized at 5mbar with
acetylene [334]. A very dense forest of vertically aligned single-walled carbon nanotubes
was synthesized under the pressure of 27mbar with an iron catalyst [77]|. The influence
of pressure on the number and the quality of nanotubes is also studied by Akinari
Kozawa et al [335]. The optimal ethanol pressure to obtain the highest yield of
SWCNTSs was 1x102 Pa at 600°C when using Pd as a catalyst. The group of Shiokawa
confirmed the successful synthesis of SWCNTs at 0.001lmbar [336]. Consequently, the
present study in the following paragraphs follows the logic of a phenomenological
understanding and control of SWCNTs growth at different growth pressure in the
HFCVD reactor under different conditions of gas flow. It aims at carrying out a
systematic study by varying certain parameters of process in order to apprehend the

potentialities of this approach, especially in the range of low-pressure. The optimization
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of SWCNTs growth and obtaining a satisfactory homogeneity and quality of SWCNTs

on Si/SiO9 substrates guided the first steps of this study.

5.1. High gas flow regime — fixed CH4:Hy = 10:20 sccm

Prior to undertaking a rigorous experimental study of the effect of pressure on
carbon nanotubes growth, it was imperative that we develop a stable and highly
reproducible fabrication process of the CNTs. Due to that, other parameters (growth
temperature, gas flow, and catalyst) were set based on the optimized parameters

derived from our other HFCVD studies 78], [198] for the SWCNT synthesis.

5.1.1. Experimental growth conditions

The oxidized silicon substrates for this study were coated with 5nmAl,O3 and
Inm Fe layers using the molecular beam evaporation (Section 3.1.1). The main
parameters of the CVD process set for this study were: the hot filament power of 900W,
substrate temperature of 800°C, the pretreatment time of 2 minutes under 30sscm Ho,
a gas mixture of 67%H, and 33%CH,4 with a total flow rate of 30sscm, the growth time
of 30 minutes. In order to discern the effect of the CVD growth pressure, the growths
were performed at 7 pressures of 0.02, 0.05, 0.2, 0.5, 1, 2, and 5mbar. We will discuss

the obtained observations aiming to identify the influence of various growth pressures.

5.1.2. The CNTs morphology

The top-view SEM images of CNTs grown at 0.02, 0.05, 0.2, 0.5, 1, 2, and S5mbar
under a total gas flow of 30sccm are shown in Figure 5.1. Although the SEM technique
allows us to confirm the formation of CNTs in all the samples, however, the quality of
the images is not clear enough to determine the type of CNTs (either SWCNTs or
MWCNTSs) because of the practical limit of conventional SEM. The apparent as-
observed areal density of the nanotubes seems to increase considerably when the
pressure increased up to 0.5mbar and to vary significantly less from the pressure of
Imbar and more. A significant proportion of the nanotubes appear to be assembled in

bundles. For the samples synthesized at low pressure (<= 0.2mbar), the observations
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seem consistent with the incipient stages of the growth CNTs: initial seeds of CNTs

and short CNTs on the catalyst are detected. The residence time of the gas is linearly

dependent on the growth pressure according to the equation: 7= %, where T is the

gas residence time; Vy is the volume of the furnace chamber; Q is the total flux of both
precursor gas and carrier gas; T and P are the temperature and pressure,
respectively[337]—[339]. Due to that, when we reduced the growth pressure, the
residence time of methane decreases, resulting in the decrease in carbon feeding of
catalyst, thereby expectedly forming sparser CNTs nuclei and shorter CNTs.

Furthermore, as pressure increases, so appears to do the length of the carbon nanotube.
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Figure 5.1 SEM images of grown samples synthesized under different growth pressure: (a)0.02mbar, (b)0.05mbar,

(¢)0.2mbar, (d)0.5mbar, (e)Imbar, (f)2mbar and (g)5mbar, respectively

A series of cross-sectional SEM were performed to evaluate the alignment of the

as-grown CNTs and to estimate the thickness of the obtained CNTs forest. Below the
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growth pressure of 1mbar, there is no observation of vertically aligned CNTs, the CNTs
were observed in the randomly spaghetti-like growth mode. From the growth pressure
higher than 1mbar, the cross-sectional SEM images confirm the formation of vertically
aligned CNTs with different thicknesses, depending on the growth pressures. The
height of VACNTS is around 200nm corresponding to growth pressure of lmbar (Figure
5.2a), and then it increases up to 400nm at 2mbar (Figure 5.2b) and around 900nm at
Smbar (Figure 5.2¢) respectively. It is to be noted that the 215nm layer in Figure 5.2a
corresponds to the SiO2 layer of the substrate. In general, the observed length of CN'T's

gets longer following a quasilinear dependence with increasing growth pressure.

(b) 2mbar

@,iy,vf’f&kﬂ?

.vl\éNT
"Fr S?' P =12

215nm

(c) 5mbar

Figure 5.2 SEM Cross-sectional image of the sample grown at different growth pressure: (a)Imbar, (b)2mbar, and

(c)ombar, indicating the vertically aligned carbon nanotubes.
5.1.3. Analysis of Raman spectra

In order to evidence the presence of SWCNTs and the influence of growth
pressure on the SWCNTSs synthesis process, we have conducted the characterization of
the as-grown SWCNTs through Raman spectroscopy measurements. For each sample

in this study, we have performed Raman mapping (50pmx50pm with a step of 5 pm)
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for two excitation wavelength lasers (532 and 633nm) in a random position over the
wafer surface. An average spectrum of 100 spectra from the mappings was analysed
using Origin software. Then a qualitative analysis of different carbonaceous phases
present in the sample is performed. Finally, the understanding and interpretation of

the main observations are given.

+ Diameter of SWCNTs

Figure 5.3 presents the detected peaks in the RBM region under the 532nm and
633nm excitation wavelength lasers, recorded from an average spectrum of the mapping.
These peaks group located from 100cm™ to 300cm™ corroborate the presence of
SWCNTs in all samples. For the sample grown at 0.02mbar, there are 4 peaks (136.6,
163.6, 234.5, and 242.1cm™!') and 2 peaks (175.4 and 190.7 cm™) obtained when using

excitation laser at 532nm and 633nm, respectively. From the relationship dt:ji [231]
RBM

relating the diameter d; of the tube to the RBM frequency and comparing with the
Kataura plot [250], we can derive two resonant Raman semiconductor tubes [32] with
the diameter d = 1.81nm, d = 1.51nm, and four metallic tubes with the diameter d =
1.06nm, d = 1.02nm, d = 1.30nm and d = 1.41nm. Similarly, we could determine the
diameters of the SWCNTs and their electronic properties of the remaining samples
through the observed RBM peaks (Table 5.1). The appearance of several RBM peaks
at lower wavenumber suggests the formation of large diameter SWCNTs with an
increase in growth pressure. Experimentally, the RBM band is resonant in nature and
its intensity can be affected not only by the chiral angle of the CNTs, but also by its
length, the position of the laser spot, and also eventual tube-tube, tube-substrates
interactions [234], [340]. As a general observation, for the sample obtained at higher

growth pressure, the width of RBM peaks tends to broaden significantly, which might
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be related to the formation of bundles of SWCNTs containing several tubes of

comparable diameter, which increases the number of carbons in laser spots [20], [165].

(a) 532nm laser (b) 633nm laser
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Figure 5.3 An average Raman spectrum of RBM region from 100 points mapping for the samples synthesized at
different growth pressure are recorded under the excitation wavelength lasers of: (a) 532nm and (b) 633nm. The

peak at 300cm! is related to Si/Si0g substrate.
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Table 5.1: Calculated diameter of SWCNTs from the RBM peaks via the relationship

248

di=22 1341
YRBM
Growth
Semiconducting tube diameter Metallic tube diameter
pressure
Green laser: 1.52nm, 1.82nm Green laser: 1.02nm, 1.06nm
0.02mbar
Red laser: Red laser: 1.30nm, 1.41nm
Green laser: 1.50nm, 1.79nm Green laser: 1.02nm, 1.06nm
0.05mbar
Red laser: Red laser: 1.42nm
Green laser: 1.02nm, 1.07nm,
Green laser: 1.53nm, 1.79nm
0.2mbar 1.17nm
Red laser:
Red laser: 1.30nm, 1.41nm
Green laser: 1.52nm, 1.82nm Green laser: 1.00nm, 1.07nm
0.5mbar
Red laser: Red laser: 1.41nm

Green laser: 1.02nm, 1.07nm,
Green laser: 1.55nm, 1.87nm
lmbar 1.11lnm, 1.17nm
Red laser: 1.48nm, 1.89nm
Red laser: 1.32nm, 1.41nm

Green laser: 1.07nm, 1.12nm,
Green laser: 1.53nm, 1.87nm
2mbar 1.18nm
Red laser: 1.48nm, 1.91nm
Red laser: 1.31nm, 1.41nm

Green laser: 1.51nm, 1.84nm Green laser: 1.08nm, 1.13nm
Smbar
Red laser: 1.95nm Red laser: 1.33nm

+ Qualitative analysis of SWCNTs

The carbon structure of CNTs analyzed by Raman spectroscopy can also be
inferred from the different peaks in the high-frequency region (Figure 5.4). The D band,
which relates to the defects in the sp? carbon structures, is located at around 1350cm-
1 while the G band at 1589cm™ corresponds to the carbon sp2 bond vibration in the
direction parallel to the nanotube surface[20]|. A frequently used approach to infer the
quality of the as-grown CNTs is to use the Ig/Ip ratio where Ig and Ip are intensities

of the G and D band, respectively[231]. As we can observe from Figure 5.4, the shape
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of the G~ peak, the position of D and G bands, and the I/Ip ratio have similar trends:
(i) an increase of when the pressure ranges from 0.02mbar to 0.5mbar, (ii) a drastically
drop down if pressure is in between 0.5mbar and lmbar; and (iii) an increase when
pressure increases from Imbar to bmbar, which could be related to the alignment of
as-grown SWCNTs mentioned in SEM images. Considering the samples prepared at a
pressure range between 0.02mbar and 0.5mbar, there is an observation of a narrow G
(FWHM = 28cm™) peak at around 1590cm™ and a lower intensity G- peak located at
1567cm™ which appear like a shoulder to the assigned G peak under excitation of
532nm laser. We also noticed a linear downshift of the D position (from 1336cm™! to
1331cm™! and from 1314cm™ to 1312cm™ with 532nm and 633nm excited wavelength
lasers, respectively), G band position (from 1590cm! to 1586¢cm™ and from 1594cm:!
to 1590cm ! with 532nm and 633nm excited wavelength lasers, respectively), and I /Ip
ratio (from 10.67 to 6.99 and from 6.12 to 3.29 with 532nm and 633nm excited
wavelength lasers, respectively) with the decrease of growth pressure. We can recall
here that consistent with SEM observations, in this range of growth pressure, the as-
grown CNTs are short and located randomly on the substrate, which may promote the
detection of the signal from the vibrations along circumferential direction (G- peak).
For the growth pressure of 1mbar, along with the formation of VACNTSs, we observed
the drop in Ig/Ip ratio from 10.67 at 0.5mbar to 2.9 at Imbar and 3.65 at 2mbar, the
G- peak tends to merge with G* peak to form a broaden G peak (FWHM = 60cm™!)
under the excitation of 532nm wavelength laser. There is a similar observation when
the sample was rechecked with the 633nm wavelength laser: Ig/Ip ratio drops from
6.12 at 0.bmbar to 2.39 at Imbar and then increases up to 3.1 at 2mbar. We can
hypothesize that a change in the morphology of synthesized-SWCNTs (VACNTSs or
spaghetti-like CNTs) could significantly impact the Ig/Ip ratio. Moreover, the
formation of amorphous carbon due to a superabundance of the gas species [284], [342]
at high growth pressure could be a factor that decreases the value of I¢/Ip ratio. The

appearance of G~ a peak at the growth pressure of 5mbar could be due to the formation
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of a long-filamentous structure on the surface of VACNTSs forest, which was observed

in Figure 5.1g.
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Figure 5.4 An average Raman spectrum in high-frequency region from 100 points mapping of SWCNTs

synthesized at various growth pressure. The excited wavelength lasers are 532nm and 633nm corresponding to

5.2.

Figure a and Figure b, respectively.

Low gas flow regime - fixed CH4:H9 = 5:2.5sccm

Different from typical CVD systems (and other HFCVD available at LPICM),

the HFCVD-FENIX implements three cascade-mounted turbo-pumps maximizing

pumping volume speed and compression ratio (including for light mass gases) which

allows us to perform the experiments at extremely low pressures. For a total gas flow

of 30sccm as presented in the previous section, we were able to reduce the growth

pressure down to 0.02mbar. However, this pressure is still relatively higher than the

pressure in the reported in-situ studies with current ETEM (103 — 10-2mbar)[130].

Therefore, to be able to reproduce the conditions of the in-situ experiments in ETEM-

Pa
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NanoMAX in the HFCVD-FENIX, we choose to explore a decrease in total gas flow
which is expected to help to achieve successful growth at reduced pressure. To ensure
sufficient carbon feed the ratio methane/hydrogen has also been modified toward

enriched methane content.

5.2.1. Experimental conditions

To ensure uniformity of the experiment, we continued to use samples that have
been deposited with 5nm AlyO3 and Inm Fe layers. The gas flows were adjusted to
bsccemHy for the pretreatment step and 5scemCHy/2.5scemHy for the SWCNTSs
synthesis. The choice of these values is also based on the conditions of the successfully
in-situ experiments and the limitation of limit gas pressure inside I’ ETEM-NanoMax.
The other CVD parameters were unchanged: the filament power of 900W, the growth
temperature of 800°C, the pretreatment time of 2 minutes, and the synthesis time of
30 minutes; the growth pressure was reduced by a step of half a decade until achieved

the minimum possible with the current pumping set-up.

5.2.2. Morphological characterization of CNTs

Figure 5.5 shows the top view SEM images of CNTs grown from Fe catalyst at
different growth pressures (a)0.005mbar, (b)0.0lmbar, (c)0.05mbar, (d)0.lmbar,
(e)0.5mbar, (f)1.0mbar, (g)5.0mbar, respectively. Although under these values for gas
flow it was possible to reduce the pressure inside the HFCVD up to 10-*mbar, we were
not successful in growing CNTs when the pressure is below 0.005mbar (or 5x10-*mbar).
A considerable growth pressure-dependent morphological change and variation of both
the density and the length of CNTs are observed throughout the series of SEM images.
When the growth pressure is in the range of 0.005mbar to 0.05mbar, the synthesized
CNTs exhibit a sparse density, and their apparent (in-plane) lengths vary from 50 to
200nm. The CNTs tend to curl up and to grow in a random position on the substrate.
For the synthesis performed at 0.1mbar, we notice, on the whole substrate surface, an
increase in length and quantity of CN'Ts. Moreover, the CNTs appear straighter and

easier to image with the SEM. The catalytic particles are also visible. The observed
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elongation process continues until apparently achieving a saturation from onset
pressure of 0.5mbar, which marks a remarkable increase in density. The increase of the
CNT density with the increase of growth pressure has already been observed by several
authors[154], [284], [343], [344]. Furthermore, above the onset of growth pressures of
0.bmbar, cross-sectional images acquired from the SEM demonstrate that tubes start
to grow mainly as vertically aligned forest with the height of aligned CNTs as a dense
nanotube forest varying from 100 nm at 0.5mbar and 200nm at 1mbar to 400nm at
bmbar (Figure 5.6), which is indicative of the high and homogeneous activation of the
large majority of catalyst nanoparticles. Most nano-catalyst seeds appear to start the
tube germination at the same time and to be able to sustain growth at a significantly
similar growth rate. The alignment of nanotubes has been the subject of several studies
including that of Xu et al in 2012 [345]. They quantified the alignment of nanotubes
by a Herman’s orientation factor (HOF) and found an almost linear relationship
between the alignment and the density of nanotubes in the forest: the more aligned
the tube is, the better the density of the nanotubes forest. Indeed, the less dense the
forest is, the more available space there is for the CNTs to undulate. Contrary to the
dense forest, the constraints between the neighboring nanotubes force the CNTs to
push in the same direction and align themselves, giving a straighter aspect to the whole
forest, which may be used to explain the observation of VACNTSs from 0.5mbar of
growth pressure. At the top of the VACNT forest on the samples grown at 0.5mbar,
1.0mbar and 5.0mbar, the CNTs are very entangled because of the nucleation and the
high density of CNTs at the beginning of the growth. It is possible that during the
growth time, some of the catalyst may get deactivated creating a local decrease in the
density of CN'T's compared to the rest of the forest. We could also note that the CNT's

appear not individualized with several observed large diameters of bundles.
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(b) 0.01mbar

(d) 0.1mbar %

Figure 5.5 Top-view SEM of CNTs grown at various pressures: (a)5x10-8mbar, (b)1x10-2mbar, (c)5x10-2mbar,
(d)1x10-1mbar, (e)5x10-1mbar, (f)Imbar and (g)5mbar
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(a) 0.5mbar (b) 1.0mbar

(c) 5.0mbar

Figure 5.6 Cross-sectional view of SEM image with the formation of CNTs forest through the HFCVD at various
growth pressure (a) 5x10-1mbar, (b) Imbar, and (c¢) S5mbar. The height of VACNTs is 110, 100, and 400nm,

respectively.
5.2.3. Analysis of Raman spectra

To assess the structure and quality of SWCNTs, Raman spectroscopy is one of
the most powerful tools [231]. For an overview of nanotube characteristics, numerous
mappings were recorded on a 50pmx50pm surface with a step of 5pm for each sample,
for a total of 100 collecting points. Through their resonance with each wavelength, two
separate excitation wavelengths (532nm and 633nm) are employed to detect the
presence of SWCNTs. For each mapping, we simulated an average spectrum from 100
collecting points via the Origin software. All samples displayed two distinct peak
groups in the high-frequency domain (D and G band) and respectively the low-

frequency domain (radial breathing mode — RBM), which are specific to SWCNTs.
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5.2.3.1.

Quality of SWCNTs

The region of the two characteristic peaks of graphitic materials, the D and G

bands, was monitored in all samples. The D band at 1340cm! originates from the

scattering of local defects or disorders in sp2-hybridized carbon. Meanwhile, the

position and shape of the G band, which correspond to the planar oscillation of carbon

atoms (Egs mode) in the graphitic bond, varies depending on the growth pressure.
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Figure 5.7 The high-frequency region of average spectra from 100 collecting points for the SWCNTs synthesized

with Fe catalyst: The excitation wavelengths were (a) 532nm and (b) 633nm.

Under the radiation of 532nm laser, the G peak positioned at the approximate

1590cm! (Figure 5.7a) appears to broaden when the growth pressure is in the range

between 0.5mbar to 5mbar. Toward the lower pressures, the G peak becomes narrower

and exhibits increasingly splitting into two major components: G- with lower intensity

at 1568cm! and G* at 1590cm™ [231], [346|, [347]. Similar observations are obtained

when using 633nm excitation laser and have been cross-checked using the values of
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full-width half maximum (FWHM) of G peak (Figure 5.8). Indeed, the G peak having
the value of FWHM of approximately 1lcm! (533nm laser) or 10cm™ (633nm) is
obtained for the samples synthesized in the growth pressure ranging from 0.005mbar
to 0.1mbar, which is consistent with the shape of G peak as seen in Figure 5.7. Low
values of full width half maximum (FWHM) in the G band are associated with the
SWCNTSs growth with the improvement of structural quality[348]. When the pressure
increases up to 0.5mbar and 1mbar, the G peak appears broadened, consistent with
the remarkable increase in FWHM value. At the growth pressure of 5mbar, the FWHM

value slightly decreases with the appearance of a G~ peak as a shoulder of G*.
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Figure 5.8 The plot of FWHM wvalue of G peak against the growth pressure (mbar). The green- square and red
circle are represented to the FWHM wvalue estimated from the 532nm and 633nm excitation laser Raman spectra,
respectively, through the curve fitting by Origin software.

The intensity ratio between G and D bands (Ig/Ip) can also be employed to
infer on the structural quality of CNTs. The sample grown at a pressure of 0.05mbar
exhibit the greatest ratio (I¢/Ip=16.65 with the green laser and Ig/Ip=5.8 with the
red laser) (Figure 5.7). The Ig/Ip ratio decreases both above and below 0.05mbar,

suggesting the SWOCNTs crystalline quality degradation and introduction of a

Page | 103



Study of growth pressure

significant number of defects in the tube’s structure. By comparing the Raman spectra
and the SEM images, the Ig/Ip ratio of vertically aligned carbon nanotubes appears
much lower than that of the spaghetti-like CNTs. When the growth pressure is lower
than 0.5mbar, the decrease in Ig/Ip ratio could be caused both by the reduction of the
amount of carbon due to a reduction in the number of dissociated carbon feedstock
molecules on the catalyst particles, which could result in premature termination of the
elongation of CNTs and some supplementary etching by hydrogen gas (that can
increase the density of CNTs’ wall defects). In contrast, the rapid fall in the Ig/Ip ratio
when the pressure exceeds 0.5mbar, may be attributed to: i) formation of some double
or MWCNTs that typically exhibits lower Ig/Ip ratio and/or (ii) an excess of carbon
supply, which might lead to inactivation of the catalysts, resulting in a reduced
quantity of SWCNTs and an increase in the amount of amorphous carbon formed. The
results demonstrate the influence of growth pressure on the crystalline quality of the

resulting SWCN'Ts.

5.2.3.2. Diameter distribution

In the low-frequency Raman spectra, numerous peaks can be seen in the range
100 - 300cm! (Figure B.1, Figure B.2, Figure B.3, Figure B.4, Figure B.5, Figure B.6,
Figure B.7 in Appendices & supplemental material). As seen in Table 5.2, the total
number of detected peaks in the RBM region varied with the growth pressure (for the

same number of mapping points per sample).

Table 5.2 The number of detected SWCNTs by Raman spectroscopy with two different wavelengths

Growth pressure
0.005 0.01 0.05 0.01 0.5 1 5
(mbar)

N° of detected peaks
398 507 846 1148 1183 1169 1095
in RBM region

In addition to differentiate SWCNTs and MWCNTs, RBM peaks are used also

to estimate the diameter of SWCNTs using the relationship formula between frequency
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and diameter of CNTs (d = 248/w where w is Raman shift, d is the diameter of
tubes)[341] as well as the corresponding chirality of SWCNTSs through the famous
Kataura’s plot[250]. The related statistical study of the diameter of the CNTs is
summarized in Figure 5.9, from which one can observe that the increase of the growth
pressure shifts the distribution of the SWCNTs diameter. At the growth pressure of
0.005mbar and 0.01lmbar, the SWCNTs diameter ranges from 0.8nm to 2.4nm, with
the main occurrences in 1.2 — 1.8nm region. When the pressure increases to 0.05mbar,
there is a small increase in the population of small diameter (<Inm) nanotubes with
overall evenly distributed diameters from 1.0 to 2.4nm. The number of small diameter
nanotubes continues to increase with the increase of growth pressure with a marked
trend to become the most populated distribution. A comparison of the RBM peaks and
Kataura’s plot was also performed for all samples in order to study the influence of
growth pressure on the distribution of the electronic properties of SWCNTs. Figure
5.10 summarize the determined percentages of the semiconductor and metallic
characteristics within the samples. Based on the Kataura diagram fitted for these
samples, we found that for excitation at 633 nm, SWNTs less than ~1 nm in diameter,
thus with an RBM of more than ~240 cm™, are semiconducting and those possessing
a diameter larger than 1 nm are predominantly metallic. According to the combined
results from both excitation lasers, the number of semiconducting CNTs occurrences
seems to be the majority, with the exception of the sample synthesized at 1mbar, where
the number of metallic SWCNTSs occurrences increases significantly and tends to be

the observed majority.
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Figure 5.9 (a) — (g) Diameter distribution of SWCNTs from Raman spectra at 532nm and 633 wavelength

excitations and (h) the total number of detected SWCNTs according to various growth pressures
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Figure 5.10 Determination metallic and semiconducting SWCNTs ratio by using Kataura plot: (a) green

excitation laser, (b) red excitation laser, (c) combination results of two lasers
Discussion and Conclusion

We have observed that from a certain pressure point, the SWCNTSs start to

form in the vertical alignment. However, in this growth pressure range this is also
accompanied by some degradation of the structural quality of SWCNTs which has
been observed through the change in Ig/Ip ratio and G band shape in the RAMAN
analysis. We presented here the work carried out at the beginning of this thesis and
that has allowed us to parametrize a low-pressure hot filament-assisted CVD synthesis

system and to determine the impact of growth pressure on growth of SWCNTs. The
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samples were prepared using a molecular beam evaporated 1nm iron catalyst layer on
top of 5bnm Alumina buffer layer. The parametric studies carried out on our HFCVD
system and presented in this chapter have allowed us to highlight the presence of at
least one optimal SWCNTs growth regimes. When a total gas flow is 30sccm with
CH4:Hj; ratio of 1:2, our HFCVD allowed us to successfully synthesize the SWCNTs at
the temperature of 800°C and the growth pressures from mbar range to as low as 0.02
mbar. We have also demonstrated that it is possible to reduce the growth pressure to
103mbar by modifying the gas flow (5sccmCHy and 2.5sccm Hg). This limitation in
growth pressure depending on the gas flow could be considered as a threshold below
which the SWCNTSs growth is completely inhibited. The morphology, quantity, and
quality of SWCNTs could be modified by adjusting the growth pressure. At high gas
flow regime, the presence of larger diameter SWCNTs due to the increase of growth
pressure could be due to the increase of the average size of catalytic nanoparticles by
coalescence and/or Ostwald ripening but at the same time the desorption of co-
products of catalytic decomposition of methane would be cross-linked in the gas phase
and deposited in the form of an amorphous carbon layer. When using the low gas flow
regime, the decrease in the growth pressure does not appear to promote the growth of
increased number of nanotubes in a significant way. The lower proportion of small
diameter nanotubes in the low-pressure range is probably not related to the non-
activation of small NPs. It seems that small catalyst nanoparticles are more sensitive
to the nucleation limitation at 800°C where nucleation occurs at a higher pressure in
the case of small diameter. These results thus support the hypothesis of competition

between Ostwald ripening and nanotube growth [349].
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6. Study of key parameter — growth temperature on the

SWCNTs growth

There have been various efforts in the literature to investigate the influence of
the growth temperature on the characteristics of CNTs, such as diameter, chirality,
areal density, etc, which are the premise for the selective and controlled synthesis of
CNTs. There are currently several conflicting research reports on the effect of
temperature on the properties of CNTs when using CHy in CVD, particularly
depending on the nature of the catalyst being used. Y.Zhang and co-workers [350]
reported that when temperature increases, the diameter of CNTs increases, and
observed a structural transition from SWCNTs to MWCNTs when using nickel as a
catalyst. The dependence of the final product structure on the growth temperature was
also observed in the publications of Song et al [153]|, in which the MWCNTs were
favored to grow at low pressure on the Fe-Mo/Aly,O3 catalyst, and Simon et al [351]
who reported that with catalyst Pd on porous ceramic AlyOs substrate, at high
temperature, the formation of carbon nanofibers is eventually replaced by carbon
nanotubes. The high temperature regime has been reported to induce not only removal
of the impurities of CNTs during the annealing process [352| but also to help to
increase the crystallinity of CNTs [353]. However, the literature reports several
opposing observations about the impact of temperature. In term of diameter, Makris
et al were successful in the synthesis of thinner and longer SWCNTs at high
temperatures (800°C) with the use of Ni catalyst [88]. The high temperature also could
lead to the encapsulation of catalyst nanoparticles [354], [355] caused by the formation
of amorphous carbon [354]-[356]. Bouanis et al also mentioned the influence of growth
temperature on the diameter distribution of as-grown SWCNTs when using Ru as
catalyst precursors coupled with atomic hydrogen treatment [361]. They obtained the
narrow distribution of SWCNTs diameter at 850°C with 90% of semiconducting-
SWCNTs. The distribution of diameter became broader, the diameter of as-grown

SWCNTs increased and the percentage of semiconducting-SWCNTs decreased when
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they continued to increase the growth temperature up to 900°C and 950°C. There is
the same trend of the influence of growth temperature in the publication of Salome et
al in 2019 when they studied the properties of SWCNTs synthesized from three
bimetallic catalyst systems (FeRu, CoRu and NiRu) [198]|. At the low temperature
(700°C for FeRu and CoRu, 800°C for NiRu), more than 65% of counted as-grown
SWCNTs have diameter below 1.3nm. When the temperature increased up to 1000°C,
the percentage of small diameters below 1.3nm decreased down to 23%, while the

diameter above 1.6nm presented more than 40%.
6.1. Influence of growth temperature at standard pressure

6.1.1. Condition of the experiment

Although the temperature is known as the key parameter for the synthesis of
SWCNTs, this parameter has not been previously optimized for the SWCNTs growth
in our homemade CVD reactor (FENIX) particularly in the low pressure range. Most
recent studies have demonstrated the successful SWCNTs growth with standard
growth pressure ranging from a few mbar to hundreds of mbar [341], [358]-[360]. We
have initiated the study of the effect of substrate temperature at standard growth
pressure to ensure the synthesis of SWCNTs. Thus, the growths were performed at the
following temperature: 500, 600, 700, 800, and 900°C; other growth conditions were
given in Table 6-1. The support (AloO3) and catalyst (Fe) film thicknesses were chosen
5nm and Inm, respectively. All samples were kept under vacuum conditions until their
use, in order to protect the surface from contamination and deep oxidation. Prior to
starting the CNT growth experiments, the CVD system was pumped down to 10-®mbar
vacuum range. After reaching a sufficiently low vacuum, the sample and filament
heating were turned on. Once the desired temperature was achieved, Ho gas was fed
into the reactor at 30sccm flow rate for 2 minutes to perform the pretreatment process,
which included the annealing and dewetting of the catalytic film to form the
nanoparticles. Then the growth mixture of gas (20sccmCH4/10sccmHsy) was injected

into the reactor to perform the growth of CNTs for 30 minutes at constant growth
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pressure. The gaseous flow was turned off and the samples were allowed to cool down
to room temperature after the termination of the growth by the abrupt pressure drop
to ultra-high vacuum. To ensure the reproducibility value of the study, the synthesis
of SWCNTSs was systematically carried out simultaneously on four individual samples
for each of the synthesis temperatures, and this process was repeated a minimum of

three times.

Table 6.1 Growth conditions of CNTs grown on Fe catalyst

T CHy : Ho Times Catalyst film
Sample name P (mbar)
(°C) (scem) (mins) thickness (nm)
Fe0.1 900 20:10 ) 30 1
Fe0.2 800 20:10 ) 30 1
Fe0.3 700 20:10 ) 30 1
Fe0.4 600 20:10 ) 30 1
Fe0.5 500 20:10 ) 30 1
Fel.l 900 20:10 2 30 1
Fel.2 800 20:10 2 30 1
Fel.3 700 20:10 2 30 1
Fel.4 600 20:10 2 30 1
Fel.5 500 20:10 2 30 1

6.1.2. Morphological structure

Figure 6.1 shows a series of top-view SEM images of the growth of CNTs
recorded for each temperature at fixed growth pressure of 5mbar. It is expected that
the temperature impacts the reactivity of the catalyst in the nanoparticle formation,
which in turn influences the SWCNTs growth. We can observe that at a pressure of
bmbar, the formation of nanoparticles is visible, but the growth does not occur as
shown in Figure 6.1a where the synthesis was performed at 500°C. Starting from 600°C,
the temperature is sufficient to allow the absorption and diffusion of carbon atoms on

the surface of the catalyst particle and to trigger the growth of CNTs (Figure 6.1b).

Page | 111



Study of temperature on SWCNTs growth

From the top-view SEM images, we can notice a disordered growth of CNT, without
particular growth orientation, the nanotubes are entangled. When the temperature
continues to increase up to 900°C, there is a significant increase in density of the as-

grown CNTs.

(a-1) 600°C (b-1) 700°C

(c-1) 800°C

Figure 6.1 The top view SEM image of CNTs grown at 5mbar with different conditions: (a) 500°C, (b) 600°C,
(¢) 700°C, (d) 800°C and (e) 900°C, respectively. The cross-sectional SEM images were recorded to determine
the orientation of as-grown CNTs at the temperature of: (a-1) 600°C, (b-1) 700°C, (c-1) 800°C, and (d-1) 900°C.

As we found on the previous study of growth pressure on the SWCNTs synthesis,

2mbar of growth pressure is expected to obtain the high productivity of high-quality
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SWCNTs. Therefore, we also performed a series of experiment with 2mbar of growth
pressure. When the synthesis pressure was reduced to 2mbar, we were able to
successfully synthesize CNTs starting with a lower temperature onset i.e. at 500°C
(Figure 6.2a), there is no CNTs below 500°C. We can hypothesize at this point that
when pressure is reduced, the carbon supply rate becomes low enough, so that the slow
carbon diffusion at 500°C does not lead to poisoning of the catalyst surface which
would impede carbon nanotube formation. We precise that for experiments performed
at a temperature below 500°C, we did not obtain any formation of CNTs. For the
growth temperature range of 600°C to 900°C, the morphological change in as-grown

CNTs appear similar to the series of observations from CNTs synthesized at Smbar.

(a) 500°C — 2mbar EUEREERNEIS (b) 600°C — 2 mbar & 8 (c) 700°C — 2mbar

(d) 800°C — 2mbar i

(a) 700°C — 2mbar : (b) 800°C — 2mbar

Figure 6.2 The top view SEM image of CNTs grown at 2 mbar with different conditions: (a) 500°C, (b) 600°C,
(c) 700°C, (d) 800°C and (e) 900°C, respectively. The cross-sectional SEM images were recorded to determine
the orientation of as-grown CNTs at the temperature of: (a-1) 700°C, (b-1) 800°C, and (c-1) 900°C.

For both 2 and 5 mbar growth pressures, an intriguing phenomenon is observed

at 700°C and 800°C. At 700°C, CNTs growth begins to be influenced by the on-growing
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neighboring CNTs, thereby tending to grow perpendicular to the substrate surface
(Figure 6.1(b-1) and Figure 6.2(a-1)). Around 800°C, the CNTs clearly grow vertically
and perpendicularly to the substrate (Figure 6.1(c-1) and Figure 6.2(b-1)) to form
forest of aligned CNTs. This growth dynamics can be attributed to the homogeneous
nucleation on the majority of the catalyst nanoparticles in precisely the same time
during the initial stage and followed by significantly same homogenous CNTs growth
rate. We can also note that some long non-aligned filamentous structure appears
sparsely on top of CNTs. Their formation could be related with several hypothesis: (i)
there are some nanoparticles that are able to nucleate easier/faster and probably have
higher subsequent CNTs’ growth rate, (ii) they lead to fast and longer growing CNT's
that are not aligned, and (iii) these CNTs surpass the height of surrounding CNTs
forest that have grown at a steadier rate. When the synthesis temperature was raised
to 900°C, the quality of as-grown CNTs on the substrate appears to undergo some
degradation when compared to those grown at 800°C (Figure 6.1e and Figure 6.2(c-
1)): the vertically aligned growth mode no longer occurs, and rather long entangled
CNTs were synthesized randomly on the substrate. Several factors may explain these
observations. Indeed, if we refer to the conventional thermal CVD, the higher the
growth temperature also the dissociation rate of the injected gas gets higher. In our
case, the precursor gases are pre-dissociated via hot-filaments and thus one expects
drastically reduction of the influence of furnace temperature (typically more than two
times lower that the hot filaments temperature) on the gas dissociation rate. On the
other hand, when the synthesis temperature exceeds 800°C, although the availability
of reactive carbon in the reactor is little changed, the absorption and the carbon
diffusion on the catalyst nanoparticles could be enhanced whilst the size of catalyst
particles can also undergo significant change. If under this condition too much carbon
is available during the growth it can either poison the catalyst particles, limiting or
even preventing the growth of CNTs, or in certain conditions can lead to the formation
of thick MWCNTSs or even carbon nanofibers. This result has also been reported in a

number of works, including that of Li et al.[361], who reported that in their CVD
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synthesis, the yield of CNTs obtained was continuously reduced from > 800°C until
reaching 1050 °C, the maximum temperature tested. Furthermore, an increase in the
metal surface diffusion with the increase of temperature could enhance Ostwald
ripening, leading to the formation of larger nanoparticles, more inhomogeneous

diameter distribution, and consequently inhomogeneous CNTs growth conditions

[286]—(288], [290].
6.1.3. Raman spectroscopy

Furthermore, Raman analysis (see also Chapter 2) was performed on the
samples synthesized at the growth pressure of dHmbar and temperature of 500°C,
600°C,700°C, 800°C, and 900°C to analyze the quality of as-grown SWCNTs. Overall,
all spectra show the two expected Raman regions at high-frequency region
(~1335cm™! — D band and ~1580cm ™! — G band) and respectively at low frequency
(100-300cm! — RBM) characteristic for SWCNTs.

+ High-frequency region

An example of D band and G band detected with 532nm excitation wavelength
laser is presented in Figure 6.3a. 100 values of Ig/Ip ratio from mapping was calculated,
and then simulated the average and plotted as a function of growth temperature
(Figure 6.3b). When using 532nm excitation laser, the ratio was achieved at 1.46 for
the sample grown at 600°C, and then with the increase in growth temperature, this
ratio increased to 7.46 at 700°C, 7.45 at 800°C, and 21.41 at 900°C. The value of full
width at half maximum (FWHM) of an average D band calculated from 100 points
mapping Raman, as determined by Gaussian fits, is dependent on the growth
temperature as shown in Figure 6.3c. The FWHM of the D band at the growth
temperature of 600°C is 59.5. When the growth temperature increases the D band
becomes narrower with the decrease in the value of FWHM, 36.9 at 700°C, 30.8 at
800°C and 24.5 at 900°C. We also observed the same trend when examining samples
with a red laser excitation (633 nm wavelength). The FWHM of the D band is a

measure of the spread of frequencies in the Raman signal, and a narrower FWHM
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generally implies a more well-defined and less disordered carbon structure. In contrast,
a broader FWHM is typically indicative of a higher degree of disorder or a more diverse
range of defects. These observations suggest that when the temperature increases, the
number of incorporated defect types decreases. This is consistent with the observation

of Vinten et al [248] and Kwok et al [362].

n
u;

(a) 900°C 1592 (b) . 532nm laser|

1486
1334

e 800°C 1591

1672 4.91 4,99

F
[4;]
=J
N
Ig/Ip ratio
-]
m;
-
u;

& 633nm laser

-
=
w

1 1 1 1 600 700 800 900

1 1
e 700° C 1590 Growth temperature (°C)

1571

Intensity (a.u.)

B 532nm laser

—
0
—
3
o

N
& 633nm laser

i

[#)

w

o

FWHM, (cm )
3L

w

]

-y

30.7
| L ] 2438
[ ]

1 1 1
1200 1300 1400 1500 1600 1700 I . i . i ‘ I
600 700 800 900

Raman Shift (cm™) Growth temperature (°C)

Figure 6.8 Raman spectra of the CNTs samples: (a) the average spectra of 100 points mapping - D band and G
band of CNTs synthesized in the range of growth temperature from 600°C to 900°C in step of 100°C. The laser
was excited at 532nm of wavelength. The plot of (b) Iq/Ip ratio and (¢) FHWM of D band against temperature.

The data was recorded under the excitation of 532 and 633nm wavelengths lasers.

+ The evolution of SWCNTs diameter

Confirming the presence of SWCN'T's for all four growth temperatures, the peaks
observed in RBM range from 100 to 300cm™ in Figure 6.4 shows the evolution of RBM
peaks as a function of the synthesis temperature for a constant growth pressure of
5mbar. The RBM peaks are distributed between 126 cm™ and 284 cm™l, indicating that
the diameter of SWCNTs is distributed between 0.87 and 1.96nm. We can notice a

general trend of a downshift of RBM peaks with the increasing temperature, which
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indicates the formation of a larger diameter of SWCNTSs. Indeed, it can be seen that
at 600°C, the proportion of medium diameter SWCNTSs (zone 2 in Figure 6.4) are in
the vast majority. Between 700°C and 800°C, the diameter distribution seems similar,
which the majority is small diameter SWCNTs (zone 2 and zone 3 in Figure 6.4).
When the temperature continues to increase from 800°C to 900°C, the number of large
diameters becomes more important and as the temperature increases, the proportion
of small and medium diameters decreases. At 900°C, no peak is recorded in zones 3

suggesting that large diameter nanotubes are in majority.

(a) 532nm laser (b) 633nm laser
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Figure 6.4 An average RBM - Raman spectra of 100point mapping for the samples synthesized at different

temperature and at 5mbar. The excitation wavelength laser is: (a) 532nm and (b) 633nm

Three regimes are thus highlighted here: i) at low temperature (T = 600°C), we
notice an increases of the proportion of small diameters. ii) at medium temperature

(700°C < T < 800°C), the diameter distribution is stable and wide (from 0.87nm to
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1.8nm); iii) at high temperature (T = 900°C), the thermal energy input leads to a net
decrease in the proportion of small diameter nanotubes. This result is in agreement
with the observation from SEM and TEM (see next paragraph). The higher growth
temperature could induce pronounced agglomeration of catalyst particles and leads to
an increase their size, resulting in large diameter SWCNTs. While the crystalline
quality of CNTs appears maximized at 900°C, the alignment of the CNT starts to be
lost. This indicates that, at this growth temperature, the formation of nanoparticles
was not homogenous in regard of their resulting size, and at the same time, the high
hydrocarbon precursor concentration favored encapsulation of a fraction of iron
nanoparticles, thus incapacitating their catalyst properties. There is therefore a trade-
off between structural quality and the alignment of CNTs by choosing a growth
temperature between 700 and 800°C for our CVD system when synthesized at medium-

high pressure.

6.1.4. Characterization of as-synthesized SWCNTs by ex-situ TEM

As mentioned in chapter 4 (section 4.2.5), the transferring of as-grown CNTSs
from Si/SiO2 substrate to TEM grid carries a lot of risk in destroying some of the
structural properties of CN'Ts. Based on that, to further clarify the tube structure, we
decided to perform parallel experiments with the gold TEM support grids (300 mesh)
used as the substrate. In order to have comparable results, the evaporation of the
AlyO3/catalyst layers and the subsequent CNTs growth were performed in the same
time as the conventional samples of Si/SiOy substrate, so we can reasonably expect
that the nucleation and the growth conditions will be significantly the same for the

both cases. The structure of the as-grown SWCNTSs were analyzed by HR-TEM.
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Figure 6.5 TEM micrographs of SWCNT growth using a InmFe/5nmAl2Os/carbon support sample that

underwent pretreatment under radical hydrogen (30sccm) for 5mins. The growth parameters are CHy:Hp = 20:10,
smbar, for a 30 min of growth time.

Figure 6.5 shows the several TEM-images of CNTs obtained for sample Fe0.2 in
Table 6-1 at growth pressure of b5mbar at 800°C. Long-dense CNTs were observed in
the low magnification images in Figure 6.5a and Figure 6.5b. A detailed analysis of the
recorded images evidences a mixture of tubes that can be isolated or bundled, curved
or straight, and can grow in any direction. The organization of SWCNTs into bundles
of up to several tens of nanotubes is due to the Van der Waals forces between the
nanotubes and/or the same growing speed of SWCNTSs from the Fe nanoparticles
which are very close. As expected from the results obtained on the SiO2/Si sample,
the density of the CNTSs situated on a membrane support is very high, which makes
difficult their analyses in terms of diameter and number of walls. Some individual
SWCNTS, could be observed outside the membrane, for which their diameters seem to
vary from 1lnm to 2.5nm. Concerning the catalyst particles which are visible on the
membrane their analysis is difficult to performed in order to determine their exact
position relative to the SWCNTs. It appears that not all the particles have resulted in
the formation of carbon nanotubes. The average size of the catalytic nanoparticles

observed is of the order of 3.9nm (Figure 6.5¢), which is much larger than the diameter
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of the formed tubes. Some of the nanotubes’ tips, free of catalyst nanoparticles, could
be observed outside the membrane, suggesting a base-growth model of SWCNTSs
(Figure 6.5¢). We could also observe a significant amount of amorphous carbons
attached to the wall of SWCNTs, which could be caused by the sample preparations,
the contamination during the synthesis, or the degradation of SWCNTs by the slow

absorption of molecules present in the air [363].
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Figure 6.6 TEM images of SWCNTs synthesized at 600°C and 700°C of growth temperature: (a) SWCNTs
formation at 600°C, (b) distribution of 100 nanoparticles after the synthesis at 600°C, (c¢) example of estimated
diameter of SWCNTs at 600°C, (a-1) distribution of 100 nanoparticles once the synthesis was completed at
700°C, (b-1) formation of bundle of SWCNTs at 700°C and (c-1) estimation of diameters of different SWCNTs
at 700°C, respectively.

The nanotubes synthesized at 600°C and 700°C (Figure 6.6) which correspond
to the samples Fe0.4 and Fe0.3 in Table 6-1 present similar features to those obtained at
800°C. From Figures 6.6(a),(c) (b-1) and (c-1), these tubes are often grouped in clusters
of few tubes feature significantly more structural defects in their tubular wall, as well
as the presence of poorly graphitized or amorphous carbon. We also captured the

presence of some isolated and high crystalline SWCNTSs at high magnification. We can

also remark that the diameters of the analyzed SWCNTs are relatively small, ranging
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from 1 - 2.4 nm. After the growth, the average observed particles’ size was 3.7 nm at
600°C and 4.7 nm at 700°C, which is larger than the average observed diameter of the
SWCNTs. In addition, we also evidence a few tubes ends that were also devoid of
catalytic nanoparticles, once again suggesting the formation of CNTs in the base-

growth mode.

6.2. Influence of temperature at low growth pressure

In the previous chapter, the SWCNTs were successfully grown in the range of
temperatures between 600 and 900°C at Smbar and 2mbar of growth pressure. The
unique design of our HFCVD allows us to perform the SWCNTSs synthesis with the
pressure as close as the in-situ experiment in ETEM, this statement was again verified
through the first observation of the influence of growth pressure. Therefore, we further
examined the effect of growth temperature coupled with low-pressure, particularly in
the 0.5mbar range with a slow and continuous gas flow of 5sccm CHy and 2.5scem Ho.
We anticipate that a slow gas flow favors both the homogeneity of the gas mixture

and a greater control of its diffusion on the surface of catalyst.

6.2.1. Experimental conditions

The sample preparation and CNTs synthesis methodology consisted of the
following steps: (i) deposition of 5nm of AloO3 and 1nm of Fe on the Si/SiOy substrate
by molecular beam evaporation, (ii) sample transfer to the HFCVD reactor, (iii) once
ultra-high vacuum was reached (10-7-10-®mbar) in the reactor , the substrate and the
filaments were heated, (iv) subsequent step of the pretreatment of nanoparticles in 2
minutes under 5sccm of Ha gas to prevent the coarsening, (v) when the pretreatment
achieved, introduction of 5sccm of CHy and 2.5scemHy in order to initiate and continue
the growth of CNT for 30 minutes, (vi) rapid reactor pump-down out to achieve
vacuum thus stopping the synthesis and subsequently sample was cooled to room
temperature. We also note that the synthesis temperature was varied from 400°C to

900°C in step of 100°C.
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6.2.2. Topological analysis of as-grown CNTs yields

The scanning electron microscopy (SEM) micrographs performed on samples
obtained at different temperature and same pressure of 0.5mbar are summarized in
Figure 6.7. At this pressure, it can be observed that the surface of the silicon wafer
exhibits changes which are due to the formation of seeds that starts at temperatures
as low as 400°C. Concerning the growth of CNTs we notice that it does not take place
(Figure 6.7a) at such low temperature. The seeds appear to be only nanoparticles,
carbon amalgams, or other by-products of the CNT's synthesis because we also did not
obtain any CNTs characteristic peak when analyzing with Raman spectroscopy. It is
well known that the CNTs need a catalyst particle of adequate size in order to grow;
therefore, the increase of the as-grown SWCNT diameters at higher temperature is due
to an increase in the mean catalyst size induced by a coarsening mechanism [198]. We
hypothesize that at very low temperature as 400°C, the particle size is too small, and
the carbon that condenses on its surface cannot take on the shape of the tube to initiate
growth. From a growth temperature of 500°C, a coating with a fluffy-like appearance
is formed on the sample. The fluffy-like structure could be attributed to the deposition
of other graphitic structures (i.e amorphous carbon) on the wall of as-grown CNTSs
which will be confirmed by the Raman spectra (section 6.2.3). At higher temperatures
of 600°C and 700°C the presence of some relatively short CNTs was observed. When
the growth temperature increases up to 800°C, a significant increase in the density of
grown CNTs was noticed from SEM analyses. We observed that the tubes also grow
in an entangled manner, which makes difficult the estimation of the nanotubes area
density. However, if the temperature continues to rise to 900°C, one can observe an

apparent increased presence of CNTs at the support surface.
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Figure 6.7 Top-view SEM images indicating the presence of CNTs after their growth at different temperatures

and 0.5mbar of growth pressure
6.2.3. Raman spectroscopy

In order to verify the presence of SWCNTSs for the presented samples, Raman
analyses were performed using two different excitation wavelengths (532nm and
633nm). Figure 6.8a and Figure 6.8b illustrate representative examples of Raman
spectra obtained with the 532nm laser excitation in the low and respectively the high-
frequency regions, which are characteristic of the SWCNTs. At the low-frequency

region, we observed the appearance of RBM peaks located in the range from 100cm!
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to 300cm™. By comparing the peak positions, we also observe the tendency of a

downward shift of the RBM peaks with the increasing temperature. The diameter of

SWCNTs is estimated from the wavenumber by d;= 248/0)RBM [231], and the
distribution diameter of most SWCN'Ts is observed to range between 1 to 2nm. In
detail, at the growth temperature of 500°C, we observed a main RBM peak at 231cm-
1. corresponding to the d = 1.1nm; nevertheless, the number of RBM peaks recorded
in the 50pmx50pm area was about only 20 peaks. Accounting for an Ig/Ip ratio
exceeding low (1.3 with the green laser and 1.1 with the red laser) we can infer that,
although SWCNT may be synthesized at 500°C, the amount and quality of SWCNT's
are quite poor, which is consistent with the SEM observation mentioned above. When
the temperature was increased to 600°C, the number of observed RBM peaks increased
significantly, we observed peaks located at 131cm!, 163cm™, 189cm !, 212cm™!, 223cm-
1,267cm !, and 285cm !, which correspond to SWCNT diameters ranging from 0.87 to
1.8 nm. Furthermore, the SWCNT diameters are estimated to be between 0.87 and
1.87 nm for 700°C, 0.87 - 1.9 nm for 800°C, and 0.85 - 2 nm for 900°C. The trend of
increasing SWCNTs diameter with the increasing temperature matches the results
obtained from the standard pressure synthesis (see previous section). We also plotted
the intensity ratio of G band to respect the intensity of the D band (I¢/Ip) as a function
of the growth temperature (Figure 6.8c). This ratio is proportional to the degree of
graphitization and inversely proportional to the degree of contamination by defects in
the analyzed CNTs (see chapter I). For the two excitation wavelengths, the observed
evolution of the Ig/Ip ratio presents an increasing pattern. We observe that the degree
of graphitization reaches a maximum between 700 — 800°C and thereafter marginally
degrades outside this region. The deterioration is visibly marked when the temperature
is raised up to 900°C or lowered down to 500°C. Although according to simulation
reports [364], the defects are possible to be annealed at high temperature (900°C), the
presence of additional compounds (i.e. additives, contaminants, or by-products) could

be the reason for the observed formation of defects in our experiment. In contrast, at
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low temperature (i.e. <600°C), the creation of defects was probably promoted by the

low-activation-energy path dominant [365].
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Figure 6.8 The average Raman spectra of 100-point mapping for the SWCNTs synthesized at 0.5mbar of pressure

and at different temperatures: (a) low energy range, (b) D and G band. The wavelength of the excitation laser is

532nm. The dependence of (c) Iq/Ip ratio and FWHMp value in the function of growth temperature. The data

was recorded under the excitation of two wavelengths at 633nm and 532nm lasers
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6.2.4. In-situ XPS analysis on the catalytic chemical state of the

sample synthetized at 800°C

To further investigate the composition and the nature of the surface of the
observed CNTs, we undertook an in-situ XPS analysis on the sample synthetized at
800°C and 0.5mbar. The sample was prepared with the following procedure: (i) the
deposition of 5nmAlyO3 and InmFe by MBE on 2cmx2cm Si/SiOs substrate, (ii)
loading the sample in HFCVD reactor, (iii) the pretreatment of Fe nanoparticles under
the bsccmHs for 2 minutes at 800°C and 0.5mbar on the HFCVD reactor, (iv) the
growth of CVD during 30minutes under 5sccmCH,4 and 2.5sccmHs at 800°C and
0.5mbar. Before starting each step, we transfer to the analysis platform to perform the
in-situ XPS to analyze the state of catalyst. The X-ray from Al K alpha target was
incident at 45° to the sample surface, on a large area of the sample surface. The electron
energy analyser was operated with a pass energy of 12 eV for high resolution spectra.
with a step scan size of 0.5eV. The details of curve fitting procedure are outlined as
follows: (i) select the binding energy range for the background subtraction, (ii) select
the linear method for the background subtraction, (iii) select the Gaussian-Lorentzian
(GL) ratio to determine peak shape, (iv) select asymmetry factor (initial number is
1.0), (v) select full width at half maximum (FWHM) for the specific peaks, (vi) select
the best fitted curve for experimentally obtained, which gives the minimum chi square.
These steps were repeated until the best chi squared was given. The curve fitting
parameters, i.e. FWHM, asymmetry factor, GL ratio, were manually input independent

of the fitting software.
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Figure 6.9 XPS spectra of Fe at different steps: (a) as deposited, (b) after the pretreatment under radical - Hy
environment and (c) after the SWCNTs synthesis for 80minutes under the mizture of CHy/Hp environment. (d)
the C 1s spectra

The chemical state of Iron (Fe) catalyst during the SWCNTs growth was
revealed through the XPS analysis. Figure 6.9 shows the XPS spectra of Fe-2p core-
level for the sample at three different steps: (i) as deposited, (iii) after the pretreatment
under H,, environment, and (iii) after 30 minutes growth under CH4/H2 environment.
Before the heating under the H,;, environment, the XPS spectrum of Fe-2p shows two
distinct peaks around 710.47eV and 723.77e¢V, which correspond to the Fe-2p3/2 and
Fe-2pl/2. They also contain two different satellite lines at 716.81eV and 730.61eV and

there is no appearance for Fein the XPS spectrum. This spectrum is consistent with
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the characteristics of Fe3" in a-FeyO3 [366]-[369] indicating that Fe catalyst surface
was partially oxidized in the air [370] during the sample transfer between MBE and
FENIX platform or suggesting a strong interaction between Fe and the surface oxygen
atoms of alumina support, consistent with the reports of Mattevi et al [227], which is
believed that this interaction restricts Fe surface mobility [227], resulting in the
nucleation of vertically aligned CNT forest [227]. After the heating under H,,
environment for 2 minutes, the satellite lines disappeared, and the peaks of Fe-2p3/2
and Fe-2p!/2 are located at 707.67eV and 720.53eV with the value of full width at half
maximum (FWHM) of 1.72eV and 1.72eV, respectively. This indicates the reduction
from oxidized Fe to metallic Fe [263| and/or reacted with C to form FesC[371]. We
also observed an increase in intensity of C 1s peak (same peak position as Cls of
graphite [263]) in Figure. 6.9d which suggests that the formation of carbon nanotube
started. When the SWCNTSs synthesis was terminated after 30 minutes, the position
of Fe-2p3/2 and Fe-2p!/2 were located at 707.30eV and 720.28eV without satellite, which
suggests the Fe nanoparticles were kept metallic during the synthesis. However, the
FWHM of Fe-2p3/2 and Fe-2p!/2 are 1.45¢V and 1.45eV. After the growth, the C 1s
peak increases strongly, indicating the formation of carbon nanotube (Figure. 6.9d),

while the Fe remained in its fully metallic state.

Transmission electron microscopy (TEM) analysis provided additional
confirmation of the single-walled structures of the nanotubes. The growth process was
directly performed on TEM grids under the same conditions as on Si/SiO2 substrate
via HFCVD at 800°C. As shown in Figure 6.10, there is several obtained isolated -
SWCNTs, the growth is observed as relatively clean with some negligible deposition of
amorphous carbon on their side wall, which is consistent with the maximum in Ig/Ip
obtained through the Raman spectroscopy. However, the SWCNTSs are extremely short,
some of them can reach 30nm in length. This phenomenon could be due to the growth
initiated already during the pretreatment which is consistent with the XPS results of
C 1s peak and not successfully restarted after. We were able to determine the diameter

of some SWCNTSs through a detailed analysis of several TEM images in Figure 6.10a,
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Figure 6.10c and Figure 6.10d. The Gaussian fitting result concludes that the mean
diameter of SWCNTs is around 1.14nm, and more than 60% of SWCNT is located in

the diameter ranging from 1.0nm to 1.4nm (Figure 6.10b).
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Figure 6.10 SWCNT sample grown with Fe catalyst at 0.5mbar and 800°C: (a — ¢ — d): HRTEM micrographs,
(b) Histogram distribution of individual SWCNT diameters. The numbers in (b) are mean diameter + standard

deviation
6.3 Discussion and Conclusion

It is widely assumed that the formation of CNTs consists of several processes
including carbon atom dissolving, diffusing, and precipitating via the catalytic
nanoparticles in the CVD process, which are directly affected by both the carbon atom
concentration and the temperature [372]-[374]. At the growth pressure of bmbar and
2mbar, the high carbon concentration caused by the long residence time of gas inside
the reactor (constant total gas flow) could result in an increase in the amount of
activated carbon precursor prior to reaching the catalyst. At this growth conditions,
the growth temperature is significantly important in controlling the properties of
SWCNTs: vertical alignment, diameter, chirality, and density[329], [361], [375]. We

observed that the diameter of SWCNTSs increases with the increase of temperature and
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when the temperature is beyond a threshold, some small nanoparticles are either not
activated or activated slowly owing to their higher supersaturation limit [349], [376],
[377]. When the nanoparticles are small, the carbon concentration within the catalyst
exceeds the threshold carbon concentration for the encapsulation of nanoparticles,
resulting in the nucleation of carbon cages around the catalyst particles and the
termination of SWCNTs growth [166], [229], [378]. This hypothesis can be used to
explain why we could not observe the growth of small diameter SWCNTs at 900°C in
our HFCVD set-up. Furthermore, the absence of larger nanoparticle activation at low
temperatures (<600°C), which is sometimes attributed to poisoning due to the
overloaded carbon content [379], [380], could lead to the formation of small diameter
SWCNTs in this range temperature. The low carbon solubility of bigger nanoparticles
caused by the low temperature in the reactor results in the lack of subsurface atoms,
which facilitates stronger adhesion of sp? layer on the catalyst surface to encapsulate
the nanoparticles, thereby inactivating the nanoparticles[126]. When reducing the
growth pressure, we observed that the influence of the growth temperature becomes
stronger on the synthesis of SWCNTs. The lower the pressure, the shorter the residence
time of the gases in the reactor (at constant total gas flow input), which limits not
only the quality of activated carbon precursor reaching the catalyst but also the
amount of Hy during the pretreatment. When using 0.5mbar of growth pressure, the
trend of as-grown SWCNTs is identical to the hypothesis we used to explain the growth
behavior on sample synthetized at the growth pressure of Smbar and 2mbar. The
optimal growth temperature remains between 700°C and 800°C, which is compatible
with the modelled melting temperature of catalyst nanoparticles of 1-2nm [381] based
on the Gibbs-Thomson effect [382]. These observations suggest that the decomposition
of carbon source at the catalyst level is dependent not only on the growth pressure but
also the temperature, which directly affects the nucleation and the growth of CNTs.
This paves a way for better tuning of the SWCNTs growth process based on the

purpose of each application.
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7. In-situ single-wall carbon nanotubes growth experiments
using RaCVDQETEM combined approach

HR-TEM microscopy has become the reference tool for nanotube
characterization. It allows obtaining crucial information on the shape, chemical and
crystallographic state of the catalyst as well as on the chirality and the mono/multi
walled character of the nanotubes. One of the most beautiful applications of this
aproach is to couple the microscope with the possibility to allow the circulation of
different gases, which is known as environmental HRTEM. It becomes then possible
to synthesize carbon nanotubes in situ and thus to access the key information on the
nucleation mechanisms and growth kinetics of nanotubes. By developing an
environmental HRTEM microscope, Helveg et al [131] visualized the in situ atomic
scale growth of MWCNTs by CH4 decomposition on catalytic Ni nanoparticles at a
temperature of 540°C. By observing the growth of nanotubes with the tip-growth
mode, they studied the elongation/contraction process of catalyst during the gradual
formation of the nanotubes structure and evidenced that the Ni catalyst retained a
crystalline character (often oriented [111]) during the growth. Other studies have been
carried out to determine the effect of temperature and pressure on the selective growth
of nanotube by decomposition of acetylene (C2Hz) on Ni nanoparticles. Sharma et al
[344], [383]observed in an environmental HRTEM the preferential growth of SWNTSs
at high temperatures (T>650 °C) and pressures P<<1 mTorr while for temperatures
of 450 °C and pressures of 20 mTorr, the growth of MWNTs was favored. In each
case, several models have been proposed to explain the correlation between the state,
the shape of the catalyst and the structure of nanotubes. Lin et al [145] observed that
Ni catalytic particles with diameter d<6 nm favored SWNT formation while those
with diameters d> 6nm favored nanocage formation. By studying the evolution of the
length of the nanotubes as a function of time, they detected 3 regimes: a first regime
corresponding to an incubation period of the nanotube with the formation of the cap
of the nanotube, a second regime corresponding to the important increase of the length

of the nanotube and finally a third regime where the rate of growth becomes much

Page | 131



In-situ study of SWCNTs growth using RaCVDQETEM

lower. They explain this third regime by the fact that the C atoms passivate the active
sites and reduce the activity of the catalyst. It should be noted that we have also
observed the formation of carbonaceous nanocages and visualized 3 identical growth
regimes during in-situ synthesis of individual nanotubes under field emission.
Moreover, by decomposing ethylene (C2Hy4) on catalytic Co nanoparticles deposited
on SiO2 nanoballs localized on a TEM grid, Zhu et al [384] showed that the size of
the catalyst influenced not only the diameter but also the shape of the nanotubes in
particular at their end. A catalyst with a small radius of curvature (r<2 nm) favors
the nucleation mechanism of the nanotube by generating a hemispherical cap at its
tip. On the contrary, a catalyst with higher radius of curvature (r>2 nm) is responsible
for the formation of larger diameter SCWNTs with a conical shape at their tip. The
small radius of curvature at this tapered end is explained by the formation of several
carbon pentagons during the very early stages of SWNT nucleation. The authors
suggest that the incorporation of pentagons during this nucleation step is energetically
more favorable than reducing the likely existing dangling bonds and that it facilitates
the curvature of the SCWNT structure while enhancing adhesion with the catalyst.
Other in-situ synthesis studies under TEM show that the shape of the catalytic
particle constantly changes while retaining metallic and crystalline properties during
the growth of "Bamboo-like" MWCNTSs [132|. During the in-situ atomic scale
observation of the growth of nanotubes on Fe nanoparticles under CoHjs flow, Yoshida
et al [130] revealed the change of chemical state of the catalyst which becomes Fe3C
during the growth phase. By performing Fourier transforms on the HRTEM images
of the catalyst obtained during the nucleation and the growth of the nanotube, the
authors thus highlight a mechanism of volume diffusion of the carbon atoms through
the catalyst. Moreover, interesting results have been obtained during the in-situ
observation of the catalytic dynamics during the nucleation mechanism of carbon
nanotubes [122|. By coupling the results of nanotube growths obtained under
environmental HR-TEM microscopy with XPS (X-ray Photoelectrons Spectroscopy)

and EELS (Electron Energy Loss Spectroscopy) analyses, Hofmann et al. were able
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to follow the chemical evolution of the catalyst. They showed that the catalytic iron
and nickel nanoparticles remained in a metallic and active state during the growth
phase of the nanotubes. The HR-TEM images underline that during the growth, the
catalyst changes from its initial shape to an elongated shape with a very high
deformability. Finally, Mattevi et al [227] showed that in order to control the size of
the particles it is necessary to know their interactions with the support and the
surrounding gases. The processes involved are extremely complex because, for the
particle, its shape, its nature, its size but also the nature of the support and its
microstructure, and for the gases, their reactivities which is a close function of the
preceding parameters, are involved. Overall, we still have a lot of aspects that can be
exploited from the in-situ experiment in the synthesis of SWCNTs. The studies all
contribute to the improvement of the understanding of SWCNTSs, from which it is
possible to develop methods of synthesizing SWCNTs according to the purpose of

each application.

This chapter focuses on the presentation of the experimental results obtained
inside the environmental transmission electron microscope available in our lab. The
main goals were to see if we can reproduce inside the NanoMAX-ETEM the same
experimental process parameters performed in the HFCVD-FENIX presented in the
previous chapters, as in situ synthesis of carbon nanotubes while continuously
observing during the growth phase of nanotubes (RaCVD ETEM described in Chapter
3 — NanoMax). More specifically, we focused on the investigation of the nucleation
and elongation mechanism of the nanotubes on the catalytic nanoparticle in the
conditions explored by HFCVD in FENIX at low growth pressure. The goal was to
synthesize the carbon nanotubes directly on the specific substrate (Environmental
chip from Protochips) previously coated with catalysts. With this substrate, we can
obtain information on the crystallographic state of the sample, visualize the in-situ
formation of nanoparticles, and observe the growth of carbon nanotubes. Our in-situ
real time TEM experiments were carried out using the experimental setup described

in the previous chapter (section 3.3). The modified environmental transmission
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electron microscope (Titan ETEM 60-300ST) was operated at 80keV. The microscope
is equipped with a Cs image corrector, an UltraScan 2kx2k CCD camera and a direct
electron K2 camera. All in-situ observations were done using the Protochips Fusion
sample holder that has been slightly modified in order to be compatible with the CVD
cells collimators. For all the experiments we used SiC (silicon carbide) heating
membranes with different coatings provided with the sample holder. The temperature
is controlled by the sample holder and all the indicated temperatures are based on the
company provided calibrations. A schematic representation of the modified sample
holder and the configuration of the E-chips (heating membranes) are shown and

described in Figure 7.1.

— (a) Carbon coating
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Figure 7.1 Protochips [2677] holder and E-chip heating membrane configuration with in (a) carbon coating and
(b) no coating with deposited carbon nanotubes

We have explored the different experimental protocols set up presented before.
The initial results were obtained using Fe-monometallic catalyst. Other experiments
are presented in the second and third parts which lead to the growth of carbon

nanotube on different types of heating membranes using Mo/Fe binary metallic
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catalyst. For all the in-situ experiments, we used Alumina as a support layer of
catalyst. Depending on the nature of the hole membrane, the thickness of Al,O3 layer
varied between 5 to 7Tnm with subsequent catalyst layer evaporation. This step was
performed with the MBE mentioned in section 3.1. The experiments accounted for
the two steps: the pretreatment and he growth of SWCNTSs, which as summarized in
Figure 7.2. During the first step, Hs was introduced to perform pyrolysis — annealing
the catalyst layer to form the nanoparticles and activate them. The second step was
continued with the formation and elongation of SWCNTs from the catalytic

nanoparticles under the Hy / CHy(or CoHs) environment.

Evaporation

Al,03/catalyst(s)

Figure 7.2 Illustration of the main steps to follow in the growth of CNTs by the in-situ TEM approach. a)
illustration of the central area of the heating membrane, with the 9 regular holes containing the carbon
membrane which present irreqular holes; b) central area of the heating membrane after the deposition of two
layers of AlzO3 and Fe; c¢) illustration of the catalyst pretreatment step which is done inside the microscope with
a zoom on one of the 9 holes of the membrane; d) schematic illustration of the growth of the CNTs The presence

of the carbon precursor is illustrated by the black circles in the source and that of hydrogen by the blue circles
7.1. Mono-metallic catalyst — Iron (Fe)

The goal was to grow single-wall carbon nanotubes (SWCNTs) with catalyst
Fe, which is known as one of the most popular transition metal catalysts due to its
highest solubility of carbon atoms (around 2% at 800°C in the bulk state) [130], [142],
[143]. Firstly, ethanol-MWOCNTSs suspensions were dispersed onto the uncoated
heating membrane compatible with the PO Fusion from Protochips (Figure 7.1b).

The choice of using MWCNTSs as underlying growth support for our experiments was
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to be able to observe the nucleation step under the vacuum conditions. Once the
MWCNTSs deposit on the heating membrane we carried out the deposition of the
AlyO3 barrier layer and Fe catalyst layers via the ultra-high MBE system allowing
the reproducible deposition of layers as thin as 0.Inm. Both layers, the alumina
support, and the Fe metal catalyst, were deposited at room temperature directly on
the carbon coating heating membranes that serve as TEM observation window. The
role of the alumina during the growth process is to prevent the carbon atoms diffusion
from the support and to favor a base growth mode. The thickness of A1203 and Fe
layer were fixed at 5 and 0.5 nm, respectively. The rough layer all along the tubes
observed in TEM (Figure 7.3a) confirms their deposition. The EDX analysis
performed confirms the existence of both Fe and Al2O3 composing elements, the
resultant signals are shown in Figure 7.3c. The relatively large magnitude Al and O
peaks are caused by the layer of AloO3 that we deposited. A signal from Fe, which is

attributed to the presence of a catalytic layer in the samples, was also observed. These

various peaks are consistent with the deposited layers in the sample.

4000 6000 10000
Energy (keV)

Figure 7.3 (a) TEM image of MWCNTs deposited on the heating membrane before and, (b) after the Fe@Al»O3

layers deposition, (¢) TEM-EDX spectra illustrating the presence of the Fe, Al and O elements

Secondly, we heated gradually the sample by Joule effect for the pretreatment
step of 500°C with a step of 10°C/s. The reaction kinetic of the Fe film reduction
under Hy flow is affected by both the external parameter (gas pressure, purity, and

heating program) and the intrinsic properties of the film (thickness, surface chemistry,
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and structure)[385], [386]. The first observation relates the dewetting of Fe film under
an Hs atmosphere into the Fe — catalytic nanoparticles even at relatively low
temperatures (i.e. 400°C), supposedly due to the surface energy difference of the
substrate and Fe. Figure 7.3b shows the Fe thin film layer prior to the introduction
of Hy gas; the image was captured at room temperature and ultra-high vacuum
pressure with the MWCNTs as support. The system was exposed to the molecular Hs
and the temperature was gradually raised up to 500°C at a rate of 10°C/s. The Hy
pressure at the sample was about 8.75x103mbar with a gas flow rate of around
22.5sscm. No significant changes were recorded before 400°C under Hy environment
(Figure 7.4a). At 425°C, the Fe thin layer starts to dewet, resulting in the formation
of small nanoparticles with a round shape. These nanoparticles become increasingly
apparent at 500°C (Figure 7.4b) with an estimated size between 1-3nm and distributed
homogeneously on the substrate. This observation is consistent with the theoretical
model reported by Zhong et al [387], in which there is a relationship between the
diameter (d) of nanoparticles and the thickness (h) of the initial film is proposed as d
= 6h, assuming no loss of energy. The nanoparticles are then heated up to 550°C to

remove any contamination on their surface.
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Figure 7.4 (a) Before pre-treament and (b) After pretreatment under the radical Hy environment of the chip
MWCNTs@Al;03/Fe

Once the pre-treatment was achieved, the nanosized Fe catalysts are exposed
to a flow of 2.5sccm acetylene (C2Hs), which is one of the most reactive carbonaceous
gases, and 6sccmHs inside the TEM chamber to initiate the CNTs growth while
continuously heating the substrate up to 600°C. The iron—acetylene combination is
known as one of the most efficient couples for easy synthesis of CNTs. Several low
magnification TEM images illustrated in (Figure 7.5) evidence many SWCNTs
synthetized using the chosen growth conditions. The image in (Figure 7.5 a) illustrate
the successful synthesis of SWCNTSs observed in the surrounding area. The bundles
of SWCNTs are often observed (Figure 7.5b). SWCNTs grew from the catalyst
nanoparticles with diameters varying between 0.95 to 2.5nm and the lengths ranges
from few nanometers to micrometers (Figure 7.5 c-d). The SWCNTSs exhibit a very
good crystalline structure and their surface appears free of any amorphous carbon
Figure 7.5(c-d). Furthermore, there was no observation of catalyst at the apex or
inside the tubes, which suggests that SWCNTs grow from catalyst in the base-growth

mode. However, in our images, the root of SWCNTs is embedded deeply in the support
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layer and it is difficult to conclusively indentify the catalytic nanoparticle which acts
as the nucleation of a given individual SWCNT. The image (Figure 7.5¢) shows also
the encapsulation of some Fe nanoparticles by several carbon layers as nanocages.
Here, the elongation of carbon nanotube did not start probably because of an excessive
carbon feeding and/or insufficient surface mobility of nanoparticles [145], thus the
carbonaceous layer had the effect of encompassing the catalytic nanoparticles and
poisoning them. By comparing the nanoparticle size and the observed diameter of
the SWCNTSs, we could conclude that larger catalytic nanoparticles prefer to form the
nanocage, whereas the smaller Fe catalyst particles encourage the formation of
SWCNTs under our experimental conditions. It could be a suggestion of the catalytic
size selection in the determination of the final products. Furthermore, during the
growth, at 600°C, under the presence of both Hy and carbon species, the oxidized Fe
films on AlsO3 support, which does not fully reduce during the pretreatment, will turn
to form the nanoparticles rapidly and the average particle size still increases, likely

due to unhindered Ostwald ripening, which lead to the increase in the density of

nanoparticles observed after the synthesis.

Figure 7.5 Transmission electron microscopy images of the surface of a sample showing the SWCNTs after their
synthesis inside the TEM chamber: (a) low-magnification images confirm the growth of long SWCNTs, (b)
formation of bundle SWCNTs, (c¢) — (d) Images showing estimated diameters of SWCNTs and (e) appearance of

“nano-onions” of Fe covered with amorphous carbon on the surface of the catalyst
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7.2. Binary-metallic catalyst Molybdenum and Iron (Mo/Fe)

The following paragraphs present the studies carried out on several specific
samples and related analysis and observations through in situ experiments. In the
previous chapter, we successfully obtained the synthesis of SWCNTs via the HFCVD
in Fenix by the addition of molybdenum as a promoter for the iron catalyst on the
Si/Si09 substrate. We hypothesized that the use of Mo could be a factor to control
the properties of the as-grown SWCNTs. However, the great difficulty encountered is
that we could only study the SWCNTs after the growth without the observation
during the nucleation and growth phase of SWCNTSs. This motivated us to reproduce
the experiments with the binary metallic catalyst Mo/Fe, in-situ, in NanoMax. We
will discuss the experimental details that we have implemented to synthesize
SWCNTs, also mention the numerous difficulties we encountered, and finally present

the characteristics of the obtained SWCNTs.

7.2.1. Uncoated E-chip as a substrate

The preparation of the sample on an uncoated E-chip followed the steps
mentioned in the previous section: (i) deposition and cleaning of MWCNTSs support
layer, (ii) evaporation of 5nm of AlyO3/0.5nm of Mo/0.5nm of Fe by MBE (chapter
2), (iii) synthesis of SWCNTs in the NanoMAX microscope. Once the sample was
placed inside the microscope chamber, we introduced 2sccm of radicals activated Ho
by heating the corresponding gas cell. The exposed sample was then heated at a rate
of 10°C/s up to 550°C. As soon as the temperature reached 450°C, nanoparticles begin
to form, highlighted by the gradual appearance of small black marks in the membrane
(Figure 7.6b) at about 90s. These particles continued to increase in size and became
more visible as the temperature reached 500°C and the pretreatment time was 120s.
As soon as the size of the estimated nanoparticles is between 1nm and 3nm, they were
exposed to a mixed environment composed of 2.5sccm CoHy as the carbon precursor
and 2sccm of molecular Ho. We remember that the role of molecular Hs during the
synthesis is to maintain a clean catalyst surface during the synthesis. Corresponding

cell heating is not used for CoHs due to fear of filament contamination and because
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CoHs readily decomposes at the growth temperature (as compared to CH4 ) . Such
carbon film not only neutralizes the filament surface thus reducing the temperature
of filament and production of elemental hydrogen, but also decreases the efficiency of
filament when it becomes thicker because of delay in the increase the capacity of the

filament|341], [388]-[392].

2sccm

¥=450°C / t=90s

Figure 7.6 TEM images of the sample at different steps of the pretreatment: (a) before the pretreatment, (b) the
formation of the initial nanoparticles at 450°C, (c) the formation of nanoparticles at 500°C

Figure 7.8 shows a series of TEM images, which represents the observed high-
density SWCNTs growth. The lengths of SWCNTs were observed from several to
hundreds of nanometers (Figure 1.7a). By analyzing several TEM images (Figure 7.7
b — f) we found a narrow distribution of the diameter of SWCNTSs the high defect
density in the tube wall, which is caused by many possible reasons such as: the front
segment of SWCNT bent during the growth, the behavior of catalyst nanoparticle
during the growth, the insufficient amount of carbon precursor, or maybe the
irradiation impact of electron beam|[393|. Normally, it is recommended that when
using HRTEM, the accelerating voltage of the electron should be reduced to 80kV.
Because at this voltage, the electrons, which are scattered by the nucleus of the atom,
will not have enough energy to cause collision damage in carbon nanomaterials.
However, Warner et al reported that their synthesized SWCNTs are unstable at
voltages of 80kV, which directly affects their diameters. They increase not only in

strain in carbon bond but also in the curvature. This group also found that with
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smaller diameter SWCNTSs, the curvature and distortion were more affected by the

electron beam irradiation [394].

Figure 7.7 The defects on the tube wall of the as-grown SWCNTs which were recorded after the synthesis

When the growth of SWCNT was ended, we estimated the diameter of 100
individual SWCNT's to obtain their distribution (Figure 7.8a) from 0.5 to 2.5nm. This
distribution is broader than that of the sample grown from only Fe due to the
formation of smaller diameter SWCN'Ts. The dark point in Figure 7.8b represents the
remaining nanoparticles from which the growth was not initiated. It appears that the
nanoparticles become larger after the synthesis and their average size shifted to
2.86nm (Figure 7.8c) during the heating process. Compared to the sample grown from
only Fe (previous section), not only the average SWCNTSs diameter but also the mean
size of the nanoparticles is smaller, which suggests that the aggregation of Fe catalyst
was reduced by using Mo as a co-catalyst. Also, when the nanoparticles were enlarged
to a larger diameter, the growth of MWCNTSs was favored and often the fasts
poisoning (Figure 7.8 d-e). These results are consistent with the results of the previous

sample synthesized by HFCVD in FENIX (Chapter 4).
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Figure 7.8 (a) Diameter distribution of SWCNTs from TEM images, (b) TEM image of SWCNTs and
nanoparticles after growth at 600°C, (c) Nanoparticle size distribution determined from TEM images, (d) — (e)

other carbon nanomaterials formation
7.2.2. Carbon coating E-chip as a substrate

In this experiment, we focused on reproducing the growth experiments on
another type of substrate heating membranes: E-chip coated with Carbon as
underlying support for synthesizing SWCNTs with a Mo/Fe catalyst. In order to
avoid the contribution of the carbon coating, we needed to adjust the AlyOg layer
thickness to 7Tnm to increase the function of this barrier layer. Subsequently, we
deposited 0.5nm of Mo and 0.5nm of Fe by molecular beam evaporation (MBE —
Chapter 2). Figure 7.9a illustrates the rough surface of the sample after the
evaporation which was recorded at low magnification inside the ETEM— NanoMax
equipment before gas exposure and heating process. The gas introduction and heating
are carried out sequentially as in the in-situ experiments performed in the previous
section. Firstly, 22.5sccm Hs was injected into the TEM column and the sample was
heated at a rate of 10°C/s up to 500°C to create an environment of dewetting and
annealing of catalytic film. Comparing to the previous in situ observations, the

formation of nanoparticles is difficult to follow on this type of substrate since its
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thickness is too important for allowing the observation of the formation of small NPs.
After 2 minutes of pretreatment, we observed some small dark points on the support
which can be linked with the formation of nanoparticles (Figure 7.9b). Then, the
mixture of gas (2.5sccm CyHs and 6scemHsy) was continuously introduced to initiate
the growth of SWCNTs. Like for others experiments the Hs flow has been maintained
during the growth in order to maintain the catalytic activity of the nanoparticles and
the cleanness of the surface. Figures 7.9 c-d show a time-sequence of TEM images

extracted from the video, which illustrate the growth and termination of SWCNTs.

22.5sccmH,
"~ RI/t=0

1 0 500°C/t=2min

» 25scemCHy/6scemt, _
. e00°C/t=2min30s f 2.55ccmC2H2/65ccmH2_
S S R T '600°C/t‘= 6min

Figure 7.9 Time-sequence of TEM images extracted from video: (a) CNTs before the annealing and growth, (b)
pretreatment of the catalytic thin film at 500°C after 2mins, (c) the growth of SWCNTs at 600°C, and (d) the
termination of SWCNTs growth after 6mins
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The growth of SWCNTSs using the considered parameters was relatively very
fast, resulting in difficulty of its capture. The mixture of straight long tubes, straight
short tubes, and bundles of tubes are observed to overlap in the C membrane, which
makes them impossible to accurately assess the diameter of individual SWCNT.
Several long clean SWCNTSs (1nm in diameter) were recorded at the membrane edges
as in Figures 7.10 c-d. We also had a lot of difficulty in observing the catalytic
nanoparticles, which indicates that the nanoparticles do not enlarge as much as in the

previous studies during the heating process.

Figure 7.10 TEM images extracted from the growth of CNTs under a mixture of 2.5scecm of C2Hg and 6scem of
molecular Hp at 600 °C: (a) SWCNTs in the membrane, (b) bundle of SWCNTs and (c)-(d) SWCNTs at the
membrane edges (FEI -Titan NanoMAX)

To determine the diameter of SWCNTSs synthesized on the C membrane, the
ex-situ Raman spectroscopy measurement [20] was performed in an area of 7x7um.

Figures 7.11a-b show the RBM peaks recorded from 100 to 300cm™! of wavenumber

Page | 145



In-situ study of SWCNTs growth using RaCVDQETEM

under the excitation of 532nm and 633nm lasers. The position of peaks in this region
indicates that the current sample contains small diameter tubes, in accordance with
the RBM (wgrpMm) — SWCNT diameter (d;) relationship: wrpm = 248/d; [20]. The
diameters are distributed heterogeneously from 0.8nm to 1.9nm as shown in Figure
7.11c. However, this does not reveal the full genuine diameter distribution in the
sample because of the well-known pronunciation of Raman on resonant and small
diameter SWCNTs. The average Ig/Ip ratio can reach approximately 6, which

indicates the high purity of as-grown SWCNTs.
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Figure 7.11 Ez-situ Raman studies: (a-b) Mapping in the RBM region with, (¢) The diameter distribution of

recorded SWCNTs, (d-e) the average spectra of D and G band from 100 points mapping with the value of Ip/Ig
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8. General Conclusion and Perspective

During this thesis, we explored the feasibility of implementing LPCVD in the
synthesis of single walled carbon nanotubes (SWCNTs). We studied the influence of
different growth parameters, such as temperature, pressure, gas flow, nature of catalyst
to get a better understanding of the phenomena. Finally, we investigated how the
promising LPCVD experiments could be reproduced in the in-situ CVDQETEM. The
central objective of the thesis was to develop and parametrize a macroscopic CVD
synthesis path compatible with the potential coupling with the in-situ and real-time

experiments in ETEM-NanoMax.

In chapter 1 and chapter 2, a series of bibliographical studies allowed us to
review the various results from the literature, concerning the influence of certain
operating parameters on the mechanisms of formation of the SWCNTs. We could see
that the LP-HFCVD process seems to be one of the potential ways to produce
SWCNTs at the conditions close to in-situ experiment in CVD@QETEM. We also found
that for the synthesis of SWCNTs by CVD from methane, an increase in growth

pressure or temperature allowed to obtain higher CNTs density.

In the following chapter, the growth of SWCNTs by HFCVD was first studied
with different combination of the catalyst and the support layer. We observed a
positive impact of the support layer AloO3 on the efficiency and quality of the SWCNTs
synthesis. This is the main reason why we used the Aly,O3 layer for all the prepared
sample in the following experiments. In order to improve the catalytic system, we
considered preparing the bimetallic Fe-Mo catalysts with the objective of increasing
the efficiency of the reaction or decreasing the defects in the as-grown SWCNTs. We
have changed the thickness of the Mo layer in order to understand how this system
works. We noticed that a sufficient amount Mo could enhance the stability of the
catalyst which allow to increase the amount of SWCNTSs obtained. On the other hand,
we noted that molybdenum facilitated the decomposition of methane and consequently

increased the activity of the system to produce carbon nanotubes. Based on this finding,
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we came up with the idea of reproduction this experiment with the bimetallic Fe-Mo

system to re-confirm our investigation

The second part of our work concerned the study of the influence of the CVD
operating pressure on the density and diameter of SWCNTs. The catalyst pre-treated
under the radicals activated Hs environment led to the formation of nanoparticles,
which is known as a nucleus for the SWCNTs growth. An increase of the growth
pressure at different gas flow was tested. The lowest growth pressure achieved in our
HFCVD to successfully grow the SWCNTSs is 10#mbar, when introducing 5sccmCH,
and 2.5sccmHs. Regarding the reproducibility, several experiments were performed at
several month intervals with similar operating conditions. We obtained the dependence
of the density of CNTs and diameters of SWCNTs on the growth pressure. The series
of successful experiments at the growth pressure of 103 and 102 mbar could be
considered as a promising result to be reproduced in the in-situ experiment of ETEM.
We have seen that several activation and deactivation processes are involved in the
selectivity: i) The threshold pressure for nucleation at low pressure is all the higher as
the diameter of the nanotube formed is small. ii) Encapsulation by an excess of carbon

occurs at low temperatures and preferentially targets small nanoparticles.

The activation of carbon nanotube growth requires the reduction of the catalyst,
but this alone does not determine the limits of the growth domain. At very low
temperatures, only disordered structures are formed. Instead, thermal activation of a
process is necessary for the structuring of carbon atoms on the catalyst surface, which
can occur through either the diffusion of carbon adatoms on the metal surface or the
healing of defects at the tube edge. An experimental study on the influence of
temperature on SWCNT growth has shown that growth is limited by thermally
activated surface processes at sufficiently high temperatures. The rate-limiting step is
attributed to the dissociative adsorption of the precursor on the nanoparticle surface.
This is supported by several factors, such as higher activation energies compared to

carbon diffusion on metal, dependence on precursor and catalyst properties, and a shift
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towards lower temperatures for the transition between growth regimes with increasing

precursor reactivity.

Another area of focus, which has not been discussed thus far, is the synthesis of
single-walled carbon nanotubes at both macroscopic and microscopic scales. In order
to confirm the reproducibility of our experiments, which were conducted using the LP-
HFCVD with the in-situ ETEM NanoMax system, we identified promising results from
LP-HFCVD FENIX and reproduced them using the same synthesis conditions in the
in-situ CVDQETEM. Through this method, we were able to observe similar results
while in-situ synthesizing SWCNTs using both Fe catalyst and Fe-Mo bimetallic
catalyst systems. This approach allows us to perform the initial testing steps of
SWCNT synthesis on the LP-HFCVD FENIX platform and then choose the
appropriate experiments for each research purpose to reproduce using the
CVD@ETEM in NanoMax system. By adopting this approach, we not only save time,

money, and effort, but also improve the quality of efficient in-situ experiment.
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Appendices & supplemental material

A. Appendix A: Different pressure at 800°C with high gas flow

Sample 5nmAlyO3/1nmFe on the Si02/Si substrate

2minutes pretreatment with 30sccmHs and 30minutes CNT's
Gas flow

growth with 20sccmHsa/10sccmCHy
Growth
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Figure A.1 The 100 points Raman mapping of sample synthesized at 800°C and 0.02mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™! to 300cm!. The D band and G

band were observed in high frequency region.
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Figure A.2 The 100 points Raman mapping of sample synthesized at 800°C and 0.05mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm™!. The D band and G

band were observed in high frequency region.
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Figure A.3. The 100 points Raman mapping of sample synthesized at 800°C and 0.2mbar. The excitation

wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm to 300cm!. The D band and G

band were observed in high frequency region.
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Figure A.4 The 100 points Raman mapping of sample synthesized at 800°C and 0.5mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure A.5 The 100 points Raman mapping of sample synthesized at 800°C and 1.0mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm™!. The D band and G

band were observed in high-frequency region.
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Figure A.6 The 100 points Raman mapping of sample synthesized at 800°C and 2.0mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure A.7 The 100 points Raman mapping of sample synthesized at 800°C and 5.0mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm!. The D band and G

band were observed in high-frequency region.
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B. Appendix B: Different pressure at 800°C with low gas flow

Sample 5nmAly,O3/1nmFe on the SiOq/Si substrate
2minutes pretreatment with 5sccmHy and 30minutes CNTs growth
Gas fl
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Figure B.1 The 100 points Raman mapping of sample synthesized at 800°C and 0.005mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure B.2 The 100 points Raman mapping of sample synthesized at 800°C and 0.01mbar. The excitation
wavelengths are 532nm and 638nm. The RBM region was recorded from 100cm™ to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure B.3 The 100 points Raman mapping of sample synthesized at 800°C and 0.05mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm™!. The D band and G

band were observed in high-frequency region.
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Figure B.4 The 100 points Raman mapping of sample synthesized at 800°C and 0.1mbar. The excitation

wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm! to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure B.5 The 100 points Raman mapping of sample synthesized at 800°C and 0.5mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm™!. The D band and G

band were observed in high-frequency region.
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Figure B.6 The 100 points Raman mapping of sample synthesized at 800°C and 1.0mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm! to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure B.7 The 100 points Raman mapping of sample synthesized at 800°C and 5.0mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm™!. The D band and G

band were observed in high-frequency region.
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C. Appendix C: Influence of temperature at standard pressures

Sample 5nmAl2O3/1nmFe on the SiO9/Si substrate
2minutes pretreatment with 30sccmHsy and 30minutes CNTs growth
Gas flow
with 20sccmHs/10sccmCHy
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Figure C.1 The 100 points Raman mapping of sample synthesized at 600°C and 5.0mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm! to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure C.2 The 100 points Raman mapping of sample synthesized at 700°C and 5.0mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure C.3 The 100 points Raman mapping of sample synthesized at 800°C and 5.0mbar. The excitation

wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure C.4 The 100 points Raman mapping of sample synthesized at 900°C and 5.0mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm!. The D band and G

band were observed in high-frequency region.
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D. Appendix D: Influence of temperature at low pressures

Sample 5nmAl;O3/1nmFe on the SiOy/Si substrate
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Figure D.1 The 100 points Raman mapping of sample synthesized at 500°C and 0.5mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm! to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure D.2 The 100 points Raman mapping of sample synthesized at 600°C and 0.5mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm! to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure D.8 The 100 points Raman mapping of sample synthesized at 700°C and 0.5mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm! to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure D.4 The 100 points Raman mapping of sample synthesized at 800°C and 0.5mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm! to 300cm!. The D band and G

band were observed in high-frequency region.
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Figure D.5 The 100 points Raman mapping of sample synthesized at 900°C and 0.5mbar. The excitation
wavelengths are 532nm and 633nm. The RBM region was recorded from 100cm™ to 300cm™!. The D band and G

band were observed in high-frequency region.
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The influence of temperature at 0.1mbar

Moreover, some additional experiments were conducted in order to observe the
impact of growth temperature at lower pressure — 0.lmbar as summarized in Figure
A.6. The catalytic film dewet to form the Fe nanoparticles when the temperature
reaches 600°C (Figure D.6a). However, they appear to coalesce to form larger Fe
aggregates. No nucleation of CNT was observed for this sample. When the temperature
achieved 700°C, the Fe aggregates becomes larger, and we can notice the presence of
a few short CNTs (Figure D.6b). The number and length of CNTs increase
dramatically at 800°C (Figure D.6c), which is consistent with the observation in
previous chapter. The growth is much poorer and tube density is very low when the

temperature increases up to 900°C (Figure D.6d).

(a) 600°C— 0.Imbar \(b) 700°C—~0.1mbar

(c) 800°G—0.1mbar” - | -+ (d)900°C - 0.1mbar -

- X

-

Figure D.6 The series of SEM images of samples synthesized at 0.1mbar and: (a)600°C, (b)700°C, (¢)800°C, and
(d)900°C
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Abstract

The outstanding properties of single-walled carbon nanotubes (SWCNTSs) depend
strongly on their atomic structure, which can be determined through different synthesis
methods. However, the synthesis of a well-defined structural single-walled carbon tubes
(SWCNTSs) which could be used for a certain application has been a major challenge
for the scientific community. According to various published studies, we can see that
the synthesis of SWCNTSs can be preliminary controlled via the physical parameters of
growth in the CVD system (such as temperature, pressure, carbonaceous precursors,
catalyst, etc.). Although growth pressure has been theoretically proven to greatly
influence the formation of catalytic nanoparticles, and subsequently SWCNTSs, there
are not too many studies to date addressing this parameter. This can be explained by
the lack of CVD systems that allow the synthesis of SWCNTSs over a large pressure

range, especially at low pressure levels.

In this thesis, a modified HFCVD system is suitable for pressure changes over a large
range, thereby enabling to perform the synthesis of SWCNTs not only at medium and
high pressure, but also at as low pressure as 10*mbar. In our first experiments, we
used Fe catalyst — a common catalyst in the synthesis of SWCNTs and a temperature
of 800°C — a temperature at which we have recorded much success in synthesizing
SWCNTs in another HFCVD system placed in LPICM. Each different growth pressure
is carefully studied with at least three samples to guarantee that the experiments are
reproducible. This study makes it possible to better understand the effects of pressure
on the growth of SWCNTs. We were able to show the successful synthesis of SWCNT's
at as low growth pressure as in in-situ SWCNTs synthesis through environmental

transmission electron microscopy (ETEM).

Besides, the change in diameter of SWCNTs with temperature at different pressure is
also observed in the case of using Fe catalyst, and the existence of specific optimal
growth temperatures, which is proven through analytical methods such as Raman

spectroscopy or SEM and TEM images. An explanation based on the evolution of
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carbon solubility in the catalyst particle, depending on the size, temperature and
pressure is proposed to explain the resulting phenomena. In the next step, we perform
studies on the effects of the bimetallic FeMo system on the synthesis of SWCNTs.
Preliminary studies by Raman spectroscopy and ex-situ TEM images showed a certain
influence of the concentration ratio between Fe and Mo on the growth of SWCNTs,
thereby confirming each interest of using bimetallic FeMo for the SWCNTs growth.
Finally, an in-situ experiments with the CVD system implemented in the ETEM
(NanoMax) were carried out to specifically document the synthesis of SWCNTs with
the bimetallic FeMo. A comparison was done between Fe single-metal catalyst system
and FeMo bimetallic system to reach reliable findings concerning the preference of
FeMo system on the synthesis of SWCNTSs, thereby paving the way for the further
selective synthesis of SWCNTs.
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Résumé de la these

Le présent manuscrit se concentre principalement sur l'investigation de la
croissance des nanotubes de carbone & paroi unique (SWCNTSs) par dépot chimique en
phase vapeur a basse pression (LPCVD) et diverses techniques de caractérisation, a la
fois ex-situ et in-situ. La synthese des SWCNTs avec une structure atomique bien
définie, adaptée a une application spécifique, demeure un défi majeur pour la
communauté scientifique. Les propriétés exceptionnelles des SWCNTs dépendent
fortement de leur structure atomique, qui peut étre déterminée par différentes

méthodes de syntheése.

Selon diverses études publiées, la synthése des SWCNTs peut étre
préliminairement controlée via les paramétres physiques de croissance dans le systéme
de dépdt chimique en phase vapeur (CVD) tels que la température, la pression, les
précurseurs carbonés, le catalyseur, etc. Bien que la pression de croissance ait été
théoriquement prouvée pour influencer considérablement la formation de
nanoparticules catalytiques et par conséquent des SWCNTs, il existe peu d'études a ce
jour abordant ce paramétre. Cela s'explique par le manque de systémes CVD
permettant la synthése des SWCNT's sur une large plage de pressions, en particulier &

basse pression.

Dans cette thése, un systéme HFCVD modifié est adapté aux variations de
pression sur une grande plage, permettant ainsi la synthése des SWCNTs non
seulement & pression moyenne et élevée, mais aussi & une pression aussi basse que le
104 mbar. Nous avons utilisé le catalyseur Fe - un catalyseur courant dans la synthése
des SWCNTs - et une température de 800 °C, une température a laquelle nous avons
enregistré beaucoup de succés dans la synthése des SWCNTs dans un autre systéme
HFCVD placé au LPICM. Chaque pression de croissance différente est soigneusement
étudiée avec au moins trois échantillons pour garantir la reproductibilité des
expériences. Cette étude permet de mieux comprendre les effets de la pression sur la

croissance des SWCNTSs, montrant la synthése réussie de SWCNTSs a une pression de
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croissance aussi basse que dans la synthése in-situ des SWCNTs par microscopie

électronique en transmission environnementale (ETEM).

De plus, le changement de diamétre des SWCNTs avec la température a
différentes pressions est également observé dans le cas de 'utilisation du catalyseur Fe,
avec l'existence de températures de croissance optimales spécifiques, démontrées par
des méthodes analytiques telles que la spectroscopie Raman ou les images SEM et
TEM. Une explication basée sur 1'évolution de la solubilité du carbone dans la particule
catalytique, en fonction de la taille, de la température et de la pression, est proposée

pour expliquer les phénomeénes résultants.

Dans la phase suivante, des études sont menées sur les effets du systéme
bimétallique FeMo sur la synthése des SWCNTs. Des études préliminaires par
spectroscopie Raman et des images TEM ex-situ ont montré une certaine influence du
rapport de concentration entre Fe et Mo sur la croissance des SWCNTSs, confirmant
ainsi l'intérét d'utiliser le bimétallique FeMo pour la croissance des SWCNTs. Enfin,
des expériences in-situ avec le systéme CVD implémenté dans 'ETEM (NanoMax) ont
été réalisées pour documenter spécifiquement la synthése des SWCNTs avec le
bimétallique FeMo. Une comparaison a été faite entre le systéme de catalyseur simple
Fe et le systéme bimétallique FeMo pour atteindre des conclusions fiables concernant
la préférence du systéme FeMo pour la synthése des SWCNTSs, ouvrant ainsi la voie &

une synthése sélective ultérieure des SWCNTs.

Le manuscrit se poursuit en abordant l'investigation de la croissance des
SWCNTs par LPCVD a basse pression, mettant 1'accent sur la paramétrisation d'un
chemin de synthése macroscopique compatible avec le couplage potentiel avec des
expériences in-situ et en temps réel dans I'ETEM-NanoMax. Les chapitres suivants
présentent une revue de la littérature sur les nanotubes de carbone, une exploration
du processus de synthése des SWCNTs par CVD, ainsi que la description des

techniques de fabrication et de caractérisation des SWCNTs.
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La thése examine également 1'influence de la pression et de la température sur
la reproductibilité et 1'uniformité de la croissance des SWCNTSs, avec une analyse
détaillée des résultats obtenus. La focus sur la cristallinité, la densité et le diamétre
des SWCNTs avec le catalyseur bimétallique Mo-Fe est abordé, avec une comparaison
quantitative avec le catalyseur Fe couramment utilisé. Les chapitres ultérieurs
explorent les résultats des études sur la nucléation et la croissance des SWCNTs en
utilisant 'ETEM-NanoMax, fournissant une compréhension approfondie de 1'évolution

en fonction des différents parameétres de croissance.

En conclusion, le manuscrit présente une synthése approfondie de 1'exploration
de la mise en ceuvre du LPCVD dans la synthése des SWCNTs, mettant en évidence
les paramétres de croissance influents et explorant la possibilité de reproduire les
expériences LPCVD prometteuses dans le CVDQETEM in-situ. L'objectif central de
la thése est de développer et de paramétrer un chemin de synthése CVD macroscopique
compatible avec le couplage potentiel avec des expériences in-situ et en temps réel dans

I'ETEM-NanoMax.

Mots clés : Nanotubes de carbone a paroi unique (SWCNTs), Dépét chimique en
phase vapeur a basse pression (LPCVD), Microscopie électronique en transmission

environnementale (ETEM)
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Titre: Synthése de SWCNTs par dépot chimique en phase vapeur (CVD) a basse pression, assisté
par des radicaux, pour une mise en ceuvre potentielle d'une technique d'analyse in-situ et en temps
réel (ETEM - NanoMax)

Mots clés: dépot chimique en phase vapeur & basse pression (LPCVD), nanomatériau,
nanostructure, nanotubes de carbone a paroi simple (SWCNT)

Résumé: Dans ma thése, le dépot chimique en phase vapeur a filament chaud (HFCVD) a été
utilisé pour synthétiser les nanotubes de carbone monoparois (SWCNTs). L'étape initiale était
centrée sur la mise en place d'un systéme HFCVD dans le but d'identifier les conditions optimales
de croissance pour produire des SWCNTs sur des substrats de silicium. Dans ce but, des études de
l'influence de divers paramétres de croissance, dont la quantité de catalyseur employée, la
température de synthése, la pression de croissance dans le réacteur CVD, ont été réalisées. En
particulier, la variation de la pression s'est avérée efficace pour controler la croissance des SWCNTs.
Les SWCNTSs obtenus ont été systématiquement caractérisés par microscopie électronique a
balayage, microscopie électronique a transmission, et spectroscopie Raman.

Grace a cette approche innovante, les conditions de croissance d'échantillons prometteurs ont été
utilisées comme prototype pour l'investigation in-situ en microscopie électronique & transmission
environnementale (ETEM) implémentée avec une source de gaz CVD (NanoMAX). Le NanoMAX
est une technique puissante, qui nous permet d'étudier en temps réel et in-situ les changements
dynamiques des catalyseurs pendant la nucléation et la formation des SWCNTSs, puis d'optimiser
et de controler la croissance des SWCNTs.

Title: Low — pressure, radical assisted chemical vapor deposition (CVD) synthesis of SWCNTSs for
potential implementation in-situ and real-time analysis technique (ETEM — NanoMax)

Keywords: low-pressure chemical vapor deposition (LPCVD), nanomaterial, nanostructure,
single-walled carbon nanotubes (SWCNTs)

Abstract: In my thesis, the hot-filament chemical vapor deposition (HFCVD) was used to
synthesize the single-walled carbon nanotubes (SWCNTSs). The initial step was centered on setting
up a HFCVD system with the purpose to identify the optimal growth conditions for producing
SWCNTs on silicon substrates. To this goal, the studies of the influence of various growth
parameters, including the quantity of catalyst employed, the synthesis temperature, growth
pressure in the CVD reactor, were carried out. In particular, the variation of pressure was shown
to be effective in controlling the growth of SWCNTs. The obtained SWCNTSs were systematically
characterized by scanning electron microscopy, transmission electron microscopy, and Raman
spectroscopy.

Thanks to this innovative approach, the growth conditions of promising samples have been used as
a prototype for the in-situ investigation in the environment transmission electron microscopy
(ETEM) implemented with CVD gas source (NanoMAX). The NanoMAX is a powerful technique,
which allows us to study real-time and in-situ the dynamic changes of catalysts during the
nucleation and the formation of SWCNTs, followed by the optimization and controlling the growth
of SWCNTs.
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