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Abstract

Structural controlled synthesis of single-walled carbon nanotubes (SWCNTs) have attracted a great
deal of attention due to their widespread potential applications in electronics and photonics.
Floating catalyst chemical vapor deposition (FC-CVD) being a dry and continuous method, is a
highly promising technique for the scalable synthesis of SWCNTs. However, due to in-situ catalyst
formation in all the conventional FC-CVD approaches, it is hard to get full control of number
concentration, composition and size of nanoparticles. Hence, it hinders to investigate the effects
of catalyst composition on morphology, yield and structure of SWCNTs.

In this thesis, firstly we designed a novel rod-to-tube type spark discharge generator (R-T SDG) to
produce ex-situ catalyst nanoparticles for the FC-CVD growth of SWCNTs. We utilized highly time-
stable and uniform number size distributions of monometallic (Fe, Ni, Co) and bimetallic (Co-Fe,
Co-Ni) catalyst particles for the synthesis of SWCNTSs using ethylene as carbon source and 1050 °C
temperature. Optical characterizations revealed that as-grown SWCNTs have high-quality and their
mean diameter is around 1 nm. The highest SWCNTs yield was obtained with Fe as a catalyst. From
electron diffraction analysis, we observed that Co-Ni can produce comparatively narrower chirality
and diameter distribution of SWCNTs.

Secondly, we introduced sulfur in the FC-CVD reactor as a growth promoter for the fabrication of
SWCNTs based transparent conducting films (TCFs). We systematically investigated the roles of
sulfur on yield, morphology, and structure of SWCNTs. It was found that the yield of SWCNTs is
largely dependent on amount of sulfur introduced into the FC-CVD reactor and catalyst
composition. More importantly, the addition of an optimized amount of sulfur has enhanced
approximately three times, the opto-electronic performance of SWCNT-TCFs, by increasing
diameter and bundle length along with improving the quality of SWCNTs. The mean diameter of
SWCNTSs increased from 1 nm to 1.2 nm while the ratio of metallic nanotubes slightly increased
from 39% to 41% with sulfur addition. Surprisingly, chirality determination of as-grown SWCNTs
indicated that sulfur promotor has little influence on modulating the chirality of SWCNTs.
Finally, we demonstrated that FC-CVD is a unique and versatile technique for the simultaneous
growth of substrate-free oD-fullerene, 1D-CNT and 2D-graphene. The formation of 0D-1D-2D
carbon nanostructures were directly evidenced by lattice-resolved (scanning) transmission electron
microscopy (STEM). We showed that the relative number density of graphene-nanoflakes can be
tuned by optimizing the synthesis conditions. In addition, the as-synthesized hybrid films can be
directly deposited on any surface at ambient temperature with an arbitrary thickness which offers
a new route towards ultra-fast manufacturing and dry deposition of the hybrid structures.

Keywords floating-catalyst CVD; single-walled carbon nanotubes; pre-made catalyst; ethylene;
transparent conducting film; low dimensional carbon nanostructures
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1. Introduction

Single-walled carbon nanotubes (SWCNTSs) are chemically derived synthetic al-
lotropes of carbon having diameter of few nanometers, and length in the range
from few micrometers to several centimeters. They have unique optical [1] and
electronic [2,3] properties due to their quasi one-dimensional (1D) tubular
structure and chirality dependent electronic band structure. They have large
surface area to volume ratio having every atom exposed to the surface. SWCNTSs
can be either metallic or semiconducting (with varying band gaps) depending
on the confinement of electrons wave functions around their circumference.
SWCNTs have attracted widespread attention in nanoscale electronic and pho-
tonic devices due to their high electrical conductivity and charge carrier mobility
[4,5]. Moreover, due to low refractive index [1], excellent mechanical flexibility,
low haze [6] and optical transparency [7], SWCNT film is one of the most prom-
ising materials for the replacement of indium tin oxide (ITO) as transparent
conductive films (TCFs) in future flexible electronics.

To fabricate SWCNT-TCFs, floating catalyst chemical vapor deposition (FC-
CVD) is one of the most widely used technique for the large scale production of
SWCNTs synthesis. However, in FC-CVD, a better control of SWCNTs morphol-
ogy and structure is a big challenge for their potential applications. It is well-
known that thermodynamically catalyst composition plays a vital role in the
controllable synthesis of SWCNTs. In conventional FC-CVD methods, generally,
catalyst particles are obtained by decomposition of volatile organometallic com-
pounds [8,9] inside the FC-CVD reactor. It is worth mentioning that in all the
approaches involving in-situ nanoparticle fabrication, it is hard to get full con-
trol of number concentration (NC), composition, size and structure of pure and
mixed metallic nanoparticles. Moreover, the choice of catalyst composition is
limited because of their toxic precursors.

To overwhelm the above-mentioned core issues of SWCNT synthesis by the
FC-CVD method we decoupled the catalyst particle generation process from
SWCNT growth. To produce highly time consistent and ex-situ catalyst particles
in gas-phase having high purity in publication-I, we designed a novel rod-to-
tube type spark discharge generator (R-T SDG), permitting a precise control of
catalyst, and thus, SWCNT NC during growth [10]. Various monometallic and
bimetallic catalyst particles were prepared from the physical evaporation of the
electrode’s material in the presence of non-reacting carrier gases. We found that
our design i.e. R-T SDG can produce time stable, and a high NC of catalyst par-
ticles due to its comparatively long-term quasi-stability.

In publication-II, for the quantitative analysis of catalyst composition ef-
fects on various growth characteristics of SWCNTs the number size distribution
(NSD) of catalyst particles (Fe, Co, Ni, Co-Fe and Co-Ni) in the gas phase were
measured by using differential mobility analyzer (DMA) before feeding into the
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FC-CVD reactor. We for the first time systematically studied the effects of cata-
lyst composition on yield, morphology, conductivity and helicity of FC-CVD
grown SWCNTs. Interestingly, we found that the mean diameter of as-produced
SWCNTs (~1 nm) is independent of catalyst composition under the similar NSD
of catalyst particles. However, the yield, morphology and SWCNTs film conduc-
tivity can be effectively tuned by changing catalyst composition [11]. Further-
more, from the unambiguous electron diffraction technique, we observed that
the bimetallic Co-Ni catalyst can produce comparatively narrower chirality and
diameter distribution of SWCNTs.

In publication-III, we utilized sulfur as an effective growth promotor to tune
yield, structural properties and morphology of SWCNTs and to obtain high-per-
formance SWCNT-TCFs. We found that the yield of SWCNTs is largely depend-
ent on the amount of sulfur introduced into the FC-CVD reactor and catalyst
composition. More importantly, at optimized conditions with sulfur, the opto-
electronic performance of SWCNT-TCFs enhanced approximately three times
[12]. The improvement in opto-electronic performance with the sulfur addition
is the effect of an increase in the diameter of individual SWCNTs and their bun-
dle length. Interestingly, the detailed atomic structure determination revealed
that both SWCNTs with and without sulfur addition have wide chirality distri-
butions spanning from zig-zag to armchair edges and sulfur promotor has little
effect on chirality modulation of SWCNTs. Fig. 1.1 provides a brief summary of
the publications included in this thesis in their sequential order.

Publication-l
Spark discharged based
gas-phase synthesis of

catalyst particles

Publication-IV Publication-ll
Gas-phase synthesis of FC-CVD synthesisof
0D-1D-2D carbon Thesis SWCNTs with a variety

of catalyst particles

nanostructures

Effent of sulfur addition
on FC-CVD grnwth of
SWCNTs

Publication-ll

Fig. 1.1 A brief summary of the publications-I to IV included in the thesis.

In publication-IV, we developed a novel gas-phase and scalable method for
the simultaneous growth of fullerene-CNT-graphene (0D-1D-2D) hybrid carbon
nanostructures with various catalysts (Fe, Co, Ni, Co-Ni), carbon sources (C.H,,
CO, C,H;0H, CH,) and various set-ups. We found that at the optimized condi-
tions graphene nano flakes can grow directly from the pyrolysis of different car-
bon sources without any substrate. Since our method is purely in gas-phase
therefore as-produced hybrid material can be deposited directly on any sub-
strate with well-controlled thickness and transparency for further applications
under ambient conditions. Our technique opens up new avenues towards the
ultra-fast manufacturing of the oD-1D-2D hybrid material at industrial scale
and provides scientific community new insights into the synthesis mechanism
of low dimensional carbon nanostructures, especially that of graphene.



2. Single-walled carbon nanotube struc-
ture and optical properties

2.1 Low-dimensional allotropes of carbon

Carbon has ground state electronic configuration 1s2, 2s2, 2p2 and has ability to
make a long chain of carbon atoms by forming covalent C-C bonding. Carbon
exits in different allotropic forms and interestingly properties of its various al-
lotropes, not only governed by the nature of chemical bonding but also depend
on their dimensionality (i.e. quantum confinement of wave function describing
behaviors of electrons). Recently, low-dimensional allotropes of carbon, espe-
cially fullerene, carbon nanotubes, graphene and their mixed-dimensional hy-
brid have attracted tremendous research interest due to their widespread po-
tential, technological applications in various fields. Although, all the above men-
tioned low-dimensional allotropes have sp2 bonded carbon atoms and each car-
bon atom is bonded with the other three carbon atoms (Fig. 2.1) but they differ
in electronic band structure due to quantum confinement in 1, 2 or 3 dimen-
sions. Fullerenes (Buckyballs) are the spherical or ellipsoidal shaped molecules
of carbon having different sizes and are oD nanostructures. They have a band
gap under ambient conditions [13] and can show metallic behavior if they are
properly doped [14].

Carbon nanotubes (CNTs) are 1D cylindrical-shaped molecules of carbon and
are considered to form by rolling a piece of graphene sheet. Depending on the
number of graphene sheet layers CNTs can be divided into either single-walled
(SWCNTSs) or multi-walled carbon nanotubes (MWCNTS). It’s worth mention-
ing that generally, the electronic and optical properties of CNTs and particularly
of SWCNTs are highly sensitive to their diameter and specific molecular struc-
ture. Therefore, SWCNTs have remained a subject of great research interest in
material science, electronics and photonics. They are topic of interest in this
thesis.

On the other hand, one atom thick planar 2D carbon nanomaterial is graphene
and it has a honeycomb crystalline lattice structure that consists of six-mem-
bered carbon rings. It is a zero band-gap semimetal and thinnest material
known to human beings. It is the only form of carbon in which each atom is
available for the chemical reaction from upper and bottom sides of the layer.
Graphene is the basic structural element of some of the highly stimulating allo-
tropes of carbon i.e. oD-fullerene, 1ID-CNT and 3D-graphite. Therefore, for the
fundamental understanding of the structure and properties of fullerenes, graph-
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ite and CNTs, graphene has always been considered as parent material. How-
ever, the high-quality, scalable, free-standing and single-step manufacturing of
the graphene is still needed to achieve.

Fig. 2.1 Various low-dimensional allotropes of carbon a) fullerene (o-dimensional)
b) a single-walled carbon nanotubes (1-dimensional) ¢) a graphene sheet (2-dimen-
sional).

2.2 Geometry of SWCNTs

Conceptually a SWCNT is constructed by rolling a graphene sheet into a narrow
hollow cylinder having a diameter in the nanoscale regime. In Fig. 2.2, a flat
graphene lattice has been shown which can be rolled up to get SWCNT. The vec-
tor T which is directed along the nanotube axis is known as translational vector
and determines the length of SWCNT. The chiral vector (Cr) which determines
the arrangement of carbon atoms along the circumference of SWCNT fully de-
fines the geometry of a SWCNT and is normal to T. Both T and Ch, together de-
fine unit cell of a carbon nanotubes. Cr is expressed in terms of two real space,
unit base vectors of the graphene a, and a., whose graphical depiction is pro-
vided in Fig. 2.2.

Cp = na, + ma, 2.1
Where (n, m) are positive integers and n > m and they are known as chiral indi-
ces of a SWCNT. In real space the unit base vectors of graphene a, and a- are
expressed as in Eq. 2.2.

a, = (V3/2a,a/2), a, = (V3/2a,-a/2) (2.2)
Where (a;) = (a;) = a = V3 a,, and acc is the distance between two adjacent

carbon atoms in graphene lattice separated by 1.42 A [15,16]. The diameter of a
SWCNT is positively correlated to its chirality i.e. (n, m) by the following rela-

tion.
de = (Cp) = ayn? + m?2 + nm (2.3)
The angle 0 between Cr and a, is known as chiral angle, and for all possible
combinations of n and m, it lies in the range 0 <& <30°. The chiral angle can
be defined in terms of chirality (n, m) of SWCNT as,
0 = cos Y (Cp.a1/{Cy){a;)) = cos™?! (Zn +m/2yn? +m? + nm) (2.4)
In Eqg. 2.4, for non-zero n, if m=0, then 6=0° and such type of carbon nanotubes
are referred as zig-zag nanotubes (see Fig. 2.2). If (n+m) then 0° <6<30° and
nanotubes are chiral and if (n=m), then 6=30° and nanotubes are armchair.
Furthermore, depending on the cutting direction and size of the graphene sheet
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from which a SWCNT is constructed, SWCNT can be either semiconducting or
metallic. As a rule of thumb SWCNTs are metallic if (n-m)/3 is a whole integer
and semiconducting if (n-m)/3 is not a whole integer.

Fig. 2.2 The unrolled honeycomb lattice of a carbon nanotube. The chiral vector Ch of
(4, 2) SWCNTs and its translation vector T. The chiral angle has been indicated by 6
and a, and a: are the real space unit vectors of hexagonal graphene lattice.

2.3 Optical properties of SWCNTs

Optical absorption (UV-Vis-NIR) and Raman spectroscopy are two useful opti-
cal techniques for the fast characterization of the diameter, quality, chirality,
and metallic or semiconducting nature of a SWCNT sample. In the following
sections, their working principle is briefly discussed.

2.3.1 Optical absorption spectroscopy

When electromagnetic radiations pass through an absorbing medium like
SWCNTs, their intensity attenuates depending on the absorption coefficient (a),
optical path length (L) and concentration (c) of the absorbing species [17]. The
optical absorption spectroscopy measures attenuation in the intensity of elec-
tromagnetic radiations as a function of their frequency or wavelength. For the
characterizations of SWCNTs, the relevant wavelength ranges from 200-2600
nm. Mathematically, attenuation in the intensity of electromagnetic radiations
is an exponentially decaying function and is governed by Beer-Lambert law.

[ =1,e-%e (2.5)
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From Eq. 2.5, by measuring the relative intensity of transmitted light (I) at a
particular frequency or wavelength with respect to the incident intensity (1,) we
can measure the absorbance (A) by the Eq. 2.6.
A=—In(l/1,) (2.6)
It’s worth mentioning that unlike 3D solids, a typical optical absorption spec-
tra (OAS) of SWCNT film contains sharp electronic-transitions peaks due to 1D
nature of carbon nanotubes. The peaks in OAS arise from symmetric transition
between van Hove singularities from i-th conduction to valance band and are
denoted by E; (Fig. 2.3a and b) [18]. Optically, momentum conservation does
not favor transitions from i-th valance to j-th conduction band or vice versa and
they do not contribute much in OAS. A typical OAS of SWCNT film in the UV-
Vis-NIR range has been shown in Fig. 2.3d. It contains three pronounced char-
acteristic peaks associated with first optical-transition in semiconducting tubes
(E$)), second transition in semiconducting tubes (E3,), and first transition in
metallic nanotubes (E}4) [15,19]. Theoretically, it is a fact that a SWCNT has a
very sharply peaked density of states [18], but experimentally (see Fig. 2.3d), it
has been found that OAS of SWCNT film is broad due to heterogeneity of (n, m)
in the sample. The energy of these optical transitions in a SWCNT is inversely
proportional to the nanotube diameter and the mean diameter of SWCNTs bulk
sample can be estimated by combining the energy of these transitions with the
Kataura plot (Fig. 2.3¢) [19—21].

a) o Metallic-SWCNT - b) Semiconducting-SWCNT

conduction
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Density of states
valence
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Fig. 2.3 Optical transitions in a) metallic-SWCNT b) semiconducting-SWCNT (tran-
sitions adapted from Wikipedia Commons as public domain [18]) ¢) Kataura plot of
SWCNTs based on extended tight-binding approximation [20] showing E?,, E5, and
EM transitions. Each blue dot corresponds to one transition state of a specific diameter
semiconducting-SWCNT and red dot of metallic-SWCNT. d) Typical absorption spec-
tra of a SWCNT film having E;,, E5, and E}, transition peaks.

2.3.2 Raman spectroscopy

Raman spectroscopy is based on inelastic scattering of monochromatic light (la-
ser), when it interacts with a sample under investigation and is usually used for
the quantitative analysis and to know the structural fingerprint of the sample.
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In Raman spectroscopy, photons of electromagnetic radiations on interaction
with the sample are absorbed by the molecules of the sample and are re-emitted.
The frequency of re-emitted photons is shifted up or down compared to the pho-
tons of incident light depending on the quantized vibrational or rotational en-
ergy levels (phonons) in the molecules and is known as Raman shift. Hence,
detecting the frequency of scattered photons compared to the incident photons
provides information about the elastic arrangement of atoms/molecules in the
sample. Plotting intensity of the scattered light as a function of frequency down-
shift of the scattered light gives us Raman spectra of the sample and hence, we
acquire information of the phonon frequencies of the material depending on the
vibrational energy levels of different functional groups [22]. However, the en-
ergy of a very small fraction roughly 10-5% of the total incident photons is ex-
changed in this interaction and the rest of the photons are elastically scattered.
The probability of Raman shift increases by a factor of ~103 if the transition en-
ergy of either the absorbed or the re-emitted photon resonates with an elec-
tronic transition state of the molecule and this process is referred as resonant
Raman spectroscopy.

Typically, the Raman spectra of a SWCNT consists of several characteristic
peaks. The dominant peak at around 1582 cm™ (Fig. 2.4b) originating from the
in-plane vibrations in graphene lattice, reflecting the graphitic nature of
SWCNTs is known as G band [22]. However, due to curvature in SWCNTs, G
mode further splits into G+ and G- sub-bands representing vibrations along the
nanotube axis and circumferential direction respectively. It’s worth mentioning
that G band excitation is 1s--order Raman scattering process (arising from one
scattering event) but 2rd-order Raman scattering (arising from two scattering
events) can also occur if excited phonons are scattered by defects or disorder
structures in the crystal lattice. This is known as D mode and appears around
1350 cm™ in Raman spectra of SWCNTs as has been indicated in the form of a
hump in Fig. 2.4b.
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Fig. 2.4 a) Kataura plot of SWCNTs based on extended tight-binding approximation
[20]. The numbers on blue lines and red lines indicate 2n+m family of semiconducting
and metallic SWCNTs respectively, whereas corresponding dots represent specific chi-
rality of a SWCNT. Four widely used excitation wavelengths i.e. 488, 514, 633 and 785
nm are shown by horizontal lines. b) A typical Raman spectrum of SWCNT film show-
ing the most important features like radial breathing mode (RBM) in the region <400
cm?, G (1582 cm?) and D (1350 cm™) bands.

The last major feature in Raman spectra of SWCNTs is radial breathing mode
(RBM) which lies roughly below 400 em and is only observed in double or sin-
gle-walled carbon nanotubes. It arises from the out-of-plane vibrational modes
in the crystal lattice and is attributed to the radial expansions and contractions
in the SWCNTSs. The RBM is a resonant Raman mode and it has been found that
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the RBM frequency (wggy) is inversely proportional to the diameter (d;) of
SWCNTs. Because of its dependence on SWCNTs diameter, the RBM is usually
combined with the Kataura plot (Fig. 2.4a) [15,21,22] to characterize diameter,
family (2n+m) and chirality of SWCNTs. However, Raman measurement can
only activate SWCNTs having bandgap in resonance with a specific excitation
laser and it can reveal structural information of only that kind of SWCNTs in the
sample. Therefore, the complete Raman-characterization of SWCNT sample re-
quires a tunable laser system that can provide different excitation lasers.

2.4 Electronic properties of SWCNTs

The electronic band structure of a material mainly determines electrical
transport properties in the material. Interestingly, the electronic properties of
SWCNTs depend on the orientation of hexagons along the nanotubes axis and
can be described using the energy dispersion relation of graphene. In graphene,
each carbon atom has four bonds, three 6-bonds (arising from 2s, 2py, 2py elec-
trons) with each of its adjacent carbon atoms in the same plane and one n-bond
(arising from 2p, electron) oriented out of the plane. It is worth noting that the
overlap between in-plane atomic orbitals (i.e. 2s, 2py, 2py) and the out of plane
atomic orbital (2p.) is zero. Therefore, the electron in 2p, orbital can be treated
independently. Moreover, the out of plane n-electrons of adjacent carbon atoms
hybridize together to form the half-filled n- and t*-bands which are responsible
for the extraordinary electronic properties of the graphene [19]. The electronic
band structure of m-orbitals of graphene can be calculated from tight-binding
approximation where the conduction and valance band touch each other at the
six corners of Brilloun zone (i.e. K and K points) with nearly continuous varia-
tion along (ky, ky) plane.

NE kya k,a
Exp(ky ky) = iyo\j[l +4 cos(7kxa) cos(%) +4 cosz(%) 2.7)

Where v, is the nearest neighbor transfer integral and plus minus prefixes are
for conduction and valance band respectively, whereas a is hexagonal lattice
constant. The electronic band structure of SWCNTs is obtained by further quan-
tization of 2D graphene sheet into 1D structure and imposing appropriate
boundary conditions around the circumference of SWCNT. For a SWCNT of in-
finite length, the wave vector (k) in the direction of translation vector T (Fig.
2.2) along SWCNT axis is continuous. However, the wave vector (k) around the
circumference of SWCNT i.e. along chiral vector Cn, becomes quantized [23].
Hence, cross-sectional cutting of the energy dispersion relation of graphene for
allowed values of k, gives us the band structure of SWCNTs. The cross-sectional
sub-bands sliced from the dispersion of graphene are shown in Fig. 2.5 [24].

The 1D dispersion relation for jth sub-band of SWCNT is
1/,

h 2 Eg 2
Ei(k) = + (Evpk) + (7’> 2.8)

Where E and k are distances from the center point of graphene dispersion cone
in units of energy and wave vector. vr is the Fermi velocity and the E ]g is the jth
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energy gap determined by the distance to nearest K point. For a specific (n, m),
if the cutting line passes through a K point of Brillouin zone then the energy
bandgap is zero (Fig. 2.5b), and therefore SWCNTSs are metallic.

E/g0

. el
2 0 3 g 420
Ky Kx
Fig. 2.5 a) The band structure of SWCNTs derived from energy dispersion relation of
graphene where the valance and conduction bands are touching at the six corner of
first Brilloun zone (K and K’ points) b) The electronic band structure of metallic
SWCNTs ¢) The diameter-dependent electronic band structure of semiconducting
SWCNTs has been indicated by the distance of black cutting lines from K point
(adapted from Wikipedia Commons as public domain [24]).

On the other hand, if the cutting line does not pass through a K point (Fig. 2.5¢),
then the SWCNT is semiconducting having a finite energy gap between the
valence and conduction band. However, at the moment the well-controlled,
scale-able synthesis of either pure metallic or semiconducting SWCNTs with a
specific molecular structure has not been achieved which limits their
applicability especially, in micro- and nano-electronic devices. On the other
side, a complete control on SWCNT molecular structure is not needed in many
other applications, such as in SWCNT-TCFs and CNTs composite materials.
Therefore, keeping in mind the future industrial needs of SWCNTs, a lot of
research efforts has been made for the production of SWCNTs on the industrial
scale. A brief description of the most important processes tried so far is provided
in chapter 3.






3. Synthesis technique and experi-
mental set-up

3.1 Carbon nanotubes synthesis techniques

Since carbon nanotubes discovery in 1991 by Sumio Iijima [25], in the first few
years, physical methods such as arc-discharge [25] and laser ablation [26] have
been mainly utilized for their synthesis. In physical methods, the amount of car-
bon required for SWCNT growth is produced by physical evaporation of gra-
phitic carbon alloyed with Ni or/and Co catalyst precursor. These processes are
carried out in the presence of high temperature (~1200 °C) and a high-energy
input is required to release carbon atoms from the target, which limits their
practical application. Moreover, to obtain high quality and large-scale produc-
tion of CNTs from physical methods were also highly challenging.

Synthesis of CNTs became simpler when in 1996 Richard Smalley and his
coworkers at Rice University developed a chemical vapor deposition (CVD)
method for the synthesis of SWCNTSs. They produced SWCNTs by catalytic de-
composition of carbon monoxide on pre-made molybdenum nanoparticles sup-
ported by temperature resistant substrate inside a heated reactor [27]. Later on,
the CVD technique has been extensively employed for the production of
SWCNTs and MWCNTs using a variety of carbon feedstocks and catalyst parti-
cles. Apart from CO typical hydrocarbons feedstock include methane (CH,), eth-
ylene (C.H,), acetylene (C.H.) benzene (CsHs), toluene (C,Hg) and ethanol
(C.H;OH). Whereas, typical catalyst particles include transition metals (Fe, Co,
Ni, W and their alloy) [28,29], noble metals (Au, Ag, Cu) [30] and silicon dioxide
(SiO.) [31]. It has been observed that the proper choice of catalyst particles and
their morphology plays a significant role in controlling the amount of SWCNTs
and MWCNTs during synthesis. In addition, the morphology of as-produced
CNTs greatly depends on the nature and size of catalyst particles. Despite the
several advantages of the CVD method, being a batch-to-batch process achiev-
ing the repeatability of the similar CNTs samples is a major problem with CVD
growth. Furthermore, in the CVD method, the catalysts particles are needed to
synthesize and reduce before CNT growth on the substrate, which makes this
multi-step method tedious. Moreover, the interactions between catalyst parti-
cles and temperature resistant support (such as MgO and Al,O;) make the syn-
thesis process more complicated [32] resulting in as-grown CNTs sample hard
to transfer. Therefore, scientists developed substrate free method for the large
scale production of CNTs and this method has been discussed in following sec-
tions.
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3.2 Floating catalyst CVD technique

Floating catalyst chemical vapor deposition (FC-CVD) is a single-step, continu-
ous, scalable method in which the entire process of catalyst and SWCNTs for-
mation takes place in a gaseous environment [9,33]. The aerosol nanoparticles
suspended in non-reacting carrier gases without any support act as catalyst par-
ticles. In FC-CVD, the catalyst required for SWCNTs growth can be prepared
inside the FC-CVD reactor (in-situ technique) or outside the FC-CVD reactor
(pre-made catalysts) (Fig. 3.1). However, in both cases, catalytic decomposition
of carbon feedstock and hence the growth of SWCNTs takes place inside the FC-
CVD reactor in the presence of high temperature typically in the range from 700
to 1200 °C. Since in FC-CVD the formation of the SWCNTs take place in gas-
suspension, the as-synthesized CNTs can be directly deposited on any surface
in ambient temperature with an arbitrary thickness. This makes FC-CVD a
highly promising technique for the large scale production and deposition of
CNTs at industrial scale.

3.2.1  FC-CVD using in-situ catalyst particles

In-situ catalyst fabrication is the most commonly used approach for the FC-
CVD growth of SWCNTs. In this technique, catalyst particles are obtained from
thermal decomposition of volatile organometallic chemical precursors, such as
ferrocene, nickelocene [8] and iron pentacarbonyl [34] in the presence of high
temperature inside the FC-CVD reactor (Fig. 3.1a). The catalyst precursors and
carbon feedstock are simultaneously introduced in the synthesis reactor. Unfor-
tunately, in this conventional method due to the in-situ nucleation of catalyst
particles, it is hard to get full control on composition, NC, size and structure of
pure and mixed metallic nanoparticles. Therefore, this is not a reliable tech-
nique for the quantitative comparison of the catalyst composition, size and NC
effects on CNTs growth. Moreover, the choice of catalyst composition is limited
because of their highly toxic precursors.

3.2.2 FC-CVD using pre-made catalyst particles

Our group first time introduced the synthesis of SWCNTs in FC-CVD tech-
nique from pre-made catalysts. The purpose of pre-made catalyst synthesis is to
get a precise control on size and NC of catalyst, and thus, SWCNT NC during
growth [10,33]. In this technique, catalyst particles are pre-produced through
the physical evaporation of the electrodes using hot wire generation (HWG) [9]
or spark discharge generation techniques [33] (Fig. 3.1b). The size and NC of
catalyst particles can be measured in real-time in the gas phase using a differ-
ential mobility analyzer (DMA) before feeding into the FC-CVD reactor. There-
fore, these are reliable techniques for the comparative study of the catalyst com-
position, size and concentration effect on SWCNT synthesis. One drawback of
HWG is that it is based on resistive-heating of metallic thin-wire and resistance
of thin-wire changes with the increase in temperature. Therefore, it can hardly
deliver constant power for material evaporation and the result is a shift in par-
ticle size distribution over the time. On the other hand, spark discharge genera-
tion is a versatile, cost-effective, simple and scale able technique for producing
metallic and mixed metallic nanoparticles [35] which can give relatively more
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time stable and narrow size distribution of nanoparticles for a longer time. The
ease of producing bimetallic particles with two different metal electrodes is an-
other advantage of using spark discharge generation rather than HWG. There-
fore in this thesis, we utilized spark discharge generation technique for the syn-
thesis of catalyst and hence SWCNTs synthesis.
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Fig. 3.1. General mechanism of growth of SWCNTs by floating-catalyst chemical va-
por deposition using a) in-situ synthesized catalyst particles and b) pre-made catalyst
particles.

3.3 Roles of catalyst particles in SWCNTs synthesis

Transition metal nanoparticles are widely used as a catalyst for the synthesis of
SWCNTs because they are easily available, comparatively cheaper, and more ef-
ficient for SWCNT growth. However, a few research works have also reported
the growth of SWCNTs from metal oxide [31,36] and semiconducting nanopar-
ticles [37]. Various catalyst nanoparticles have different catalyzing activity to-
wards the decomposition of the carbon precursors because the surface activity
of the catalyst particle is generally associated with its both morphology and
chemical composition. Ultimately, the properties of as-grown SWCNTs are
highly dependent on the nature of the catalyst. Generally, it is believed that
SWCNTs growth from metal nanoparticles is through a vapor-liquid-solid (VLS)
mechanism [38,39]. According to the VLS model, firstly carbon-containing mol-
ecules are adsorbed on the surface of metal catalysts and are catalytically disso-
ciate into atomic carbon. In the second step, carbon dissolves into the metal cat-
alyst to form a liquid metal-carbon alloy and carbon diffuses from the liquid
particle. In the third step, due to the super-saturation of dissolved carbon on the
surface of the metal-carbon alloy, carbon starts to precipitate to form the cap of
SWCNTs [38,39]. Hence, apart from playing the major role in decomposing car-
bon source, the catalyst also provides nucleation sites for the growth of the cap
of SWCNTs. Since it is a fact that the structure of the cap of SWCNT determines
the chirality of the nanotube, therefore, the morphology and structure of
SWCNTs are highly dependent on the morphology and nature of the catalyst
particle. However, the effect of growth conditions (temperature, pressure, car-
bon precursor, reaction intermediates and residence time) cannot be ignored
because the change in growth conditions will directly influence carbon solubility
and surface activity of the catalyst particles.
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3.4 Synthesis with spark discharge generator

Spark discharge generation technique for SWCNTs synthesis utilizes an ex-situ
spark discharge generator (SDG) for well-controlled and cost-effective gas-
phase production of highly pure catalyst particles [35]. Catalyst particles are
carried from SDG to the FC-CVD reactor by the carrier gas for the synthesis of
SWCNTs.

3.4.1 Spark discharge generation of catalyst particles

In spark discharge generation technique two metal electrodes are used as a cat-
alyst precursor on which a high voltage of the order of few kV is applied in the
presence of inert or non-reacting carrier gas. The electrical circuit to provide
high voltage consists of a power source, ballast resistor, inductor, and a high
voltage capacitor (Fig. 3.2). The power source delivers a constant current to re-
charge the capacitor and when the voltage across the capacitor reaches the dis-
charge voltage of the carrier gas, the dielectric breakdown of the gas occurs. The
dielectric breakdown of the carrier gas forms a conducting plasma channel be-
tween the electrodes. During spark time local temperature is almost in the range
20,000 K to 30,000 K. This plasma evaporates the electrode material and then
within a few microseconds spark in the electrode’s gap disappears [35]. After
the super saturation of the gap with the evaporated material nucleation of pri-
mary particles takes place. The primary particles cools down to room tempera-
ture due to adiabatic expansion after the spark is over and forms nanoparticles
through gas-phase collisions. On the other hand due to adiabatic expansion of
the aerosol, ions recombine to form neutral gas again. The nanoparticles are
carried out from the electrode’s gap by the carrier gas.

The size and morphology of spark-produced nanoparticles depend on many
parameters like nature and flow rate of the carrier gas, the distance between
electrodes, applied voltage, discharge frequency, and size and configuration of
the electrodes etc. The electrode’s configuration mainly determines the flow pat-
tern (i.e. axial or transverse) of the carrier gas and jet speed at the point of spark
generation. Conventional rod-to-rod (R-R) electrode configuration with the
transverse flow of the carrier gas was previously employed by Mustonen et al.
for the synthesis of SWCNTs [33]. However, it has been observed that at higher
NC agglomeration of the nanoparticles is a major problem for less than 40 Ipm
of the carrier gas with this geometry. Therefore, they utilized 45 Ipm nitrogen in
SDG as a carrier gas to achieve suitable catalyst size (roughly < 5 nm) for
SWCNTs synthesis. However, out of 45 lpm only 0.25 Ipm (0.06%) was intro-
duced into the FC-CVD reactor for SWCNTSs growth and the remaining flow was
guided to exhaust. Moreover, Mustonen et al. only utilized spark-produced Fe
catalyst nanoparticles for SWCNTs growth.

3.4.2 Designing novel rod-to-tube type SDG

In publication-I, to obtain higher NC of catalyst particles with a small flow
rate (< 2 Ipm) of the carrier gas and for more time consistent generation of cat-
alyst particles without degradation of the shape of the electrodes, we designed a
novel rod-to-tube type SDG (R-T SDG) [10]. The major change in the design
comes from the shape of the electrodes and flow pattern (i.e. axial) across the
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spark discharge generation point. Instead of conventional R-R configuration
(Fig. 3.2a), we utilized a metal rod and a metal tube as electrodes, where the
tube electrode was also employed as an exit for the aerosol particles (Fig. 3.2b).
The axial flow at spark discharge generation point provides much faster
transport speed to the aerosol particles compared to transverse flow [40] reduc-
ing agglomeration probability of nanoparticles. The transport speed in the flow
range 1 to 45 Ipm for R-T configuration having rod diameter 2.4 mm and tube
internal dimeter 2.6 mm is in the range 7.9-373 m/s. On the other hand, for R-
R configuration having diameter 2.5 mm in the same flow range is 3.3-152 m/s.
Hence, axial flow is capable of producing less-agglomerated catalyst particles
compared to transverse counterparts under the similar experimental condi-
tions.

Fig. 3.2. Image of a) conventional rod to rod (R-R) electrodes configuration having
a set of reducers at the inlet and outlet of the spark chamber and b) newly built rod to
tube (R-T) electrodes configuration having very simple and compact size of spark
chamber.

The detailed schematic of R-T SDG is shown in the Fig. 3.3. The two major
parts of any kind of spark discharge generator are spark chamber and an elec-
trical feedback circuit. For electrical insulation and to make SDG of compact
size, we used polytetrafluoroethylene (PTFE) tee as the chamber. Rod and tube
electrodes were fixed in two opposite sides of the tee and carrier gas was intro-
duced from the third side of the tee. Using different combinations of electrode’s
material we synthesized various monometallic (Fe, Co, Ni, and Cu) and bime-
tallic (Co-Fe, and Co-Ni) catalyst nanoparticles. The energy required to produce
periodic sparks across the electrodes gap was provided by a high voltage exter-
nal capacitor (Cex) (0.1-1 nF) connected parallel to the electrodes gap. For charg-
ing external capacitor a high voltage power source (HV) (Heinzinger PNC
20000-10 ump) through 1 MQ ballast resistor (R) was employed. A mass flow
controller (Aalbrog GFC37 (N.)) regulated the flow rate of carrier gas inside the
spark chamber. In publication-I, flow rate of nitrogen or argon in R-T SDG
was varied in the range 0.5-3.3 Ipm to study the effects of carrier gas flow on
catalyst size and NC. However, in publications-II, ITI and IV for the synthesis
of SWCNTs, nitrogen was used as a carrier gas in the range 1.5-2 Ipm. Hence, R-
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T SDG owing to its improved design consumes roughly less than 10% of the car-
rier gas compared to the conventional R-R SDG for the synthesis of catalyst par-
ticles.
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Fig. 3.3. Rod to tube type spark discharge generator (SDG) for producing time con-
sistent, high number concentration (NC) and small-sized monometallic and bimetallic
nanoparticles under a small flow rate of the carrier gas. The rod electrode is connected
to the positive terminal of the high voltage source through a ballast resistor and the
tube electrode was grounded. Polytetrafluoroethylene Swagelok tee was used as SDG
chamber. Copyright © 2018 Elsevier [10], used with permission.

3.4.3 Experimental set-up for SWCNTSs synthesis

For the synthesis of SWCNTs, various spark generated catalyst particles were
introduced in FC-CVD reactor. The FC-CVD reactor consists of a quartz tube
(inner diameter 22 mm) vertically placed inside a 90 cm high temperature fur-
nace (Fig. 3.4). In publication-I 200 sccm of N. (99.995%) or Ar (99.995%)
containing Fe catalyst particles were introduced into the FC-CVD reactor along
with 250 scem CO (99.999%, AGA) as carbon source and 50 sccm H, (99.999%,
AGA). The temperature of the furnace was set at 880 °C. The two major prob-
lems of using CO as a carbon source are its low conversion rate and high toxicity.

Therefore, in publications-II, III and IV ethylene (C.H,) (99.999%, AGA)
in the flow range 0.1-0.4 sccm (200-800 ppm) was used as carbon source along
with optimum H. concentrations in the range 50-120 sccm at set furnace tem-
perature of 1050 °C. In publication-II, effects of catalyst composition on
SWCNTs synthesis were systematically studied using various monometallic (Fe,
Co, Ni) and bimetallic (Co-Fe, Co-Ni) catalyst particles. In publication-III and
IV, monometallic Fe and Co were employed as catalyst particles and H,S (0.01
vol. % H.S in N>, 99.999%, AGA) in the range 0-10 ppm was used as a growth
promoter. In all the cases, the total gas flow inside the FC-CVD reactor was 500
sccm and average residence time in the SWCNTSs growth region is about 10 sec-
onds. The complete experimental set-up for SWCNTs growth including sche-
matic for gas flows, arrangement for gas-phase measurement of catalyst and
SWCNTs NC by differential mobility analyzer (DMA), and temperature profile
of the FC-CVD reactor is shown in Fig. 3.4.
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Fig. 3.4. Complete experimental set-up for the FC-CVD growth of SWCNTs using
spark discharge produced catalyst particles and ethylene (C.H,) in publication-II,
III and IV or carbon monoxide (CO) in publication-I as carbon sources. Hydrogen
sulfide (H>S) was utilized as a growth promotor in publications-III and IV. Sche-
matic for gas-phase measurement of catalyst and SWCNTs NC by differential mobility
analyzer (DMA). On right hand side temperature profile of the FC-CVD reactor at a
set furnace temperature of 880 °C for CO and 1050 °C for C.H,.

3.4.4 Carbon source decomposition and SWCNTs synthesis

As-mentioned above we used CO as a carbon source in publication-I and C.H,
as a carbon source in publications-II to IV. The reaction mechanism of both
processes is completely different. The key factor of selecting suitable carbon pre-
cursor is the thermodynamic stability of the chemical reaction at a given tem-
perature and pressure. In chemical reactions, the change in Gibbs free energy
(AG) determines the favorable direction of the reaction. For example, in Fig. 3.5
the AG for CO decomposition is positive when the temperature is above roughly
750°C, meaning that its decomposition through Boudouard’s reaction (Eq. 3.1)
is favored in the forward direction below this temperature on metal catalysts
[41]. Above 750 °C, the backward reaction is more favorable.

COg) + COgy © C(sy + €Oy (3.1
On the other hand, C,H, decomposition has AG negative for the temperature
range 100-1400 °C. Comparative to CO, the decomposition of C.H, (being un-
saturated hydrocarbon) is thermodynamically easier especially, at higher tem-
peratures (above 1000 °C). Therefore, C.H, can give more amount of carbon for
the growth of SWCNTs. Possible reaction pathway of C.H, decomposition on
the metal catalyst for SWCNTs synthesis is given in the Eq. 3.2.

CoHayy © 2C) + 2Hy ) (3.2)
Moreover, the decomposition of C.H, on such a high temperature can form
higher hydrocarbons through the following possible reactions which have been
observed in gas-phase Fourier transform infrared spectroscopy (FTIR) in our

experiments.
CoHagy @ Callz gy + Ha g (3:3)
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Collagg) + Collag) © Calle ) 3-4)

This reaction can produce ploy aromatic hydrocarbons (PAHs)
2C2H4(g) + C4H6(g) © Ci + C7H3(g) + 3H2(g) (3.5)
CoHyggy + CaHe gy + CoHy gy < Csy + CoHg gy + 2Hy (3.6)

Or C.H, on its decomposition in the presence of H. can form saturated hydro-
carbons

CoHy gy + 2Hy ) © 2CH, 3.7)
Therefore, it can be concluded that C.H, on its decomposition inside the FC-
CVD reactor not only provides carbon for SWCNTSs growth but can give higher
hydrocarbons as byproducts through their polymerization reactions.
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Fig. 3.5. Gibbs free energy (AG) of various carbon sources utilized for SWCNTs syn-
thesis in FC-CVD method as a function of temperature. Image Copyright © 2019 Aalto
University [42], used with permission.

3.4.5 Sample collection and deposition

As-produced SWCNTs inside the FC-CVD reactor were directly collected in gas-
phase at the outlet of the FC-CVD reactor in the form of thin films on membrane
filters (Merck Millipore, France, diameter 13 mm). The thin films from mem-
brane filters were directly transferred on transparent quartz slides (HQS300,
Heraeus) through well-established dry press-transfer technique [43] for their
optical characterizations. However, for X-ray photoelectron spectroscopy anal-
ysis in publication-III sample was transferred on a gold substrate. Whereas
for electron microcopy characterizations, of catalyst particles in publication-I
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or SWCNTs in publications-II, III and IV were directly collected on trans-
mission electron microscope copper grid, or were deposited onto Si/SiO, sub-
strate or mica substrate using thermophoresis technique [44].

3.5 SWCNTs based transparent conductive films

Transparent conducting films (TCFs) are the essential components for many
optoelectronic devices that pervade modern technology [45,46]. Generally, the
materials for TCFs should have both high electrical conductivity and optical
transparency. Conductive metal oxide especially, indium tin oxide (ITO), offer-
ing excellent opto-electronic properties, has been the most extensively used ma-
terial for TCFs applications. However, its brittle nature [47] and limited re-
sources [46] have presented many challenges for ITO applications in next gen-
eration flexible electronics. SWCNT films, known for their low refractive index
[1], excellent mechanical flexibility, low haze [6] and better optical transparency
[7], have made themselves one of the most appealing materials for the replace-
ment of ITO in future flexible electronics. However, compared to the commer-
cial ITO, SWCNT-TCFs suffer from low conductivity. Therefore, in the past dec-
ades, much efforts [7,43,48] have been devoted to improve the performance of
the SWCNT-TCFs. Specifically, sulfur-assisted SWCNTs grown by the FC-CVD
technique have been extensively employed to fabricate high-performance
SWCNT-TCFs [48,49]. Unfortunately, in the literature the concrete impact of
sulfur addition in enhancing the conductivity of the SWCNT films is ambiguous.
Since, in most of the cases without sulfur, no information about SWCNT yield,
morphology, structure and also the performance of the SWCNTs based films has
been provided [48,49]. Consequently, the real out-turn of the sulfur addition on
yield, morphology and structure of SWCNTs is ambiguous. Therefore, in pub-
lication-III we systematically investigated the effects of sulfur addition on var-
ious growth characteristics of SWCNTSs, which might affect the performance of
SWCNT-TCFs. For this purpose, the pristine SWCNT films with various thick-
nesses and transmittances were transferred from the membrane filter onto
transparent quartz slides. To improve the conductivity of pristine SWCNT films
they were doped with 16 mM solution of AuCl; (99.99%, Sigma-Aldrich) in ace-
tonitrile (99.999%, Sigma-Aldrich) [50]. The detail of the doping processes has
been summarized in Fig. 3.6.

— y T y —
AuCly in acetonitrile solution _) Acetonitrile solution
~—___~ Quartz substrate @ SWCNT film

Fig. 3.6. A sequence of steps to improve the conductivity of SWCNT-TCFs by doping
them with AuCl; using drop casting technique followed by washing with acetonitrile
and drying with air. Image Copyright © 2019 Aalto University [42], used with per-
mission.
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Firstly, few drops of AuCl; solution were added on SWCNT films using drop
casting technique. After 5 minutes of doping, pure acetonitrile was used to wash
the AuCl; from the films and films were dried using compressed air before fur-
ther characterizations and applications. The doping improves conductivity of
SWCNT films by increasing carrier concentration in SWCNTSs network and by
reducing tube-tube junction resistance.
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4.1 Differential mobility analysis

Scanning mobility particle sizer (SMPS) is an aerosol measurement technique
for the size classification of submicron aerosol particles. It is a highly particle
size and shape sensitive technique and roughly can classify particles down to 2
nm. The SMPS measurement is based on classifying charged aerosol particles
(CAPs) by DMA according to their electrical mobility. When a CAP is placed in
an external electric field, it experiences an electric force depending on the
strength of the field. The electric force causes the CAP to accelerate in the direc-
tion of the field. The viscous drag force (F, = 6mnrv,) in the medium opposes
this acceleration depending on the CAP size (r), velocity (v¢) and viscosity (1) of
the medium. Hence, a known charge distribution particle with a smaller size
have higher mobility. The measurement system is arranged in a way that parti-
cles lying in a selected mobility range pass through the DMA and are introduced
into the particle counter (Fig. 4.1). Practically, the applied voltage is varied as a
function of time to classify particles with different mobility sizes. The NC of the
particle in each bin size is counted either by condensation particle counter (CPC)
or by Faraday cup electrometer (FCE).

Charger

Poly-disperse aerosol

Sheath air in

- q Source of aerosol particles
High voltage rod
—

e
Laminar flow filter

Counter

Faraday Cup Electrometer

| '

Excess air out

Mono-disperse aerosol

Fig. 4.1. Schematic arrangement for aerosol particles classification by Differential
mobility analyzer with Faradays Cup Electrometer (DMA+FCE).

Since CPC cannot detect particle roughly less than 7 nm and we were interested
in the detection of spark produced catalyst particles having a diameter roughly
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2 nm. Therefore, in this dissertation, we used SMPS+FCE (the GRIMM Aerosol
Technic GmbH, Germany with a sensitivity of 0.1 fA) to measure number size
distributions (NSDs). In publication-I, SMPS+FCE was employed to monitor
time stability, total NC, and effect of carrier gas (N, or Ar) flow rate on NSDs of
various types of catalyst particles. In publication-II SMPS+FCE was utilized
to monitor the effect of change in the catalyst composition on gas-phase real-
time NC and yield of SWCNTs. Whereas in publication-III it was employed to
get total NC and yield of SWCNTs as a function of sulfur concentration. Typical
DMA measurements for catalyst particles and SWCNT’s NSDs are shown in Fig.
4.2. To measure NC of the catalyst particles, 1 lpm flow of the aerosol from R-T
SDG was directly introduced into SMPS+FCE. For CNTs NC, in all the cases,
total flow (0.5 lpm) from the FC-CVD reactor was diluted with an additional 0.5
Ipm of the pure carrier gas (N, or Ar). The mobility diameter (D,;5) of nanopar-
ticles (spherical objects) is equivalent to the volumetric diameter. But D, of
SWCNTs, apart from bundle diameter also depends on bundle length () (i.e.

Dy « 3/1,). Therefore, for spark-produced SWCNTs we observed Dy, greater
than 30 nm as shown in Fig. 4.2b.
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Fig. 4.2. Typical DMA pattern of a) spark-produced catalyst particles b) FC-CVD
grown SWCNTs from spark-produced catalyst particles.

4.2 Optical spectroscopy

As mentioned in chapter 2, optical absorption spectroscopy and resonant Ra-
man spectroscopy are two powerful techniques for the optical characterizations
of SWCNT films. In the following sections, the details of the measurement set-
up of these two techniques have been provided.

4.2.1 Uv-Vis-NIR absorption spectroscopy

Uv-Vis-NIR absorption spectra of SWCNTs were obtained by transferring
SWCNT thin film from membrane filter onto an optically transparent 1 mm
thick quartz substrate (HQS300, Heraeus) by dry press-transfer technique. In
publication-I UV-Vis-NIR spectrometer (Perkin-Elmers Lambda 950)
equipped with deuterium lamp and halogen lamp (wavelength ranging from 175
to 3300 nm) having dual-beam path (Fig. 4.3) was employed to get optical ab-
sorption spectra (OAS) of SWCNTs and transmittance (%) of the film at 550 nm
(wavelength). Before the start of the measurement, 100% transmission baseline
was calibrated without anything in the sample and reference pans. After cali-
bration, a clean quartz substrate in the reference pan was employed to eliminate
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the possible effects of the substrate and to get the absorption spectra of SWCNTs
without any additional artifacts from the substrate.

Detector
Sample pan

Electromagnetic
radiationssource Recorder

Beam splitter

A |
-:
A A

‘ Monochromator
Differential amplifier

Reference pan

Fig. 4.3. General schematic of UV-Vis-NIR spectrometer.

In publications-II, III and IV OAS of SWCNTs and transmittance (%) were
acquired from UV-Vis-NIR spectrometer (Agilent Carry 5000; Agilent Technol-
ogies, Inc.) in a similar method. We utilized OAS to estimate the mean diameter
of SWCNTs using the Kataura plot as has been described in chapter 2. Fur-
thermore, in publications-II and III transmittance of the film at various film
thickness was determined by optical absorption spectroscopy. The SWCNTs
normalized yield in publication-II for various catalyst particles and in publi-
cation-III for different concentrations of sulfur promoter was quantified based
on the transmittance of the film. For a fixed time and collection area of the mem-
brane filter (13 mm diameter), film thickness depends on the yield of SWCNTs.
From Beer—Lambert law the transmittance of the film (7) at a fixed wavelength
depends on its thickness (L) (i.e. L o« —InT). Therefore, by knowing the trans-
mittance of the film using OAS we can determine the thickness and normalized
yield of SWCNTs.

4.2.2 Resonant Raman spectroscopy

In all the publications from I to IV resonant Raman spectra of SWCNTs was
acquired using Horiba Labram-HR 800 Raman spectrometer (Horiba Jobin-
Yvon, Japan). The spectrometer has a charge-coupled detector (CCD) and a mi-
croscope equipped with 10x, 20x, 50%, and 100x magnification objective
lenses. The scan area is 75x50 mm with a step size of 0.1 pum. Three different
excitation lasers 488 nm (argon), 514 nm (argon) and 633 nm (helium-neon)
were utilized to get Raman spectra of SWCNT films (RBM, G and D modes) de-
posited on the quartz substrate.

4.3 Elemental analysis of SWCNTSs film

Elemental analysis of sulfur-assisted SWCNT film in publication-III was car-
ried out by using X-ray photoelectron spectroscopy (XPS). XPS is a surface-sen-
sitive spectroscopic quantitative technique that can provide information about
composition, chemical and electronic state of the material under investigation.
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However, XPS can only reveal the surface composition of the top 1 to 10 nm
thickness of the material. In XPS analysis, the material being analyzed is ex-
posed to X-rays (having an energy roughly 1-15 keV) beam and the number of
emitted electrons from the material along with their kinetic energy (K.E) are
recorded. This process takes place in a high vacuum of the order of 10-8 millibar
and the detection limit of the instrument is in the range parts per million (ppm)
[51]. XPS can only detect those electrons that after escaping from the sample
can pass through the vacuum of the instrument and finally reach the detector.
Therefore, the number of electrons reaching the detector decreases exponen-
tially with the increase in depth of the sample. The K.E of the emitted electrons
combined with the work function (&) of the material and energy of the incident
photons (Eppeton) determines the binding energy of the electrons (Epinging =
Epnoton — (Ex.g + @)) in the material. Since binding energy depends on the
chemical environment to which atom is bonded therefore; it is used as a finger-
print to trace out the composition of the material in XPS analysis. A typical XPS
spectrum is a plot of the number of detected electrons versus the binding energy
of the electrons (Fig. 4.4).

In this dissertation (publication-III), elemental analysis of sulfur-assisted
SWCNT films was carried out by using a Kratos Axis Ultra spectrometer with
monochromatic Al Kq-radiation, a pass energy of 40 eV, X-ray power of 225 W
and an analysis area of approximately 700 um X 300 um. The analysis was car-
ried out to investigate the effect of sulfur addition on the composition of catalyst
particles and to determine atomic concentrations of different species in the
SWCNT sample.
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Fig. 4.4. X-ray photoelectron spectra of sulfur-assisted SWCNT film indicating the
presence of carbon (SWCNT) by Cis, sulfur (promotor) S-p, oxygen (impurity) O;s and
iron (catalyst) Fe,, peaks.

4.4 Sheet resistance measurement
Sheet resistance (Ry) is an important parameter to characterize TCFs and is a

direct determination of the film resistance without measurement of its thick-
ness. Mathematically the resistance (R) of a 3D regular conductor slab depends
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on its resistivity (p), cross sectional area (A) and length (L) by the following for-

mula.

L

s=fr=pR.< @.1)

L
R=pi=cw
Where t is film thickness, which is often very difficult to measure experimen-
tally, and W is the film width. R, has unit Q but it is usually expressed in Q/sq
to specify that it is the resistance between two opposite sides of a square and
independent of the size of the square.

In this dissertation (publications-II and III) R; of SWCNT-TCFs were
characterized by a linear four-point probe (Jandel Engineering Ltd; UK having
tip spacing 1.0 mm and tip radius 250 pm) combined with a multi-meter
(HP/Hewlett Packard 3485A). The measurement current (I) was applied
through the outer pair and the voltage drop (V) was measured by the inner pair
of the probes (Fig. 4.5).

/

d d d

R

r r r
SWCNT thin film

Thickness

L

Length

Fig. 4.5. Linear four probe set-up for the sheet resistance measurement of SWCNT
thin films. The current is continuously supplied through the outer pair and voltage
drop is measured from inner pair of the probes. Where d is the internal distance of two
consecutive probes.

The R, value was evaluated by the following relation.

= 45327 (4.2)

Rs = t In(2)

[} T Vv
1

To compare the performance of SWCNT-TCFs with various catalysts in publi-
cation-II and at different sulfur concentrations in publication-III, SWCNT-
films with varying thicknesses and transmittance were deposited on quartz
slides. The R values of the SWCNT films were measured and a set of data points
for transmittance versus R values were obtained. The data points were nonlin-
early fitted using a well-established fitting method [43] to quantify the quality
of SWCNT -TCFs.

4.5 Electron microscopy

Electron microscopic techniques are more direct and powerful tools to investi-
gate the detailed structure, morphology and composition of nanoparticles and
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SWCNT. In an electron microscope, an accelerated beam of electrons is used as
a source of illumination. The wavelength associated with the accelerated elec-
trons is much shorter (roughly 100, 0oo times) than visible light. Therefore
compared to optical microscopes, electron microscopes have higher resolving
power and can reveal the fine structure of nanomaterials.

4.5.1 Scanning electron microscopy

Scanning electron microscope (SEM) utilizes a highly focused beam of electrons
to scan the surface of the specimen and to produce an image of the surface. The
accelerated electrons interact with the atoms of the specimen and lose their en-
ergy through a variety of mechanisms such as heat loss, backscattering of elec-
trons, emission of light, X-rays and secondary electrons. Each of the signals can
be detected by a specified detector giving information about the physical fea-
tures of the surface or composition of the specimen.

In this work, we utilized SEM (Zeiss Sigma VP, Carl Zeiss GmbH, Germany)
at accelerating voltage 1-2 kV in publications-II and III to measure bundle
length distributions of SWCNTs at different experimental conditions and to ex-
amine the surface morphology of SWCNT-TCFs. For SEM observations,
SWCNTs were directly deposited on Si/SiO. substrate using the thermophoresis
technique [38]. The bundle length distributions of SWCNTs was obtained by
using ImageJ software and counting all the SWCNTs in SEM image. A typical
SEM image of SWCNTs is shown in Fig. 4.6. In publication-IV, we employed
SEM at accelerating voltage of 5-10 kV to compare the relative number density
of SWCNT and graphene flakes in the sample.

Fig. 4.6. A typical scanning electron microscope (SEM) image of SWCNTs.

4.5.2 Transmission electron microscopy

Transmission electron microscopy (TEM) utilizes a beam of transmitted elec-
trons through an ultrathin specimen (roughly < 100 nm thick) to form a highly
magnified image of the specimen. The beam interacts with the atoms of the
specimen and the transmitted electrons are focused by the objective lens on a
fluorescent screen or on charge-coupled device (CCD) camera to form the im-
age. The resultant TEM image from these transmitted electrons is called a
bright-field (BF) image. In BF image, the darker regions show those areas of the
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specimen through which fewer electrons are transmitted and brighter regions
show those areas through which more electrons are transmitted. On the other
hand, if the scattered electrons are focused by the objective lens and transmitted
electrons are blocked then we get dark-field (DF) images. Since, the thicker re-
gions of the specimen scatter more electrons compare to thinner ones, there-
fore, in DF images thicker region of the specimen appears brighter in the image.
Another type of TEM is scanning-TEM (STEM) in which an electron beam is
focused on a fine spot (typically 0.05-0.2 nm) and is scanned over the sample in
araster. The scanning of the electron beam over the sample makes STEM a more
suitable technique for analytical spectroscopy such as X-rays energy dispersive
spectroscopy (EDS), high-angle annular dark-field (HAADF) imaging, and elec-
tron energy loss spectroscopy (EELS).

In this thesis double aberration-corrected high-resolution TEM (HR-TEM)
(JEOL-2200FS, JEOL Ltd., Japan) equipped with an EDX spectrometer has
been used in publications-1, II and III to observe the structure, size and com-
position of different catalyst nanoparticles. In publications-II and III HR-
TEM was used to determine the bundle diameter of the SWCNTs. Typical HR-
TEM images of an individual and bundled SWCNT are provided in Fig. 4.7.

b)

Bundled-SWCNT

Individual-SWCNT

Fig. 4.7. High-resolution transmission electron microscope (HR-TEM) image of a)
catalyst particles b) individual and bundled SWCNTs.

In publications-II, III and IV electron diffraction patterns (EDPs) of
SWCNTs and graphene-flakes were acquired from HR-TEM. In publications-
II and ITI EDPs (Fig. 4.8) were employed to determine the chirality of SWCNT
by using the intrinsic layer line spacing method [52].

800 900 1000 1100 1200

Fig. 4.8. a) The electron diffraction pattern (ED) of an individual SWCNT. b) The
corresponding image of equilateral line in software Gatan Digital Mircograph.
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The pseudo-period of equilateral line (6) and layer line spacing (d. and ds) can
be acquired by using software Gatan DigitalMicrogarpgh. In publication-IV
atomic-resolved STEM imaging was done using aberration-corrected Nion Ul-
traSTEM 100 operated with 60 keV beam energy to observe the number of gra-
phene layers and structure of as-synthesized graphene carbon nanotubes hy-
brid.

4.6 Atomic force microscopy

Atomic force microscopy (AFM) is a sub-nanometer resolution scanning probe
microscopy technique for the 3D imaging of the specimen. In AFM, the infor-
mation about surface topography is gathered by a tip fixed on a stiff cantilever
either by touching the surface or by feeling the force between the tip and surface.
The deflection in the tip movement on interaction with the specimen is meas-
ured with the help of a reflected laser beam from the cantilever. The reflected
laser beam is constantly monitored by the position-sensitive photo-detectors
and is controlled by a feedback loop during the whole scanning process to get
topography images. In this dissertation (publication-IV), we utilized AFM di-
mension icon (Scan asyst mode: Bruker nano surfaces U.S.A.) to characterize
SWCNT-graphene hybrid structures at various growth conditions. For this pur-
pose, the samples were directly collected at the outlet of the reactor in gas-phase
on cleaved muscovite mica (V-4 grade electron microscopy sciences, U.S.A.)
substrate using thermophoresis technique [38]. Fig. 4.9 a and b are typical AFM
images of SWCNT graphene hybrid at two different experimental conditions
displaying a very high number density of isolated graphene flakes and very low
number density of graphene flakes in the samples respectively.

3.25nm
3.00

0.04

Fig. 4.9. Representative AFM images of a) SWCNT-graphene hybrid and b) pure-
SWCNTs without graphene flakes.

Hence, in our case, AFM is a highly promising technique to characterize
SWCNT graphene hybrid structure and to compare the relative number density
of SWCNTs and graphene in the sample.
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5. Results and discussion

5.1 Gas-phase synthesis of time consistent catalyst particles

As mentioned in chapter 3, we designed R-T SDG to produce highly time con-
sistent metallic and bimetallic catalyst particles for a long time in gas-phase for
the synthesis of SWCNTs. We found that R-T SDG is capable of producing less
agglomerated nanoparticles under relatively small flow rate of the carrier gases
compared to the conventional rod to rod (R-R) [35] configuration and is more
stable configuration compared to pin to plate [53], wire in hole and wire to hole
electrode configurations [54]. The time stability of as produced nanoparticles
from R-T SDG in terms of their total NC and particle size distribution was mon-
itored in gas-phase by DMA for 24 hours. Fig. 5.1 showes stability in total NC
cm3 of catalyst particles, their geometric mean diameter (dg), and also geomet-
ric standard deviation (6,) of various monometallic (Fe, Ni, Cu) and bimetallic
(Co-Ni) catalyst particles for one day (24 hrs). At the start of the experiment dg
of Fe particles was recorded 5.17 nm which reduced to 5.09 nm in one day. On
the other hand, the total NC cm-3 decreased roughly from 1.5x107 to 1.4x107. For
Ni nanoparticles, d; varied in the range 5.46 nm to 5.72 nm in 24 hrs with a
variation in total NC ¢cm3 from roughly 1.0x107 to 1.06x107.
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Fig. 5.1. Time stability observed from DMA in a) total NC, b) geometric mean diam-
eter and ¢) geometric standard deviation of monometallic Fe, Ni, Cu, and bimetallic
Co-Ni, nanoparticles in the flow rates (0.5-2.2 [pm) of nitrogen or argon as carrier

gases. Image Copyright © 2018 Elsevier [10], used with permission.

Bimetallic Co-Ni nanoparticles were synthesized using rod electrode of Co and
tube electrode of Ni. Production of Co-Ni nanoparticles in gas-phase from R-T
SDG also showed high time consistency with respect to their d, and total num-
ber concentration cms. The experimental conditions including applied current
(~ 0.01-0.1 mA), voltage (~ 1-3 kV), external capacitor (~ 100-330 pF) and flow
rate of carrier gases (~2-2.2 Ipm) for the synthesis of pure Fe, Ni and mixed Co-
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Ni nanoparticles having d; < 5 nm were found very similar to each other. How-
ever, we found that for the time stable synthesis of copper nanoparticles having
similar NC and d; as that of pure Fe, Ni and mixed Co-Ni requires completely
different experimental conditions. For the synthesis of Cu nanoparticles, we em-
ployed roughly 3 times higher external capacitor (1 nF) and current (0.15 mA)
under roughly 0.5 Ipm flow rate of Ar as the carrier gas. It’s worth mentioning
that the stability in total NC ¢cm3 of Cu nanoparticles and their d; under the
above-mentioned conditions also indicated that R-T SDG is a more suitable de-
sign for the gas-phase production of catalyst particles.

5.1.1 Material dependent electrode’s evaporation

The different experimental conditions required for the synthesis of Cu nanopar-
ticles compared to the other catalysts indicated that the amount of material
evaporated from the electrodes per spark in the ionization process is highly sen-
sitive to the surface of the electrodes material. In this regard, the thermal con-
ductivity of the material is an important parameter that highly influences the
amount of material evaporated per spark [55]. Mathematically, the amount of
eroded mass from the electrodes in SDG is related to the various physical prop-
erties of the material by the following equation.

1/2CextVa® — bTy* — gk(T, — T)

m=
Cps(Tn — T) + AHp, + Cpy (T — Try) + AH,

(5.1)

In Eq. 5.1, the first term in numerator shows effective spark energy, the second
term is for heat loss due to radiation with boiling point T} of the metal, and term
gk(T, — T) is for heat transfer due to conduction with thermal conductivity (k)
of the metal and T is ambient temperature. Whereas, in denominator
Cps(Trn — T) and Cp (T, — T,,,) show the energy required to heat the material to
their melting point (T,,,) and boiling points, respectively. Also, the term AH,,
represents enthalpy of melting and AH,, enthalpy of evaporation [56]. From Eq.
5.1, materials having higher thermal conductivity are more resistive to evapora-
tion in SDG because they are easily cooled after the spark is over. Therefore, in
our case Cu having higher thermal conductivity (401 W/m K) compared to Fe
(80 W/m K), Co (69 W/m K), and Ni (91 W/m K) needs a higher amount of
energy for material ablation.

5.1.2 Tuning size and concentration of catalyst particles

To utilize SDG produced nanoparticles as catalyst for the synthesis of advanced
materials such as SWCNTs it is highly desired to precisely control their NC and
size distributions. Therefore, in publication-I we tuned the NC and NSDs of
catalyst particles through changing flow rate and nature of carrier gases. Keep-
ing applied current and external capacitor constant, for Fe catalyst particles the
effect of carrier gas flow rate on dg and total NC in the flow range 1.1 Ipm to 3.3
Ipm of N, and Ar is shown in Fig. 5.2a and b, respectively. In both cases, the
mobility diameter decreased with an increase in flow rate of the carrier gases.
Because, the higher gas flow rate increases transport velocity as well as the cool-
ing rate at the spark generation point which reduces the probability of agglom-
eration of primary particles [56]. Hence, we observed a reduction in particle size
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with an increase in carrier gas flow rate. However, for both N, and Ar, NC of
catalysts increased with the increase in the amount of carrier gases. The reason
behind the increase in NC is decrease in the agglomeration rate of the particles
through collision and reduction in the size of catalyst particles.
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Fig. 5.2. A reduction in geometric mean diameter and increase in total NC of Fe cat-
alyst particles measured from DMA in the flow range 1.1 [pm to 3.3 [pm of a) nitrogen
and b) argon as carrier gases. Image Copyright © 2018 Elsevier [10], used with per-
mission.

We also found that the changing nature of carrier gas in R-T SDG has also a
pronounced effect on the catalyst size and NC. The nature of carrier gas mainly
affects discharge voltage depending on thermal, chemical, and physical proper-
ties of the gases. For example, in our case for Fe electrodes under fixed flow rate
(21pm) of N, and Ar, the discharge voltage for N, is roughly 2.5-fold higher than
that of Ar. The most important reason for the drastic change in discharge volt-
age is the higher breakdown voltage of N, compared to Ar [57]. Resulting in a
higher amount of the effective discharge energy per spark (E = 1/2CayV4%)
compared to Ar. Therefore, in the case of N, comparatively more amount of en-
ergy per spark is available for the material ablation from the electrodes. In SDG,
the mass evaporation rate from the electrodes mainly depends on the amount
of energy delivered per spark. Therefore, more material should be evaporated
from the electrodes in case of N, as the carrier gas compared to Ar. DMA meas-
urements (Fig. 5.2a and b) also indicated that if all the experimental conditions
are kept constant and only carrier gas is changed from N to Ar, then mobility
diameter of catalysts for N, is larger than that in case of Ar, and total NC cm-3 is
higher as compared to Ar due to enhanced mass loss of the electrodes. Interest-
ingly, when we produced Fe nanoparticles using N, or Ar as carrier gas having
similar NSDs and employed them for the synthesis of SWCNTs, we found that
carrier gas has no role in tuning the morphology and chirality of SWCNTs. It
verified that spark produced catalyst particles and their catalytic activity de-
pends on their size and concentration, not on the nature of the ionization pro-
cess for their formation in the spark discharge generation chamber.

5.1.3 Morphology and composition of catalyst particles

HR-TEM was employed to investigate the morphology and composition of
spark-produced catalyst nanoparticles. Fig. 5.3a, displays a typical high-angle
annular dark-field (HAADF) STEM image of monometallic Fe catalyst particles.
Most of the catalyst particles were found individual and very few were found
agglomerated. The mean size of catalyst particles observed from HR-TEM is
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4.37+1.27 nm. To produce bimetallic catalyst particles electrodes of known com-
position of two different metals were utilized. Fig. 5.3b, shows STEM image of
bimetallic Co-Fe nanoparticles with a mean size of 4.41+1.58 nm.
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Fig. 5.3. High-angle annular dark-field (HAADF) STEM image of spark discharge
produced a) monometallic Fe b) bimetallic Co-Fe nanoparticles. X-rays energy dis-
persive spectrum (EDS) of ¢) Fe (monometallic) d) Co-Fe (bimetallic) catalyst nano-
particles, collected on holy carbon-coated TEM copper grid. Image Copyright © 2018
Elsevier [10], used with permission.
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Using STEM, EDS analysis of monometallic and bimetallic nanoparticles was
carried out to know their composition. In EDS of monometallic Fe (Fig. 5.3¢),
Fexq, and Fegg peaks confirmed the formation of pure Fe nanoparticles. The Okq«
peak in this EDS is due to the surface oxidation of Fe nanoparticles. The EDS of
Co-Fe bimetallic catalyst particle (Fig. 5.3d) apart from Fe peaks (i.e. Ferq, Fexa,
and Fexp) contains additional Co peaks (Corq, Coka, and Coxg) indicating the for-
mation of bimetallic Co-Fe nanoparticles. From EDS analysis, bimetallic Co-Fe
nanoparticles are inhomogeneous alloy. It’s worth mentioning that all the peaks
having carbon, Cu and Si in EDS are background peaks which are the conse-
quence of the presence of these materials in the holy carbon-coated TEM copper
grid. Hence, EDS analysis revealed that the catalyst particles of the desired com-
position of both monometallic or mixed metallic having high purity can be syn-
thesized in gas-phase with R-T SDG, by proper choice of the electrodes material.
However, the percentage composition and homogeneity of the alloy materials
are hard to control in the spark discharge generation process due to the differ-
ence in evaporation rate of the two different materials.

Moreover, we investigated the effects of post-synthesis annealing on the struc-
ture and morphology of spark-produced catalyst particles. The effects of post-
synthesis annealing are of great importance where spark-produced catalyst par-
ticles are utilized for the synthesis of more advanced structures such as
SWCNTs, in the presence of high temperature inside the FC-CVD reactor. Since
for SWCNTs, it is commonly believed that their chirality and structure is mainly
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controlled by the structure, size, and nature of catalyst particles. Therefore, we
annealed catalyst particles at 700 °C in the FC-CVD reactor without adding any
carbon precursor. The purpose of the experiment was to know the possible ef-
fects of temperature on morphology of catalyst particles. Fig. 5.4a and b, are
HR-TEM images of Co-Ni catalyst particles before and after annealing in the
FC-CVD reactor, respectively.

O Sy

Fig. 5.4. HR-TEM image of Co-Ni bimetallic nanoparticles a) collected directly from
SDG before annealing and b) collected after annealing at 700 °C at the outlet of the
FC-CVD reactor in the presence of nitrogen as carrier gas. Image Copyright © 2018
Elsevier [10], used with permission.

From Fig. 5.4a, it is obvious that without annealing spark produced Co-Ni par-
ticles have comparatively small size and polycrystalline structure having poly-
hedral shape. Whereas in Fig. 5.4b, it can be seen that after annealing at 700 °C
the particles are more accumulated and they have polycrystalline structure.
They could be in the form of small agglomerates having a poly-crystalline struc-
ture or cluster of smaller nano-crystallites. However, a very prominent change
in particle size (bigger in size) and shape was observed with the post-annealing
treatment.

5.2 Catalyst composition effects on FC-CVD growth of SWCNTs

A better control of SWCNTs morphology and structure is a big challenge for
their many potential applications. It has been observed that the catalyst compo-
sition plays a vital role in the controllable synthesis of SWCNTs [5,8,58]. Spe-
cifically, the bimetallic catalysts particles with highly controlled structure and
catalytic activity have been utilized to get a narrow chirality of SWCNTs [8].
However, for the scalable synthesis of SWCNTs by the FC-CVD method, the
modulation in the catalyst composition has remained limited due to many chal-
lenges in the gas-phase preparation of catalysts particles. Therefore, very few
research groups investigated [5,8] the effects of metallic and bimetallic catalyst
particles on FC-CVD grown SWCNTs. Furthermore, all the existing techniques
for investigating the effects of catalyst composition on FC-CVD grown SWCNTs
are not capable to produce highly pure SWCNTs [5,58]. The SWCNTSs are sepa-
rated through a multi-step, liquid-based, post-synthesis, sonication-centrifuga-
tion and annealing process form carbon black powder containing a mixture of
SWCNTs and MWCNTs before their further characterizations and applications.
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In this dissertation (publication-II), we synthesized SWCNT through a single-
step, direct and gas-phase method using a variety of spark produced monome-
tallic (Fe, Co, Ni) and bimetallic (Co-Ni and Co-Fe) catalyst particles. We quan-
titatively investigated the effects of catalyst composition on different growth
characteristics of SWCNT which have been discussed in detail in the following
sections.

5.2.1 Optimization of the growth conditions

The growth conditions of SWCNTs with various catalysts were optimized based
on the SWCNT-TCFs performance i.e. the R of 90% transparent SWCNTs films
(@ 550 nm wavelength). For quantitative comparison, all the catalyst particles
(Fe, Co, Ni, Co-Ni and Co-Fe) were fixed to a similar NSD using DMA as shown
in Fig. 5.5a. The optimum amount of C.H, for monometallic Fe and Co is 0.1
scem (200 ppm), and for Ni is 0.4 scem (800 ppm). On the other hand, for bi-
metallic Co-Ni and Co-Fe is 0.3 scem (600 ppm). The required H, flow is 80
scem with 420 scem N, from R-T SDG containing catalyst particles at a setting
temperature 1050 °C of the FC-CVD reactor.

5.2.2 SWCNT yield dependence on catalyst composition

The yield of SWCNTs was compared by DMA and was found highly sensitive to
the composition of catalyst particles. The yield order for various catalyst is
Fe>Co-Fe> Co>Co-Ni>Ni, as has been shown in Fig. 5.5b. For all above-men-
tioned catalysts, the geometric mean D, was adjusted to roughly 3.5 nm having
total NC ~4.3x10° cm3 (Fig. 5.5a) before feeding into the vertical FC-CVD reac-
tor. The Dy, for Fe, Co, Co-Fe and Co-Ni SWCNTSs were found ~45 nm. Inter-
estingly, the NC of Fe, Co, Co-Fe SWCNTs are comparable, but NC of Co-Ni
SWCNT is slightly lower. However, we found that SWCNTs from Ni catalyst
were utterly different. Compared to SWCNTs from other catalysts, Ni SWCNTs
have very small Dy ~15 nm and lower NC. The D,z of SWCNTs depend on their
bundle length and bundle diameter. Therefore, DMA measurements indicated
that SWCNTs from Ni have shorter bundle length compared to SWCNTs from
Fe, Co, Co-Fe and Co-Ni catalysts. The variation in yield with the change in cat-
alyst composition was also observed by comparing the optical transmittance of
SWCNT-TCFs for a fixed time and collection area. The data quantitatively re-
vealed that yield of Fe SWCNTs is ~10 times higher than that of Ni SWCNTs.
The possible reason behind poor catalytic activity of Ni towards SWCNT syn-
thesis might be its lower carbon solubility compared to Fe and Co [37,59].
Surprisingly, the opto-electronic performance of SWCNT-TCFs was also
found catalyst composition dependent. The R, of the pristine, 90% transparent
SWCNT films from various catalysts has been plotted in Fig. 5.5c¢. It can be seen
that the opto-electronic performance of Fe, Co, Co-Fe and Co-Ni based SWCNT-
TCFs is superior to that of Ni based SWCNT-TCFs. Hence, spark produced Ni-
SWCNTs due to their shorter bundle length are not a preferable choice for TCF
applications. The OAS of SWCNTs with various catalysts did not show any re-
markable change in the diameter of SWCNTs as can be seen from the S;; and My,
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peaks positions in Fig. 5.5d. The mean diameter of as-synthesized SWCNTs with
various catalysts, analyzed from Kataura plots [19] is around 1 nm and was
found primarily controlled by the NSDs of catalyst particles rather than their
composition. Hence, we conclude that catalyst size is more effective to control
the diameter of SWCNTSs in FC-CVD method.
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Fig. 5.5. Number size distributions of a) Fe, Co, Ni, Co-Ni and Co-Fe catalyst particles
before feeding into the FC-CVD reactor and b) as-synthesized SWCNTs from various
spark produced catalysts measured in gas-phase by DMA at the outlet of the FC-CVD
reactor. ¢) A comparison in sheet resistance values of pristine Fe, Co, Ni, Co-Ni and
Co-Fe SWCNT-TCFs at 90% transmittance (@ 550 nm wavelength). d) OAS of as-
grown SWCNTs indicating no prominent shift in the mean diameter of SWCNTs with
the change in the catalyst composition. Image Copyright © 2019 Elsevier [11], used
with permission.

Transition metals Fe, Co and Ni have been mainly utilized as catalysts for the
synthesis of SWCNTs in supported-CVD processes because they are compara-
tively cheap, abundant and highly active metals [37] for the growth of SWCNTs.
Moreover recent studies showed that Fe, Co and Ni have strong adhesion with
growing CNTs and thus they are very useful to get high curvature CNTs (small
diameter nanotubes i.e. SWCNTSs) [60]. On the contrary, our results showed
that spark-produced Ni has poor catalytic activity towards the synthesis of
SWCNTs in the FC-CVD method. Also, Fe is widely explored catalyst for the
synthesis of SWCNTs in the FC-CVD method [48,49]. Therefore, we synthesized
bimetallic catalyst particles of Co with Fe and Ni which have never been studied
in the FC-CVD growth of SWCNTs. The composition of the resulting bimetallic
catalysts were verified by STEM-EDS analysis.

Interestingly, Co based bimetallic catalysts compared to pure Co gave a lower
yield of SWCNTs but the better opto-electronic performance of SWCNT-TCFs.
Specifically, Co-Ni based SWCNT-TCFs exhibits better performance than Co
and Co-Fe based SWCNT film (Fig. 5.5¢). It’s worth noticing that at optimized
conditions with similar NSDs of five different types of catalysts (i.e. Fe, Co, Ni,
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Co-Ni and Co-Fe) there are pronounced changes in NC of SWCNTs. It indicates
that catalyst composition significantly affects the decomposition of C.H, and
also nucleation and growth of SWCNTs. More importantly, from OAS we ob-
served that Co-Ni based SWCNTs have a relatively higher S,; peak compared to
the SWCNTs from other catalysts (Fig. 5.5d). The higher S,, peak might be an
indication for the production of chirality enriched SWCNTs with Co-Ni catalyst.
On the other hand, SWCNTs from bimetallic Co-Fe apparently don’t have any
unique optical absorption features compared to that of pure Co based SWCNTs.
Based on the above mentioned experimental results of five kinds of SWCNTs
yield, OAS and opto-electronic performance of their TCFs, we selected three
most promising kinds of SWCNTs (i.e. Fe, Co and Co-Ni) for further character-
izations to investigate in detail the effect of catalysts composition on SWCNTs
morphology, chirality and film conductivity.

5.2.3 Catalyst composition effects on SWCNTs morphology

The opto-electronic performance of SWCNT-TCFs largely depends on the mor-
phology of SWCNTs including diameter of individual nanotubes, their average
bundle length and bundle diameter. SWCNTs in gas-phase can collide with each
other forming their bundles inside the FC-CVD reactor or while moving from
the FC-CVD reactor to the collection point. Therefore, we investigated the effect
of change in catalyst composition on bundle length and diameter of Fe, Co, and
Co-Ni SWCNTs. The bundle length comparison was made by measuring the
length of 200-220 bundles in each case, deposited on Si/SiO. substrate [38] us-
ing SEM. The results acquired from SEM analysis for Fe, Co and Co-Ni SWCNTs
have been plotted as bundle length distributions in Fig. 5.6. A typical SEM im-
age utilized for measuring bundle length has been provided in Fig. 5.6a.
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We observed that change in catalyst composition has no significant effect on
average bundle length (I,) of SWCNTs. The SWCNTs produced by Fe catalyst
particles have the shortest I, of 3.4 pm whereas, Co based SWCNTs have I, of 3.5
um. The longest CNTs were found from Co-Ni catalyst having the average bun-
dle length of 3.8 um. The measurement of bundle diameter distribution of
SWCNTs was carried out by utilizing HR-TEM and by carefully analyzing 170-
180 HR-TEM micrographs for all the three catalysts. The largest average bundle
diameter (dy) was found 4.4 nm for Co SWCNTs with 12% individual SWCNTSs
(see Fig. 5.7). A typical HR-TEM image of an individual and a bundled SWCNT
bundle is also displayed in Fig. 5.7a. A nominal reduction in bundle size was
observed with Fe (dp= 4.1 nm) and Co-Ni (dr=4.0 nm) catalysts with a slight
increase in percentage (= 14%) of individual SWCNTs in both cases.
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Fig. 5.7. a) HR-TEM image of an individual and a bundled SWCNT. Bundle diameter
distribution of b) Fe (dy=4.1 nm), ¢) Co (dp=4. 4 nm) and d) Co-Ni (dp=4.0 nm) based
FC-CVD synthesized SWCNTs. Raman spectra of as grown- SWCNTs from Fe, Co &
CO-Ni having G (1589 cm) and D (1348 cm) modes, with e) 633 nm and f) 514 nm
lasers. Showing higher quality of Co-Ni SWCNTs. Image Copyright © 2019 Elsevier
[11], used with permission.

Another very important parameter of SWCNTSs for their many potential appli-
cations is the diameter, which has been investigated here. We compared the di-
ameter of the Fe, Co and Co-Ni SWCNTSs by using OAS, Raman spectra and an-
alyzed statistically by using EDPs of SWCNTs. In OAS the highest intensity S,
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peak of Fe and Co SWCNTs was found roughly at 1322 nm (Fig. 5.5d), corre-
sponding to ca. mean diameter of 1.01 nm. Hence, our result is consistent with
the result obtained from different ratios of Co and Fe used as a catalyst in the
supported-CVD method [61], where it has been observed that catalyst composi-
tion does not affect the diameter of SWCNTs. However, a tiny shift in the highest
intensity S, peak towards smaller diameter (at 1305 nm, corresponding to ca.
0.98 nm mean diameter) was observed with Co-Ni as catalyst. The small diam-
eter nanotubes (= 1 nm) due to their large bandgap could have many potential
applications, for example, in photovoltaic devices [62]. The RBM peaks in Ra-
man spectra (Fig. 5.8) with 633, 514 and 488 nm lasers indicated that our
SWCNTs have diameter in the range from 0.75 nm to 1.65 nm. However, it can
be seen that with the change in catalyst composition there is a change in the
relative abundance of different diameter nanotubes.

We compared Raman spectra (with excitation lasers 514 nm and 633 nm) of
as-synthesized SWCNTs with different catalyst particles to know about their
quality. We found that Co-Ni SWCNTs have comparatively less defects or disor-
der structures compared to Fe and Co based SWCNTs. It can be seen from Fig.
5.7e and f that the Ig/Ip ratio for Co-Ni SWCNTSs >Fe SWCNTs > Co SWCNTs.
Maximum value of 21, was observed for Co-Ni and minimum value of 13 for Co
SWCNTs. These results indicate smaller number of defects or disorder struc-
tures in Co-Ni SWCNTs and higher quality compared to others.
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Fig. 5.8. RBM of as-synthesized Fe, Co and Co-Ni SWCNTs with a) 633 b) 514 and ¢)
488 nm lasers. SWCNTs diameter distribution obtained from the analysis of the elec-
tron diffraction patterns of SWCNTs and their geometric mean diameter (ug) with d)
Fe (1.05 nm), e) Co (1.06 nm) and f) Co-Ni (0.99 nm) as catalyst particles. Image Cop-
yright © 2019 Elsevier [11], used with permission.

We also utilized EDPs of various kinds of SWCNTs to quantitatively analyze
the diameter distribution of various types of SWCNTs [52]. For this purpose,
115 to 130 randomly selected individual SWCNTs from each catalyst (i.e. Fe, Co,
and Co-Ni) were characterized. The statistics obtained from EDPs for diameter
distribution with Fe, Co and Co-Ni SWCNTs have been plotted in Fig. 5.8d, e
and f, respectively. Consistent with OAS, we found that there is no significant
change in the geometric mean diameter (yz) of Fe and Co SWCNTs (ug=1.05
nm). However, Fe SWCNTSs have broader diameter distribution having geomet-
ric standard deviation (6;) of 1.23 compared to Co SWCNTs with 6, of 1.16. The
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Fe SWCNTs lie in the range from 0.67 to 2.0 nm with 45% SWCNTs having d<1
nm. On the other hand, Co SWCNTs lie in between 0.78 to 1.65 nm diameter
range having 36% SWCNTSs with d<1 nm. From electron diffraction analysis, we
found that SWCNTs from Co-Ni catalyst have comparatively smaller g of 0.99
nm and narrower diameter distribution (6, of 1.15). The abundance of SWCNTs
having d<1 nm increased to 57 with Co-Ni. Therefore, a comparative study of
SWCNTs from various catalysts through ED technique revealed that Co and Co-
Ni can produce narrower diameter distribution compared to Fe catalyst. Such
small-diameter SWCNTs having narrow distribution obtained in this work
through a scalable FC-CVD method have never been reported before.

5.2.4 Tuning chirality of SWCNTs with catalyst composition

We found that the chirality of as-grown SWCNTSs depends on the catalyst com-
position. The chiral structure of SWCNTs was determined by analyzing more
than 115 individual, straight and clean SWCNTs from each sample using ED
technique. The results obtained with three catalysts (i.e. Fe, Co and Co-Ni) have
been plotted as chirality maps in Fig. 5.9(a-c) along with their corresponding
chiral angle distributions in Fig. 5.9(d-f). The representative EDPs of the zig-
zag, chiral and armchair nanotubes and their chiral indices i.e. (n,m) are dis-
played in Fig. 5.9(g-i). The data revealed that 12% of Fe SWCNTs have chirality
(8, 6), (9, 5) and (10, 4). Most of the Fe SWCNTSs were found close to 1 nm di-
ameter region, however, a small fraction has either very small (= 0.67 nm) or
large (= 1.85 nm) diameter. Moreover, the Fe SWCNTSs were found randomly
distributed from zig-zag to armchair edges with the mean chiral angle of
16.06+8.35° having 61% of semiconducting nanotubes. This result is consistent
with the ferrocene (Fe(CsHs),) based Fe SWCNTs using ethylene as a carbon
source [63]. Hence, our result demonstrated that in the FC-CVD method, for the
similar composition of catalyst particles, choice of the catalyst precursor has no
significant effect in tuning the chirality distribution of SWCNTs.

Interestingly, using Co as catalyst produced a relatively narrow chirality dis-
tribution of SWCNTs (Fig. 5.9b) compared to Fe catalyst. 71% of Co SWCNTs lie
in the diameter range from 0.9-1.2 nm with 15% enriched with (9, 8), (11, 5) and
(9, 7) chiralities. Some specific chiralities, such as (8, 1), (8, 2), (7, 4), (21, 2) and
(17, 11) etc. having comparatively small or big diameter, were disappeared when
we used Co as a catalyst. However, similar to Fe SWCNTs, Co SWCNTs were
also found everywhere in the periodic table of CNTs from zig-zag to armchair
edges having 60% semiconducting SWCNTs.

The most promising results were obtained from bimetallic Co-Ni catalyst par-
ticles. In this case, 73% of the SWCNTs lie in the diameter range from 0.8-1.1
nm. More importantly, 71% of the SWCNTs lie near the armchair edge in the
chiral angle range of 15-30° having the mean value of 20.18+6.08°. The fraction
of semiconducting SWCNTs with Co-Ni slightly increased to 69% compared to
the semiconducting ratio of around 60% with pure Fe or Co catalysts. With Co-
Ni, 20% of the total SWCNTs have (8, 5), (8, 6) and (9, 5) chiralities. Some spe-
cific small diameter SWCNTs such as (6, 4), (6, 5), and (6, 6) were only found
with Co-Ni catalyst. Surprisingly only a single carbon nanotube was found with
zig-zag structure of (12, 0). The possible reason behind getting the narrow chi-
rality with bimetallic Co-Ni might be the activation of small area on catalyst sur-
face due to synergistic effects of two different metals, as has been proposed in
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the substrate supported-CVD processes [64]. The higher fraction of near-arm-
chair SWCNTSs might be attributed to their thermodynamic stability as has been
observed in the chiral-selective growth of SWCNTs [65]. Hence, we concluded
that the bimetallic Co-Ni catalyst is more effective for chirality control compared
to monometallic Co or Fe. Moreover, similar to supported-CVD processes
[28,29] chirality of SWCNTs can be tuned in the FC-CVD method with the
change in the catalyst composition. However, for chirality selective growth of
SWCNTs in FC-CVD a more precise control on the size and structure of catalyst
particles is needed to investigate. Interestingly, by comparison of the chirality
distribution of spark discharge based Fe SWCNTs with ethylene produced in
this dissertation and in our earlier work with CO [33] as carbon source revealed
that carbon source plays a significant role in determining the chirality of as-syn-
thesized SWCNTs. The possible reason could be different products resulting
from CO and ethylene decomposition at elevated temperature inside the FC-
CVD reactor.
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Fig. 5.9. Chirality distribution maps and chiral angle distribution of a) & d) Fe
SWCNTs, b) & e) Co SWCNTs ¢) &.f) Co-Ni SWCNTs. Selective EDPs of g) (12, 0) zig-
zag SWCNT, h) (16, 12) chiral SWCNT, and 1) (9, 9) armchair SWCNT. Image Copy-
right © 2019 Elsevier [11], used with permission.

5.2.5 SWCNT-TCFs performance and catalyst composition

The opto-electronic performance of SWCNT-TCFs is mainly determined by the
morphology and molecular structure of individual SWCNTs in the sample [66].
As we discussed in chapter 5 of this thesis, that the change in catalyst compo-
sition significantly affects yield, morphology and chirality of SWCNTs. There-
fore, for comparison of opto-electronic performance of Fe, Co and Co-Ni
SWCNT-TCFs, we fabricated SWCNT films with various thicknesses and trans-
parencies by collecting samples for different collection times. For better opto-
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electronic performance, SWCNTs having a high fraction of individual nano-
tubes, large tube diameter and long bundle length are preferred [7]. A set of data
points at different % T versus sheet resistance (R;) of the SWCNT films with
various catalysts is shown in Fig. 5.10. The data points were non-linearly fitted
by the relation between sheet resistance and optical transmittance(i.e. Ry =
—1/KInT). In this relation, K is a constant of proportionality depending on the
opto-electronic properties of SWCNTs in the film [43].

It is obvious from Fig. 5.10a, that the pristine R, value for the 9o%T (at 550
nm wavelength) Co-Ni SWCNT-TCF is 1090 Q/sq which is much better than Fe
having 1512 Q/sq and Co having 1704 Q/sq at the same value of film transmit-
tance. From the comparison of SWCNT morphology with various catalysts, it
can be concluded that Co-Ni SWCNT-TCFs have the lowest R, value because of
their comparatively better quality, long bundle length, low defects and small
bundle diameter. After AuCl; doping @ 90% transparency, R, values reduced by
a factor of ~6 and corresponding R, value of AuCl; doped Co-Ni, Fe and Co
SWCNT-TCFs is 172, 243, and 274 Q/sq, respectively. However, we could not
observe any appreciable difference in the doping factor with the change in cata-
lyst.
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Fig. 5.10. a) The sheet resistance (2/sq) versus optical transmittance (%) (at 550 nm
wavelength) of pristine and AuCl; doped Fe, Co and Co-Ni SWCNT-TCFs. b) Repre-
sentative SEM image of 97% transparent SWCNT-TCF having a randomly oriented
network of clean and long SWCNTs. Image Copyright © 2019 Elsevier [11], used with
permission.

5.3 Improving conductivity of SWCNT-TCFs by sulfur addition

In chapter 3 we briefly discussed that sulfur is one of the most important
growth promoters for growing SWCNTs, especially for the fabrication of high-
performance TCFs applications. In this dissertation (publication-IIT) we have
for the first time systematically investigated the roles of sulfur on various growth
characteristics of SWCNTs including their yield, morphology, chirality and film
conductivity using ex-situ catalyst particles. The pre-made catalyst particles
synthesized in our SDG technique, benefited us to explore independently the
roles of sulfur on morphology and structure of SWCNTSs, without affecting cat-
alyst formation from their nucleation stage which is possible in conventional
FC-CVD methods [48,49]. The change in catalyst composition and structure
with sulfur addition itself can largely influence the growth mechanism of
SWCNTs and can make sulfur role on SWCNT growth more ambiguous. Hence,
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for a deep understanding of sulfur’s role in FC-CVD, sulfur addition should be
more controllable in SWCNTs synthesis. The experimental conditions for the
synthesis of sulfur-assisted SWCNTs are the same as in publication-II except
the addition of 0-10 ppm H.S as a sulfur source. H.S served as a sulfur source
to make the synthesis process well-controlled and purely in gas-phase. For the
purpose of the comparative study of the catalyst composition effects on sulfur-
assisted FC-CVD, two catalysts i.e. Fe and Co were utilized.

5.3.1 Variation in yield and diameter of SWCNTs

At each step throughout the experiments, to eliminate the possible effects of
catalyst size and concentration on SWCNTs growth, the NSDs of catalyst parti-
cles (Fig. 5.5a) were carefully fixed by DMA. We found the SWCNT yield is
highly sensitive to the sulfur concentration. With an increase in H.S amount,
the SWCNT yield increases first and then it starts decreasing. The yield was
quantified on the basis of the transmittance of as-produced SWCNT films (un-
der a fixed area of the filter and collection time) with 1-10 ppm H.S concentra-
tions to the yield at 0 ppm H.S as has been shown in Fig. 5.11a. With the appro-
priate amount of sulfur addition, the SWCNTs yield can be improved by around
2.5 times. The optimum H.S concentrations for the maximum yield are different
for Fe and Co catalysts, i.e. 1 ppm for Fe-SWCNTs and 2 ppm for Co-SWCNTs.
This diversity of the yield indicates that effect of sulfur on SWCNT growth is also
catalyst composition dependent. Afterwards, yield declined with the addition of
more amount of H,S, which means the excess H.S will suppress the yield, e.g.10
ppm H.S can decrease the yield to ~15% of that without H.S. Moreover, the total
NC of SWCNTs from DMA versus H.S concentration (Fig. 5.11b) follows a sim-
ilar trend as the yield variation. The total NC of SWCNTs increased by ~37%
with the introduction of 1 ppm H.S for Fe and by ~34% with 2 ppm H.S for Co
catalysts. Afterward, the total NC of SWCNT starts decreasing with the increase
of H,S amount. Compared to that without H.S, around 90% reduction in total
NC of SWCNTs with 10 ppm H.S was recorded for both Fe and Co catalysts. This
variation trend of total NC suggests that the sulfur can tune the proportion of
active catalyst nanoparticles. Hence, real-time measurements of the NC of
SWCNTs showed that H.S addition first enhances the growth of SWCNTs up to
a certain fixed amount then begins to suppress SWCNT growth.
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Fig.5.11. a) Normalized yield of SWCNTs with Fe and Co as the catalyst. b) Total
number concentration (#cm=3) of Fe- and Co-SWCNTs measured in gas-phase by
DMA. ¢) The change in the sheet conductance of 90% transparent (@ 550 nm wave-
length) pristine Fe- and Co- SWCNT-TCFs with the addition of 0-10 ppm H.S concen-
tration, showing the highest conductance at 5 ppm for Fe-SWCNTs and at 8 ppm H.S
for Co-SWCNTs. Image Copyright © 2019 Elsevier [12], used with permission.
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More importantly, we observed H.S addition effectively tune the conductivity
of SWCNT based TCFs. As shown in Fig. 5.11c, the SWCNT film conductivity
increases first and then decreases with the increase in H.S amount. For both
catalysts, at optimum H.S concentration, the conductivity of the pristine
SWCNT films drastically increased by a factor of 3. The optimum H.S concen-
tration to acquire maximum sheet conductance was 5 ppm for Fe-SWCNTs and
8 ppm for Co-SWCNTs.

H.S addition has also pronounced effect on diameter of the SWCNTs. It is ob-
vious from the OAS (Fig. 5.12a and b) of as-synthesized SWCNT films that S,;
peak shifts from smaller wavelength region (1322 nm) to larger wavelength re-
gion (1525 nm) with the addition of 1 ppm H.S. Using Kataura plot and OAS,
the mean diameter of SWCNTs was calculated and we found that for both Fe
and Co catalysts, the mean diameter of SWCNTs increased from 1.05 nm to 1.26
nm with H2S addition. However, from 2-10 ppm H.S, apparently there is no
shift of S;; compared to 1 ppm H.S, disclosing that SWCNT diameter is not con-
tinuously varying with H.S amount (from 1 to 10 ppm). The enhancement in
SWCNTs diameter was also observed by Raman spectra (using 633 nm laser) of
SWCNT films. It can be seen from Fig. 5.12a that without H.S, SWCNTSs which
are in resonance with the applied laser were found in the range of 0.8-1.7 nm.
However, with the addition of H,S (1 to 10 ppm), SWCNTs having a diameter
(d) greater than 1.1 nm were detected. Furthermore, with sulfur addition, an in-
crease in the Ig/Ip ratio of SWCNTs (Fig. 5.12d) indicated the enhancement in
quality of SWCNTSs. Hence, sulfur apart from increasing diameter of SWCNTSs
is also useful to decrease the number of defects in SWCNTSs or to decrease the
amount of amorphous carbon in the sample.
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Fig. 5.12. The OAS of a) Fe-SWCNTs & b) Co-SWCNTs, indicating a very clear shift
towards larger diameter SWCNTs with sulfur addition. ¢) Corresponding RBM of Ra-
man spectra (using 633 nm laser) and d) the G and D mode of Raman spectra reveal-
ing an increase in Ig/Ip ratio of Fe-SWCNTs from 13 to 19 and 11 to 21 in case of Co-
SWCNTs. Image Copyright © 2019 Elsevier [12], used with permission.
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The diameter distribution and p, of the SWCNTs were quantitatively analyzed
by ED technique [52]. For the said purpose, around 120 individual SWCNTs
were randomly characterized from each sample. The results obtained from ED
data analysis for both Fe and Co-SWCNTs are plotted as diameter distribution
in Fig. 5.13. A reasonable increase from 1.06 nm to 1.26 nm in y, of Fe-SWCNTs
was observed with the 5 ppm H.S addition. The Fe-SWCNTs with H.S were
found in comparatively narrow diameter range from 0.95-1.95 nm compared to
0.70-1.95 nm without H.S. Similarly, p; of Co-SWCNTs increased from 1.05 nm
to 1.24 nm with 8 ppm H.S addition. But in this case, diameter distribution be-
came wider with H,S addition. Since the large diameter SWCNTs have a small
bandgap, therefore formation of large diameter SWCNTs after sulfur addition is
one of the possible reasons for the improvement in conductivity of the SWCNT-
TCFs with sulfur addition. Therefore, all the characterizations applied for the
measurement of the diameter of SWCNTSs i.e. optical absorption spectroscopy,
Raman spectroscopy and ED techniques disclosed that the addition of sulfur
significantly increased diameter of SWCNTs.
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Fig. 5.13. Quantitative analysis of variation in SWCNTs diameter distribution with
and without H.S at optimized conditions using ED technique for a) Fe-SWCNTs and
b) Co-SWCNTs. Image Copyright © 2019 Elsevier [12], used with permission.

5.3.2 Mechanism behind sulfur-assisted growth of SWCNTs

The variation in yield and diameter of CNTs with the addition of sulfur have
been previously reported in the FC-CVD growth processes [67,68]. The mecha-
nism proposed in other works is that the sulfur changes the size and composi-
tion of the catalysts nanoparticles by the formation of a sulfur-enriched layer on
the catalyst surface. However, the in-situ catalyst synthesis makes it hard to un-
derstand the concrete role of sulfur. In our case, we did not observe a significant
changes in either catalyst particle size or composition with the addition of H.S,
which is distinct from the results from other reported works [67,68]. For com-
parison, we measured the size of catalyst particles using HR-TEM micrographs
and found that the size distribution of catalysts particle is fairly consistent with
and without sulfur addition (Fig. 5.14¢). Moreover, EDS and XPS analysis were
carried out to investigate the effect of sulfur on catalyst composition. From EDS
analysis of Fe catalyst particles with H.S, we could not find any detectable sulfur
peak in the spectrum, indicating that their composition is sulfur independent
(Fig. 5.14b).

On the other hand, XPS analysis of SWCNT films (Fig. 5.15), indicated the
presence of both Fe (0.04 at. %) and sulfur (0.05 at. %) peaks. The Fe 2p peaks
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(Fig. 5.15a) in XPS are found at roughly 707.2 (2ps/2) and 720.1 eV (2p,/=) which
are consistent with metallic Fe. For sulfur in Fig. 5.15b, there are two broad S 2p
features around 163.6 eV and 168.9 eV. These binding energy features are most
likely related to S-S bonding or C-S bonding, whereas the 168.9 eV feature could
be related to C-SOx type bonding [69,70]. However, iron sulfide or sulfur-con-
taining iron alloy can be mostly ruled out since no direct Fe-S bonding at S2p
binding energies between 161-163 eV is observed in XPS. Therefore, we propose
that H.S mainly influence the interaction between the metal catalyst and car-
bon. Thermodynamically, H.S adsorption on the catalyst surface is a favorable
reaction on such a high temperatures. Therefore, it can decompose into the ac-

tivated fragments like -SH and —H species [71,72].
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Fig. 5.14. a) A typical HR-TEM image of Fe catalyst particles used for the analysis of
the sulfur effect on the NSDs of catalyst particles and for EDS analysis. b) EDS of Fe
catalyst nanoparticle in sulfur-assisted SWCNTs indicating that their composition is
independent of sulfur. ¢) NSD of catalyst particles obtained from HR-TEM measure-
ments. Image Copyright © 2019 Elsevier [12], used with permission.
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These activated species on catalysts surface might be providing more active cat-
alyst sites for the growth of SWCNTs, resulting in an increase in their length and
yield. In addition, the large active catalyst surface area with sulfur might also
result in the formation of large diameter SWCNTs [68,73]. On the other side,
the excess amount of sulfur may result in an imbalance between the carbon dis-
solution and its precipitation, which can decrease the activity of the catalyst and
even can deactivate them. Therefore, the yield will decline with excessive H.S.

5.3.3 Change in morphology of SWCNTs with sulfur

As discussed in section 5.2.3, the bundle length and bundle diameter are two
substantial parameters that have a pronounced effect on opto-electronic perfor-
mance of SWCNT-TCFs. Therefore, we investigated the effects of sulfur addition
on SWCNTs bundle length and bundle diameter distributions. The 1, of both Fe-
and Co-SWCNTs roughly increased by 25% with the addition of an optimized
amount of H.S (Fig. 5.16a & b). As mentioned above, sulfur may lower the bar-
rier of carbon precipitation from catalysts and increase the SWCNTs growth
speed to produce longer SWCNTs bundles. It’s worth noting that our results
provide statistical data on bundle length distributions of SWCNTs with and
without sulfur addition. In the existing literature for most of the cases, without
adding sulfur no CNT or very short CNTs have been reported [74,75] which
made this comparison practically impossible. For TCFs applications, at the
same transmittance, the long bundle length nanotubes show better performance
due to less number of contact junctions, and hence improving overall opto-elec-
tronic performance of the film.
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ameter distribution of ¢) Fe-SWCNTs and d) Co-SWCNTs. The number of e) Fe-
SWCNTs and f) Co-SWCNTs in average bundle size at optimized conditions with and
without sulfur addition. Image Copyright © 2019 Elsevier [12], used with permission.

The bundle diameter distributions with and without sulfur addition has been
provided in Fig. 5.16¢ & d for bot Fe- and Co-SWCNTs, respectively. We found
that the number of individual SWCNTs in the sample significantly increased
with the sulfur addition from 13% to 21%, and from 11% to 18% for Fe- and Co-
SWCNTs, respectively. Additionally, the bundle diameter distribution revealed
that sulfur addition reduced d;, for Fe-SWCNTs by 0.5 nm and for Co-SWCNTs
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0.7 nm. More importantly, from Fig. 5.16e & f, it can be seen that the number of
SWCNTs in an average bundle size in the case of Fe-SWCNTs reduced from 9 to
5 with the introduction of 5 ppm H.S, whereas for Co-SWCNTs it reduced from
12 to 5 with 8 ppm H.S addition. Since narrower bundles and a higher fraction
of individual nanotubes was found with H.S addition therefore, sulfur-assisted
SWCNT-TCFs could exhibit better opto-electronic performance [7].

5.3.4 Sulfur modulates the chirality of SWCNTs

The chiral structure of SWCNTs was determined by ED method. To the best of
our knowledge, we reported for the first time the effect of sulfur addition on
SWCNT’s chirality distribution from ED technique. In contrast, previously, the
synthesis of high-quality and clean SWCNTs without sulfur addition has re-
mained a big challenge for making this comparison possible. Thus, only absorp-
tion, Raman and photoluminescence (PL) spectroscopies were adopted to de-
termine SWCNT chiralities, among which Raman and PL techniques have se-
vere drawbacks, leading to incomplete chirality maps [76]. The chirality maps
from ED of Fe-SWCNTs and Co-SWCNTs are shown in Fig. 5.17. ED analysis
revealed that Fe-SWCNTs for both 0 and 5 ppm H.S are randomly distributed
from zig-zag to armchair edges. However, it can be seen in the chirality map
(Fig. 5.17a) with o ppm H.S, most of the SWCNTs are clustered around 1 nm
region with 45% having d<1 nm. With the addition of 5 ppm H.S the SWCNTSs
enclosed in the rectangle in Fig. 5.17a having d roughly <0.95 nm, were totally
disappeared. With 5 ppm H.S 17% of the SWCNTs have chiralities (9, 6), (10, 4)
and (10, 6) compared to most abundant (12%) chiralities (10, 4), (8, 6) and (9,
5) without addition of H,S. Some large diameter SWCNTs for example (16, 4),
(16, 10) and (18, 8) etc. marked in Fig. 5.17b, were only found with H.S addition.

Fe-SWCNTs

15 20
Chiral angle (°)

Co-SWCNTs: 0 Co-SWCNTs

Fig.5.17. A comparison in chirality distribution of SWCNTs with and without sulfur
addition at optimum conditions with a) and b) Fe-catalyst, d) and e) Co-catalyst.
Corresponding chiral angle distributions showing the effect of sulfur on ¢) Fe-SWCNTs
and f) Co-SWCNTs. Image Copyright © 2019 Elsevier [12], used with permission.

Importantly, sulfur did not tune too much the chiral angle distribution (Fig.
5.17¢) of SWCNTs and a moderate change in the mean chiral angle from
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16.06+8.350 t0 18.11+7.920 was observed. In addition, the ratio of semiconduct-
ing SWCNTs slightly decreased from 61% to 59% with addition of 5 ppm H.S.

For Co-SWCNTs with 0 and 8 ppm H.S the major changes in (n,m) indices
have been highlighted with the rectangles in Fig. 5.17d and e. The most abun-
dant chiralities (16%) with 8 ppm H.S are (9, 8), (9, 7) and (11, 5) compared to
(9, 8),(9,7), (11, 9) with 0 ppm H.S. It’s worth mentioning that with the addition
of sulfur for Co catalyst we obtained relatively higher fraction (8%) of the zig-
zag (n,0) SWCNTs which are considered to be more difficult to synthesize [65].
Otherwise, similar to Fe-SWCNTs, there are negligible changes in the mean chi-
ral angle (Fig. 5.17f) as well as the ratio of semiconducting nanotubes with the
addition of sulfur for Co catalyst. Hence, the ED analysis quantitatively revealed
that there is a shift in smaller to larger diameter SWCNTs with the sulfur addi-
tion, but it is not an effective promotor for the chirality control of SWCNTs. This
result is in contradiction to many studies in the literature for supported-CVD
processes, where sulfur-containing compounds have been employed as a growth
promoter to get high selectivity as well as for tuning metallic to semiconducting
ratio of the SWCNTs [77,78]. The reason might be the use of inadequate meas-
urement methods for chirality determination in the earlier works.

5.3.5 Highly conductive SWCNT-films with sulfur addition

From the above analysis, we conclude that an appropriate amount of sulfur in-
creased the diameter of SWCNTs, elongated the average bundle length, reduced
the average bundle size and enhanced the quality of SWCNTs, which can give
the SWCNT films better opto-electronic performance. The plots of R, versus T
are shown in Fig. 18a for the comparison of the opto-electronic performance of
SWCNT-TCFs with and without H.S addition. The pristine Fe- and Co- SWCNT
films without H.S at 90% Ts50nm, the R is 1512 Q/sq and 1704 Q/sq respectively.
The conductivity of the pristine SWCNT-TCFs drastically decreased by 6 times
after doping with AuCl;. The doped Fe- and Co-SWCNT films have R, values as
low as 243 Q/sq and 274 Q/sq at 90% Ts50 nm, respectively.
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Fig.5.18. a) A plot of sheet resistance of SWCNT-TCFs vs. % transmittance at 550 nin
wavelength under the optimized growth conditions (with and without the addition of
sulfur) with pre- and post- AuCl; doping. b) A reduction in the ratio of pristine to doped
sheet resistance values of Fe- and Co-SWCNTs with sulfur addition at various % trans-
mittance of the TCFs. Image Copyright © 2019 Elsevier [12], used with permission.

However, with sulfur addition at optimized conditions, the R, values of pris-
tine SWCNT-TCFs significantly reduced by a factor of approximately 3 for both
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Fe- and Co-SWCNTs. The R values with sulfur for 90% transparent TCFs for
Fe- and Co-SWCNTs are 469 Q/sq and 508 Q/sq, respectively. The reduction of
R, value with sulfur could be the result of large diameter SWCNTs, long bundle
length, better quality and small bundle size. It’s worth noting, that the doping
factor with sulfur addition reduced from ~6 to ~4 (Fig. 18b). The difference of
doping factors can be attributed to the small bandgap of large diameter
SWCNTs and in a decrease in the number of contact junctions due to long bun-
dle length with sulfur addition. The minimum R, value for doped Fe- and Co-
SWCNTs at 90% Tss0 nm was found 116 Q/sq and 132 /sq, respectively.
SWCNT-TCFs having sheet resistance in the range 100-200 €/sq at 90% Ts50 nm
can be utilized for touch sensor applications.

5.4 Simultaneous growth of 0D- 1D-2D carbon nanostructures

The single step growth of carbon nanostructure including oD-fullerene, 1D-CNT
and 2D-graphene has remained a subject of great interest due to their wide-
spread potential applications [79,80]. These low-dimensional carbon
nanostructures (i.e. fullerene, CNT and graphene) share the same structure of
sp2 bonded carbon atoms. Yet, their synthesis differs in many aspects, including
the shape and size of the catalyst. In publication-IV, we demonstrated a sin-
gle-step FC-CVD technique for the substrate-free growth of 0D-1D-2D carbon
nanostructures. The experimental conditions for the growth of hybrid structure
are the same as utilized in publication-III except amount of H.S which is 2
ppm. Furthermore, we tuned the amount of H. in the range 50-120 sccm to con-
trol relative number density of graphene nanoflakes in the sample. Our tech-
nique is unique because it provides a direct and dry route for the deposition of
as-produced material practically on any substrates [44] under ambient temper-
ature and pressure for different applications or the film of desired thickness can
be directly collected on low-adhesion membrane filter, which can be easily
transferred on the targeted substrate through well-established room tempera-
ture, dry-press transfer technique [43]. It opens up new avenues towards the
ultra-fast manufacturing of the oD-1D-2D hybrid material at industrial scale
and provides scientific community new insights into the synthesis mechanism
of low dimensional carbon nanostructures especially that of graphene.

5.4.1 Morphology and structure of the hybrid material

The morphology and structure of the as-produced hybrid material were studied
by HR-TEM, STEM and AFM. The formation of 0D-1D-2D is directly evidenced
by lattice-resolved STEM and electron diffraction experiments, corroborated by
AFM. Typical HR-TEM images of hybrid structures are shown in Fig. 5.19a. The
HR-TEM images revealed that we have simultaneously oD, 1D and 2D carbon
nanostructures in the sample. Since the structure and growth mechanism of oD-
1D hybrid carbon nano structures i.e. carbon nano bud (CNB) in FC-CVD
method has been widely studied and well-understood [81,82]. Therefore, in this
work we emphasized on the gas-phase synthesis of 1D-2D hybrid carbon
nanostructures. The crystallographic structure of 1D-2D hybrid was investi-
gated by selected area electron diffraction technique. The EDP of some of the
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representative hybrid structure are provided in Fig. 5.19e and f whereas, EDP of
an individual SWCNT has been shown in Fig. 5.19g. EDPs of 1D-2D hybrid
structure concurrently displayed features of both SWCNTSs and graphene.
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Fig. 5.19. a)Typical HR-TEM image of oD, 1D and 2D carbon nanostructures b)
STEM image of hybrid structure ¢) STEM image of 1D-2D hybrid structure d) high-
resolution STEM image of graphene flake and e), f) EDPs of 1D-2D hybrid structure
and g) EDP of an individual SWCNT.
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Fig. 5.20 a and d). AFM images of some of the isolated graphene nano flakes grown
in the FC-CVD method without any attachment with CNTs. b) Graphene nano flakes
bridging between adjacent CNTs bundles and ¢) An example of individual and at-
tached graphene nano flakes with CNTs.

In particular, in some cases the manifold diffraction spots arising from gra-
phene flakes indicates an existence of two or more layers twisted into certain
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angles. The reason might be either we don’t have purely single-layer graphene
or while moving in gas-phase from the FC-CVD reactor to the collection point,
a single-layer is wrinkled to form multi-layer graphene-nanoflake. Further-
more, the graphene-nanoflakes were found edge-enriched (ca. surface area
3100 nm?) which might offer more sites for functionalization of dopant at-
oms/molecules. Since, our process provides single-step in-situ growth of the hy-
brid material, therefore it has higher possibility of covalent C-C bonding in be-
tween 1D and 2D structures. The more direct evidence of formation of 1D-2D
hybrid structure was obtained by atomic-resolution STEM. Fig. 5.19b and c
show typical STEM images of as-synthesized oD-1D-2D and 1D-2D hybrid
structures respectively. In Fig. 5.19c we can clearly see a single layer graphene
underneath SWCNTs. A magnified image of the graphene flake (Fig. 5.19d)
clearly shows hexagonal lattice of graphene which confirmed the formation of
free-standing, graphene nanoflakes through FC-CVD method. Furthermore,
from STEM and AFM images (Fig. 5.20b and c) it is obvious that some of the
graphene flakes are wrapped around SWCNTs and some of them are making
bridge between adjacent SWCNTSs. Surprisingly, AFM results also revealed that
we have some isolated graphene flakes (Fig. 5.20) and it is not necessary that
they are always wrapped around or supported by SWCNTs.

5.4.2 Role of hydrogen

The synthesis of 1D-2D hybrid structure via purely gas-phase method is unex-
pected here. As it is commonly believed in the existing methods for graphene
synthesis (e.g. CVD growth on Cu foils [83] or epitaxial growth on Ge(110) wafer
[84]) that the substrate is always required for graphene growth. However, we
believe that the formation of ploy aromatic hydrocarbons (PAHs) through the
pyrolysis of hydrocarbons [85] and then their chain polymerization play leading
role in the initial formation of graphene nanoflakes. The addition of more active
carbon species at the edges of new-born graphene nanoflakes increases the size
of the flakes. As the variation in H. concentration can suppress or enhance the
pyrolysis of hydrocarbons, therefore we tuned H, flow in the FC-CVD reactor in
the range 50-120 scem. Interestingly, we observed pronounced effect of H, con-
centration on the relative abundance of graphene-nanoflakes in the 1D-2D hy-
brid structure. As shown in Fig. 5.21 a-c, increasing H. from 50 sccm to 120 scem
significantly change the amount and size of graphene-nanoflakes in the sam-
ples. The highest amount of graphene is from the 80 sccm H,, whereas the gra-
phene nanoflakes were disappeared when H. flow exceeds 120 sccm. Although
the relative abundance of graphene-nanoflakes is very sensitive to the H.
amount, but no obvious difference was found in optical characterizations (UV-
Vis-NIR and Raman spectroscopy) as shown in Fig. 5.21d-f. Based on the
Kataura plot and OAS, the mean diameter of SWCNTs was calculated as 1.2 nm
and from Raman spectra we found that hybrid material has very high-quality
(IG /ID ~ 15 to 20) and low defects.
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Fig.5.21. a)-¢) HR-TEM images of oD-1D-2D hybrid material with 50, 80 and 120
sccm of H indicating a higher number density of graphene flakes compared to CNTs
with 80 sccm and lower with 120 sccm. Corresponding d) OAS and e) RBM of Raman
spectra showing negligible effect on the diameter of SWCNTs with H, variation. f) G
and D mode of Raman spectra indicating high-quality (I¢/Ip~15-20) of SWCNTs and
graphene.

5.4.3 Universality of the growth process

The synthesis of graphene nanoflakes has been realized in other FC-CVD sys-
tems with various catalysts and carbon sources. It includes both through pre-
made catalyst particles and in-situ catalyst synthesis processes. The growth has
been observed in Fe, Co, Ni, Co-Ni catalysts from spark discharge generator with
C.H, as a carbon source [11] and from Fe catalyst particles obtained from in-situ
decomposition of ferrocene (FeCp,) with C.H, [63], C.H;OH [48] and CH, as
carbon sources (see Table 5.1). However, it’s worth mentioning that in all these
systems growth conditions of purely CNTs and graphene-CNTs hybrid material
are different and one can get graphene-CNTs hybrid by precisely controlling
growth parameters. These results suggest that this process has strong univer-
sality and also support the proposed mechanism that the active carbon species
from pyrolysis of carbon sources directly add to the open edge sites for gas-
phase graphene synthesis. Few selected HR-TEM images of the hybrid material
obtained using various recipes and set-ups are provided in Fig. 5.22.

Table 5.1
FC-CVD set-ups for the growth of CNT or CNT-Graphene (CNT-Gr) hy-
brid.
Catalyst C.H, co C.H;0H CH,
precursor
Fe-spark CNT- Gr [11] CNT [33]
Fe-FeCp. CNT- Gr [63] CNT [86] CNT-Gr [48] CNT-Gr
Ni-spark CNT-Gr [11]
Co-spark CNT- Gr [11]

Co-Ni spark CNT-Gr [11]
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Pl Fe-Spark, C,H, - Co-Spark, CH ] Fe-Spark, CO

FeCps, C,H,OH FeCp,, CH,

Fig. 5.22. Gas-phase synthesis of SWCNT-graphene hybrid from a) Fe-spark, C.H,
[11], b) Co-spark, C.H,[11], d) Fe-FeCp., C.H,[63], e) Fe-FeCp., C.H;OH [48] and f)
Fe- FeCp., CH, indicating a strong universality of the process. Whereas ¢) Fe- spark,
CO [86] produced SWCNTs without graphene flakes.

However, when we used carbon monoxide as a carbon source we were not able
to produce simultaneously SWCNTs and graphene nano flakes. Typical exam-
ples are spark produced Fe catalyst [33] (5.22¢) and ferrocene based Fe catalyst
[86] along with CO as a carbon source as indicated in Table 5.1. The reason is
CO cannot decompose itself without metal catalysts and is not a hydrocarbon
which can produce poly aromatic hydrocarbons in the presence of high temper-
ature. Therefore, we conclude that under carefully chosen gas atmosphere with
suitable growth conditions one can synthesize graphene flakes in the gas phase
without any substrate.
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6. Conclusions and outlook

In summary, in this dissertation, we have developed a novel rod to tube design
of SDG (R-T SDG) for the time consistent gas-phase synthesis of catalyst nano-
particles. We synthesized a variety of monometallic and bimetallic catalyst par-
ticles with R-T SDG which utilized much smaller gas flow rate compared to con-
ventional rod to rod SDG. These particles can be directly applied for the synthe-
sis of SWCNTs and also other nano-carbon materials in FC-CVD. The R-T SDG
and FC-CVD systems were online monitored by DMA. The time consistency of
the R-T SDG is attributed to its long-term quasi-stability state. Rod to tube elec-
trodes configuration needs a relatively small flow rate (< 2 Ipm) of the carrier
gas due to the axial flow of the carrier gas at spark discharge generation point
which provides higher transport speed and lower probability of the agglomera-
tion of as-produced catalyst particles compared to rod to rod configuration.

We for the first time successfully synthesized SWCNTs in the FC-CVD method
using pre-made Fe, Co, Ni, Co-Ni, Co-Fe catalyst particles and ethylene as a car-
bon source. We quantitatively compared diameter distributions, yield, mor-
phology and chirality of as-synthesised SWCNTs using various types of catalyst
particles. It was observed that in FC-CVD method the mean diameter of
SWCNTs is independent of catalyst composition if the number size distributions
of catalyst particles are consistent. However, their yield, bundle length and chi-
rality is highly sensitive to the catalyst composition. Electron diffraction analy-
sis demonstrated that as-grown SWCNTs from bimetallic Co-Ni catalyst are
slightly skewed favouring large chiral angles nanotubes with 71% SWCNTs lying
in the range from 15-30°. Moreover, fraction of semiconducting SWCNTs from
Co-Ni is 69% compared to 61% with other catalysts.

In addition, we systematically investigated the roles of sulfur on the different
growth characteristics of SWCNTSs. For comparison, firstly we synthesized high-
quality SWCNTs without sulfur and after that H.S was added as a sulfur pro-
moter. Our results showed that the yield of SWCNTs greatly depends on the
amount of sulfur promoter and catalyst composition. Sulfur addition enhanced
the growth of larger diameter nanotubes and the average diameter of the
SWCNTs was increased from 1 to 1.2 nm. Moreover, bundle length of SWCNTs
was slightly increased and bundle diameter decreased by sulfur addition. Fur-
thermore, ED analysis revealed that sulfur promoter has little influence in tun-
ing chirality of SWCNTs. We found that sulfur promotor enhanced the perfor-
mance of SWCNT-TCFs by increasing diameter, average bundle length and
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quality of SWCNTSs. At the same time, it decreased average bundle size and in-
creased fraction of individual nanotubes. Moreover, the doping ratio of
SWCNTs film conductivity was suppressed by sulfur addition. In our case, after
doping with AuCl;the minimum sheet resistance of sulfur-assisted Fe-SWCNTs
film is 116 Q/sq and Co-SWCNTs film is 132 Q/sq at 90% Ts50 nm.

Furthermore we have developed a single-step, in-situ gas-phase growth pro-
cess for the free-standing 0D-1D-2D carbon nano structures by using various
catalyst particles, carbon sources, and FC-CVD set-ups. Atomic-resolution
STEM images of the as-synthesized material confirmed the formation of 0D-1D-
2D hybrid carbon nanostructures. The EDPs of 2D material confirmed the for-
mation of substrate-free graphene nano flakes. HR-TEM images revealed that
as-synthesized graphene-nanoflakes are edge-enriched and might offer more
sites for the functionalization of dopant atoms/molecules. The average size of
the graphene flakes in the sample is roughly 70x40 nm and that of fullerene is
2.2 nm. The relative number density of graphene-nanoflakes can be optimized
in the hybrid material by tuning H. amount in the FC-CVD reactor. Our method
is purely in gas-phase and has potential to be scaled-up for the production of
high-quality, single step growth of free-standing 0D-1D-2D carbon nano struc-
tures and their dry and direct deposition at industrial scale.

For future research, although we have designed a novel R-T SDG for the pro-
duction of time consistent pre-made catalyst particles for SWCNTs synthesis,
the design needs more improvement so that it can generate catalyst particles
with < 0.5 lpm flow of the carrier gas. In that case, one might be able to intro-
duce all the generated catalyst particles from SDG to the FC-CVD reactor and
that will be a more cost-effective method. Furthermore, one can generate cata-
lyst particles in SDG by using tungsten and other high melting point metals (e.g.
platinum) to achieve narrow chirality of SWCNTs in FC-CVD method. Moreo-
ver, the addition of oxygen-containing molecules such as O., CO, and H.O in
the synthesis process might also be helpful to narrow down the chirality distri-
bution of SWCNTs. In addition, to replace industrial ITO by SWCNT-TCFs fur-
ther improvement in films performance through optimization of the synthesis
parameters is still needed.

In this thesis successful synthesis of single step growth of 0D-1D-2D carbon
nano structures is a big breakthrough. But the mechanism behind the growth of
graphene nanoflakes without substrate need more investigations. Particularly
the role of catalyst size, furnace temperature and wall conditions of the reactor
should be studied more systematically. As the process has strong universality,
we believe that with the proper optimization of the growth parameters it can be
extended for the synthesis of free-standing graphene nanoflakes by the FC-CVD
method. This can overcome the difficulties involving in the multi-step growth of
graphene at industrial scale and it’s multi-step transferring processes from the
substrate for further applications.
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The catalyst particle being seed for the growth of SWCNTs is one of the
most important parameter to determine morphology and chirality of
SWCNTs. The development of spark discharge based FC-CVD technique
in the present thesis has enabled decoupling of the catalyst and
SWCNTs formation into two subsequent processes. We employed this
technique to investigate the roles of catalyst composition on various
characteristics of SWCNTs including their yield, morphology and
chirality. Moreover, we found that the addition of sulfur promoter in the
growth process of SWCNTs enhances the performance of SWCNT based
transparent conductive films, which have potential applications in
emerging flexible, bendable and stretchable display devices.

In addition, we developed a novel gas-phase method for the
simultaneous growth of oD-fullerene, 1ID-SWCNTSs and 2D-graphene in
the presence of spherical catalyst nanoparticles. Fullerene and SWCNTs
rise from graphene through selective removal of atoms that force the
2D-sheet into 1D-tubular or a 0D-spherical configuration. We
demonstrated that under carefully chosen gas atmosphere along with
SWCNTs and fullerenes, graphene flakes emerge within the gas-
suspension and grow to a size as large as several hundreds of
nanometers without folding or crumpling. Since, in the applied process
the formation of the structures takes place in gas-suspension, the as-
synthesized hybrid films can be directly deposited on any surface with
an arbitrary thickness, which offers a new route towards ultra-fast

manufacturing of the hybrid material at industrial scale.
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